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The Ming deposit in the northwestern Canadian Appalachians is a metamorphosed, bimodal-mafic, precious-
metal (Au, Ag)-bearing and Cu-rich volcanogenic massive sulfide (VMS) deposit consisting of several, spatially
proximal lenses in a sericite- to chlorite-altered rhyodacitic footwall. The various lenses (1807 Zone, 1806
Zone, Ming South Up Plunge, Ming South Down Plunge, and the Lower Footwall Zone) have variations in Cu,
Au, Ag, and Zn grades that reflect varying physico-chemical conditions of ore formation. This study describes
the complex oremineralogy of the orebodies and constrains the genesis of the deposit using field methods, min-
eralogy, whole rock sulfide geochemistry, and micro-analytical methods.
The orebodies are predominantly pyrite, chalcopyrite, with lesser sphalerite, pyrrhotite, and trace galena and ar-
senopyrite, with the exception of the Lower Footwall Zone, which consists of a high temperature (N320 °C) chal-
copyrite–pyrrhotite–pyrite ± cubanite assemblage. The other orebodies (1806, 1807, Ming South Up Plunge and
Down Plunge) contain trace amounts of tellurides (hessite, altaite, tsumoite, unnamed bismuthtelluride),
sulfosalts (Ag-poor and Ag-rich tennantite–tetrahedrite, meneghinite, AgSb phases, stannite), and precious
metal phases (electrum, AgHg ± Au alloys). The 1807 Zone is enriched in Te, Bi, and Se, whereas the 1806
Zone is telluride-free and contains As, Sb, Hg, Au, and Ag.Mineral chemistry of sphalerite shows strong variations
in Fe content (1.12–11.04 wt.%). Intermediate Fe (4.33–6.33 wt.% Fe) and Fe-rich (7.327–11.04 wt.% Fe) sphaler-
ite are common in all orebodies, whereas Fe-poor sphalerite (1.12–3.57 wt.% Fe) occurs exclusively in the 1807
and 1806 zones. Tennantite-tetrahedrite is typically Ag-poor (0.25–2.19 wt.%) in the 1807 Zone, but is signifi-
cantly enriched in Ag (up to 29.3 wt.%) in the 1806 Zone. Galena in the 1807 Zone and Ming South orebodies
is commonly myrmekitically intergrownwith tellurides and has high concentrations of Te, Bi, Se, and Ag. In con-
trast, galena in the 1806 Zone is less enriched in Te, Bi, and Se, but high in Ag.
Variations in mineralogy, epithermal elements (As, Bi, Hg, Sb, Se, Sn, Te) and precious metal (Ag, Au) content,
and mineral chemistry between the different orebodies indicate that they were formed from predominantly re-
duced, acidic hydrothermal fluidswith varying ƒTe2/ƒS2, ƒSe2/ƒS2, andmBi/mSb ratios as temperatures steadily de-
creased from N300 °C to b260 °C during ore formation. In the 1807 and Ming South orebodies, late-stage
deposition of Te-, Bi-, Se-, Ag-rich galena and tellurides occurred prior to precipitation of Ag-poor tennantite-
tetrahedrite, whereas in the 1806 Zone hydrothermal fluids low in ƒTe2/ƒS2, ƒSe2/ƒS2, and mBi/mSb favored the
precipitation of Te-, Bi-, Se-poor galena and Ag-rich tennantite-tetrahedrite. A magmatic source for epithermal
elements and precious metals is suggested and was part of the depositional history of the Ming deposit.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, the number of studies describing the detailed ore
mineralogy in ancient (Cook et al., 1998; Maslennikov et al., 2009;
McClenaghan et al., 2009) and modern (Törmänen and Koski, 2005)
volcanogenic massive sulfide (VMS) systems using micro-analytical
methodshas increased. These studies commonly showcomplexmineral
.
ch University, 125 Science Bldg.,
assemblages including minerals that contain epithermal elements (As,
Bi, Hg, Sb, Se, Sn) and precious metals (Ag, Au), although most of
these deposits do not necessarily classify as either auriferous or Au-
rich (Mercier-Langevin et al., 2011). Processes explaining the enrich-
ment in epithermal elements and precious metals in these deposits
vary between different studies. Nevertheless, the application of scan-
ning electron microscopy (SEM) and laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS) has offered new insights into
the formation of these deposits. This is especially important in meta-
morphosed VMS deposits where detailed mineralogy and LA-ICP-MS
studies can help to constrain between syngenetic and orogenic origins
of metal enrichment (Wagner et al., 2004; Wohlgemuth-Ueberwasser
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Fig. 1. Geology of Newfoundland (left; after Williams, 1979) and simplified geology of the Baie Verte Peninsula (right) from Hibbard (1983). 1 Age data for the Pacquet Harbour Group
(PHG) from Castonguay et al. (2009) and Skulski et al. (2010).
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et al., 2014). However, studies using cutting edge technologies to ex-
plain mineralogical and chemical variations between different ore
lenses or chimneys inmetamorphosed, preciousmetal-bearingVMSde-
posits are rare (e.g., Maslennikov et al., 2009;McClenaghan et al., 2009).

The Ming deposit in the Canadian Appalachians is a Cambro–
Ordovician, bimodal-mafic, VMS deposit with epithermal ele-
ments and precious metals that was metamorphosed to upper
greenschist/lower amphibolite facies conditions during the Silurian
and Devonian. The several, spatially proximal orebodies of the deposit
locally contain anomalous Au (up to 2.96 g/t Au) and epithermal
(magmatic–hydrothermal) element enrichment and have variable pre-
cious and base metal grades. This deposit also contains lenses virtually
devoid of Au, but which are enriched in base metals. Correspondingly,
the Ming deposit provides a unique opportunity to study the variations
in setting, style, mineralogy, and genesis of both base and precious
metals in an ancient metamorphosed orebody.

In this paper, traditional reflected light microscopy and whole rock
sulfide geochemistry of mineralized samples are combined with SEM,
electron microprobe and LA-ICP-MS to understand the variations in
epithermal and precious element content, mineral assemblages, miner-
al textures, andmineral chemistry between the different orebodies. The
results are used to constrain the physio-chemical hydrothermal fluid
conditions that were responsible for the variations in the orebodies of
the Ming deposit. Moreover, the depositional mechanisms for semi-
massive to massive sulfides and discordant sulfide stringers are ex-
plained to provide insight into the sources and deposition of base
metals, epithermal elements, and precious metals. The findings of this
study have implications for base and precious metal-bearing VMS de-
posits located in both the Appalachians and orogenic belts worldwide.

2. Tectonic setting

The Ming deposit is located on the Baie Verte Peninsula, Canadian
Appalachians, which hosts both metamorphosed Precambrian rocks of
Laurentia (Humber Zone) and peri-Laurentian Paleozoic rocks of the
Notre Dame subzone of the Dunnage Zone. The contact between both
Fig. 2.Detailed geological map of the Pacquet Harbour Group (PHG) with VMS deposits of the R
inside coordinates are in UTMNAD83, Zone 21N). All orebodies of theMing deposit, includingm
respectively. The inlay shows the spatial relationship between the different orebodies of the M
zones is marked by the NE-SW oriented Baie Verte Brompton Line
(BVBL; Fig. 1; Hibbard, 1983). The Ming deposit is located within the
Baie Verte oceanic tract (BVOT), a Cambro–Ordovician to early Ordovi-
cian remnant arc complex in the eastern half on the peninsula. The de-
tailed stratigraphy and tectonic environment of the BVOT are well
documented (Hibbard, 1983; van Staal, 2007; Castonguay et al., 2009;
Skulski et al., 2010; van Staal and Barr, 2012), and only a brief outline
is provided below.

The Ming deposit is located within the Pacquet Harbour Group
(PHG) in the BVOT (Fig. 2). The PHG is a remnant, partial ophiolitic base-
ment assemblage consisting of low-Ti tomedium-Ti boninites, tholeiitic
basalts, and minor rhyodacite to rhyolite. The rhyodacitic to rhyolitic
volcanic rocks form a 2.5 km thick sequence of quartz-bearing, consoli-
dated felsic tuff and tuff breccia, which is referred as Rambler rhyolite or
Rambler rhyolite formation (Hibbard, 1983; Skulski et al., 2010). The
Rambler rhyolite has a U–Pb zircon age of 487 ± 4 Ma (unpubl. data
by V. McNicoll in Castonguay et al., 2009; Skulski et al., 2010), forms
the upper part of the PHG, and hosts massive sulfide mineralization
(Fig. 2; Hibbard, 1983, Skulski et al., 2010). The formation of VMS de-
posits within the Rambler rhyolite was coeval with the formation of
the PHG rocks in an arc setting (Swinden and Thorpe, 1984; van Staal,
2007). The ophiolitic cover sequence of the PHG is the Snooks Arm
Group, which consists of early Ordovician (483–467 Ma) volcano–
sedimentary rocks and tholeiitic mafic volcanic rocks (Hibbard, 1983;
unpubl. data by V. McNicoll in Castonguay et al., 2009; Skulski et al.,
2010). The PHG with its cover sequence is interpreted to have formed
in a supra-subduction setting during the closure of the Humber Seaway
during the Taconic Orogeny (van Staal, 2007; van Staal and Barr, 2012).

Silurian and early Devonian intrusions (Cape Brulé Porphyry,
Burlington Granodiorite, Cape St. John Group; Figs. 1, 2) formed during
the Salinic and Acadian orogenies cross-cut the PHG and Snooks Arm
Group and caused polyphase deformation and uppergreenschist to
lower amphibolite facies metamorphism (Tuach and Kennedy, 1978;
Hibbard, 1983; Castonguay et al., 2009). At least four different de-
formation events (D1 to D4) are recorded in the BVOT basement rocks
and their cover sequence (Tuach and Kennedy, 1978; Hibbard, 1983;
ambler camp (modified after Skulski et al., 2010; outside coordinates are inWGS 1984 and
ined out and present orebodies, are projected to surface and highlighted in gray and black,
ing deposit underground (Rambler Metals & Mining, 2011).



916 S.M. Brueckner et al. / Ore Geology Reviews 72 (2016) 914–939



917S.M. Brueckner et al. / Ore Geology Reviews 72 (2016) 914–939
Castonguay et al., 2009). Of these events, D2, which is associated with
the Silurian Salinic Orogeny, resulted in a prominent L-S fabric in the
rhyodacite and the sulfide lenses (Tuach and Kennedy, 1978, Hibbard,
1983).

The Ming deposit is one of five deposits that are part of the Rambler
camp (Fig. 2). Four of these deposits (Ming, Ming West, Rambler, and
East Rambler) occur within the Rambler rhyolite formation, whereas
the Big Rambler deposit occurs in the Mt. Misery formation that is
stratigraphically below the Rambler rhyolite. The Ming deposit consists
of several spatially proximal orebodies, that trend NE with a plunge of
30–35° and contain semi-massive to massive stratabound sulfide and
discordant stringer sulfide mineralization. The different orebodies
(1806 Zone, 1807 Zone, Ming South Up Plunge (MSUP), Ming South
Down Plunge (MSDP), Ming North, Upper Footwall Zone and Lower
Footwall Zone (LFWZ)) run parallel to and along the previously mined
main orebody; the Upper and Lower Footwall zones only occur beneath
the Ming South orebodies (Fig. 2). The total resources (measured,
indicated, inferred) of the orebodies (without old main orebody) are
21.1 Mt with grades of 1.49% Cu @ 328,129 t, 0.61 g/t Au @ 332,244 oz.,
3.21 g/t Ag @ 2.2 Moz, and 0.19% Zn @ 31,369 t. The total proven
and probable reserves (diluted and recovered) are 1.51 Mt with
grades of 1.70% Cu @ 25,727 t, 2.09 g/t Au @ 101,404 oz., 9.48 g/t Ag @
459,788 oz., and 0.37% Zn @ 5541 t (Rambler Metals and Mining
Canada Ltd, 2014). Resources for the individual orebodies and their min-
eral and chemical variations are shown in Table 1.

The focus of this paper is on the high-grade and/or high-tonnage
orebodies 1806 Zone, 1807 Zone, MSUP, MSDP, and LFWZ. Upper Foot-
wall Zone and Ming North have not been explored intensively enough
by drill core so as to provide sufficient stratigraphic and sulfidemineral-
ogical data for the purpose of this paper and are therefore excluded.

3. Stratigraphy, alteration and mineralization styles

3.1. Stratigraphy and alteration of the rambler rhyolite

Stratigraphy and alteration were logged from drill core and under-
ground mapping at the Ming deposit. Detailed underground maps and
drill hole sections for the 1807, 1806,MSUP,MSDP, and LFWZorebodies
are found in Electronic Appendix A.

The general stratigraphy at theMing deposit predominantly consists
of coherent, intermediate to felsic volcanic flows and volcaniclastic
rocks in the footwall (i.e., Rambler rhyolite), semi-massive to massive
sulfides on the footwall–hanging wall contact, and a predominantly
sedimentary hangingwall (Snooks ArmGroup). The volcaniclastic foot-
wall rocks can be several hundred meters thick and typically occur as
gray-bluish consolidated tuff, lapilli tuff or flows, are partly quartz-
bearing, and show strong foliation (Pilote and Piercey, 2013;
Brueckner et al., 2014; Pilote et al., 2014). Semi-massive to massive sul-
fides commonly occur as two and sometimes more lenses of variable
thickness (a few centimeters up to 10 m) separated from each other
by Rambler rhyolite and/or mafic dikes. These mafic dikes are common
at the Ming deposit and three generations of intrusive rocks cross-cut
semi-massive to massive sulfides and host rocks (Pilote and Piercey,
2013; Pilote et al., 2014).
Table 1
Combined, measured, and indicated resource data for orebodies of the Ming deposit (Pilgrim, 2

Orebody Type of sulfide mineralization

1806 Zone

Semi-massive to massive sulfides, discordant sulfide s
1807 Zone
Ming South Up Plunge (MSUP)
Ming South Down Plunge (MSDP)
Lower Footwall Zone (LFWZ) Discordant sulfide stringers
In general, alteration of the rhyodacitic footwall changes from
sericite (sericite–quartz–sulfide ± green mica ± epidote ± chlorite)
to chlorite (chlorite–quartz–sulfide ± magnetite) alteration with in-
creasing distance to the sulfide lenses. Sericite alteration is restricted
to the 1807, 1806, MSUP, and MSDP orebodies and is dominated by a
sericite–quartz assemblage with minor green mica and sulfides, and
sporadic epidote and chlorite. The sericite alteration is up to 100 m
thick. Sulfide alteration is typically weak and characterized by fine, dis-
cordant pyrite sulfide stringers with minor chalcopyrite ± sphalerite ±
pyrrhotite or disseminated pyrite. In a narrow zone of up to 10m imme-
diately below semi-massive to massive sulfides, sericite alteration com-
monly has increased amounts of green mica and sulfide stringers.

Alteration of the LFWZ consists of a pervasive chlorite–quartz
assemblage with minor, discordant sulfide stringers (chalcopyrite–
pyrrhotite ± pyrite ± cubanite), and sporadic magnetite. The LFWZ
occurs beneath Ming South and a ≈ 20 m thick transitional alteration
zone with strong chlorite alteration and weak sericite marks the tran-
sition between the two orebodies.

The 1806 Zone contains a strong quartz alteration with weak to
moderate chlorite alteration and sulfide stringers of varying composi-
tion, which occurs in a thin horizon above semi-massive and massive
sulfide lenses (i.e., silicified horizon).

Pilote et al. (2014, 2015) identified further alteration assemblages in
the rhyodacitic footwall; however, these alteration assemblages are of
limited spatial extent.

3.2. Mineralization styles

Sulfide mineralization in the Ming deposit occurs as discordant sul-
fide stringers and as stratabound semi-massive to massive sulfides
(Table 2). Sulfide stringers occur both in the footwall rhyodacitic rocks
and in the hanging wall in a thin quartz altered horizon immediately
above semi-massive and massive sulfides (i.e., silicified horizon) in the
1806 Zone. Sulfide stringers in the rhyodacitic footwall are made of
pyrite–chalcopyrite ± sphalerite ± pyrrhotite, run predominantly par-
allel to foliation within a sericite footwall and occur as a horizon, up to
100 m thick, immediately below the 1806 Zone and Ming South
orebodies. In contrast, discordant stringers in the Lower Footwall Zone
(LFWZ) consist of chalcopyrite–pyrrhotite± pyrite± cubanite in an in-
tensely chlorite altered footwall, and are transposed into the main foli-
ation. The several hundred meter thick LFWZ orebody is made up
entirely of this sulfide mineralization style; therefore, the term LFWZ
is used synonymously for both the orebody and the mineralization
style herein.

Semi-massive to massive sulfides occur in the 1807, 1806, and Ming
South orebodies and consist predominantly of pyrite ± chalcopyrite
with minor sphalerite ± pyrhhotite. Sphalerite bands (0.5–30 cm) and
schlieren (1–5 mm) of varying thickness commonly occur within a
pyritic–chalcopyritic matrix in the upper parts of the 1807, 1806, and
Ming South orebodies (Table 2). In the 1806 Zone thick sphalerite
bands are common, whereas thin, mm-scale schlieren occur in other
orebodies. Microscopically, recrystallized pyrite, galena, and especially
in the 1806 Zone tennantite–tetrahedrite occur as minor (5–10 vol.%)
to trace (b5 vol.%) phases within sphalerite bands.
009; Rambler Metals & Mining, January 07, 2014).

Quantity Grades Contained Metal

Tonnage
[t]

Cu
[%]

Au
[g/t]

Ag
[g/t]

Zn
[%]

Cu [t]
Au
[oz]

Ag [oz]
Zn
[oz]

tringers

250,000 0.48 2.96 15.07 0.64 1,201 23,859 121,314 1,593
268,000 5.21 2.04 15.92 0.75 13,957 17,575 137,228 2,021
134,000 3.23 1.12 7.64 0.30 4,335 4,842 32,983 405

1,220,000 1.56 2.26 9.39 0.42 19,047 88,481 368,479 5,089
17,872,000 1.40 0.09 1.32 0.01 250,520 49,237 760,538 2,409



Table 2
Different mineralization styles within the orebodies at the Ming deposit. Images on the left show typical examples for each mineralization style while table on the right summarizes the
main characteristics of eachmineralization style.Mineral abbreviations: Ccp— chalcopyrite, Chl— chlorite, Ep— epidote,Mag—magnetite, Po—pyrrhotite, Py—pyrite, Qz—quartz, Serc—
sericite Sp— sphalerite, Sul — sulfide (modified after Brueckner et al., 2015).

Semi–massive/massive sulfide horizon

Silicified horizon (1806 Zone)

Sulfide stringer horizon

Lower footwall zone

1806 Zone 30 – 50 cm, but
locally up to 3 m

Quartz alteration (Qz–Chl
–Sul)

Discordant sulfide
stringers and disseminated
sulfides (5 – 30%) 

1807 Zone, 1806 Zone,
MSUP, MSDP

Concordant to stratabound
semi–massive (50 – 90%) and
massive sulfides (90 – 100%)

Often 1 to 2 lenses,
rarely up to 4 lenses;
each lens a few cm up
to several meters thick;
locally lenses even up
to 20 m thick each;
lenses separated by 
Rambler rhyolite or by 
mafic dikes

Rambler rhyolite fragments
in semi–massive sulfides:
sericites alteration (Serc – Qz
– Sul ± green mica ±  Ep ± Chl)
with increased green mica and 
sulfide content.

Discordant sulfide stringers 
and disseminated sulfides;
 stinger abundance is up to
 50% proximal to semi–
massive to massive sulfides 
and up to 30% distal to
 semi–massive to massive
sulfides

1807 Zone, (sulfide stringer
horizon only sporadically
developed due to structural re–
working), 1806 Zone,
MSUP, MSDP

Tens of meters up
to 100 m

Sericite alteration (Serc–
Qz–Sul ± green mica ± Ep
 ± Chl); immediately below
semi–massive to massive
sulfide lens(es) sericite 
alteration zone of increased
green mica and sulfide
alteration

 

Discordant sulfide 
stringers and disseminated 
sulfides (5 – 20%)

LFZW (below MSDP) Up to 300 m Chlorite alteration (Chl–
Qz–Sul ± Mag); in upper
part of LFZW transitional
alteration zone of chlorite
alteration with weak sericite
abundance

 

 

Mineralization style Orebody
occurrence

Thickness Type of alteration
in Ramber rhyolite

Type and abundance
of sulfide mineralization
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4. Ore mineralogy

4.1. Mineral abundances

The Ming deposit has a complex ore mineralogy that is shown in
Table 3, along with mineral formulas and occurrences. The ore mineral-
ogy consists of: (1) commonmetal sulfides (pyrite, chalcopyrite, sphal-
erite, pyrrhotite, arsenopyrite, galena, and cubanite); (2) uncommon
metal sulfides including tellurides, selenides, and (sulfo-)antimonides
(alloclasite, löllingite, hessite, Bi-tellurides, altaite, coloradoite,
clausthalite, gudmundite, molybdenite, breithauptite, nisbite, and
ullmanite–willyamite series); (3) sulfosalts (meneghinite, (Ag-bearing)
tennantite–tetrahedrite, stannite, miargyrite, pyrargyrite, and
mercurian stephanite); (4) precious metals (AgHg ± Au alloys and
electrum); and (5) oxides (cassiterite, magnetite, ilmenite, chromite,
and rutile; Strunz and Nickel, 2001). Common metal sulfides are the
dominant phases at the Ming deposit, whereas uncommon metal sul-
fides including tellurides, selenides, and (sulfo-)antimonides, sulfosalts,
precious metals and oxides are predominantly trace phases (b5 vol.%).
However, the occurrence of tellurides, tennantite-tetrahedrite and elec-
trum varies strongly between the different orebodies.
The 1807, 1806,MSUP, andMSDP orebodies are similar in their com-
mon metal sulfide assemblage and dominated by pyrite ± chalcopyrite
with minor sphalerite ± pyrrhotite and trace pyrrhotite–arsenopyrite–
galena ± cubanite. Cubanite is absent in the 1806 Zone, whereas in the
other four orebodies it occurs as a sporadic trace phase. In contrast, the
LFWZ consists of a simple sulfide assemblage dominated by chalcopy-
rite + pyrrhotite with minor pyrite and/or trace cubanite. Cubanite is
the most common trace phase in the LFWZ, whereas sphalerite is
present as small and rare, anhedral grains within chalcopyrite ±
pyrrhotite; galena and arsenopyrite are restricted to the upper part of
the LFWZ.

The trace minerals in the 1807 Zone and Ming South orebodies are
similar, whereas the 1806 Zone differs in its trace mineral content
from these orebodies. Tellurides have the greatest variability in the
1807 Zone, where tsumoite, an unnamed bismuth telluride, hessite,
and altaite are present. (Sulfo-)antimonides (nisbite, breithauptite,
ullmanite-willyamite, gudmundite) are present in 1807 and Ming
South orebodies; these minerals and tellurides are absent in the 1806
Zone. Tennantite–tetrahedrite and other sulfosalts are present in all
orebodies, but are enriched in the1806 Zone. Stannite andAgSbSphases
(myrargyrite, pyrargyrite, mercurian stephanite) are restricted to the



Table 3
Mineral abundance of metal sulfides, sulfosalts, precious metals and oxides in the orebodies of the Ming deposit. Mineral classification is after Strunz and Nickel (2001) and mineral ab-
breviations are after Whitney and Evans (2010). Mineral abundance:●●● Major mineral phase (N10 vol.%), ●●Minor mineral phase (5–10 vol.%), ● Trace mineral phase (b5 vol.%),
○ Sporadic trace mineral phase (observed in 3 thick sections or less), − not observed; n — number of investigated thick sections.

Mineral phase (mineral abbreviation) Ideal mineral formula 1807 Zone (n = 53) 1806 Zone (n = 71) MSUP (n = 42) MSDP (n = 43) LFWZ (n = 51)

[Common] metal sulfides
Pyrite (Py) FeS2 ●●● ●●● ●●● ●●● ●●
Chalcopyrite (Ccp) CuFeS2 ●●● ●●● ●●● ●● ●●●
Cubanite (Cbn) CuFe2S3 ● – ○ ○ ●
Sphalerite (Sp) ZnS ●● ●● ● ● ●
Pyrrhotite (Po) Fe(1 − x)S ● ● ● ●● ●●●
Arsenopyrite (Apy) FeAsS ● ● ● ● ○
Galena (Gn) PbS ● ● ● ● ●

[Uncommon] metal sulfides including tellurides, selenides, and (sulfo-)antimonides
Alloclasite (Allo) Co(1 − x)FexAsS ○ – ○ ○ ○
Löllingite (Loel) FeAs2 ○ ○ ○ – –
Hessite (Hess) AgTe ● – ○ ● ●
Tsumoite (Tsu) BiTe ● * ○ * ○
Unnamed Bi-telluride (unnamed BiTe) Bi3Te2 ● * ○ * *
Unidentified Bi-tellurides (BiTe) ● ○ ○ ● ●
Altaite (Alt) PbTe ● – ○ ● –
Coloradoite (Col) HgTe – ○ ○ ○ –
Clausthalite (Claus) PbSe ○ – ○ – ○
Gudmundite (Gud) FeSbS ● – – – –
Molybdenite (Mol) MoS2 – ○ ○ – –
Breithauptite (Breit) NiSb ** – ○ ** –
Nisbite (Nis) NiSb2 ** – ○ ** –
Unidentified NiSb phase (NiSb) ● – ○ ○ –
Ullmanite (Ull) NiSbS – ○ ○ ○ –
Willyamite (Will) (Ni, Co)SbS – – ○ – –

Sulfosalts
Meneghinite (Men)# Pb13CuSb7S24 ○ ○ ○ ○ –
Tennantite–tetrahedrite (Tnt-Trt) Cu10(Fe, Zn)2(As, Sb)4S13 ● ● ○ ○ –
Ag-bearing tetrahedrite (Ag-Trt) (Ag, Cu)10(Fe, Zn)2Sb4S13 ● ● ○ ○ –
Stannite (Stn) Cu2(Fe, Zn)SnS4 – ● – – –
Miargyrite (Mia) AgSbS2 – ○ – – –
Pyrargyrite (Pyr) Ag3SbS3 – ○ – – –
Mercurian stephanite (Hg-Steph) (Hg, Ag)5SbS4 – ○ – – –

Precious metals
Silver-mercury ± gold alloy (AgHg ± Au) (Ag, Hg, Au) ○ ● ○ – –
(Mercurian) electrum (El) (Au, Ag) ● ● ○ ○ ○

Oxides
Cassiterite (Cst) SnO2 – ● ○ – –
Magnetite (Mag) Fe3O4 ● ● ● ● ●
Fe ± Ti ± Cr oxides (FeTi ox) FeTiO3, TiO2, FeCrO4 ● ○ ○ ○ ●

Unclassified
Unnamed AgCuFeS phase AgCuFeS – ○ – – –

* Clear identification between tsumoite and unnamed Bi-telluridewas not possible due to small grain size; henceminerals with BiTe composition are labeled as unidentified Bi-tellurides.
** Clear identification between breithauptite and nisbite was not possible due to small grain size; hence minerals with NiSb composition are labeled as unidentified NiSb phase.
# Originally labeled as boulangerite in Brueckner et al. (2014); however correct mineral name is meneghinite due to elevated Cu concentration.
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1806 orebody (Brueckner et al., 2014). In the LFWZ, tellurides and sele-
nides (Bi-tellurides, hessite and clausthalite), and electrum are rare and
sulfosalts are completely absent. In theupper part of the LFWZ, electrum
occurs in the transitional sericite-chlorite alteration zone.

4.2. Mineral textures

Textures in the Ming deposit are discussed in the context of: (1) re-
placement textures; (2) decomposition textures; (3) textures of un-
known origin; (4) deformation textures; and (5) textures involving
precious metals (Figs. 3, 4, and 5). The first four texture classes are de-
fined by their origin, whereas the fifth texture class focuses on precious
metals. This discrepancy in the classification of the observed textures is
done to highlight that precious metals occur in various textures of dif-
ferent genetic origin at the Ming deposit. Textures in the 1807, 1806,
and Ming South orebodies (Figs. 3, 5) are more complex than in the
LFWZ (Fig. 4).
4.2.1. Replacement textures
Replacement textures in the 1807, 1806, and Ming South orebodies

are diverse and include the replacement of pyrite by pyrrhotite
(Fig. 3a) and chalcopyrite (skeletal texture; Fig. 3b), and the replace-
ment of sphalerite by pyrite (caries texture; Fig. 3c) and stannite; the
latter is restricted to the 1806 Zone (Brueckner et al., 2014). In contrast,
in the LFWZ only the replacement of pyrite by pyrrhotite is present
(Fig. 4a). However, this type of replacement is diagnostic in the LFWZ
and less common in the other orebodies. Replacement of pyrite in the
LFWZ is likely late syngenetic due to high temperature (N320 °C)
Cu–Fe sulfide replacement of pyrite associated with deposit zone refin-
ing (Eldridge et al., 1983; Lydon, 1988; Craig and Vokes, 1993; Ohmoto,
1996). In the other orebodies, pyrite–pyrrhotite replacement is most
likely of metamorphic origin and therefore post-syngenetic, since
cubanite is rare or completely absent, and pyrrhotite is commonly prox-
imal to cross-cutting post-ore mafic dykes, and associated with
porphyroblast development.



Fig. 3. Textural relationships between various sulfide minerals in the 1807, 1806, MSUP, and MSDP orebodies. Minerals forming ore textures are connected to the different textures by
trajectories. Solid trajectory lines indicate that a mineral texture is abundant, whereas dashed trajectory lines indicate a rare abundance of a texture. (A) Replacement of pyrite by pyrrho-
tite (sulfide stringer horizon, MSUP). (B) Replacement of pyrite cores by chalcopyrite (skeletal texture; massive sulfides, 1807 Zone). (C) Replacement of sphalerite by euhedral to
anhedral, recrystallized pyrite (caries texture). This is common in sphalerite ± galena bands/schlieren (sulfide stringer horizon, MSUP). (D) Blebs and lamellae of chalcopyrite with
eutaxial texture in sphalerite due to co-precipitation of both minerals (massive sulfides, MSUP). (E) Decomposition of tennantite into arsenopyrite + chalcopyrite + (Ag-bearing)
tetrahedrite + sphalerite resulting in myrmekitic intergrowth of products that are commonly surrounded by a thin rim of tennantite ± tetrahedrite (massive sulfides, 1807 Zone).
(F) Replacement ofmeneghinite or co-precipitation of galenawith tetrahedrite and other phases resulting inmyrmekitic intergrowth of galena+Ag-bearing tetrahedrite+Bi-telluride+
sphalerite (massive sulfides, MSUP). (G) Unmixing of galena resulting inmyrmekitic intergrowth of galena+ Bi-telluride+ altaite + hessite+ pyrrhotite (massive sulfides, 1807 Zone).
(H) Partial replacement of pyrrhotite in the presence of galena resulting in myrmekitic intergrowth of pyrrhotite + ullmanite–willyamite + nisbite ± breithauptite ± galena (massive
sulfides, MSUP). (I) Relict of high temperature cubanite lath in chalcopyrite (massive sulfides, 1807 Zone). For mineral abbreviations see Table 3.
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Coarse-grained pyrite in themassive and semi-massive sulfides con-
tains cores replaced by chalcopyrite resulting in a skeletal appearance.
Pyrite occurring within sphalerite bands and schlieren typically shows
embayments of sphalerite (i.e., caries texture) resulting in the anhedral
appearance of pyrite crystal faces.

Sphalerite in the 1807, 1806, and Ming South orebodies has blebs
and lamellae of chalcopyrite that is epitaxially oriented in the host
sphalerite and resembles chalcopyrite disease (Fig. 3d). This texture
most likely represents co-precipitation of sphalerite and chalcopyrite
(Nagase and Kojima, 1997) rather than replacement of sphalerite by
chalcopyrite during zone refining (e.g., Barton, 1978; Barton and
Bethke, 1987).

4.2.2. Decomposition textures
Semi-massive to massive sulfides of the 1807, 1806, and Ming

South orebodies have complex myrmekitic textures composed of ar-
senopyrite + chalcopyrite + (Ag-bearing) tetrahedrite + sphaler-
ite ± galena ± electrum that is surrounded by a fine tennantite-
tetrahedrite rim (Fig. 3e). This myrmekite is presumably the result
of As-rich tennantite decomposition resulting in Ag-bearing
tetrahedrite either due to desulfidation (Miller and Craig, 1983) or
an increase in Sb activity as function of pH and due to previous depo-
sition of arsenopyrite and/or tennantite (Bortnikov et al, 1993; Cook,
1996).
4.2.3. Textures of unknown origin
In addition to myrmekitic intergrowth in tennantite–tetrahedrite,

there are other myrmekitic textures present in the 1807 and Ming
South orebodies with ambiguous origins. These textures include:
(1) myrmekitic intergrowth of galena + Ag-bearing tetrahedrite + Bi-
telluride ± sphalerite ±meninghinite (Fig. 3f); (2) myrmekitic texture
of galena+ tellurides ± pyrrhotite (Fig. 3g); and (3) myrmekitic inter-
growth of pyrrhotite+ nisbite± breithauptite± ullmanite–willyamite
series ± gudmundite ± galena ± electrum (Figs. 3h, 5m, n). The pres-
ence of these textures can be due to replacement (Dobbe, 1991; Wen
et al., 1991; Cook et al., 1998), co-precipitation (Gemmell et al., 1989),
unmixing of the hydrothermal fluid upon deposition (Liu and Chang,
1994), or sulfide partial melting during metamorphism (Tomkins
et al., 2007).



Fig. 4. Textures of metal sulfides, tellurides, and electrum in the LFWZ. Minerals forming ore textures are connected to the different textures by trajectories. Solid trajectory lines indicate
that a mineral texture is abundant, whereas dashed trajectory lines indicate a rare abundance of a texture. (A)–(B) Textural relationships between pyrrhotite–chalcopyrite–cubanite–py-
rite: (A) Replacement of pyrite by pyrrhotite; and (B)High temperature cubanite laths in chalcopyrite partly overgrownby pyrrhotite. (C)–(D) Simple textures of tellurides: (C) Very small
crystal of Bi-telluride with altaite in chalcopyrite; and (D) Hessite with inclusions of Bi-telluride and clausthalite; (E)–(J) Occurrences of electrum in the LFWZ: (E) Reflected light (RL)
image of submicroscopic electrum between recrystallized pyrite that are partly replaced and surrounded by pyrrhotite; (F) Back-scattered electron (BSE) image of (E) showing submicro-
scopic electrum and galena between recrystallized and partly replaced pyrite; (G) RL image of coarse-grained, recrystallized pyrite that is partly replaced by pyrrhotite; submicroscopic
electrum occurs in pyrrhotite replacing pyrite; (H) BSE image of (G) showing submicroscopic electrum in pyrrhotite that replaces coarse-grained, recrystallized pyrite along fractures;
(I) RL image of recrystallized arsenopyrite on pyrrhotite; submicroscopic electrum occurs between and along fine fractures in arsenopyrite; and (J) BSE image of (I) showing submicro-
scopic electrum and galena between and along thin fractures in recrystallized arsenopyrite. For mineral abbreviations see Table 3.
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4.2.4. Deformation textures
Deformation textures are predominantly developed in pyrite and ar-

senopyrite, and include recrystallization, cataclasis, and porphyroblast
growth. Pyrite recrystallization is preserved either as annealed aggre-
gates showing triple junctions or as single cubic crystals. Arsenopyrite
occurs as single recrystallized grains within annealed pyrite, adjacent
to recrystallized pyrite ± pyrrhotite, as single recrystallized crystals in
chalcopyrite, or rarely in sphalerite. Porphyroblast growth is uncommon
for both phases; however, where present arsenopyrite contains inclu-
sions of pyrite, galena or electrum, whereas pyrite contains inclusions
of almost all commonmetal sulfides with the exception of arsenopyrite.
4.2.5. Precious metal textures
Textures involving electrum and/or AgHg ± Au alloys are shown in

Figs. 4e to j and 5 for the LFWZ and other orebodies, respectively. Pre-
cious metal textures are more common in the 1807, 1806, and Ming
South orebodies, and include: (1) free electrum grains in chalcopyrite
on the contact to pyrite ± sphalerite and with close spatial relationship
to galena, arsenopyrite, tetrahedrite, stannite or AgHg alloy (Fig. 5a, b);
(2) free electrum on chalcopyrite margins in contact with gangue and
close spatial relationship with or adjacent to miargyrite, unknown
AgCuFeS phase, sphalerite, galena or pyrrhotite (Fig. 5c–e); (3) electrum
as a product of tennantite decomposition either as free grains
myrmekitically intergrown with arsenopyrite + chalcopyrite + sphal-
erite + (Ag-bearing) tetrahedrite or as inclusions in arsenopyrite
(Fig. 5f, g); (4) electrum ± AgHg ± Au alloy along cataclastic fractures
in pyrite and arsenopyrite or between recrystallized pyrite and arseno-
pyrite with contact to galena, sphalerite and Bi-telluride (Figs. 4e, f, i, j,
and 5h, i); (5) minute electrum grains along replacing pyrrhotite vein-
lets in pyrite (Fig. 4g, h); (6) free electrum grains with arsenopyrite or
alloclasite either adjacent to or along fractures in arsenopyrite or
alloclasite (Fig. 5i–l); and (7) electrum with nisbite ± breithauptite or
gudmundite in symplectitic intergrowth hosted in pyrrhotite–galena±
sphalerite ± chalcopyrite (Fig. 5m, n).

Of these seven different textures, textures (1) to (3) and (7) are pre-
sumably of syngenetic origin, because these textures have a close spatial
relationship of precious metals with arsenopyrite ± sulfosalts, suggest-
ing a similar paragenesis for most of electrum and arsenopyrite ±
sulfosalts (Brueckner et al., 2014). In contrast, textures (4) and (6) are



Fig. 5. Textural variations of precious metals in 1807, 1806, MSUP andMSDP orebodies. Description in bold describes general textural occurrence of precious metals and text in brackets
below gives mineral assemblage. Solid trajectory lines between precious metals and the different textures indicate that a mineral texture is abundant, whereas dashed trajectory lines in-
dicate a rare abundance of a texture. (A) Electrum in chalcopyrite on recrystallized pyrite; interstitial between annealed pyrite is AgHg alloy (massive sulfides, 1806 Zone); (B) Electrum in
chalcopyrite adjacent to sphalerite and pyrite, and spatially close to arsenopyrite, galena, tennantite–tetrahedrite, and stannite (massive sulfides, 1806 Zone); (C) Electrum marginal on
chalcopyrite on contact to (silicic) gangue and adjacent to sphalerite and unknownAgCuFeS phase (silicified horizon, 1806 Zone); (D) Electrumwith pyrrhotite, sphalerite, andmiargyrite
on chalcopyrite margin with contact to gangue (semi-massive sulfides, 1806 Zone); (E) Electrum with galena and spatially close to sphalerite in chalcopyrite with contact to gangue
(stringer sulfide horizon, MSDP); (F) Electrum in myrmekitic intergrowth of arsenopyrite + chalcopyrite + sphalerite + tetrahedrite surrounded by relict tennantite-tetrahedrite rim
(massive sulfides, 1806 Zone); (G) Electrum as inclusions in arsenopyrite myrmekitically intergrown with chalcopyrite + sphalerite + tetrahedrite and surrounded by relict
tennantite–tetrahedrite rim (massive sulfides, 1806 Zone); (H) Electrum with galena and spatially close sphalerite + Bi-telluride between recrystallized pyrite (massive sulfides,
MSDP); (I) RemobilizedAuHgAu alloy along fractures in cataclastic pyrite (massive sulfides, 1806 Zone); (J) Electrumadjacent to alloclasite and along brittle fracture in alloclasite (massive
sulfides,MSUP); (K) Electrum along cataclastic fractures in arsenopyrite and along chalcopyritemargin; electrumpartly in contactwith galena (massive sulfides, 1807 Zone); (L) Electrum
occurring interstitially between recrystallized arsenopyrite and pyrite, and spatially close to unknown AgCuFeS phase (massive sulfides, 1806 Zone); (M) Electrum in pyrrhotite close to
gudmundite ± galena± sphalerite (massive sulfides, 1807 Zone); (N) Nisbite with breithauptite+ sphalerite= chalcopyrite± galena± electrum partially replacing pyrrhotite; minute
hessite marginally on galena (massive sulfides, MSDP). Assumed process of formation for each texture is given along trajectories. For mineral abbreviations see Table 3.
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presumably the product of internal metamorphic remobilization and/or
metamorphic liberization (Larocque et al., 1993; Wagner et al., 2007).
The origin of the rare texture (5) is unclear, because the relative timing
of pyrrhotite replacement is difficult to constrain at the Ming deposit as
stated above.

4.3. Paragenesis

Despite strong variations in mineral assemblage and texture
especially between LFWZ and the other orebodies, ore formation
is interpreted to be syngenetic at the Ming deposit, whereas metamor-
phism and deformation resulted in minor metal remobilization and de-
formation textures (Fig. 6; Brueckner et al., 2014).

Initial metal deposition presumably began at elevated
temperatures N 300 °C, because: (1) Cu–Fe sulfides are dominant at
the Ming deposit and chalcopyrite is preferentially deposited at
temperatures N 300 °C (Lydon, 1988; Large, 1992; Ohmoto, 1996);
(2) in the chlorite altered LFWZ high temperature (N320 °C) cubanite
together with other Cu–Fe sulfides dominate; (3) low temperature sul-
fides (sphalerite, galena), sulfosalts, and precious metals occurring pre-
dominantly in the 1807, 1806, and Ming South orebodies, are not
replaced by chalcopyrite or cubanite; and (4)metal zoning is not prom-
inent at the Ming deposit.

Hydrothermal fluid temperature decreased with time resulting in
the co-transport of Cu and Zn from which chalcopyrite and sphalerite
eventually co-precipitated at temperatures close to 300 °C. The deposi-
tion of pyrite, pyrrhotite, and sphalerite accompanied by arsenopyrite±
electrum and chalcopyrite in the absence of high temperature cubanite
suggests that this mineral assemblage was deposited at temperatures
below, but near 300 °C (Haymon and Kastner, 1981; Haymon, 1983;



Fig. 6. Paragenetic chart of the most abundant metal sulfides, sulfosalts and precious metals occurring at the Ming deposit. Left side shows paragenesis as function of deposition temper-
ature and time during syngenetic VMS formation, whereas right side gives textural modifications due to Silurian-Devonian metamorphism and deformation.
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Large, 1992; Ohmoto, 1996). The deposition of sphalerite bands
and schlieren in the upper part of the semi-massive to massive sulfides
of the 1807, 1806, and Ming South orebodies suggests deposition
at temperatures b 300 °C and continued to lower temperatures
(b250 °C), because galena and tennantite–tetrahedrite commonly ac-
company sphalerite bands.

Galena, tellurides, sulfosalts, and precious metals formed during
late stage at temperatures ≤ 260 °C partly followed by decomposi-
tion/unmixing. Both tellurides and sulfosalts are rarely associated
with pyrite and/or arsenopyrite and therefore the coeval precipita-
tion of these phases with each other is excluded. The deposition of
(sulfo-)antimonites replacing pyrrhotite ± galena is either late
syngenetic (Dobbe, 1991) or orogenic due to Silurian-Devonian
metamorphism (Cook, 1996).

Despite the syngenetic deposition ofmost phases at theMingdepos-
it, including tellurides and precious metals (Brueckner et al., 2014),
metamorphic remobilization played a minor role at the Ming deposit.
Electrum and AgHg ± Au alloys were partly remobilized within the
orebodies and deposited along fractures in cataclastic pyrite and arseno-
pyrite or between recrystallized pyrite and/or arsenopyrite.
5. Whole rock geochemistry and ore mineral chemistry

The analytical methods used for whole rock geochemistry, electron
microprobe (EPMA) and laser inductively coupled plasma mass spec-
trometry (LA-ICP-MS) are found in Electronic Appendix B.
5.1. Whole rock geochemistry

Plots of different elements are shown in Figs. 7 and 8 and results for
each orebody are compiled in Table 4. Correlation coefficients between
the analyzed elements are given in Table 5. Sample description and
detailed results for each sample are found in Table C1 (Electronic
Appendix C).

Semi-metal and metal contents from the mineralized samples of all
orebodies (Tables 4 and C1) are representative of the mineralogy in
the different orebodies. Assemblages of Cu–Fe sulfides dominate at the
Ming deposit over Zn–Fe assemblages resulting in elevated Cu:Zn ratios
of 10:1 to 100:1, with lower Cu:Zn ratios (≈1:1 to N1:100) in the
sphalerite-bearing 1807 and 1806 zones (Fig. 7a). Similar to Zn, Pb con-
centrations are low in the Ming deposit (7346 ppm, n = 36), and any
enrichments in Pb contents are restricted to sphalerite bands.

Variations of epithermal and precious elements are distinctive
between the orebodies (Fig. 8). Tellurium, Bi, and Se are especially
elevated in the 1807 Zone (Te = 87.6 ppm, Bi = 151 ppm, Se =
359 ppm, n = 14), whereas the 1806 Zone has the lowest Te
(13.5 ppm), Bi (19.6 ppm), and Se (187 ppm, n = 9) concentrations
(Figs. 7e, h, 8a), reflecting the different mineralogy between both
orebodies (Table 3). Tellurium and Bi have a strong positive correlation
(r = 0.89, Table 5) in all orebodies.

The Au:Ag ratio is fairly constant throughout theMing deposit rang-
ing between ≈1:10 and 1:100 (Fig. 7b) and both metals have a strong
positive correlation (r= 0.81, Table 5). The greatest Au and Ag concen-
trations occur in the 1806 Zone (Fig. 8b) due to the greater abundance of



Fig. 7. Compositional plots of selectedmajor and trace elements frommineralized samples of theMing deposit; data are normalized to 100% sulfides: (A) Cu vs Zn; (B) Au vs Ag; (C) Cu vs
Au; (D) Cu vs Ag; (E) Te vs Bi; (F) Zn vs Au; (G) Zn vs Ag; and (H) Te vs Se.
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electrum, Ag-bearing tetrahedrite, and AgSb sulfosalts. Arsenic, Sb, and
Hg are also most enriched in the 1806 Zone (Fig. 8c); this orebody con-
tains more tennantite–tetrahedrite, mercurian electrum, and AgHg ±
Au alloys than the other orebodies. Moreover, strong positive correla-
tions exist between precious metals and As, Sb, and Hg, and between
As and Sb (Table 5) indicating similar geochemical behavior for As, Sb,
Hg, Ag, and Au. Variations of other analyzed elements are less promi-
nent between the orebodies with the exception of transition metals V,
Cr, Co, Mn, and Ni, which are enriched in the LFWZ (Table C1).

Metal zoning within each orebody is not very well developed, al-
though Fe, Cu, and Zn contents vary with depth. However, the enriched
Zn contents in the stratigraphic upper part of the 1807, 1806, and Ming
South orebodies are due to sphalerite bands and schlieren, which occur
in pyrite–chalcopyrite massive sulfide (Table 2) and not as a distinctive
horizon or zone in the outer parts of the semi-massive to massive sul-
fides. Concentrations of epithermal and precious elements do not signif-
icantly changewithdepth in the different orebodieswith the exceptionof
the LFWZ, inwhich Ag, As, Au, Bi, and Hg decreasewith increasing depth.

5.2. EPMA and LA-ICP-MS

Results for micro-analytical analyses of various mineral phases are
summarized in Tables 6 and C2 (Electronic Appendix C) and shown in
Figs. 9 to 11.

The analyzedminerals have generally homogeneousmajor andminor
element compositions and are typically stoichiometric (Fig. 9, Table 6).
However, Fe content in sphalerite, Ag content in tennantite–tetrahedrite,
and Hg content in electrum vary. The Fe content of sphalerite is between
1.12 and 11.04 wt.% and can be divided into three groups: (1) Fe-rich
sphaleritewith7.27–11.04wt.% Fe and54.32–58.42wt.%Zn; (2) interme-
diate Fe sphalerite with 4.35–6.33 wt.% Fe and 59.55–61.86 wt.% Zn; and
(3) Fe-poor sphalerite with 1.12–3.57 wt.% Fe and 65.10–62.57 wt.% Zn
(Fig. 9). The strongest variations in Fe among sphalerite are in the 1807
Zone (2.29–10.18 wt.% Fe, n = 28) and the 1806 Zone (1.12–10.16 wt.%
Fe, n=27; Brueckner et al., 2014). In theMSUP,MSDP, and LFWZ, sphal-
erite is intermediate to Fe-rich; however, Fe-rich sphalerite dominates in
these three orebodies. The Ag content in tennantite-tetrahedrite of the
1807 Zone is low (0.986 wt.%, n = 9), whereas in the 1806 Zone
tennantite–tetrahedrite shows strong variations in Ag content (0.307–
29.27 wt.%, n = 52; Brueckner et al., 2014). Tennantite–tetrahedrite
from the Ming South orebodies was not analyzed, but semi-quantitative
X-ray analysis at the SEM (SEM-EDX) shows low Ag concentrations in
tennantite–tetrahedrite. Electrum (AuAg alloy with Au N 10 wt.%) at the
Ming deposit has high amounts of Hg, particularly in the 1806 Zone
(14.37 wt.% Hg, n = 22; Brueckner et al., 2014), whereas Hg in electrum
of the 1807 Zone is much lower with 3.05 wt.% (n = 1). Electrum from
the Ming South orebodies could not be analyzed due to grain size but
also showed low Hg contents using semi-quantitative SEM-EDX spectra.

Trace element concentrations analyzed by LA-ICP-MS of Au, Ag, As,
Sb, Te, Bi, and Se in pyrite, chalcopyrite, pyrrhotite, sphalerite, arsenopy-
rite, galena, cubanite, and tennantite-tetrahedrite are shown in Figs. 10
and 11. Gold concentrations are typically either below detection limit or
below 1 ppm in the analyzed sulfides. Elevated Au concentrations
(N10 ppm) are only present in single grains of chalcopyrite, pyrite,
sphalerite, arsenopyrite, and tennantite–tetrahedrite of the 1806 Zone.
All these grains occurred in close proximity to electrum and Au in
these minerals did not occur as visible inclusions.

Silver is most enriched in chalcopyrite of the 1806 Zone (344 ppm
Ag, n = 31) and in galena of the 1807, 1806, and Ming South orebodies
(1119 ppmAg, n=15). In contrast, Ag concentrations in the othermin-
erals are low and typically less than 50 ppm (Table C2).

Arsenic concentrations are greatest in pyrite (1694 ppm, n=45), pyr-
rhotite (1025 ppm, n=34), and chalcopyrite (909 ppm, n=61). Arsenic
varies strongly within these minerals in all orebodies and shows no par-
ticular preference in any orebody (Fig. 10). Galena, sphalerite, and
cubanite containmuch less As (Table C2). Antimony shows similar trends



Fig. 8. Box-Whisker plots showing variations in (A) Te, Bi, and Se; (B) Ag and Au; and (C) As, Sb, and Hg in the orebodies of the Ming deposit; data are normalized to 100% sulfides. The
horizontal error bars represent the total range of all analyses for each orebody; n = number of analyzed samples.
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to As, but concentrations in the analyzedphases aremuch lower and rare-
ly exceed 25 ppm (Figs. 10, 11). The exception is galena, where Sb has a
similar pattern to Ag, and is strongly enriched (1128 ppm, n = 15).

Tellurium concentrations are generally low (b50 ppm), but show a
strong spatial preference for minerals of the MSUP and 1807 Zone,
and to a lesser extent in theMSDP and 1806 Zone (Figs. 10, 11). Arseno-
pyrite and galena have the greatest Te contents with 646 ppm (n=96)
and 540 ppm (n= 42), respectively. Tellurium is especially enriched in
galena that is low in Sb (Fig. 11). Bismuth shows very similar trends to
Te and is greatest in galena of the 1807 Zone andMing South orebodies
(2466 ppm, n= 3). Enriched Bi concentrations (228 ppm) also occur in
two Ag-rich tetrahedrites of the 1806 Zone. Selenium concentrations
vary between minerals and among orebodies. Pyrite, chalcopyrite, and
pyrrhotite in the Ming deposit have, in general, Se above 300 ppm;
however, Se in these minerals is higher in the MSUP and LFWZ than
in 1807, 1806 andMSDP (Fig. 10, Table C2). Selenium is highly variable
in sphalerite and arsenopyrite, and is lower in these minerals in the
1806 Zone and MSDP relative to sphalerite and arsenopyrite in the
other orebodies. High Se contents in galena of the 1807 Zone and
MSUP, and high Se in Ag-rich tetrahedrite of the 1806 Zone are correlat-
ed with enriched Te and Bi concentrations in the same grains.

In the analyzed minerals, transition metals (Co, Cr, Mn, Ni, Ti, V) are
either depleted or have concentrations below the detection limit. The
exceptions are Co andNi, which are preferably enriched in high temper-
ature phases, but also are enriched in sphalerite and arsenopyrite of the
Ming South and LFWZ orebodies (Table C2).

Sphalerite in all orebodies has enriched Cd and Mn concentrations
(Table C2) due to the preferred substitution of both elements in sphal-
erite (Di Benedetto et al., 2005; Cook et al., 2009).

6. Discussion

6.1. Hydrothermal fluid conditions

The transport of elements in hydrothermal fluids is controlled by
various physico-chemical parameters, with temperature, pH, redox



Table 4
Results ofwhole rockmetal analysis for thedifferent orebodies at theMingdeposit. Data are normalized to 100wt% sulfides. Detailed results are found in the TableC1 (Electronic Appendix
C); n — number of analysis, Av— average, Min — minimum value, Max— maximum value, NA — no analysis.

Orebody 1807 Zone 1806 Zone MSUP

Sample no. Av ± 1σ Min Max Av ± 1σ Min Max Av ± 1σ Min Max

n 14 9 6

S [wt.%] 48.5 ± 3.41 39.4 52.5 45.4 ± 7.14 32.7 52.3 41.7 ± 7.71 32.0 50.6
Fe 42.2 ± 2.43 38.7 45.8 34.0 ± 13.8 14.1 45.6 43.1 ± 4.99 35.8 50.0
Cu 7.32 ± 5.30 1.1 20.3 2.01 ± 1.95 0.121 6.95 14.2 ± 9.44 3.93 28.9
Zn 1.53 ± 2.07 0.064 5.75 15.3 ± 19.0 0.085 47.0 0.609 ± 0.401 0.155 1.26
V [ppm] 50.2 ± 33.6 26.0 157.3 145 ± 114 45.0 363 89.7 ± 162 17.9 421
Cr 34.8 ± 49.3 9.1 162.3 45.4 ± 36.5 19.6 71.2 202 ± 419 6.97 952
Mn 184 ± 350 36.4 1,391 244 ± 213 39.4 710 379 ± 758 37.9 1,926
Co 330 ± 117 132 531 112 ± 108 12.1 371 273 ± 130 123 440
Ni 36.7 ± 17.4 12.5 82.6 45.4 ± 24.3 19.5 96.8 53.9 ± 44.4 20.4 141
As 1275 ± 1,518 114 6059 4221 ± 3,294 251.5 8808 251 ± 80.1 98.2 331
Se 359 ± 184 155 871 187 ± 126 78.6 453 530 ± 317 173 1,078
Ag 21.2 ± 9.70 10.4 40.9 161 ± 94.5 29.3 318 19.9 ± 9.93 8.54 32.8
Cd 102 ± 124 9.35 369 554 ± 682 6.13 1,669 32.1 ± 17.3 9.42 52.4
Sn 21.6 ± 17.9 8.22 73.0 77.2 ± 60.8 23.3 205 12.8 ± 7.66 5.98 26.6
Sb 36.3 ± 32.4 3.39 113 428 ± 485 6.59 1,248 30.0 ± 21.4 6.68 69.7
Te 87.6 ± 37.3 23.8 139 13.5 ± 12.8 1.95 35.2 27.2 ± 16.1 8.41 45.7
Ta 0.358 ± 0.184 0.099 0.749 0.290 ± 0.104 0.205 0.419 0.745 ± 0.968 0.101 2.7
Au 1.95 ± 1.29 0.461 4.95 36.4 ± 73.7 1.48 231 1.50 ± 1.26 0.651 3.94
Hg 5.91 ± 5.77 1.009 18.8 243 ± 307 4.09 833 19.3 ± 13.1 6.03 37.2
Tl 2.01 ± 0.976 0.814 4.05 8.05 ± 6.55 3.13 24.6 4.58 ± 6.51 0.996 17.8
Pb 1814 ± 2.100 102.3 7577 25,640 ± 50,060 1827 158,165 962 ± 1,329 138 3,632
Bi 151 ± 149 32.9 621 19.6 ± 21.1 1.31 72.2 41.8 ± 31.3 3.54 98.9

Orebody MSDP LFWZ Ming

Sample no. Av ± 1σ Min Max Av ± 1σ Min Max Av ± 1σ Min Max

n 3 4 36

S [wt.%] 46.6 ± 5.84 41.4 52.9 21.2 ± 3.72 16.3 25.2 43.4 ± 9.84 16.3 52.9
Fe 48.9 ± 3.55 46.6 53.0 68.6 ± 3.36 65.3 73.3 43.8 ± 12.2 14.1 73.3
Cu 3.93 ± 5.64 0.296 10.4 9.20 ± 2.65 6.11 12.6 7.07 ± 6.57 0.121 28.9
Zn 0.224 ± 0.220 0.023 0.460 0.135 ± 0.096 0.072 0.279 4.57 ± 11.2 0.023 47.0
V [ppm] 478 ± 437 15.8 883 912 ± 102 785 1026 212 ± 308 15.8 1026
Cr 154 ± 178 9.47 352 2654 ± 1,055 1533 4041 543 ± 1,083 6.97 4041
Mn 630 ± 596 33.7 1,226 3211 ± 438 2636 3637 605 ± 1,032 33.7 3637
Co 248 ± 207 9.58 386 625 ± 209 484 935 292 ± 195 9.58 935
Ni 69.9 ± 48.8 38.9 121 486 ± 153 327 681 94.4 ± 150 12.5 681
As 766 ± 111 698 894 219 ± 256 20.3 564 1681 ± 2,395 20.3 8808
Se 192 ± 278 12.4 513 297 ± 9.73 283 305 328 ± 222 12.4 1078
Ag 18.5 ± 20.4 6.42 42.0 11.3 ± 3.31 7.63 15.3 54.7 ± 77.6 6.42 318
Cd 15.5 ± 17.3 3.05 35.2 9.10 ± 4.77 6.58 16.3 186 ± 400 3.05 1,669
Sn 30.4 ± 18.2 9.47 41.2 23.0 ± 4.70 17.4 27.4 35.0 ± 40.3 5.98 205
Sb 14.6 ± 14.4 5.89 31.1 5.17 ± 4.66 1.65 11.8 128 ± 292 1.65 1,248
Te 14.9 ± 14.5 3.47 31.1 15.4 ± 5.32 9.07 20.9 44.9 ± 42.6 1.95 138.8
Ta 3.22 ± 2.61 0.210 4.74 2.63 ± 0.970 1.74 3.95 1.09 ± 1.43 0.099 4.74
Au 2.56 ± 2.52 1.0 5.5 0.332 ± 0.067 0.236 0.389 10.4 ± 38.4 0.236 231
Hg 5.72 ± 9.41 0.198 16.6 1.14 ± 0.537 0.761 1.52 70.7 ± 184 0.198 833
Tl 6.62 ± 8.41 0.673 16.2 1.67 ± 0.707 0.714 2.30 4.30 ± 5.23 0.673 24.6
Pb 539 ± 208 404 779 225 ± 297 34.2 664 7346 ± 26,263 34.2 158.165
Bi 22.9 ± 21.4 7.79 47.4 13.3 ± 12.6 1.97 29.6 74.0 ± 112 1.31 621
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state, and ƒS2 beingmost critical and changes in these parameters affect-
ing metal transport and precipitation (Barton and Skinner, 1979;
Seward and Barnes, 1997; Sack and Ebel, 2006). Pressure is typically
neglected, since it has no significant effect on the transport and deposi-
tion of elements in ascending hydrothermal fluids within VMS forming
deposits as long as the fluids have not boiled (Barton and Skinner, 1979;
Butterfield et al., 1990; Simon and Essene, 1996; Monecke et al., 2014).

At the Ming deposit, differing element composition of the different
orebodies (Fig. 12) indicates that different hydrothermal fluid condi-
tions were responsible for the formation of the (1) LFWZ, (2) the 1807
Zone, MSUP, and MSDP, and (3) the 1806 Zone. The fluid conditions
are constrained by using common metal sulfides, and epithermal and
precious elements.

6.1.1. Common metal sulfides
The role of temperature in themetal budgets in VMS deposits is well

established (e.g., Lydon, 1988; Large, 1992; Ohmoto, 1996). However,
providing quantitative estimates of temperatures in both modern and
ancient VMS deposits often is difficult due to the lack of mineral phases
in equilibrium, which itself arises from the dynamic nature of VMS
deposit formation (e.g., zone refining; Lydon, 1988; Large, 1992;
Ohmoto, 1996). This lack of equilibrium is clearly documented at the
Ming deposit by this and previous work (Brueckner et al., 2014, 2015).
Nevertheless, temperature assumptions can bemade frommineral tex-
tures, assemblages, and paragenetic relationships (Figs. 3 to 6). The
LFWZ with its dominant Cu–Fe sulfide assemblage and chlorite alter-
ation presumably formed at temperatures hotter than 300 °C, and this
area also represents the stockwork zone. In contrast, oremineral assem-
blages (pyrite–chalcopyrite with minor pyrrhotite–sphalerite and trace
arsenopyrite–galena–tellurides–sulfosalts–precious metals) of the
other orebodies strongly indicate formation temperatures of 300 °C
and below.

Sulfidation state and fluid redox conditions have also an effect on the
mineral assemblages and compositions at the Ming deposit and this is
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well recorded in the highly variable Fe contents in sphalerite (Table 6;
Fig. 9b, c). Iron-poor sphalerite is restricted to the 1807 and 1806
zones, whereas Fe-rich and intermediate-Fe sphalerite are found in all
orebodies (Fig. 9c). The substitution of Fe2+ for Zn2+ in sphalerite is
very common (Barton and Toulmin, 1966; Di Benedetto et al., 2005;
Cook et al., 2009) and a function of the redox state of the co-existing hy-
drothermal fluid (Barton and Toulmin, 1966; Hannington and Scott,
1989): the greater the amount of Fe2+ in sphalerite, the more reduced
the coexisting hydrothermal fluid. Mineral assemblages indicating
higher oxidation state (hematite–magnetite) or higher sulfidation
state (chalcopyrite–bornite–pyrite) are not present. Therefore, the hy-
drothermal fluids depositing sphalerite were rather reduced. Barton
and Toulmin (1966) showed that the Fe content in sphalerite is also a
function of the sulfidation state of the co-existing hydrothermal fluid.
In Fig. 13, the Fe content in sphalerite is shown as function of ƒS2 at dif-
ferent temperatures. At the Ming deposit, sphalerite co-exists with
pyrite ± pyrrhotite or galena ± sulfosalts ± tellurides. The varying Fe
contents in sphalerite at theMing deposit can be explained by variations
in both ƒS2 and temperature. In Fig. 13, the range of FeS (mole%) in
sphalerite is shown. In scenario (i) temperature decreases and ƒS2 re-
mains constant, resulting in decreasing FeS in sphalerite. In scenario
(ii) ƒS2 increases and temperature remains constant. Both scenarios
are seen as extreme end members, since sphalerite deposition occurs
over a temperature range in VMS deposits and at various ƒS2 (Haymon
and Kastner, 1981; Scott, 1983; Lydon, 1988; Large, 1992; Ohmoto,
1996). Moreover, the occurrence of sphalerite with different minerals
(pyrite, pyrrhotite, galena, tellurides, sulfosalts) at the Ming deposit
also indicates variations in both ƒS2 and temperature of the hydrother-
mal fluids depositing sphalerite.

The pH of hydrothermal fluids forming theMing VMS deposit can be
inferred from mineral assemblages in the different orebodies and com-
parisons to modern hydrothermal vent sites. Of the commonmetals, Pb
and Zn are transported as chloride complexes and are most sensitive to
changes in pH (Lydon, 1988). Relatively acid conditions (pH≈ 2–4) are
needed to account for an increased solubility of both Zn and Pb in the
hydrothermalfluid and changes to higher pHdue to, for instance, the in-
teractionwith cold, neutral seawater, results in the deposition of Zn and
Pb sulfides (Large, 1992; Large, 1977; Ohmoto, 1996). Therefore, the hy-
drothermal fluid transporting Zn and Pb was acidic. Acidic hydrother-
mal fluids are also inferred for the transport of Fe sulfides (pyrite,
pyrrhotite) and Cu–Fe sulfides (chalcopyrite, cubanite) at hotter tem-
peratures, because: (1) Fe and Cu complexes are stable at acidic condi-
tions (Yund and Kullerud, 1966; Barton and Skinner, 1979); and
(2) hydrothermal vent fluids especially from black smokers on sedi-
ment free vent sites have acidic pH values (German and von Damm,
2003).

6.1.2. Role of epithermal elements
There is a spatial and mineralogical preferences of: (1) Te, Bi, and Se

for the 1807 Zone and MSUP and to lesser extent for MSDP and LFWZ;
(2) Ag and Au between the different orebodies; and (3) As, Sb, and Hg
for the 1806 Zone (Figs. 8, 12). Even though these elements only occur
in trace minerals at the Ming deposit, they indicate that different fluid
conditionswere responsible for the formation of thedifferent orebodies,
because in addition to T, pH, ƒO2, and ƒS2, chemical parameters such as
ƒTe2, ƒSe2, mBi, and mSb control the transport and deposition of these
metals (Table 7).

6.1.2.1. Te, Bi, and Se. Tellurideminerals are not common inVMSdeposits
and are only known from a few VMS deposits worldwide (Ural Moun-
tains: Vikentyev, 2006; Novoselov et al., 2006; Maslennikov et al.,
2009; Abitibi greenstone belt: Thorpe and Harris, 1973; Tourigny
et al., 1993). At the Ming deposit hessite (Ag2Te), altaite (PbTe),
tsumoite (BiTe), unnamed bismuth-telluride (Bi3Te2), and coloradoite
(HgTe) occur specifically in the 1807 Zone and to lesser extent in the



Table 6
Microprobe results ofmajor andminor elements formineral phases from theMing deposit and their calculatedmineral formulae; detailedmicro-analytical analyses are found in Table C2 (Electronic Appendix C); Av— average,Min—minimumvalue,
Max — maximum value.

Mineral phase* S [wt.%] Fe Cu Zn Pb As Co NI Te Ag

[Common] metal sulfides

Py (121)
Av ± 1σ 53.22 ± 0.356 45.92 ± 0.338
Min 52.36 45.10
Max 53.92 46.77

Ccp (176)
Av ± 1σ 34.88 ± 0.309 30.52 ± 0.341 34.46 ± 0.291
Min 33.61 29.16 33.32
Max 36.13 31.46 35.55

Cbn (28)
Av ± 1σ 35.13 ± 0.199 41.33 ± 0.294 23.40 ± 0.251
Min 34.80 40.92 22.83
Max 35.39 42.26 23.63

Po (83)
Av ± 1σ 38.93 ± 0.456 60.37 ± 0.637
Min 38.20 58.11
Max 40.14 61.44

Sp (97)
Av ± 1σ 33.50 ± 0.424 7.47 ± 2.78 58.44 ± 3.03
Min 32.33 1.12 54.24
Max 34.65 11.04 65.28

Gn (42)
Av ± 1σ 13.19 ± 0.282 86.12 ± 0.638
Min 12.64 84.88
Max 13.90 87.55

Apy (96)
Av ± 1σ 21.27 ± 0.538 34.21 ± 0.424 43.96 ± 0.686
Min 19.50 32.97 41.69
Max 23.71 34.98 46.68

[Uncommon] metal sulfides including tellurides, selenides, and (sulfo-)antimonides

Allo (5)
Av ± 1σ 20.04 ± 0.349 8.31 ± 1.06 44.38 ± 0.490 24.74 ± 0.614 2.15 ± 0.406
Min 19.61 7.15 43.55 24.01 1.79
Max 20.42 9.88 44.78 25.59 2.81

Hess (3)
Av ± 1σ 38.52 ± 2.62 60.64 ± 2.30
Min 36.99 58.09
Max 41.54 62.56

Tsu (9)
Av ± 1σ 5.13 ± 0.886 36.82 ± 1.80
Min 4.30 34.78
Max 6.96 39.34

BiTe (1) Av 3.42 28.35
Alt (1) Av 61.21 37.73

Gud (3)
Av ± 1σ 15.21 ± 0.085 26.73 ± 0.094
Min 15.15 26.67
Max 15.27 26.80

Breit (3)
Av ± 1σ 0.927 ± 0.696 31.94 ± 0.311
Min 0.501 31.65
Max 1.73 32.27

Nis (1) Av 0.811 1.09 17.25

sulfosalts

Men (5)

Av ± 1σ 17.61 ± 0.966 1.87 ± 0.828 59.40 ± 1.30
Min 16.63 1.12 58.04
Max 18.66 3.25 61.23

Tnt-Trt (61)

Av ± 1σ 25.72 ± 1.93 4.50 ± 1.31 35.73 ± 7.25 3.12 ± 1.38 8.61 ± 6.84 5.38 ± 7.91
Min 20.99 1.99 15.29 0.314 0.000 0.252
Max 28.52 6.56 44.46 5.49 19.25 29.27

Stn (4)

Av ± 1σ 29.48 ± 0.213 12.01 ± 0.168 28.14 ± 0.156 2.33 ± 0.344
Min 29.19 11.78 27.96 1.97
Max 29.67 12.16 2.76

Precious metals

El (23)

Av ± 1σ 40.11 ± 8.79
Min 26.02
Max 67.35
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Table 6 (continued)

Mineral phase* Bi [wt.%] Sb Au Sn Hg Total Mineral formula

[Common] metal sulfides

Py (121)
99.14 ± 0.511

Fe0.97–1.01S298.13
100.45

Ccp (176)
99.85 ± 0.432

Cu0.96–1.06Fe0.94–1.05S298.71
101.26

Cbn (28)
99.86 ± 0.160

Cu0.98–1.02Fe2.00–2.07S399.67
100.21

Po (83)
99.30 ± 0.535

Fe0.84–0.92S98.07
100.25

Sp (97)
99.41 ± 0.690

(Zn0.79–0.97,Fe0.02–0.19)0.95–1.02S97.98
100.80

Gn (42)
99.31 ± 0.735

Pb0.95–1.06S98.11
100.73

Apy (96)
99.44 ± 0.678

As0.75–1.02Fe0.83–1.00S98.07
101.24

[Uncommon] metal sulfides

Allo (5)
99.61 ± 0.376

(Co0.65–0.71,Ni0.05–0.08)0.71–0.76Fe0.21–0.28As0.92–0.97S99.04
100.03

Hess (3)
99.27 ± 1.00

Ag1.65–2.00Te98.27
100.27

Tsu (9)
56.89 ± 2.43 1.03 ± 0.610 99.87 ± 0.927

(Bi0.81–1.05, Pb0.07–0.12, Sb0.00–0.04)0.94–1.17Te52.45 0.000 98.52
60.25 1.58 101.10

BiTe (1) 67.76 0.087 99.62 (Bi2.92, Pb0.15, Sb0.01)3.07Te2
Alt (1) 98.94 Pb1.00Te

Gud (3)
58.46 ± 0.211 100.41 ± 0.390

Fe1.01Sb1.01S58.31 100.13
58.61 100.69

Breit (3)
66.52 ± 0.213 99.39 ± 0.687

(Ni0.98–1.01, Fe0.02–0.06)1.01–1.04Sb66.37 98.82
66.77 100.15

Nis (1) 77.31 1.69 98.16 (Ni0.93, Fe0.05, Co0.06, Au0.03)1.06Sb2

sulfosalts

Men (5)

20.06 ± 0.313 98.94 ± 0.530

Pb11.56–13.67Cu0.73–2.31Sb6.68–7.62S24
19.73 98.17
20.38 99.39

Tnt-Trt (61)

16.27 ± 9.78 99.33 ± 0.696
(Cu4.60–10.63, Ag0.04–5.39)9.50–10.72(Fe0.61–2.30,
Zn0.09–1.45)1.94–2.52(As0.00–3.90, Sb0.16–4.37)3.78–4.52S13

1.33 98.04
29.56 100.98

Stn (4)

27.53 ± 0.204 99.50 ± 0.563

Cu1.91–1.95(Fe0.92–0.96, Zn0.13–0.18)1.07–1.12Sn1.00–1.01S4
27.32 98.90
27.81 100.02

Precious metals

El (23)

45.71 ± 11.40 13.88 ± 3.52 99.70 ± 0.947

(Au, Ag, Hg)0.62–1.23
13.87 3.05 98.19
70.17 20.57 101.07

* Mineral abbreviations as in Table 3 and number in brackets is the number of EPMA analysis.
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Fig. 9.Major composition of sulfides and sulfosalts analyzed by EPMA: (A) Ternary plot of Fe–S–Cu; (B) Ternary plot of Fe–S–Zn; (C) Binary plot of varying Fe composition in sphalerite;
(D) Ternary plot of Fe–S–As; (E) Ternary plot of Fe–S–Pb; and (F) Ternary plot of As–Ag–Sb showing compositional variationswithin tennantite–tetrahedrite of the 1806 and 1807 zones.
For mineral abbreviations see Table 3.
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other orebodies with the exception of the 1806 Zone inwhich tellurides
are practically absent (Table 3).

Afifi et al. (1988a) showed that Te is preferentially transported as
vapor phase (Te2(g)) in hydrothermal fluids, although studies from
Zhang and Spry (1994) and McPhail (1995) described the possible oc-
currence of aqueous Te species in hydrothermal fluids. The formation
of telluridesmainly depends on a high ƒTe2/ƒS2 ratio and to lesser extent
on the redox state of the hydrothermal fluid (Afifi et al., 1988a). A high
ƒTe2/ƒS2 ratio promotes telluride deposition over the substitution of Te2-

for S2- in sulfides (Afifi et al., 1988a,b; Zhang and Spry, 1994). Tellurides
are common in epithermal deposits and are typically found in low-
sulfidation epithermal systems (Acupan, Philippines: Cooke and
McPhail, 2001; Emperor gold deposit, Fiji: Pals et al., 2003). Moreover,
tellurides (e.g., frohbergite) that indicate oxidized hydrothermal fluid
conditions are extremely rare even in epithermal deposits (Afifi et al.,
1988a,b). Therefore, the deposition of tellurides in the 1807, Ming
South, and LFWZ orebodies suggests reduced hydrothermal fluid condi-
tions at a relatively high ƒTe2/ƒS2 ratio.

Galena–telluride symplectites are common in the 1807 Zone and
MSUP (Fig. 3g) and are related to the miscibility gap between PbS–
PbTe below 800 °C (Liu and Chang, 1994) and the oversaturation of
the hydrothermal fluid in Ag, Te, Bi, and Se relative to Pb. In the LFWZ,
tellurides also occur, but are not associated with galena (Fig. 4c, d).
The lack of galena in the LFWZ is explained by the preferential deposi-
tion of galena due to changes in pH (Lydon, 1988), whereas telluride de-
position was much more controlled by the ƒTe2/ƒS2 ratio (Afifi et al.,
1988a). During late stage ore formation, the cooler, reduced, and acidic
hydrothermal fluids transporting Pb, Zn, Ag, Te, and Bi among other
metals ascended through the stockwork zone. The absence of galena
in this assemblage was likely due to a lack of a pH increase (e.g.
Lydon, 1988), and/or low ƒS2 that would have otherwise encouraged
galena deposition. The deposition of tellurides in the LFWZ stockwork
was likely due to either: (1) boiling; (2) conductive cooling; (3)mixing;
and/or (4) gas condensation of vapor phase transporting Te2(g) into hy-
drothermal fluid (Cooke and McPhail, 2001). Deciphering the key pro-
cesses above in the LFWZ is difficult given the state of deformation in
the deposit; however, Cooke and McPhail (2001) stated that if Te is
transported as aqueous species, its transport is highly temperature de-
pendent. Temperature change is likely the best explanation for the oc-
currence of tellurides in the LFWZ because Te is transported as both
an aqueous species and a vapor phase, and small changes in tempera-
ture of the hydrothermal fluid resulted in the deposition of tellurides
and clausthalite in the absence of galena. This deposition also decreased
the ƒTe2/ƒS2 and ƒSe2/ƒS2 ratios in the coexisting hydrothermal fluid,
which discouraged telluride and selenide deposition in the overlying
MSDP (Table 3). Nevertheless, the hydrothermal fluid depositing galena
in theMSDPwas still sufficiently enriched in Te, Bi, Se, and Ag to account
for enriched Te, Bi, Se, and Ag in galena in the MSDP (Fig. 11, Table C2).
In the 1806 Zone, Te-, Bi-, and Se-poor galena, and the absence of tellu-
rides, indicate that the ƒTe2/ƒS2 ratio in the hydrothermal fluids was
much lower than in the other orebodies.

At the Ming deposit, Bi occurs either as major element in tellurides
(tsumoite, unnamed Bi-telluride) or as an enriched trace element in ga-
lena of the 1807 and Ming South orebodies, and Ag-rich tetrahedrite of
the 1806 Zone (Fig. 11). The strong association of Bi with galena can be
explained by the solid solution between AgBiS2 and PbS (Van Hook,
1960). Amcoff (1984) andHuston et al. (1996) showed that the coupled
substitution of AgBi for Pb, especially at temperatures below 390 °C,
controls the overall distribution of Ag. However, for the Ming deposit
this coupled substitution also controls the overall Bi content due to
the predominant association of Bi with galena. The deposition of Bi,
which is primarily transported as neutral hydroxide complex (Wood



Fig. 10. Histograms of LA-ICP-MS data for selected trace elements for pyrite, chalcopyrite, and pyrrhotite; UP = MSUP, DP = MSDP.
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et al., 1987), is largely dependent on a temperature decrease or an in-
crease in H2S concentration (Huston et al., 1996). TheH2S concentration
is fairly constant throughout the formation of VMS deposits (Huston
et al., 1996), and is ruled out as a precipitation mechanism. However,
decrease in temperature is very likely causing Bi precipitation with
hessite, altaite and galena in semi-massive to massive sulfides and
with hessite and clausthalite in the LFWZ due to interaction with ambi-
ent seawater and cooler wallrock.
Selenium rarely occurs as selenide minerals in VMS deposits
(Hannington et al., 1999a,b; Layton-Matthews et al., 2008;Maslennikov
et al., 2009). However, enriched selenium contents are reported from
several ancient (Wolverine and Kudz Ze Kayah: Layton-Matthews
et al., 2008; Yaman-Kasy: Maslennikov et al., 2009) and modern VMS
(13°N East Pacific Rise: Auclair et al., 1987) deposits. At theMing depos-
it, selenides are rare, and only clausthalite (PbSe) irregularly occurswith
tellurides. There are two major reasons that commonly prohibit



Fig. 11.Histograms of LA-ICP-MS data of selected trace elements for sphalerite, arsenopyrite, galena, cubanite, and tetrahedrite-tennantite; UP or U=MSUP, DP or D=MSDP, LF= LFWZ,
* Tennantite–tetrahedrite, 1 Ag, As and Sb for tennantite–tetrahedrite are from EPMA analysis and given in wt.%; no analyses of Au in cubanite are above detection limits.

932 S.M. Brueckner et al. / Ore Geology Reviews 72 (2016) 914–939
selenide deposition in VMS systems, even if the hydrothermal fluid has
relatively high Se contents and a high ƒSe2/ƒS2 ratio, including: (1) the
highly chalcophile character of Se and the similar atomic radius
between S2- and Se2- result in the preferred substitution of Se2- for S2-,
which decreases the ƒSe2/ƒS2 ratio of the hydrothermal fluid; and
(2) most VMS systems are formed by reduced fluids that hinder the



Fig. 12. Comparison of the averagemetal concentration in (A) 1807 Zone vs LFWZ, (B) 1807 Zone vsMing South orebodies, (C) 1807 vs 1806 Zone. Elements enriched in the LFWZ or 1806
Zone have white circles; elements with no significant enrichment or depletion in the comparing orebodies have gray circles; andmetals and semi-metals enriched in the 1807 Zone have
black circles; data are normalized to 100% sulfides; * S, Fe, Cu, and Zn are in wt.%, whereas the other metals and semi-metals are in ppm.
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oxidation of S2- to SO4
2-, whichwould change the valence and radius of S

making it less attractive for substitution by Se2- (Simon and Essene,
1996). Therefore, selenide deposition is not only controlled by ƒSe2,
but also by the redox state of the hydrothermal fluid.

The highly variable Se contents between minerals and orebodies at
the Ming deposit are attributed to the preferred transport of Se at ele-
vated temperatures together with Cu, the solid solution between PbSe
and PbS that occurs over a wide temperature range, and the common
substitution of Se2- for S2- (Simon and Essene, 1996; Simon et al.,
1997). Therefore, the main factors controlling precipitation of Se from
reduced, acidic hydrothermal fluids at Ming were: (1) decrease in tem-
perature of hot hydrothermal fluids resulting in enriched Se contents in
high temperature minerals (e.g., chalcopyrite, pyrite, pyrrhotite, and
cubanite observed in the MSUP and LFWZ); (2) increase in pH and de-
crease in temperature of the hydrothermal fluid resulting in the precip-
itation of galena with enriched Se due to the solid solution between
PbSe and PbS (e.g., 1807 and Ming South orebodies); and (3) decrease
in the ƒSe2/ƒS2 ratio due to preferred substitution of Se2- for S2- in sul-
fides precipitating from reduced hydrothermal fluids.

6.1.2.2. Ag and Au. The mineralogical distribution of Ag varies between
the 1807 Zone with Ming South orebodies (hessite N Ag-poor
Fig. 13. Temperature vs log ƒS2 diagram showing varying Fe contents in sphalerite co-
existing with pyrite (py)–pyrrhotite (po). Contours of mole percent FeS in sphalerite
coexisting with Fe sulfides and the sulfidation boundaries for pyrite-pyrrhotite and born-
ite (bn) + pyrite (py)–chalcopyrite (ccp) are from Scott and Barnes (1971) and
Czamanske (1974). Gray area represents range of Fe content in sphalerite. Blue arrows in-
dicate extreme end scenarios that can cause changes of the Fe content in sphalerite; see
text for details.
tennantite-tetrahedrite N electrum) and the 1806 Zone (Ag-bearing to
Ag-rich tennantite–tetrahedrite N electrum N AgSb sulfosalts). The con-
centration of Ag in sulfides is typically depleted with the exception of
galena and chalcopyrite (Figs. 10, 11). Variations in mineralogy, distri-
bution and Ag concentration are mainly controlled by temperature,
redox state, pH, and the concentration of Bi, Sb and H2S in the hydro-
thermal fluid (Huston et al., 1996).

Amcoff (1984) showed that the coupled substitution of AgBi and
AgSb for Pb accounts for enriched Ag contents in galena. The higher
the Bi and/or Sb concentration is in the hydrothermal fluid, the higher
the probability of Ag incorporation into galena due to coupled substitu-
tion. Galena in the 1807 and Ming South orebodies is enriched in Bi
(Fig. 11, Table C2) and commonly associated with tellurides indicating
that AgBi substitution dominated over AgSb for Pb in these orebodies.
Moreover, the deposition of Ag-, Bi-, Te-, and Se-rich galena coevally
with tellurides including hessite resulted in the depletion of Ag in the
coexisting hydrothermal fluid, and the ƒTe2/ƒS2 and mBi/mSb ratios de-
creased. From this co-existingfluid, Ag-poor tennantite-tetrahedrite de-
posited. In the 1806 Zone galena is Ag- and Sb-rich, but Bi-, Te-, and Se-
poor indicating that AgSb substitution for PbS dominated due to cooler
fluid temperatures and lower Bi contents in the hydrothermal fluid
(Amcoff, 1984; Huston et al., 1996). Chalcopyrite in the 1806 Zone has
greater Ag contents than in the other orebodies, indicating that Ag sub-
stitution for Cu occurred from reduced and Bi-poor, hot hydrothermal
fluids (Huston et al., 1996). The enriched Ag concentrations especially
in tetrahedrite of the 1806 Zone (Brueckner et al., 2014) are either
caused by fractional crystallization of tennantite-tetrahedrite froma hy-
drothermal fluid due to decrease in temperature (Hackbarth and
Petersen, 1984), the substitution of Sb–Ag for As–Cu (Miller and Craig,
1983), or the decomposition of As-rich tennantite into Ag-rich
tetrahedrite due to increase in Sb activity (Bortnikov et al., 1993, Cook,
1996). All three processes are very likely for Ag-rich tetrahedrite in
the 1806 Zone, because a wide compositional range in tennantite–
tetrahedrite (Table 6) and decomposition of tennantite (Figs. 3e, 5f, g)
is observed.

The main Au-bearing mineral in all orebodies is electrum; AgHg ±
Au alloys are very rare throughout the deposit and Au concentrations
in sulfides are typically very low with the exception of the 1806 Zone
(Figs. 10, 11). Enriched Au contents in chalcopyrite, pyrrhotite, sphaler-
ite, or arsenopyrite occur in grains adjacent to electrum suggesting that
either electrum deposited simultaneously with these phases from re-
duced, acidic hydrothermal fluids of varying temperature, or Au diffu-
sion between electrum and these minerals occurred (Birchenall, 1974;
Pals et al., 2003).

The mineralogical association of electrum preferentially with arse-
nopyrite, sulfosalts and/or Ag-bearingphases (Fig. 5) indicates Au trans-
port by thio-complexes at temperatures b 300 °C together with As and
Ag ± Sb (Table 7; Seward, 1973). The deposition of Au with Ag as



Table 7
Summaryof occurrence, preferred hostminerals,mineral associations, and favored transport andprecipitation conditions for epithermal elements and preciousmetals at theMingdeposit.
Mineral abbreviations as in Table 3.

Element Preferred
orebody
occurrence

Host mineral phases Associated
minerals

Dominant
species during
transport

Favored transport
conditions

Predominant
precipitation
conditions

Reference

As major/
minor
component1

As elevated trace
component2

Te 1807 Zone alt, hess, tsu,
unnamed BiTe

Bi-, Se-, Ag-rich gn
(1807 Zone, MSUP, MSDP);
apy (1807 Zone, LFWZ,
partly 1806 Zone)

Ag-, Bi-, Se-rich
gn, Fe-rich sp.,
po, claus

Te2(g), aqueous
Te species

Wide range in T; reduced
fluids with low ƒS2 and
elevated ƒTe2

Decrese in ƒTe2,
decrease in T if Te
is transported as
aqueous species

Afifi et al.
(1988a; b);
McPhail (1995);
Zhang and Spry
(1994)

Bi 1807 Zone tsu, unamed
BiTe

Te-, Ag-, Se-rich gn
(1807 Zone, MSUP, MSDP);
Ag-rich trt
(1806 Zone)

Ag-, Te-, Se-rich
gn, hess, alt,
claus, Fe-rich
sp., po

Bi(OH)3 Wide range in T; reduced
fluid; elevated mBi in
hydrothermal fluid

Decrease in T Wood et al.
(1987); Huston
et al. (1996)

Se 1807 Zone,
MSUP,
LFWZ

claus Ag-, Te-, Bi- rich gn
(1807 Zone, MSUP, MSDP);
py, po and ccp (MSUP,
LFWZ); apy
(all orebodies)

Tellurides, Ag-,
Bi-, Te-rich gn

Se2(g), aquoeus
Se species

Elevated and lower T
favoring the transport of Cu
and Pb, respectively;
reduced, acidic fluids; high
ƒSe2/ƒS2 ratio

Decrease in ƒSe2,
decrease in T
causing ccp
precipitation,
increase in pH
causing gn
precipiatation

Auclair et al.
(1987); Simon
and Essene
(1996); Simon
et al. (1997)

Ag 1807 +
1806
zones

AgHg ± Au
alloys, el, hess,
pyr, mia,
Hg-steph,
Ag-rich trt

gn (all orebodies); ccp
(silicified horizon 1806
Zone)

As hess: alt, tsu,
unnamed BiTe,
Bi, Te-, Se-rich
gn, po, claus
as Ag-rich trt:
tnt, apy, sp. ±
el ± gn as AgSb
phases: sp., ccp,
gn, apy, ccp, el,
po

AgCl2−, AgCl° Wide range of T, reduced,
acidic fluids

Increase in pH,
decrease in T

Seward (1976),
Amcoff (1984),
Huston
et al.(1996)

Au 1806 Zone el, AgHgAu
alloys

ccp, po, apy (1806 Zone) apy, tent-trt,
ccp, sp., py

Au(HS)2−,
Au(HS)°

Lower temperature (b 350
°C), reduced fluids

Decrease in T,
oxidation

Seward (1973),
Williams-Jones
et al. (2009)

As 1806 Zone allo, apy, loel,
tnt

py, po, ccp (all orebodies);
gn (1806 Zone)

As single
crystals: py ± po
in myrmekite:
tnt-trt, ccp, sp. ±
el ± gn

As(OH)3 Lower temperature, reduced
fluids

Increase in ƒO2 Heinrich and
Eadington
(1986)

Sb 1806 Zone mia, pyr, trt apy (1806 Zone); gn (1806
N MSUP N1807 ≈ MSDP);
el (1806 Zone); tsu and
unnamed BiTe (1807
Zone)

As trt: tnt, apy,
sp., ccp ± el ±
gn
as AgSb phases:
sp., ccp, gn, apy,
ccp, el, po

At T ≥ 275 °C:
Sb(OH)3
At T ≤ 275 °C:
Sb2S2(OH)2

Wide range in T; elevated
mSb in hydrothermal fluid;
reduced fluid

Decrease in T,
increase in ƒO2

Wood et al.
(1987); Krupp
(1989); Huston
et al. (1996)

Hg 1806 Zone AgHg ± Au
alloys, el,
Hg-steph

N/A* apy, tent-trt,
ccp, sp., py, pyr

Hg(g) and/or
aqueous Hg
(chloro?)species

T N 200 °C; relatively
reduced fluids

Increase in pH
and/or ƒO2

Varekamp and
Buseck (1984);
Kim et al. (2000)

1 based on EPMA analysis (Tables 6, C2); 2 based on LA-ICP-MS analysis (Table C2); * Hg was not analyzed by LA-ICP-MS and hence trace element concentrations are not available.
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electrumwas controlled by temperature, redox state, and pH of the hy-
drothermal fluid (Williams-Jones et al., 2009) and occurred prior to tel-
luride deposition (Fig. 6).

6.1.2.3. As, Sb, and Hg. Arsenopyrite occurs with either pyrite ± pyrrho-
tite or as myrmekitic intergrowths with tennantite–tetrahedrite–chal-
copyrite–sphalerite ± galena ± electrum. These two different
assemblages formed under different hydrothermal fluid conditions.
The presence of arsenopyrite with pyrite ± pyrrhotite suggests forma-
tion from reduced hydrothermal fluids, because As is predominantly
transported as hydroxide complex and very sensitive to changes in
redox state (Table 7; Heinrich and Eadington, 1986). In contrast,
tennantite–tetrahedrite precipitates from more oxidized hydrothermal
fluids (Huston et al., 1996). Smith and Huston (1992) showed that
under more oxidized hydrothermal fluid conditions, As cannot precipi-
tate as arsenopyrite but can instead be incorporated into tennantite.
Texturally, tennantite is not associated with pyrrhotite at the Ming de-
posit. Therefore, it can be assumed that arsenopyrite occurringwith py-
rite ± pyrrhotite precipitated from reduced, acidic hydrothermal fluids
prior to tennantite deposition, which precipitated from more oxidized,
acidic hydrothermal fluids. Some tennantite grains in the 1807 and
1806 zones are decomposed to Ag-bearing tetrahedrite–arsenopyrite–
chalcopyrite–sphalerite ± electrum ± galena (Figs. 3e, 5f, g). This de-
composition of As-rich tennantite was presumably caused by changes
in Sb activity and/or pH of the co-existing hydrothermal fluid
(Bortnikov et al., 1993; Cook, 1996).

Antimony-bearing minerals commonly have Ag (Ag-bearing to Ag-
rich tetrahedrite, myargyrite, pyrargyrite, mercurian stephanite) and
preferentially occur in the 1806 Zone. Transport and precipitation con-
ditions for Sb complexes are not well constrained, although cooler
(T b 275 °C), more oxidized fluid conditions with enriched mSb are fa-
vored for Sb transport (Wood et al., 1987; Huston et al. 1996).

Mercury is enriched in the 1806 Zone compared to the other
orebodies (Figs. 8, 12) and occurs predominantly in electrum and to
lesser extent as AgHg ± Au alloys and mercurian stephanite. Transport
conditions for Hg are not well constrained and different opinions exist
as to whether Hg is either transported as a vapor phase (Varekamp
and Buseck, 1984; Smith and Huston, 1992) or as an aqueous species
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(Kim et al. 2000). However, the close mineralogical, chemical, and tex-
tural association with both Ag and Au indicates similar transport and
deposition conditions for Hg, which are temperatures b 300 °C, trans-
port as chloro-complex in reduced, acidic hydrothermal fluids.

6.2. Genesis of the orebodies at the Ming deposit

6.2.1. Source of metals
The complexity of ore mineral assemblages indicates a complex ori-

gin of metals for theMing deposit and potentially diverse sources. As il-
lustrated inmany studies, the basemetals Cu, Zn, and Pb can reasonably
be attributed to leaching from the wall rock (Large, 1977, 1992;
Franklin, 1993, 1996; Ohmoto, 1996). In contrast, the enrichments in
epithermal elements (As, Bi, Hg, Sb, Se, Sn, Te) and precious metals
(Ag, Au) are much more difficult to explain by wall rock leaching
alone. Sillitoe et al. (1996) argued that epithermal elements and pre-
cious metals in VMS deposits are of magmatic-hydrothermal origin.
Similarly, Brueckner et al. (2014) showed that sulfosalts and precious
metals in the 1806 Zone were syngenetic and likely of magmatic origin.
Since preciousmetals and sulfosalts also occur in the other orebodies of
the Ming deposit, a magmatic origin is assumed for Ag, As, Au, Hg, Sb,
and Sn occurring in the 1807 Zone, MSUP, MSDP, and LFWZ.

The presence of Te and Bi is also consistent with a magmatic origin
(Afifi et al., 1988a,b). Tellurium rarely is present as an aqueous species
in hydrothermal fluids and is most commonly transported in the
vapor phase (Afifi et al., 1988a; Zhang and Spry, 1994; McPhail, 1995).
The abundance of Te-phases, in particular in the 1807 Zone, Ming
South orebodies, and LFWZ (Table 3), suggests a high ƒTe2/ƒS2 ratio
and that the tellurides in the deposit formed via vapor transport and
subsequent condensation of those vapors. Bismuth correlates well
with Te (Fig. 7e), but is most likely transported as neutral hydroxide
complex over a wide range of temperature (Wood et al., 1987). Howev-
er, both Te and Bi concentrations are low in rhyolitic rocks and boninites
(e.g., Te b 12 ppm, Bi b 3 ppm; GEOROC database, Lehnert et al., 2000),
therefore, it seems unlikely that leaching could account for these phases
in the Ming deposit and instead a magmatic origin for these two ele-
ments and associated minerals is favored.

The presence of Se and selenides in the Ming deposit also indicates
the potential influence of magmatic volatiles to the metal budget at
the Ming deposit In their study, Layton-Matthews et al. (2008) ex-
plained the differing Se contents in VMS deposits of the Finlayson
Lake District, Yukon Territory, by different Se sources: seawater; sedi-
mentary wall rock; felsic volcanic, volcaniclastic and intrusive rocks;
and magmatic source from volatile degassing. Hannington et al.
(1999b) used the Se/S × 106 ratio and the strong affinity of Se with
other magmatically derived elements (e.g., Te, Bi, In) as indications
that Se was of magmatic origin in the Kidd Creek deposit. At the Ming
deposit, the Se/S × 106 ratio varies between the different orebodies
(1807 Zone: Se/S × 106 = 753; 1806 Zone: Se/S × 106 = 455; MSUP:
Se/S × 106 = 1267; MSDP: Se/S × 106 = 453; LFWZ: Se/S × 106 =
1436) due to variations in the overall Se content of each orebody
(Table 4). Huston et al. (1995) and Hannington et al. (1999b) assumed
that a high Se/S × 106 ratio (N500) indicates a magmatic origin, and Se/
S × 106 b 500 is indicative of seawater or sedimentary Se. The orebodies
at the Ming deposit have both higher (N500: 1807 Zone, MSUP, LFWZ)
and lower (b500: 1806 Zone, MSDP) Se/S × 106 ratios that would sug-
gest different Se sources for the different orebodies. Sedimentary wall
rock is excluded as possible Se source for the Ming deposit due its ab-
sence in the regional footwall stratigraphic package of the PHG
(Hibbard, 1983; Castonguay et al., 2009; Skulski et al., 2010). Felsic vol-
canic, volcanoclastic, and intrusive rocks are also an unlikely Se source,
because Se concentration in these rocks is extremely low
(Se b 16 ppm; GEOROC database, Lehnert et al., 2000) and, as shown
by Layton-Matthews et al. (2008), unrealistically large hydrothermal
circulation cells would be needed to account for enriched Se concentra-
tions in the Ming deposit. Therefore, seawater and magmatic
(i.e., subvolcanic) sources are the most likely sources for Se at the
Ming deposit, although discerning between these two sources is
difficult.

6.2.2. Genetic model
The formation of the Ming deposit (Fig. 14) can be attributed to

three main stages of ore deposition based on the physiochemical con-
trols described above, including: (1) hot (N300 °C), reduced, acidic hy-
drothermal fluids; (2) lower temperature (300–260 °C), reduced,
acidic hydrothermal fluids; and (3) low temperature (b260 °C), acidic,
reduced to less reduced hydrothermal fluids with varying ƒTe2/ƒS2,
ƒSe2/ƒS2, and mBi/mSb ratios.

During the first stage, primarily Cu and Fe were transported and de-
posited as pyrite, pyrrhotite, chalcopyrite and/or cubanite due to de-
crease in temperature caused by the interaction of hot hydrothermal
fluids with colder seawater. These fluids also carried Bi and Se, since
Bi and Se concentrations in chalcopyrite of the 1807 Zone and the silic-
ified horizon of the 1806 Zone are enriched.

During the second deposition stage, sphalerite, arsenopyrite, and
electrum were deposited coincidently with ongoing precipitation of
chalcopyrite, pyrite, and pyrrhotite. Chalcopyrite and sphalerite partly
co-precipitated at temperatures close to 300 °C, since both minerals
are locally eutaxially intergrown (Fig. 3d). However, chalcopyrite pre-
cipitation decreased with decreasing temperature.

The third deposition stage is the most complex and responsible for
the different mineral assemblages between 1807, MSUP, and MSDP
orebodies and the 1806 Zone. In all orebodies precipitation of sphalerite,
pyrite, and pyrrhotite continued. However, in the 1807 andMing South
orebodies, deposition of Te-, Bi-, Se-, and Ag-rich galena accompanied
by tellurides occurred as well due to high ratios in ƒTe2/ƒS2 and ƒSe2/
ƒS2, and enriched mBi/mSb in the hydrothermal fluid. Galena and tellu-
ride deposition was followed by Ag-poor tennantite–tetrahedrite depo-
sition, as the co-existing hydrothermal fluid became relatively enriched
in ƒS2 and mSb after the precipitation of galena and tellurides. In con-
trast, Te-, Bi-, Se-poor galena, tennantite, Ag-bearing to Ag-rich
tetrahedrite, and other sulfosalts were deposited in the 1806 Zone
from slightly cooler, more oxidized, acidic, Bi-poor hydrothermal fluids
with low ƒTe2/ƒS2, ƒSe2/ƒS2, and mBi/mSb ratios. However, the reasons
why hydrothermal fluid conditions of the latest deposition stage dif-
fered between the different orebodies remain uncertain and may be at-
tributed to different hydrothermal reservoirs.

The decomposition textures observed in tennantite–tetrahedrite
(Fig. 3e) and galena (Fig. 3g) are the product of disequilibrium between
these mineral phases and the coexisting fluid at late stage syngenetic
deposition. Lower temperature hydrothermal fluids of the second and
third stage minimally affected the LFWZ, because tellurides, sulfosalts,
and precious metals are either scarce or completely absent in the
LFWZ. However, indications that these cooler fluids circulated through
the LFWZ are seen from the sporadic occurrence of electrum, arsenopy-
rite, galena, and tellurides in the LFWZ.

The occurrence of tellurides and/or precious metals in both
epithermal (Cooke and McPhail, 2001; Pals et al., 2003) and VMS
(Hannington et al., 1999c; Huston, 2000; Gill et al., 2015) deposits is
commonly explained by boiling of the ascending hydrothermal fluids.
However, at the Ming deposit, it is difficult to determine if boiling of
the hydrothermal fluids or mixing of hydrothermal fluids with ambient
seawater was the predominant metal deposition mechanism resulting
in the formation of the different mineral assemblages. This is because
the tectonic setting and therefore the paleo water depth at which the
Ming deposit formed is not well constrained (Castonguay et al., 2009;
Skulski et al., 2010; van Staal and Barr, 2012). Moreover, the ductile
and brittle behavior of sulfides at the Ming deposit caused by deforma-
tion andmetamorphismmakes it difficult to clearly identify primary de-
positional features. Boiling, however, remains a possible mechanism for
precious metal deposition but requires further evidence and testing to
see if it was the main mechanism of precious metal deposition.



Fig. 14.Geneticmodel for the syngenetic formation of theMingVMS deposit. Changes in physico-chemical hydrothermalfluid conditions as function of time are given on left side;mineral
assemblages in each sketch indicate first precipitation of these minerals; mineral abbreviations as in Table 3 and Tell — tellurides; see text for details.
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Syngenetic zone refining at the Ming deposit played only a subordi-
nate role or was not significant, although it is a common process in VMS
formation worldwide (Eldridge et al., 1983; Large, 1992; Ohmoto,
1996). There is no distinctive metal zoning at the Ming deposit, al-
though sphalerite bands and schlieren are common in the semi-
massive to massive sulfides of the 1807, 1806, and Ming South
orebodies. However, these bands and schlieren occur in a
predominantly pyrite–chalcopyrite matrix and are interpreted to be a
product of late stage hydrothermal fluids (stages 2 and 3). The occur-
rence of Au and Ag also shows no spatial preference to the outer parts
(now up plunge parts) of the massive and semi-massive sulfide lenses
in the different orebodies, indicative of zone refining. Remobilization
of precious metals, which is documented by the presence of AgHg ±
Au alloys ± electrum along fractures in cataclastic and recrystallized
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pyrite and interstitially between recrystallized pyrite ± arsenopyrite, is
interpreted to be the product of Silurian-Devonian metamorphism of
pre-existing precious metals during a later event, rather than due to
syngenetic zone refining (Brueckner et al., 2014).

The enrichment of epithermal elements (As, Bi, Hg, Sb, Te, Tl) and
precious metals (Ag, Au) was observed in ancient and modern VMS sys-
tems (Sillitoe et al., 1996; Monecke et al., 2009; Kilias et al., 2013). Mod-
ern examples including shallow sub-marine seamounts Kolombo,
Greece, and Palinuro, Italy, showed that vent fluids have enriched con-
centrations of epithermal elements As, Bi, Hg, Sb, Tl, and precious ele-
ments Ag and Au (Monecke et al. 2009; Kilias et al., 2013). The
intermediate sulfidationmineral assemblage at theMing deposit is char-
acterized by its enrichment in epithermal elements and precious metals.
Similarily to themodern examples, theMing deposit shows an overlap of
VMS and epithermal mineralization. The significance of this overlap pre-
sumably suggests that Au-rich epithermal deposits and VMS deposits
enriched in epithermal elements and precious metals: (1) could both
form in a similar tectonic setting; (2) have both a directmagmatic contri-
bution that upgrades the polymetallic and preciousmetal content of par-
ticularly VMS deposits; and (3) could both form via sub-seafloor boiling
at shallow water depth (b1500 m) (Sillitoe et al., 1996; Sillitoe and
Hedenquist, 2003; Monecke et al. 2009, 2014; Kilias et al., 2013). Al-
though, tectonic setting, paleo water depth, and metal deposition pro-
cesses are ambiguous at the Ming deposit as discussed above, the
occurrence of syngenetic epithermal mineralization provides tectonic
and genetic constraints that require further investigation.

7. Conclusions

The precious metal-bearing, bimodal Cu(–Au) Ming VMS deposit
has a complex genesis. This study illustrates that the existing variations
in mineralogy and ore grade between the proximal 1807 Zone, 1806
Zone, MSUP, MSDP, and LFWZ orebodies can be explained by variations
in hydrothermal fluid conditions during the lifespan of Cambro-
Ordovician VMS formation. The following conclusions are inferred
from this study:

1) The LFWZwith its chlorite alteration and chalcopyrite–pyrrhotite ±
pyrite ± cubanite assemblage represents the high temperature
stockwork zone, whereas the other orebodies have sericite alter-
ation and both high and low temperature mineral assemblages
that were formed as individual sulfide lenses.

2) Variations in epithermal elements (As, Bi, Hg, Sb, Se, Te) and pre-
cious metals (Ag, Au) between the different orebodies are a direct
result of the variations in mineral assemblages and mineral chemis-
try due to changes in temperature, pH, ƒO2, ƒTe2/ƒS2, ƒSe2/ƒS2, and
mBi/mSb of the hydrothermal fluids forming the Ming deposit.

3) Ore formation at the Ming deposit was greatly influenced by
epithermal elements and preciousmetals, which have at least partly
a magmatic origin.

4) TheMing deposit wasmost likely formed over a short time span, be-
cause syngenetic zone refining is not prominent in the orebodies of
the Ming deposit.
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