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Abstract

The Ming deposit, Baie Verte, Newfoundland, Canada, is an Early Ordovician bimodal-mafic, Cu-Au-(Zn-
Ag) volcanogenic massive sulfide (VMS) deposit. The deposit consists of a number of ore lenses that are stacked
in the uppermost part of the Rambler rhyolite. One of the uppermost lenses, the 1806 zone, is enriched in Au
and Ag. The deposit has been affected by Silurian-Devonian greenschist to amphibolite grade metamorphism
and polyphase deformation and this has led to debates as to whether the Au-Ag enrichment in the deposit is
syngenetic or a product of a later metamorphic and structural overprint.

The 1806 zone consists predominantly of discordant sulfide stringer, stratabound semimassive to massive
sulfides and a weakly mineralized silicified cap zone. The ore is largely hosted within the footwall Rambler
rhyolite that is strongly altered to quartz-sericite + green mica with sporadic chlorite-biotite. Base and precious
metal zoning is developed from the down-plunge portion (Cu-Au) to the up-plunge portion (Cu-Zn-Au-Ag-
Pb) of the 1806 zone. The ore mineralogy and mineral chemistry are complex and are interpreted to be of an
intermediate sulfidation type. Pyrite and chalcopyrite are the dominant sulfide species with minor to acces-
sory sphalerite, galena, pyrrhotite, and arsenopyrite. Sulfosalts including Ag-bearing tennantite-tetrahedrite,
stannite, boulangerite, and loellingite, and precious metal-rich phases are common throughout the deposit.
Precious metals occur as (1) mercurian electrum (7.93-20.57 wt % Hg) and (2) various Ag phases (miargyrite,
pyrargyrite, mercurian stephanite, unnamed AgCuFeS phase, Ag-Hg = Au alloys) that are more abundant in
the up-plunge portion of the 1806 zone. Tellurides and bismuthides are present in trace amounts. Oxides (cas-
siterite and magnetite) are present exclusively in the down-plunge portion of the 1806 zone.

The deposit geometry, metals distribution, complex ore assemblages, abundant sulfosalts, and the significant
concentration of the epithermal suite of elements (e.g., Au, Ag, As, Hg, Sb, Bi) in the ore strongly contrast with
those of orogenic Au deposits and support a syngenetic or synvolcanic origin for precious metals in the Ming
VMS deposit, including a possible magmatic input into the 1806 zone ore-forming system.

Evidence for a late, syndeformation precious metal emplacement via orogenic overprinting is lacking at the
1806 zone and all data point to a syngenetic origin for precious metal enrichment, indicating that Ordovician
Appalachian VMS deposits are favorable targets for Au. Nevertheless, Silurian-Devonian metamorphism and
deformation have resulted in textural recrystallization and local remobilization of precious metals and the main
fabrics largely control the current geometry of the host succession and of the Ming orebody.

Introduction Hg, Sb, Te), and (4) an association with andesite-dacite-rhyo-
dacite-rhyolite rocks (Poulsen and Hannington, 1996; Sillitoe
etal., 1996; Hannington et al., 1999; Huston, 2000; Poulsen et
al., 2000; Dubé et al., 2007a; Mercier-Langevin et al., 2011).
Like many ancient VMS deposits, Au-rich VMS deposits are
commonly metamorphosed and deformed and often in close

PRECIOUS metal-enriched volcanogenic massive sulfide (VMS)
deposits are of growing economic importance in a metal-
dependent global economy (Poulsen and Hannington, 1996;
Huston, 2000; Dubé et al., 2007a; Mercier-Langevin et al.,
2011). These deposits combine geologic and mineralogical e ; ‘ )
characteristics of typical base metal-rich VMS deposits with ~ Proximity to major dt'aformathn zones and orogenic Au‘depo‘s—
some specific characteristics of precious metal-rich, high sul- its. This 1petamorphlc overprint and close spatial relationship
fidation epithermal deposits (e.g., Franklin et al., 1981, 2005; to orogenic Au deposits oft.en lead to arguments gbout the
Lydon, 1984, 1988; Hannington and Scott, 1989a; Large, 1992; origin of precious metal gnnchment in these deposits. In the/
Franklin, 1993, 1996; Ohmoto, 1996; Poulsen and Hanning- literature, both syn.genetlc (e.g., Tourigny et al., 1993; Dube
ton, 1996; Hannington et al., 1999; Huston, 2000; Poulsen et etal, 2007]0{ Mermer—Langew.n.et al., 2013) and Synorogenic
al., 2000; Dubé et al., 2007a; Galley et al., 2007). In contrast (e.g. Mé}rqms etal, 1990) origins were proppsed to explain
to base metal-only VMS deposits, Au-rich VMS deposits are the precious metal enrlchment in VMS depos'lts. The former,
commonly characterized by one or more of the following syngenetic concept often 1nlvol\{es the conltr1but1.on of mag-
features: (1) advanced argillic-style alteration, (2) complex matic .HUIdS. s.1m11ar to those in high sulfidation epithermal Au
ore mineralogy with abundant arsenopyrite and sulfosalts, deposits (Sillitoe et al., 1996), mostly based on the presence

(3) enrichments in epithermal suite elements (Ag, As, Au, Bi, of the e'pithermal suite of elements, SPCh as Ag, Au, As, Hg,
Sb = Bi and Te, which commonly enrich such VMS systems.
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The Newfoundland Appalachians are a Paleozoic orogenic
belt with a diachronous history of magmatism, deformation,
and metamorphism, and host both orogenic Au and precious
metal-rich VMS deposits. The deposits formed during the
various stages of the Appalachian orogenesis during the clo-
sure of the Iapetus and Rheic oceans (van Staal, 2007; van
Staal and Barr, 2012). The Baie Verte Peninsula, northwest
Newfoundland, hosts both precious metal-rich VMS depos-
its and orogenic Au deposits. Orogenic Au deposits within
the peninsula are structurally controlled, hosted in vein sys-
tems within ophiolitic and associated rocks, and related to
Siluro-Devonian orogenesis (Salinic and Acadian orogenies;
Stog’er Tight, Deer Cove, Pine Cove; Patey and Wilton, 1993;
Ramezani et al., 2000). The Au-Ag-bearing VMS deposits of
the consolidated Rambler and Ming Camp (e.g., Ming [Main],
Ming West, Rambler Main, East Rambler, Big Rambler Pond)
are hosted within bimodal to ophiolitic sequences and associ-
ated with massive sulfide, and have been moderately meta-
morphosed and polyphase deformed during the Salinic and
Acadian orogenies (Tuach and Kennedy, 1978; Tuach, 1988;
van Staal, 2007; Castonguay et al., 2009; van Staal and Baurr,
2012). Thus, the Baie Verte Peninsula and the actively mined
Au-Ag-bearing Ming VMS deposit provide an important loca-
tion to address relevant genetic questions regarding the pre-
cious metal emplacement in metamorphosed and deformed
Au-Ag-bearing VMS deposits.

The Ming VMS deposit is a bimodal-mafic, Cu-Au-(Zn-Ag)
VMS deposit hosted within Early Ordovician rocks of the Baie
Verte oceanic tract. The deposit was mined for Cu and Au
during the late 1970s to early 1980s (Ming Main), and again
briefly in the mid-1990s (Ming West). Total production at
Ming Main was 4.7 million short tons averaging 2.17% Cu,
with some Zn, Au, and Ag. The Ming West deposit was brought
into production in October 1995. The deposit was mined in
1995 to 1996, producing 142,173 short tons at 3.98 % Cu,
0.17 oz/ton Au, and 0.44 oz/ton Ag from the upper part of the
deposit (Pilgrim, 2009). Since late 2011, Rambler Metals and
Mining Canada Ltd has been mining the Ming VMS deposit.
Exploration in the early 2000s led to the discovery of new ore
zones parallel and along strike to the previously mined area
from the Ming Mine main shaft. Four of these zones (1806,
1807, Ming South, and Ming North) have National Instru-
ment 43-101 compliant resources; the highest grades of Cu,
Au, and Ag are in the 1806 and 1807 zones. All newly dis-
covered zones have elevated Au grades (measured resources
of 1.15 Mt at 2.14 wt % Cu, 2.40 ppm Au, 14.11 ppm Ag,
and 0.78 wt % Zn; Pilgrim, 2009), which makes it one of the
most Au-Ag rich VMS deposits of the Appalachians in terms
of Au grades. Among these four zones, the 1806 zone has the
highest Au contents (measured resources of 267,000 tonnes at
0.56 wt % Cu, 4.31 ppm Au, 32.15 pm Ag, and 1.31 wt % Zn),
which puts this zone into the small subclass of auriferous or
precious metal-rich VMS deposits (Poulsen and Hannington,
1996; Poulsen et al., 2000; Mercier-Langevin et al., 2011).
The 1806 zone is also less structurally complex than the other
zones and provides an ideal opportunity to evaluate the poten-
tial for syngenetic versus orogenic origin for Au-Ag enrich-
ment in the deposit.

In this paper a detailed documentation of the mineralogy,
mineral distribution, and mineral chemistry is provided for
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the 1806 zone of the Ming deposit. The stratigraphic setting
was established from drill core descriptions and underground
mapping to document the relationships between host rock,
ore, alteration, and deformation. Detailed work on ore min-
eralogy, petrography, and paragenesis was undertaken utiliz-
ing standard microscopy and scanning electron microscopy.
Additionally, electron probe microanalysis (EPMA) data were
obtained from most documented ore minerals. The aims of
this paper are to (1) document the complex ore mineralogy,
mineral chemistry, and metal zonation of a precious metal-
rich VMS lens, (2) discuss the genesis of a precious metal-
rich VMS lens through the detailed study of the 1806 zone of
the Ming deposit in the context of syngenetic hydrothermal
activity versus synorogenic deformation and metamorphism,
(3) discuss the influence and role of magmatic volatiles relat-
ing to the transport and deposition of precious metals in the
VMS environment, and (4) describe the effects of later meta-
morphism and deformation.

Lithotectonic Setting

Baie Verte Peninsula

The Baie Verte Peninsula in the northwest of Newfoundland
is part of the Canadian Appalachians and hosts rocks of both
the Humber zone in the west and the Notre Dame subzone
of the Dunnage zone in the east (Fig. 1). The Humber zone
represents the distal Laurentian cratonic margin, whereas the
Notre Dame subzone is interpreted to represent remnant
arc, back-arc, and ophiolitic rocks that were formed by supra-
subduction in the Cambrian (Lushes Bight) and Early Ordo-
vician (Baie Verte oceanic tract; Hibbard, 1983; Swinden and
Thorpe, 1984). The remnant arc exposed in the eastern half of
the Baie Verte Peninsula is the Baie Verte oceanic tract, which
was formed in the Early Ordovician in the Humber Seaway
(van Staal, 2007). The basement of the Baie Verte oceanic
tract consists of dominantly ultramafic to mafic (i.e., boninite,
pillow basalt, gabbro) and minor felsic (i.e., rhyodacite to
rhyolite) rocks and their mafic to felsic volcanosedimentary
cover sequences (Hibbard, 1983; Skulski et al., 2009, 2010).
These Baie Verte oceanic tract basement rock complexes and
their cover sequences are today predominantly exposed in the
north-central and eastern part of the Baie Verte Peninsula
and separated from each other by Silurian intrusions (Fig. 1).
The Pacquet Harbour Group, host of the Ming deposit, is one
of these complexes and is divided into a lower and an upper
portion. The Early Ordovician lower Pacquet Harbour Group
(Baie Verte oceanic tract basement) dominantly consists of
low-Ti boninites and basalts with minor rhyodacite to rhyolite
(i.e., Rambler rhyolite). The upper Pacquet Harbour Group
is the cover sequence of the lower Pacquet Harbour Group
and has mixed, mid-Ordovician volcanosedimentary rocks
and mafic volcanic rocks (Hibbard, 1983; Skulski et al., 2010).
Volcanogenic massive sulfide deposition was coeval with the
formation of the basement rocks of the Baie Verte oceanic
tract in an arc/back-arc setting (van Staal, 2007). However, the
exact timing of precious metal enrichment in the VMS depos-
its is partly obscured by later metamorphism and deforma-
tion. The Baie Verte oceanic tract basement rocks and their
cover sequences were emplaced onto the Laurentian margin
during the Taconic Orogeny during the diachronous closure
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Fic. 1. Simplified geologic map from the Baie Verte Peninsula, after Hibbard (1983). Insets in the lower right show the
position of Newfoundland (red) within Canada and the various geologic zones of Newfoundland with the contact between
(peri-)Laurentia (light gray) and (peri-)Gondwana (white; after Williams, 1979); Baie Verte Peninsula is in black. BVBL =

Baie Verte-Brompton Line.

of the Humber Seaway, which resulted in the collision of peri-
Laurentian fragments with the Laurentian margin during the
mid- to Late Ordovician (Hibbard, 1983; van Staal, 2007; van
Staal and Barr, 2012). Subsequent orogenies in the Silurian
(i.e., Salinic Orogeny) and Devonian (i.e., Acadian Orogeny)
resulted in greenschist to amphibolite facies and polyphase
deformation, the formation of orogenic Au deposits, and the
emplacement of granitic and granitoid bodies into the Baie
Verte oceanic tract (van Staal, 2007; van Staal and Barr, 2012).

The Baie Verte oceanic tract basement rocks and their cover
sequences record at least four deformation events (D1—Dy:
Table 1) of varying intensity (Tuach and Kennedy, 1978; Hib-
bard, 1983; Castonguay et al., 2009, and references therein).
The Ds event, which is associated with the Silurian Salinic
Orogeny, is the most prominent in the area and has strongly
affected the Ming deposit, resulting in prominent L > S

fabrics (30°-35° dip to the northeast of the strata, including
the sulfide-bearing horizons) and moderate metamorphism
(upper greenschist to lower amphibolite facies; Tuach and
Kennedy, 1978; Hibbard, 1983). The D3 deformation event
(Devonian Acadian Orogeny) modified the orientation and
geometry of the Ds structures (Castonguay et al., 2009). The
E-W-trending Rambler Brook fault, which is associated with
D, is located just south of the Rambler rhyolite (Fig. 2).

Consolidated Rambler VMS camp

The Ming (or Ming Main) deposit is one of five VMS depos-
its (Ming, Ming West, Rambler deposit, East Rambler, Big
Rambler Pond) of the consolidated Rambler camp hosted in
the lower Pacquet Harbour Group (Fig. 2). The Ming, Ming
West, Rambler, and East Rambler deposits are stratabound,
bimodal-mafic Cu-(Au) VMS deposits, which were all mined
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TABLE 1. Deformation Events Developed in the Pacquet Harbour Group, Baie Verte Oceanic Tract (after Castonguay et al., 2009)

Deformation event Main characteristic

Effect on Ming mine

Related orogeny

D4 NNE-trending, open to closed upright
crossfolds
D3 Spaced (in south) to crenulation (in north)

foliation, shallowly SE dipping

SE-plunging recumbent F; folds

D2b Steep, W-dipping crenulation
S-plunging F5 folds

Sinistral transpression during thrusting

Refolding and reorientation down-plunge
Potential structural thickening at depth

Modification to cigar-shaped shafts,
dipping 32° to 35° northeast; colinear
with the strong NE-plunging Ls lineation

Alleghenian Orogeny (Permian)

Acadian Orogeny (Early to
mid-Devonian)

Salinic Orogeny (Silurian)

Dismembering and translating of the

D2a Main fabric N to NE dipping
NE-plunging, closed to isoclinal upright
Fs folds
S-directed faults, locally strong NE plunging
Lg > Sz fabric

D1 Relic fabric

different zones by thrusting
Possible structural thickening of sulfides
in hinge zones of regional Fs folds

Taconic Orogeny (Ordovician;
obduction of ophiolites)

previously (Tuach and Kennedy, 1978; Pilgrim, 2009). Their
ore zones are hosted within a moderately metamorphosed
and polyphase deformed felsic volcanic footwall (Rambler
rhyolite), which yielded a U-Pb zircon age of 487 Ma (unpub.
data by V. McNicoll in Castonguay et al., 2009). The sulfide
mineralization at Ming, Ming West, and Rambler occurs as
semimassive to massive sulfide horizons and sulfide string-
ers. All three deposits are enriched in Cu and precious met-
als and dominated by pyrite-chalcopyrite assemblages with
lesser pyrrhotite and sphalerite, with variable precious metal
enrichment (Tuach and Kennedy, 1978). The hanging-wall
rocks of the Ming, Ming West, and Rambler deposits consist
of mixed volcanosedimentary and mafic igneous rocks of the
ca. 470 Ma upper Pacquet Harbour Group (Skulski et al.,
2009, 2010). Rambler East is a small, stratabound, low-grade
Cu VMS deposit with minor Au and Ag on the edge of the
Rambler rhyolite and shows only stringer and disseminated
sulfide mineralization within the silicic footwall (Fig. 2; Tuach
and Kennedy, 1978; Swinden and Thorpe, 1984). The sulfide
mineral assemblage is pyrite-chalcopyrite-pyrrhotite. The
hanging wall consists of siliceous metavolcanic rocks. Tuach
and Kennedy (1978) interpreted Rambler East to occur in the
same stratigraphic horizon as the Ming and Rambler deposits,
but to be formed on the fringes of the Rambler rhyolite.

The Big Rambler Pond deposit is a small mafic Cu VMS
deposit located south of the Rambler Brook fault within the
boninitic Betts Head Formation of the lower Pacquet Har-
bour Group and occurs stratigraphically below the Rambler
rhyolite (Fig. 2). The deposit shows disseminated and stringer
sulfide mineralization of pyrrhotite, chalcopyrite, and pyrite
(Tuach and Kennedy, 1978).

The Ming deposit consists of a variety of zones, many
discovered since the early 2000s, including the 1806 zone,
1807 zone, Ming South up plunge and down plunge with the
Lower Footwall zone, and Ming North (Fig. 3). The 1806 and
1807 zones and Ming South with the Lower Footwall zone
run parallel to the old mined shaft, trending northeast with a
plunge of 30° to 35°. Ming North is the extension of the old
main shaft. All newly discovered horizons are hosted within

the Rambler rhyolite. Semimassive to massive and stringer
sulfide mineralization is common to all zones except the
Lower Footwall zone and consists of pyrite and chalcopyrite
with minor sphalerite-pyrrhotite + arsenopyrite. The Lower
Footwall zone contains only chalcopyrite-pyrrhotite + pyrite
stringer mineralization.

Geology of the 1806 Zone

Twenty-three underground drill holes from the 1806 zone
(Fig. 3) were examined for stratigraphy, alteration, ore miner-
alogy, and composition from the up-plunge and down-plunge
parts. The terms “up plunge” and “down plunge” are used in
this paper to describe two different portions of the 1806 zone
relative to the plunge of the zone (Fig. 3) and to highlight the
variations (e.g., metal distribution, ore assemblage) between
these two areas. Representative graphic drill logs from the
1806 zone are shown in Figure 4. Drill core work was supple-
mented by underground mapping at the 720 level of the mine
in the up-plunge portion of the 1806 zone (Figs. 3, 5). Key

aspects of the mineralized succession are summarized below.

Rambler rhyolite

The Rambler rhyolite is a ca. 2.5-km-wide sequence of felsic
volcanic rocks of the lower Pacquet Harbour Group and in its
upper part is the footwall to the Ming, Ming West, Rambler,
and Rambler East deposits (Skulski et al., 2010). The Ram-
bler rhyolite is dacitic to rhyolitic, gray to green with zones
with purple hues, is massive to foliated, and is locally intensely
altered (Fig. 6a). The thickness of the Rambler rhyolite varies
from a few centimeters up to 30 m in drill holes (Fig. 4). The
unit consists of various lithofacies including massive flows,
rare tuff breccia, and tuff to lapilli tuff (Fig. 4); the contacts
between the various lithofacies are gradational. White and
blue quartz eyes up to 3 mm commonly occur in all lithofacies.
In the down-plunge part of the 1806 zone, quartz eye bearing
rhyolite flows predominates whereas, in the up-plunge por-
tion, flows alternate with tuffs to lapilli tuffs (Fig. 4). Rhyolitic
lapilli tuff, tuff breccias, and flows are often clast bearing or
show remnants of clasts (i.e., ghost clasts). Clasts are usually
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volcanogenic massive sulfide deposits (modified after Castonguay et al., 2009); age data for the Pacquet Harbour Group from
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F1G. 5. Underground map from the 720 level (up-plunge portion) of the 1806 zone (Fig. 3). Mapped wall (top: first half,
0-9.75 m; bottom: second half, 9.75-21 m) is a cross section perpendicular to the NE-trending sulfide lens and shows the
relationships between the massive sulfide lens (black) and the different rock types (Rambler rhyolite, mafic dike, silicified
cap horizon). Hypothetical drill profiles are shown for mapped wall (top: A-A” and B-B’, bottom: A-A”) to illustrate variations
in lithology, alteration, and sulfide mineralogy; see text for details. Abbreviations: Bio = biotite, Carb = carbonate, Ccp =
chalcopyrite, Chl = chlorite, Gn = galena, Po = pyrrhotite, Py = pyrite, Qtz = quartz, Serc = sericite, Sp = sphalerite, Ten-Tet
= tennantite-tetrahedrite.
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rhyolitic clast with =
green mica:alteration”

F1G. 6. Rambler rhyolite and sulfide mineralization at the 1806 zone. (a) Altered and deformed Rambler rhyolite with
green mica (white arrows). (b) Sharp contact between clast-bearing rhyolitic lapilli tuff to massive sulfide lens. (¢) Brecciated
pyrite-sphalerite stringer around subrounded, silicified clasts in quartz eye-bearing, rhyolitic lapilli tuff. (d) Stringer sulfides
of pyrite-chalcopyrite-sphalerite composition with visible electrum (El; white arrow). (e) Massive pyrite-chalcopyrite sulfide.
(f) Silicified horizon with ghost clasts in assumed lapilli tuff and with discordant pyrite-chalcopyrite sulfide stringers. (g) Mas-
sive pyrite-chalcopyrite sulfides with sphalerite bands and relict rhyolite clasts with green mica alteration (white arrow). (h)
Massive sulfide breccia with coarse, subangular rhyolite clasts in chalcopyrite-pyrrhotite-pyrite matrix on contact with mafic
dike. See text for details.
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silicified, subangular to subrounded and up to 3 c¢m in size
(Fig. 6b, ¢). Rhyolitic units with coarse clasts and ghost clasts
are found proximal to the semimassive to massive sulfide hori-
zon (Figs. 4, 5, and 6b).

Mineralized zones

The 1806 zone mineralization consists of (1) discordant sul-
fide stringers in footwall rocks, (2) concordant to stratabound
semimassive to massive sulfides, and (3) sulfide veinlets and
disseminations in a silicified cap horizon. Stringers (30-50%
sulfide in host rock) in footwall rhyolite vary in intensity, but
the thickness and abundance of the sulfide veins increase
toward semimassive to massive sulfides. Sulfide stringer zones
are usually up to 10 m thick but can locally be up to 20 m thick
(Fig. 4). The contact with the overlying semimassive and/or
massive sulfides is sharp (Fig. 6b). The sulfide veins are com-
posed of pyrite, chalcopyrite, and sphalerite (Fig. 6¢). Sulfide
stringers are often transposed into the main foliation or have
a random orientation around clasts and ghost clasts (Fig. 6¢).

The semimassive to massive sulfides consist of more than
50% sulfides with minor, small to coarse, rounded to sub-
angular and altered (quartz, sericite, green mica) rhyolite frag-
ments, and are up to 8 m thick in the 1806 zone. Alternations
between semimassive and massive sulfides are common. The
semimassive to massive sulfides contain pyrite as the main sul-
fide phase (Fig. 6d, e), which is associated with lesser amounts
of chalcopyrite, sphalerite, and pyrrhotite. Electrum, arseno-
pyrite, galena, and tetrahedrite are present in minor amounts
(Fig. 6d). In the up-plunge portion of the sulfide lens, sphal-
erite bands with minor galena + tetrahedrite commonly occur
(Figs. 5, 6g). These sphalerite bands are 1 to 30 cm thick and
are parallel to the main foliation (Fig. 6g). Sulfides are fine
grained, but pyrite can be coarse grained along some mafic
dikes due to recrystallization, and underground, near dikes,
the sulfides commonly occur in ~2-m brecciated horizons
with abundant coarse, subangular and altered rhyolite clasts
in a sulfide matrix (Figs. 5, 6h). These brecciated horizons are
interpreted to be reworked sulfide breccia due to the replace-
ment of Rambler rhyolite by the mafic dike.

Silicified horizon/silicified rhyolite: A strongly silicified
horizon commonly occurs on top of the massive sulfide hori-
zon; however, it is not present in all parts of the zone (Fig.
4). Tt is usually 30 to 50 cm thick but is locally up to 3 m.
This horizon is gray-white, massive, and mineralized with
remnants of former coarse rhyolite clasts (Fig. 6f). This ghost
clast texture resembles the clast-bearing units of the Rambler
rhyolite, occurring usually just below the semimassive to mas-
sive sulfide lens (Fig. 6b). The cap usually has a sharp contact
with the massive sulfide horizon, consists of random string-
ers proximal to the massive sulfide horizon, and becomes dis-
seminated sulfide and electrum at distance from the massive
sulfide (Fig. 6f). Pyrite and chalcopyrite are the main sulfide
phases, but pyrrhotite, arsenopyrite, and visible electrum are
also present.

Hanging-wall mafic, felsic, and mixed volcaniclastic rocks

Mafic, felsic, or mixed tuffaceous rocks sit on top of the
semimassive to massive sulfide horizon or the silicified cap;
they are generally 5 to 10 m in thickness (Fig. 4b, c). The vol-
caniclastic sequence likely correlates with the upper Pacquet
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Harbour Group (Skulski et al., 2010). The rocks are light to
dark greenish or grayish and alternate between tuff and lapilli
tuff. The contacts with the footwall strata and with mafic dikes
are sharp. The hanging-wall volcaniclastic rocks are generally
finely laminated to thinly bedded and locally exhibit normal
grading. The rocks contain a weak foliation, which often
results in clast elongation, and only proximal to the mineral-
ization does the unit contain any alteration or mineralization
(i.e., fine pyrite). They are interpreted to be distal volcanicla-
stic turbiditic rocks.

Mafic and felsic dikes

Mafic dikes: Dark greenish, fine- to coarse-grained gab-
bro dikes cut both the footwall and hanging-wall rocks and
range in thickness from a few decimeters up to several tens of
meters (Figs. 4, 5). Crosscutting relationships indicate that at
least two dike generations are present with fine-grained dikes
cutting coarse-grained dikes. Contacts with adjacent rock
types are sharp and chilled margins are common in dikes that
cut the Rambler rhyolite. The coarse-grained dikes are char-
acterized by coarse biotite, amphibole, and minor feldspar set
in a fine-grained greenish matrix. The fine-grained dikes have
a similar mineralogy but lack feldspar and do not have any
porphyroclasts. Rare pyrite cubes occur in coarse-grained and
fine-grained dikes.

Felsic dikes: Very fine grained felsic dikes are not common
in the mineralized environment. They occur predominantly
in the footwall, cutting the Rambler rhyolite. They are light
gray, up to 20 cm thick, and have sharp contacts. Alteration
and sulfide mineralization are usually absent and deformation
is also not observed.

Hydrothermal alteration

Quartz-sericite + green mica-sulfide is the dominant foot-
wall alteration assemblage in the Rambler rhyolite (Fig. 6a-c);
chlorite and biotite occur sporadically in the Rambler rhyolite.
Green mica increases in proximity to mineralization (Figs. 4,
5) and rhyolite clasts in the massive sulfide have green mica
alteration (Fig. 6g). The silicified horizon has very strong
quartz alteration, with lesser chlorite and sulfide (Figs. 4, 5,
6f). Alteration decreases into the hanging wall and is domi-
nated by chlorite, quartz, and minor biotite + sericite (Fig. 4).

Sulfide and Oxide Mineralogy

The sulfide and oxide mineralogy of the 1806 zone was
examined by optical microscopy of polished thin sections of
86 samples from 23 drill cores. Some research on the sulfide
and oxide mineralogy at Ming has been previously docu-
mented in Brueckner et al. (2011); however, little work has
been reported on sulfide and precious metal mineral textures,
precious metal mineral associations, and the spatial variations
in sulfide, sulfosalt, oxide, and precious metal minerals in the
1806 zone.

Pyrite (FeSz), chalcopyrite (CuFeSs), sphalerite (ZnS), pyr-
rhotite (Fe(1.4S), and galena (PbS) are the main sulfide phases
in the 1806 zone (i.e., stringer sulfides, semimassive to massive
sulfides, silicified cap horizon). Pyrite is the dominant sulfide
phase. Variations in the abundances and distributions of sul-
fides are shown in Figure 7. In general, chalcopyrite and pyr-
rhotite are more abundant in the down-plunge portion of the
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Pyrite
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Mineralized zones

Semimassive to massive sulfide

F1G. 7. Sulfide mineral abundance within the 1806 zone from the down-
plunge portion to the up-plunge portion for base metal sulfides including
arsenopyrite, the most abundant sulfosalts, precious metals, and oxides.

orebody, whereas sphalerite and galena are more abundant in
the up-plunge portion of the 1806 zone (Fig. 7). Besides the
main base metal sulfides above, there are more than 10 dif-
ferent sulfide, sulfosalt, precious metal, and telluride phases
present in the 1806 zone, including arsenopyrite (FeAsS),
tennantite ((Cu, Ag)10(Fe, Zn)2AssS13)-tetrahedrite ((Cu, Ag)io
(Fe, Zn)sSb4S13), stannite (CugFeSnSy), Ag phases (e.g., miar-
gyrite (AgSbSs), pyrargyrite (AgsSbSs), mercurian stephanite
((Hg,Ag)sSbSs4)), an unnamed AgCuFeS phase, AgHg alloys,
and mercurian electrum (AuAgHg alloy; Fig. 7). The up-
plunge portions of the 1806 zone are generally enriched in
these phases (Fig. 7).

Arsenopyrite is the most abundant trace to minor phase
in the 1806 zone (Fig. 7). Arsenopyrite occurs in three main
associations: (1) with base metal sulfides, preferentially with
pyrite, chalcopyrite, and pyrrhotite as euhedral to subhedral
grains or as inclusions in these phases; (2) intergrown with
tennantite-tetrahedrite either as small, euhedral arsenopyrite
crystals (Fig. 8a) or as anhedral grains in a myrmekitic tex-
ture with additional chalcopyrite + sphalerite + electrum =+
galena (Fig. 8c-e); and (3) in close proximity to precious metal
phases (Fig. 8c-k, m, n). In the down-plunge part, arsenopy-
rite also occurs with cassiterite. Arsenopyrite shows evidence
for recrystallization (e.g., porphyroblast growth; Fig. 8i), but
there are wormy-like grains with replacement-like textures
containing chalcopyrite (P. Spry, pers. commun., 2013) that
are likely original textures (Fig. Sc-e).

Tennantite-tetrahedrite is the most common sulfosalt and
occurs throughout the 1806 zone but is preferentially enriched
in the up-plunge portion of the lens (Fig. 7). Tennantite-tetra-
hedrite commonly occurs as large anhedral masses (Fig. 8b, c),
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often with myrmekitic intergrowth textures with arsenopyrite-
chalcopyrite + sphalerite + electrum + galena (Fig. 8c, d). The
various sulfide phases and electrum that are present in such
myrmekites are most commonly anhedral (e.g., wormy-like,
subrounded, amoeboid), with minor exceptions. Electrum
is closely associated with or spatially proximal to myrmekitic
sulfosalts-sulfides (Fig. 8c-e). In the down-plunge portion of
the 1806 zone, tennantite-tetrahedrite occurs predominantly
with chalcopyrite and/or arsenopyrite (Fig. 8a). In contrast, in
the up-plunge area tennantite-tetrahedrite is associated with
arsenopyrite, sphalerite, galena, chalcopyrite, and precious
metals (Fig. 8b, e, 1). In particular in the sphalerite bands,
tennantite-tetrahedrite often replaces chalcopyrite (Fig. 8b).

A wide variety of Ag phases occur predominantly in the
up-plunge portion of the 1806 zone (Fig. 7). An AgHg + Au
alloy containing less than 10 wt % Au occurs predominantly
along fractures and between grain boundaries of recrystal-
lized pyrite (Fig. 8h). Miargyrite, pyrargyrite, and the other
Ag phases are usually associated with electrum (Fig. 8g, m),
arsenopyrite (Fig. 8g, j, k), chalcopyrite (Fig. 8g, j), or sphal-
erite + galena (Fig. 8k).

Gold occurs either as electrum with elevated Hg concentra-
tion (mercurian electrum) or as an AgHgAu alloy with over 10
wt % Au; the former occurrence is by far more abundant than
the latter. Associations with base metal sulfides chalcopyrite
and pyrite predominate, whereas assemblages with sphalerite,
galena, or pyrrhotite are minor and restricted to the up-plunge
portion of the 1806 zone (Fig. 8d-g, I-n). Besides base metal
sulfides, electrum shows a strong association with arsenopy-
rite, sulfosalts (e.g., tennantite-tetrahedrite, stannite), and Ag
phases and occurs always in the vicinity of one or all of these
phases. Electrum occurs in various textures: (1) as free grains
with base metal sulfides, arsenopyrite, sulfosalts, and/or Ag
phases, (2) as inclusions in arsenopyrite, galena, and pyrrho-
tite, and (3) in myrmekite texture in tennantite-tetrahedrite.

Stannite is an accessory phase and is commonly restricted to
the semimassive to massive sulfide horizon in the up-plunge
portion of the deposit (Fig. 7). It occurs with sphalerite (Fig.
8j, k) and/or chalcopyrite (Fig. 8k). Stannite (with or without
cassiterite inclusions) occurs exclusively in Ag phases and/or
electrum-bearing samples and is found proximal to precious
metal phases (Fig. 8j, k).

Boulangerite (PbsSbsS11), loellingite (FeAss), bismuth tellu-
rides, coloradoite (HgTe), molybdenite (MoS2), and unknown
sulfide phases (Ni and Sb bearing) are also present in the
semimassive to massive sulfides of the 1806 zone. Magne-
tite (Fe304) and cassiterite (SnOs) are more abundant in the
down-plunge part of the 1806 zone and are almost entirely
absent in the up-plunge part (Fig. 7; see also Brueckner et
al., 2011).

Mineral Chemistry

Analytical Methods

Bulk metal analysis: Copper, Zn, Pb, Ag, and Au assay data
were obtained from the assay database of Rambler Metals
and Mining Canada Ltd. Samples were analyzed at Activa-
tion Laboratories, Ancaster, ON. Copper, Zn, Pb, and Ag
were analyzed by applying aqua regia with an inductively
coupled plasma (ICP) finish (ActLabs Code 1E3). Activation
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F1G. 8. Reflected light images of sulfide assemblages and textures from semimassive to massive sulfides (a, b, f-1), sul-
fide stringer (c-e), and 5111(,1ﬁed horizon (m, n). (a) Intergrowth of Ag-bearing tetrahedrite with chalcopyrite and marginal
arsenopyrite (semimassive sulfide, down-plunge). (b) Tennantite-tetrahedrite replacing chalcopyrite and partly intergrown
with sphalerite and galena marginal to tennantite-tetrahedrite (massive sulfide, up-plunge). (¢) Tennantite-tetrahedrite with
myrmekite textures of arsenopyrite-chalcopyrite-sphalerite-tennantite-tetrahedrite + sphalerite + electrum and marginal
chalcopyrite-arsenopyrite-sphalerite-galena (sulfide stringer on contact to massive sulfide, up-plunge). (d) Detail from c:
small, subroundish electrum in myrmekite (black arrows; sulfide stringer on contact to massive sulfide, up-plunge). (e) Elec-
trum vmth marginal sphalerite in (,hdl(,()pyllte and in close spatial relation to Ag-bearing tetrahedrite and very fine grained
myrmekite (sulfide stringer, up-plunge). (f) Electrum with marginal arsenopyrite between recrystallized pyrite in chalcopyrite
(semimassive sulfide, down-plunge). (g) Small, roundish ele(,trum with arsenopyrite-miargyrite-sphalerite marginal to chal-
copyrite (semimassive sulfides, up-plunge). (h) Brittle deformed and recrystalhzed pyrite with Ag-Hg-Au alloy along cracks
and between pyrite grain boundaries; arsenopyrite porphyroblast close to precious metals (massive sulﬁde up-plunge). (i)
Electrum inclusions in galena and arsenopyrite porphyroblast (massive sulfide, up-plunge). (j) Unnamed AgCuFeS phase
and mercurian stephanite in chalcopyrite on contact to intergrowth of arsenopyrite-pyrite dnd close to stannite (massive
sulfide, up-plunge). (k) Pyrargyrite with arsenopyrite and galena margin; sphalerite with stannite inclusion (massive sulfide,
up- plunge) (1) Small, subroundish electrum with galena and tennantite-tetrahedrite in chalcopyrite (massive sulfide, up-
plunge). (m) Coarse electrum enclosing chalcopyrite-pyrrhotite-arsenopyrite and with marginal miargyrite in quartz; fine rim
of tarnish on chalcopyrite-electrum contact (silicified horizon, up-plunge). (n) Detail of 8 m: electrum as inclusions in and
marginal to pyrrhotite; arsenopyrite and sphalerite inclusions in pyrrhotite (silicified horizon, up-plunge). See text for details.
Mineral abbreviations: AgCuFeS = unnamed AgCuFeS phase, Ag-Tet = Ag-bearing tetrahedrite, Asp = arsenopyrite, Cep =
chalcopyrite, El = electrum, Gn = galena, Hg-Stp = mercurian stephanite, Mia = miargyrite, Po = pyrrhotite, Py = pyrite, Pyr
= pyrargyrite, Sp = sphalerite, Stn = stannite, Ten-Tet = tennantite-tetrahedrite.



1624

Laboratories used a fire assay fusion followed by acid diges-
tion and analyses by atomic absorption for Au analyses (Act-
Labs code 1A2). If Au assay exceeded 3,000 ppb and/or Ag
exceeded 100 ppm, the samples were treated by fire assay,
nitric acid, and a gravimetric finish (ActLabs code 1A3). Qual-
ity assurance at Activation Laboratories was obtained by the
analysis of certified reference materials. The results were in
good agreement with the certified values (Pilgrim, 2009).
Moreover, blanks were analyzed for quality assurance and
no contamination was reported. More detailed information
about the analytical procedure and the obtained results of the
reference materials is presented in Pilgrim (2009).

Semiquantitative energy-dispersive X-ray (EDX) imaging/
spectroscopy: Backscattered electron (BSE) images and ele-
ment maps were obtained using an FEI Quanta 400 scanning
electron microscope (SEM) at the Bruneau Innovation Cen-
tre at Memorial University of Newfoundland, Canada. The
FEI Quanta 400 is equipped with a Bruker silicon drift energy
dispersive X-ray (EDX) detector. This system allows quick
semiquantitative detection of a variety of elements (here: Si,
S, Fe, Cu, Zn, As, Ag, Au, Hg, Sb, and Sn), element maps,
and EDX spectra for numerous phases and to corroborate tex-
tures documented using reflected light microscopy. The FEI
Quanta 400 was run at high vacuum mode at beam energy of
20 keV and a beam current of 10 nA. A scintillator detected
the Ka emission lines of Si, S, Fe, Cu, Zn, and As and the La
emission lines of Ag, Au, Hg, Sb, and Sn. The Esprit software
from Bruker (version 1.9) was used for processing of BSE and
EDX data. Elemental maps done via EDX do not give specific
concentrations for analyzed elements and are semiquantita-
tive based on raw counts per second. Hence, the measured
intensity for each element is proportional to its concentration.
Therefore, EDX scans allow detecting the occurrence of ele-
ments within minerals. In order to detect possible interfer-
ences (e.g., Zn KB interferes with Au La; As Ka interferes
with Pb La), the mineral of interest is scanned and alternative
emission lines are then used to check if elemental overlaps
occur or not. If an overlap occurs, the alternative, interfer-
ence-free emission line is used for semiquantitative EDX
scans.

Electron probe microanalysis (EPMA): A total of 13 samples
representing all mineralized zones of the 1806 zone were ana-
lyzed for major, minor, and trace composition in sulfides, sul-
fosalts, precious metal alloys, and oxides at the University of
Toronto (UT) using a Cameca SX50/51 electron microprobe.
A brief sample description including the mineral assemblage
and the analyzed phases in each sample is found in Appendix
Al. A total of 17 elements (Ag, As, Au, Bi, Co, Cu, Fe, Hg,
Mn, Mo, Ni, Pb, S, Sb, Sn, Te, Zn) were analyzed in each
of the 17 phases (e.g., pyrite, chalcopyrite, sphalerite, galena,
pyrrhotite, arsenopyrite, tennantite-tetrahedrite, miargyrite,
pyrargyrite, mercurian stephanite, unnamed AgCuFeS phase,
electrum, stannite, boulangerite, molybdenite, cassiterite,
magnetite). The Cameca SX-50/51 is equipped with three
tunable wavelength-dispersive spectrometers and a Link
(Oxford) Pentafet EDS detector with Be window and a pulse
processor. During the measurements in April 2011 and Janu-
ary 2012, beam energy of 25 keV and beam current of 20 nA
at a beam diameter of 1 um were applied. The takeoff angle
was 40°. The measured elements were analyzed either by a
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LIF crystal (Fe Ka, Cu Ka, Zn Ka, As Ka, Te La, Hg La,
Mn Kea, Co Ka, Ni Ka) or PET crystal (Sn La, Pb Ma, Bi
Ma, S Ka, Mo La, Au Ma, Ag La, Sb La). Counting times
were 20 s for Fe Ka, S Ka, Cu Ka, Zn Ka, Pb Ma, Au M«,
Ag La, Sb La Sn La, Te La, Bi Ma, Hg La, Mo La, and
40 s for As Ka, Mn Ka, Co Ka, Ni Ka. Off-peak counting
times were identical to the counting time. Detection limits for
each element are found in Appendix A2. The detection limit
for all analyzed phases is similar for measurements done in
April 2011 and January 2012. Quality control was maintained
by utilizing UT internal standards for each analyzed phase;
calibration standards were measured at the beginning of the
phase in question. Measured values on each applied internal
standard are in accordance with the accepted concentrations
in these standards (pers. comm., Y. Liu, 2013). Additionally,
data were deemed acceptable if analytical totals fell within a
range of 100 + 1.5 wt % and their stoichiometry represented
the accepted mineral composition. All clean analyses of sul-
fide and precious metals fell within this range or were oth-
erwise discarded. For oxides the oxygen concentration was
calculated and assured via stoichiometry. Accuracy of results
was monitored via UT in-house standards. The results above
detection limit were within 5% of the accepted values. More-
over, wavelength scans of unknown samples were undertaken
to see background conditions as well as potential peak over-
laps and interferences and to check the quality of minor ele-
ment peaks within the unknowns. Precision of the analysis was
calculated from the counting rate and is below 0.4% for all
major elements; precision for minor components is between
5 and 33%. However, precision increases with increasing con-
centrations for minor components. Unknown and standard
intensities were corrected for dead time. Standard intensities
were corrected for standard drift over time by internal soft-
ware corrections. Interference corrections were applied to S
for interference by Co, to As for interference by Pb, to Sn for
interference by Co, to Bi for interference by Au, to Mo for
interference by Pb, and to Mn for interference by Hg.

Results

Assay data (Activation Laboratories): Assay data for Cu, Zn,
Pb, Ag, and Au presented in Figure 9 are from the semimas-
sive to massive sulfide lens of three drill holes (Fig. 4) from
the up- and down-plunge portions of the 1806 zone (Table
2). In general, the down-plunge part of the zone is enriched
in Cu, whereas the up-plunge portion of the zone (Fig. 9a)
is enriched in Zn, Pb, Ag, and Au, reflecting the dominant
minerals in each portion of the zone (Fig. 7). In Figure 9b
the metal distribution within the massive sulfide lens of drill
hole RMUGO08-123 (Fig. 4) is shown in detail and this largely
reflects the varying amounts of sphalerite and galena (e.g., Zn,
Pb enrichments) versus chalcopyrite (e.g., Cu enrichments).
The up-plunge portion of the 1806 zone is enriched in gold
and, while this zone is also enriched in Zn-Pb, Au is associated
with Cu (i.e., chalcopyrite).

Semiquantitative energy-dispersive X-ray: Two samples
from the stringer zone and the massive sulfide lens in the up-
plunge portion are used to illustrate the close textural and
chemical relationships between precious metals (e.g., elec-
trum, Ag phases), arsenopyrite, and various sulfosalts (e.g.,
Ag-bearing tennantite-tetrahedrite, stannite, boulangerite).
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FIG. 9. Metal zoning in the semimassive to massive sulfide lens of the 1806 zone. (a) Box-whisker plot showing variation in
base and precious metal grades from the down-plunge (DP) to the up-plunge (UP) portion. (b) Variations in Cu, Zn, Pb, and
Au grades within the massive sulfide lens of the uppermost portion of the up-plunge area due to the occurrence of sphalerite
bands. See text for details; mineral abbreviations are the same as in Figure 8. Assay data from Rambler Metals and Mining
Canada Ltd (www.ramblermines.com; Pilgrim, 2009).

TABLE 2. Assay Data for Cu, Zn, Pb, Ag, and Au of the Semimassive to Massive Sulfide Lens from Three Representative Drill Holes
(data from Rambler Metals & Mining Canada Ltd.)
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Sample no. From (m) To (m) Ag (ppm) Au (ppm) Cu (wt %) Pb (wt %) Zn (wt %)
Up Plunge with Sp bands (RMUG08-123
27423 58.4 59.1 1.25 0.543 9.78 20.30
27425 59.1 60.1 90.40 3.14 1.83 2.68
27426 60.1 61.1 12.50 2.23 3.91 7.78
27427 61.1 61.4 1.95 0.420 5.57 38.50
27428 61.4 62.4 28.60 1.90 4.16 10.90
27429 62.4 63.0 10.70 1.70 4.35 13.20
27431 63.0 63.6 72.80 2.90 8.18 1.47
Average 31.17 1.83 5.40 13.55
Std 35.97 1.06 2.72 12.73
Up Plunge (RMUGO08-159)
28104 33.8 34.7 134.20 11.00 2.79 1.45 0.364
28106 34.7 35.5 62.50 3.40 3.23 0.667 0.180
Average 98.35 7.20 3.01 1.06 0.272
Std 50.70 5.37 0.311 0.554 0.130
Down Plunge (RMUG08-159
29259 64.1 64.5 93.20 4.20 9.90 0.840
29262 64.7 65.0 74.40 0.800 8.20 0.730
29264 66.6 67.0 24.50 4.16 3.20 0.410
29271 70.6 71.0 25.30 1.01 2.37 0.410
29272 71.0 71.3 12.30 1.18 1.06 0.330
29273 71.3 71.5 24.50 1.37 3.20 0.440
Average 42.37 2.12 4.66 0.527
Std 33.00 1.61 3.53 0.206

Abbreviations: Sp = sphalerite, Std = standard deviation
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Energy-dispersive X-ray data for a fairly large grain of 10c, d); electron microprobe analyses support the latter and
electrum (>500 um) from the stringer zone of the 1806 show a weak correlation of Au with Hg (Fig. 10e). There is
zone associated with chalcopyrite and sphalerite (Figs. S8e, a close spatial and chemical relationship between sulfosalts
10a, b) show the association of Au (Fig. 10c), Ag (Fig. 10d), and precious metals (i.e., arsenopyrite and Ag-bearing tet-
and Hg (Fig. 10e) in electrum. Generally, Au occurs in the rahedrite in close proximity [<500 um] to electrum; Fig.
core of the grain, whereas Ag is present on the edges (Fig.  10f).

38.34 wt% 'O o 45.45 wt%

59.31 wt%
(0]
41.34 wt%

F1G. 10. Backscattered electron (BSE) images and EDX scans done by SEM on two precious metal samples from the
up-plunge area for selected elements. Semiquantitative EDX images give the relative occurrence of the measured elements,
because only raw data are counted. Interferences and/or background are recognized by running an element (i.e., Cr) that is
not known to occur in the measured area. Mineral abbreviations as in Figure 8. (a-f) Electrum in stringer zone (see Fig. Se).
(a) BSE image. (b) EDX scan of Fe, Cu, Zn highlighting pyrite and arsenopyrite (i.e., Fe = red), chalcopyrite (i.e., Cu + Fe
= yellow), Ag-bearing tetrahedrite (i.e., Cu = green), and sphalerite (i.e., Zn = blue). (¢) EDX scan of Au highlighting the
occurrence of electrum (dark blue); white open circles present EPMA data points and measured concentrations, respectively.
Note: Au La (electrum) interferes with Zn Kg (sphalerite), causing a weak blue where sphalerite occurs. (d) EDX scan of
Ag highlighting the occurrence of Ag in electrum (center) and Ag-bearing tetrahedrite (right side); white open circles and
numbers present EPMA data points and values, respectively. (e) EDX scan of Hg showing the occurrence of Hg in electrum;
white open circles and numbers present EPMA data points and values, respectively. (f) EDX scans of As (turquoise) and Sb
(vellow), highlighting the presence of arsenopyrite and Ag-bearing tetrahedrite close to electrum. Note: As K (arsenopyrite)
interferes with Pb Ly (galena) and Au L (electrum), resulting in a false color for electrum. (g-j) Ag phases and stannite in
massive sulfides (see Fig. 8j). (g) BSE image. (h) EDX scan of Fe, Cu, Zn, Ag highlighting pyrite and arsenopyrite (i.e., Fe =
red), chalcopyrite (i.e., Fe, Cu = greenish-yellow), stannite (i.e., Cu = lime green), sphalerite (i.e., Zn = blue), an unnamed
AgCuFeS phase (i.e., Fe + Cu + Ag = orange to yellow), and mercurian stephanite (i.e., Ag = orange); intensity of Ag (orange)
varies within the unnamed AgCuFeS phase. (i) EDX scan of Cu, Hg, As, Zn, Ag showing the occurrence of Hg in stephanite
(i.e., Ag + Hg = rose); mercurian stephanite occurs marginal to and within arsenopyrite-pyrite. Note: As K, (arsenopyrite)
interferes with Pb L, (galena), resulting in some color for both arsenopyrite and galena. (j) EDX scan of Si, Sn, and Ag, show-
ing the close textural and chemical relationship between Ag phases (i.e., Ag = orange) and stannite (i.e., Sn = dark blue in
upper half of image); concentration of Ag in the unnamed AgCuFeS phase decreases proximal to mercurian stephanite. Note:
Sn Ly interferes with Ca K and K K, emission lines (i.e., light blue in lower half). See text for details.
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F1c. 10. (Cont.)

In addition to electrum, Ag phases are also associated with
base metal sulfides, arsenopyrite, and sulfosalts as docu-
mented in a sample from the massive sulfide lens (Fig. 10g-j).
Moreover, EDX scans of Ag phases also have an association
with Hg (e.g., mercurian stephanite; Fig. 10i).

Electron probe microanalysis: Data from selected samples
from the up- to the down-plunge portions are compiled in

Table 3. The complete data set can be found in the digital
Appendix. Number of analyses, calculated mineral formula,
and detected minor elements are summarized for each ana-
lyzed phase in Table 4.

The major element composition of pyrite is consistent
throughout the 1806 zone, with Fe and S ranging between
45.22 and 46.77 wt % and 52.91 and 53.90 wt %, respectively.
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All pyrite analyses have near-stoichiometric compositions with
some grains showing As substitution ranging from 1,065 to
9,484 ppm (Fig. 11a). The arsenian pyrite grains do not show
any spatial association with either As-rich phases (e.g., arse-
nopyrite, tennantite) or electrum. Most chalcopyrite analyses
are near stoichiometric with Cu, Fe, and S ranging between
32.76 and 35.55 wt %, 28.25 and 30.77 wt %, and 33.76 and
36.13 wt %, respectively.

Sphalerite grains from all mineralized zones within the
1806 zone have a wide range of Fe content between 1.12 and
10.16 wt %, with Zn and S concentrations ranging between

a 10—y

] o
] v Pyrite
— T °
. o
= . v i
(7]
< | v v
v v °
Y v e o
oy V
10’l |v | T | T | T
45.2 45.6 46 46.4 46.8
Fe [wt%)]
105
- Arsenopyrite
1 - .V v
30.95-] yV Ve
E s
S 0.9 — J
u- -
0.85—
| v
0‘8 T | T | T | T | T | T | T
0.7 075 08 085 09 095 1 1.05
As a.p.f.u.
e s
T Ag-rich ]
5 Tetrahedrite H
3 4] o 9F°
g 3
©
g’ T Tennantite-
2 Tetrahedrite ® Tetrahedrite)
i . =
! "] Tennantite < '&V
ojmpp g @ oy O
T | T | T | T | T | T | T

0 0.1 02 03 0.4 05 0.6 0.7 0.8 0.9 1
Sbi(Sb+As)

Up Plunge
O Silicified rhyolite
® Semi-massive to massive sulfide
@ Stringer sulfide

1635

54.75 and 65.28 wt % and 32.33 and 33.52 wt %, respectively.
Sphalerite is near stoichiometric with Fe substituting on the
Zn site (e.g., Vaughan and Craig, 1978; Di Benedetto et al.,
2005; Wright, 2009). Based on the Fe content, three differ-
ent populations can be distinguished (Fig. 11b): (1) low-Fe
sphalerites have Fe contents of 1.12 to 2.94 wt % with Zn
contents of 65.10 to 63.24 wt %, (2) medium-Fe sphalerites
have Fe contents of 4.78 to 6.36 wt % at Zn values of 61.24 to
58.12 wt %, and (3) high-Fe sphalerites have concentrations
of 8.41 to 10.16 wt % Fe at 57.36 to 54.83 wt %. Low-Fe and
high-Fe sphalerites occur from the down-plunge area to the
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F1G. 11. Compositional plots for various sulfide and sulfosalt phases based on EPMA analyses. (a) Fe vs. As in pyrite.
(b) Fe vs. Zn in sphalerite; shaded areas highlight three distinct Fe populations within sphalerite. (¢, d) Compositional varia-
tions in arsenopyrite. (e, f) Compositional variations in members of the tennantite-tetrahedrite series. See text for details.
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up-plunge area, whereas medium-Fe sphalerites are detected
only in the up-plunge portion of the 1806 zone (Fig. 11b).

Analyzed galena grains have Pb and S content of 83.94 to
87.55 wt % and of 12.27 to 13.90 wt %, respectively, and have
a minor excess of Pb in their mineral formula.

Pyrrhotite grains were measured in the semimassive to
massive sulfide horizon and in the silicified horizon in the
1806 zone. Their major composition is homogeneous with Fe
and S ranging between 59.63 and 60.69 wt % and 38.85 and
40.14 wt %, respectively.

Arsenopyrite analyses from throughout the 1806 zone
range in Fe, As, and S from 33.58 to 34.98 wt %, from 41.69
to 46.68 wt %, and from 19.50 to 23.71 wt %, respectively.
They are nonstochiometric with deficiencies in both Fe and
As (Fig. 11c). Furthermore, the analyzed arsenopyrite grains
are more deficient in As than in Fe (Fig. 11c). Most arsenopy-
rite data show a wide abundance of minor elements including
variable enrichments in transition metals (Ni, Mn) and the
epithermal suite of elements (Bi, Sb, Te), including Au and
Ag; however, the measured concentration of these traces can-
not equalize the deficiency in either Fe or As in the arseno-
pyrite. The most abundant minor element in arsenopyrite is
Ni; however, Ni does not show a clear correlation to any of
the major phases or locations within the 1806 zone (Fig. 11d).

Tennantite-tetrahedrite is one of the most complex solid
solution series within the heterogeneous sulfosalt group
(Moélo et al., 2008). Major and minor components include
Cu (15.29-44.46 wt %), Ag (0.29-29.27 wt %), Fe (1.99—
6.56 wt %), Zn (0.31-5.49 wt %), As (0-19.25 wt %), Sb (1.33—
29.06 wt %), and S (20.99-28.52 wt %). Among the analyzed
species, end members of tennantite (Sb/(Sb + As) < 0.35) and
tetrahedrite (Sb/(Sb + As) > 0.7) are present, in addition to
solid solutions between both end members (Fig. 11e). The Ag
content is highly variable within tennantite-tetrahedrite, with
all tennantite having Ag < 0.2 Ag apfu, and there is a general
increase in Ag content with increasing Sb concentration (i.e.,
from tennantite-tetrahedrite to tetrahedrite; Fig. 11e). The
highest Ag contents are found in seven tetrahedrite analyses
from the up-plunge portion of the 1806 zone (Fig. 11e, f). They
have more than 3.5 Ag apfu and are in this paper referred to
as Ag-rich tetrahedrite, also known as freibergite. Tennantite-
tetrahedrite ranges from Zn poor to Zn rich (0.2 < Zn/(Zn +
Fe) < 0.7) and Ag increases with increasing Zn/(Zn + Fe). In
contrast, Ag-rich tetrahedrite is Zn poor (Zn/(Zn + Fe) < 0.2)
and the Ag content decreases with increasing Zn/(Zn + Fe)
(Fig. 11e). Members of the tennantite-tetrahedrite series are
both stoichiometric and nonstoichiometric.

Various Ag phases (i.e., miargyrite, pyrargyrite, mercurian
stephanite, unnamed AgCuFeS phase) from the up-plunge
portion of the deposit were analyzed from the 1806 zone. They
are spatially associated with and occur in close proximity to elec-
trum (Figs. 8g, j, m, 10g-j), arsenopyrite (Figs. 8g, j, k, m, 10g-j),
and/or sulfosalts (Figs. 8g, j, k, m, 10g-j). Miargyrite (Fig. 8m)
has concentrations for Ag, Sb, and S between 35.90 and 37.52
wt %, 38.01 and 41.13 wt %, and 20.86 and 21.86 wt %, respec-
tively; one miargyrite analysis reported elevated Zn (1.19 wt
%) and Au (2.43 wt %), most likely due to contamination from
adjacent sphalerite and electrum, respectively. Pyrargyrite (Fig.
8k) has 58.76 wt % Ag, 21.87 wt % Sb, and 17.77 wt % S. The
calculated formula shows a weak deficiency on both the Ag and

BRUECKNER ET AL.

Sb site. Mercurian stephanite contains 57.30 wt % Ag, 11.32
wt % Sb, 15.18 wt % S, 12.74 wt % Hg, and 1.17 wt % As. An
unnamed AgCuFeS phase is found next to mercurian stepha-
nite (Figs. 8j, 10g-j), containing Ag (27.20 wt %), Cu (22.89 wt
%), Fe (22.24 wt %), and S (27.31 wt %). Mineral formula cal-
culations based on different S apfu were unsuccessful.

The term “electrum” (AuAg) is used in this paper for Au-Ag
alloys with >10 wt % Au, and all analyzed electrum minerals
have elevated Hg. Most of the 24 available electrum analyses
are from the up-plunge portion of the 1806 zone. Gold, Ag,
and Hg concentrations in electrum range between 13.87 and
61.99 wt %, 30.29 and 67.35 wt %, and 7.93 and 20.57 wt %,
respectively (Fig. 12a). Most samples have >30 wt % Au
and Auw/Ag ratios that range from 0.21 to 2.05 (Fig. 12b). All
samples from the stringer zone and the silicified cap horizon,
except one, show an Au/Ag ratio of about 1 (0.79 < Au/Ag <
1.27) and the Hg concentration increases with increasing Au/
Ag ratio (Fig. 12b). In contrast, samples from the semimas-
sive to massive sulfide horizon have a much wider range in
Au/Ag ratio (0.21-2.05) and, in general, Hg concentration
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F1G. 12. Compositional plots for electrum based on EPMA data. (a) Au-
Ag-Hg ternary diagram. (b) Hg vs. Au/Ag. See text for details.
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decreases with increasing Auw/Ag ratio (Fig. 12b). Some of the
mercurian electrum grains were large enough to analyze the
rim and core areas. Data from these grains reveal that the rim
is enriched in Ag compared to the core (Fig. 10d), whereas
the core is enriched in Au (Fig. 10c). Mercury does not show
a uniform trend with Au or Ag (Fig. 10c-e).

Boulangerite, stannite, cassiterite, and magnetite were also
analyzed by EPMA. Both boulangerite (falkmanite composi-
tion) and magnetite are nonstoichiometric, whereas molybde-
nite and cassiterite are broadly stoichiometric.

Discussion

Syngenetic vs. synorogenic precious metal emplacement

The origin of precious metal enrichment in ancient VMS
deposits is often contentious, particularly for deformed
deposits in ancient belts, where primary characteristics might
have been obscured and altered by younger events. These
events can be of different origin. For instance, some work-
ers have argued that Au enrichment in some Au-rich VMS
deposits was due to later orogenic overprinting and Au intro-
duction by metamorphic fluids (e.g., Bousquet 1 and Duma-
gami: Tourigny et al., 1989; Marquis et al., 1990). In contrast, in
other deposits, it has been argued that the enrichment in pre-
cious metals was due to epithermal (magmatic) overprinting or
formation as shallow-water magmatic-hydrothermal systems
(e.g., Eskay Creek: Roth et al., 1999; Boliden: Bergman-Wei-
hed et al., 1996; Wagner and Jonsson, 2001; Mercier-Langevin
etal., 2013). Gold enrichment in the Rambler camp is debated
as well, in large part because the deposit is polydeformed and
metamorphosed, and occurs proximal to deposits that are typi-
cal orogenic Au deposits (e.g., Deer Cove: Patey and Wilton,
1993; Stog’er Tight: Ramezani et al., 2000).

The specific characteristics of the 1806 zone of the Ming
mine documented here illustrate that, despite significant
deformation and metamorphic overprint, the precious metal
mineralization is syngenetic and results from a primary or syn-
volcanic hydrothermal fluid. Moreover, ore mineralogy and
mineral chemistry indicate a possible magmatic input into the
ore-forming hydrothermal system.

Architecture: The overall architecture of the 1806 zone is
typical of most VMS deposits, with a discordant (although
transposed) stringer and footwall alteration zone underlying
concordant or stratabound semimassive to massive sulfides.
The silicified and mineralized horizon located at the footwall-
hanging wall contact (Fig. 4) contains remnants of the host
rock (i.e., relict clasts) and strongly resembles the silica- and
chlorite-altered footwall Rambler rhyolite. While there are
numerous potential origins for this silicified horizon, which
are not focus of this paper, its texture and aspect as well as the
absence of carbonates in both the horizon and its immediate
wall rocks preclude the possibility that this horizon could be a
late, orogenic quartz vein superimposed on the VMS system.
Such orogenic quartz veins have clear, quasiuniversal features
that make them relatively easy to identify (e.g., Groves et
al., 1998; Bierlein and Crowe, 2000), and the orogenic vein
systems on the Baie Verte Peninsula are no exception (e.g.,
Evans and Wells, 1998; Ramezani et al., 2000). The semi-
massive to massive sulfide lens of the 1806 zone is separated
from the other mineralized horizons (1807 zone, Ming South,
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Ming North, Lower Footwall) and the previously mined hori-
zon (Fig. 3) by mafic dikes (Pilote and Piercey, 2013). Despite
the unknown age and relation of these mafic dikes relative
to the massive sulfide deposition (Pilote and Piercey, 2013),
an active role of these dikes in the precious metal deposition
is excluded, because sulfide mineralization is sparse in these
dikes and restricted to random disseminated pyrite cubes on
the sharp contacts to the mineralized lithounits (i.e., Rambler
rhyolite, semimassive and massive lens, silicified rhyolite).
Furthermore, there are no enrichments in precious metals
or precious metal minerals proximal to dike contacts. The
contacts between mineralized footwall-sulfide lens—silicified
rhyolite are sharp, but not tectonically induced. Moreover, all
sulfide zones at the Ming mine are trending northeast with a
plunge of 30° to 35°, which is similar to the dip of the Ram-
bler rhyolite (Tuach and Kennedy, 1978), indicating the pre-
deformational origin for the various sulfide lenses at the Ming
mine, in general, and of the 1806 zone, specifically.

Alteration: An assemblage of sericite-quartz + green mica
with sporadic biotite-chlorite dominates the alteration in the
footwall Rambler rhyolite. Although advanced argillic or alu-
minous alteration, characteristic of high sulfidation epither-
mal deposits, is associated with a number of Au-rich VMS
deposits (Sillitoe et al., 1996; Hannington et al., 1999; Huston,
2000; Dubé et al., 2007a; Mercier-Langevin et al., 2011), it is
not well developed at the 1806 zone. The sericitic alteration
of the footwall of the 1806 zone is rather common for base
metal VMS deposits (e.g., Franklin et al., 1981) and in lower
sulfidation epithermal Au deposits (Bierlein and Crowe, 2000;
Hedenquist et al., 2000). Although the 1806 zone does not
have features characteristic of subaerial epithermal deposits
(e.g., cavity-filled veins or veinlet stockworks, bladed calcite,
and native gold; Hedenquist et al., 2000), the sulfide mineral
assemblage at the 1806 zone is typical intermediate sulfida-
tion epithermal assemblage (Figs. 7, 8; Sillitoe and Heden-
quist, 2003, and references therein).

Metal zoning: Metal zoning is well documented from base
metal and Au-rich VMS deposits and is caused by changing
fluid conditions (T, pH, fo,) over the lifespan of the hydrother-
mal system (e.g., Large, 1977, 1992; Huston and Large, 1989;
Ohmoto, 1996; Poulsen and Hannington, 1996; Hannington
et al., 1999). Orogenic Au deposits lack this feature (Gold-
farb et al., 2005). At the 1806 zone, base metal and precious
metal zoning is observed from the down-plunge portion (high-
grade Cu zone, low-grade Zn, Au, and Ag) to the up-plunge
part (high-grade Zn, Pb, and precious metal contents, lower-
grade Cu values; Fig. 9). In context of metal associations, the
1806 zone shows an Au-Zn-Pb-Ag association (Huston and
Large, 1989; Poulsen and Hannington, 1996; Hannington et
al., 1999) in which Au is predominantly concentrated in the
top of the massive sulfide lens or, here, the up-plunge por-
tion of the 1806 zone. However, it should be emphasized that,
mineralogically, Au (electrum) occurs predominantly with
Cu (chalcopyrite) throughout the 1806 zone and only with
minor sphalerite, predominantly in sulfide stringers and the
up-plunge part of the semimassive to massive sulfide lens.
Reasons for these contradictory observations (Au-Zn-Pb-Ag
association in the up-plunge portion vs. predominant elec-
trum-chalcopyrite assemblage throughout the 1806 zone)
are (1) zone refining during the lifespan of the hydrothermal
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system affecting both the up-plunge and down-plunge por-
tions, (2) late-stage, spatially limited sphalerite bands alternat-
ing with galena + tennantite-tetrahedrite in the upper parts
of the up-plunge portion (Figs. 5, 8b), and (3) coeval trans-
port of Cu and Au. The sphalerite bands are interpreted to be
formed at declining temperatures during the waning stage of
the hydrothermal system creating the Ming deposit because
they (1) run mostly parallel to the geologic contacts of the sul-
fide lens, (2) are weakly sheared (Fig. 5), (3) are restricted
to the uppermost parts of the up-plunge portion of the 1806
zone, and (4) show microscopic replacement textures of chal-
copyrite by sphalerite and tennantite-tetrahedrite (Fig. 8b).

Ore assemblages and paragenesis: The ore distribution
and assemblages in the 1806 zone are complex (Fig. 7), with
at least 17 different sulfides, sulfosalts, and precious metal
phases present in various amounts in different portions of the
ore lens, which has a distinct paragenesis. A premetamorphic
paragenetic sequence is presented for the 1806 zone in Fig-
ure 13, based on textural relationships between sulfides, sul-
fosalts, and precious metals, observed metal zoning, and ore
mineral chemistry.

Gold-rich VMS deposits (e.g., Boliden, Horne, Bousquet 2,
LaRonde Penna, Juan de Fuca Ridge, Lau Basin; Hannington
et al., 1986; Large et al., 1989; Tourigny et al., 1989; Huston
etal., 1992; Herzig et al., 1993; Herzig and Hannington, 1995;
Huston, 2000; Mercier-Langevin et al., 2011, and references
therein) are, in general, characterized by relatively complex
ore assemblages compared to “precious metal-poor” Cu-
Zn-Pb VMS systems. In contrast, orogenic Au deposits have
a much simpler sulfide assemblage that consists of variable
amounts of one or all of the following minerals: pyrite, chalco-
pyrite, pyrrhotite, arsenopyrite, and, in rare cases, tennantite-
tetrahedrite (e.g., Patey and Wilton, 1993; Evans and Wells,
1998; Groves et al., 1998; Bierlein and Crowe, 2000, and ref-
erences therein; Ramezani et al., 2000).

The bulk of the Au at the 1806 zone appears to be hosted
in mercurian electrum and in minor Ag-Hg-Au alloys (Figs.
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FIG. 13. Paragenetic chart for the syngenetic deposition of sulfides, sulfo-
salts, precious metals, and cassiterite at the 1806 zone.
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8d-i, I-n, 10a, ¢, d, 12; Table 3; digital Appendix). Native Au,
which is very common in orogenic Au deposits (Evans and
Wells, 1998; Groves et al., 1998; Bierlein and Crowe, 2000),
is not present at the 1806 zone, and invisible Au is almost
completely absent, as shown by EPMA analyses of sulfides.
Silver at the 1806 zone is intimately associated with the “epi-
thermal suite” of elements (i.e., As, Hg, Sb) in phases such
as Ag-bearing tennantite-tetrahedrite, miargyrite, pyrargyrite,
and Ag-Hg + Au alloys (Figs. 8a, g, h, j, k, m, 10g-j, 11e, f,
12; Table 3; digital Appendix). Electrum and Ag phases occur
also in close spatial association with minerals containing the
epithermal suite of elements, such as arsenopyrite, Ag-bear-
ing tennantite-tetrahedrite, stannite, and boulangerite, usu-
ally in the up-plunge part of the 1806 zone (Figs. Sa, d-n,
10). Numerous authors (Sillitoe et al., 1996; Hannington et
al., 1999; Huston, 2000; Dubé et al., 2007a) have noted that
the occurrence of epithermal suite elements in Au-rich VMS
deposits strongly suggests the potential involvement of mag-
matic fluids or volatiles as the source of precious metal enrich-
ment. This is also assumed for the 1806 zone due to the wide
range and occurrence of epithermal suite elements as major
and minor components in almost all analyzed minerals and
the spatial association between epithermal suite-enriched sul-
fosalts and precious metals in the up-plunge portion of the
1806 zone. Although high sulfidation assemblages are com-
mon to a number of VMS deposits formed in the epithermal
environment (Sillitoe et al., 1996, and references therein), the
ore assemblage at the 1806 zone is of intermediate sulfida-
tion style, explaining the absence of highly aluminous, acidic
alteration assemblages.

Influence of deformation and metamorphism: Despite a
predeformation, syngenetic origin for the precious metal
enrichment, mineralization and precious metals have been
texturally modified during Silurian-Devonian deformation
and metamorphism, resulting in local remobilization of pre-
cious metals and modifications to mineral textures, especially
for pyrite and arsenopyrite. Moreover, in the up-plunge por-
tion of the 1806 zone alloys of AgHg + Au are often found
between recrystallized pyrite and along cracks in recrystal-
lized, brittle deformed pyrite (Fig. Sh), indicating that the
occurrence of precious metals with recrystallized and partly
brittle deformed pyrite is secondary. Porphyroblasts of pyrite
and arsenopyrite are common and, in some cases, contain
inclusions of electrum, implying that gold was present prior to
porphyroblast formation. Therefore, despite textural modifi-
cation, the remobilization and recrystallization of gold suggest
that it existed prior to metamorphism and deformation and
was therefore syngenetic in origin rather than introduced dur-
ing deformation and metamorphism.

Deposit model for the 1806 zone and
hydrothermal ore fluid conditions

A depositional model for the 1806 zone is presented in Fig-
ure 14. This model combines the aforementioned evidence
from (1) the architecture of the 1806 zone, (2) the altera-
tion assemblage in the rhyolitic footwall, (3) the base metal
and precious metal zoning from the down-plunge area to the
up-plunge area, and (4) the complex ore assemblages for the
syngenetic base and precious metal deposition via seawa-
ter and magmatic fluids. Furthermore, the metals, mineral
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assemblages, and paragenesis (Fig. 13) characterizing the
1806 zone provide evidence to constrain the physicochemi-
cal fluid conditions (T, pH, fo,) as the 1806 zone was formed
(Fig. 14).

The 1806 zone is part of the broader Ming deposit. Although
mafic dikes separate the various sulfide zones (1807 zone,
Ming South, Ming North, previously mined area) from each
other, it is assumed, given drill core and underground field
relationships, that all sulfide lenses once belonged to one
continuous lens. The lens has been disrupted by polyphase
deformation and metamorphism, resulting in the existing
distribution of zones. The 1806 zone is on the edge of the
Ming deposit, has the highest Zn grades in the deposit, is
associated with abundant epithermal suite element-bearing
minerals, and is interpreted to represent the distal portions
of a VMS mound (e.g., Lydon, 1988; Ohmoto, 1996; Figs.
3, 14). Given that the deposit has many minerals similar to
normal VMS mineralization (e.g., pyrite, sphalerite, chalco-
pyrite, and galena), but also intermediate sulfidation mineral-
ogy and enrichment in epithermal elements, a hybrid origin
is inferred. Support for some component of leaching is con-
sistent with the enrichments in transition metals (Cr, Mn,
Ni, and Co) in some sulfides (e.g., sphalerite, arsenopyrite).
Additionally, Cr-bearing mica in the alteration mineralization
of the silicic footwall is consistent with metal stripping from
the wall rock via leaching, because the boninitic footwall to
mineralization in the Pacquet Harbour Group is enriched in
these elements (Piercey et al., 1997; Skulski et al., 2010). The
presence of epithermal mineralogy, however, also requires a
magmatic input, likely from some underlying magmatic heat
source that has since been sheared off during regional defor-
mation (Fig. 14-1).

During the waxing stage (Fig. 14-Ia) of hydrothermal activ-
ity, the up-plunge portion of the 1806 zone with the silicified
horizon was formed. In this stage, arsenopyrite-pyrite-chal-
copyrite-medium-Fe sphalerite and minor galena-pyrrhotite
were deposited by reduced, acidic hydrothermal ore fluids
at temperatures of ~250° to 300°C (Heinrich and Eading-
ton, 1986; Lydon, 1988; Large, 1992). Close spatial relations
between (partly replaced) arsenopyrite-pyrite-chalcopyrite
suggest that the very first hydrothermal ore fluids were
strongly reduced, because As is generally transported as an
H3AsO3 complex that is predominantly dependent on redox
conditions (Heinrich and Eadington, 1986).

At the peak of the hydrothermal activity, the down-plunge
portion of the 1806 zone was formed and the initial metal
assemblage in both the up-plunge portion and the silicified
horizon was altered (Fig. 14-1b). It is suggested that weakly
acidic to neutral, oxidized fluids at temperatures of ~300°C
caused the deposition of chalcopyrite, Ag-bearing tetrahe-
drite, and precious metal phases. Evidence for this comes
from (1) the predominant occurrence of chalcopyrite with
electrum and minor Ag phases and (2) the close chemical and
spatial association between Au, Ag, and sulfosalts. Moreover,
these hotter, oxidized fluids partly altered the earlier depos-
ited mineral assemblage. This is preserved in (1) myrmekites
of replaced arsenopyrite-chalcopyrite-tennantite-tetrahedrite
+ electrum + sphalerite within tennantite-tetrahedrite (Fig.
8c, d) and (2) chalcopyrite disease in sphalerites. Besides
pyrite, chalcopyrite, precious metals, and sulfosalts, minor
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high-Fe sphalerites were deposited, since they are abundant
throughout the 1806 zone and in silicified footwall rhyolite.
Chalcopyrite disease is present in the high-Fe sphalerites as
well, but it is less abundant than in medium-Fe sphalerites. It
is assumed that gold was transported as a chlorocomplex dur-
ing this phase, given the strong association with chalcopyrite
and assumed temperatures greater than 300°C (e.g., Seward,
1973; Hannington and Scott, 1989b; Huston and Large, 1989;
Large et al., 1989; Stefdnsson and Seward, 2004; Williams-
Jones et al., 2009).

The waning stage of hydrothermal activity is characterized
by (1) deposition of sphalerite-galena and minor tennantite
within sphalerite bands within the up-plunge portion of the
1806 zone and (2) zone refining affecting especially precious
metals and sulfosalts (Fig. 14-Ic). Within the sphalerite bands,
chalcopyrite is often replaced by sphalerite and tennantite-
tetrahedrite (Fig. 8b). Moreover, the elevated grades of Au
and Ag (Fig. 9) and the higher abundance of precious met-
als (Fig. 7) in the up-plunge area are a direct result of zone
refining during this stage, since the vast majority of the pre-
cious metals were originally deposited at peak hydrothermal
activity. Lower-temperature (<300°C), nearly oxidized and
reduced fluids transported mainly Zn and Pb (Seward, 1984;
Lydon, 1988; Large, 1992; Reed and Palandri, 2006) at the
waning stage of hydrothermal activity. However, the same flu-
ids are also responsible for the remobilization of Au, Ag, and
epithermal suite elements (As, Sh; Seward, 1976; Zotov et al.,
2003; Reed and Palandri, 2006). At the waning stage, Au was
finally remobilized from the down-plunge portion by lower-
temperature, Zn-Pb-Ag-Sbh-bearing fluids, likely as a bisulfide
complex (e.g., Seward, 1973; Huston and Large, 1989; Large
et al., 1989; Williams-Jones et al., 2009) with Ag and epith-
ermal suite elements, and deposited in the up-plunge part,
usually with Ag phases and sulfosalts.

The postdepositional, predeformational state of the 1806
zone is illustrated in Figure 14-II. A vertical metal zoning
within the massive sulfide horizon is clearly developed with a
pyrite-chalcopyrite assemblage at the bottom (now the down-
plunge portion) and a pyrite-chalcopyrite-sphalerite assem-
blage with local sphalerite bands on top (now the up-plunge
portion). Mafic dikes intruded syn- and postdepositionally
and crosscut the Ming deposit with the 1806 zone (Pilote and
Piercey, 2013).

During Silurian-Devonian metamorphism and deforma-
tion, the shape of the Ming deposit in general and of the 1806
zone in particular was deformed (Fig. 14-I11; Table 1), result-
ing in the elongation of the sulfide lenses parallel to a regional
F2 foliation (Castonguay et al., 2009). It is also assumed that
the sulfide horizon at the 1806 zone was internally sheared,
resulting in (1) the flattening and elongation of the sulfide
lens, (2) the reorientation of the original, almost horizontal
metal zoning to the recent metal zoning observed in the up-
plunge and down-plunge portions, and (3) recrystallization of
minerals within the ores.

The results presented herein support that the 1806 zone of
the Ming mine formed as a result of zone refining, leaching,
and magmatic-hydrothermal input into a seafloor hydrother-
mal system. Despite deformation and metamorphism, these
processes have not introduced new gold into the deposit but
only remobilized existing syngenetic precious metals.
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Conclusion

The results from stratigraphy, alteration, metal distribu-
tion, ore assemblage, and mineral chemistry presented in this
paper show the following:

1. Precious metal emplacement in the metamorphosed and
(polyphase) deformed Au-bearing Ming VMS deposit is likely
syngenetic despite the lack of advanced argillic alteration. An
intermediate sulfidation style of mineralization, as well as nor-
mal VMS formation, is responsible for the sericitic alteration
observed in the rhyolitic footwall and is rather typical of low
sulfidation epithermal deposits and base metal VMS deposits.

2. The deposition of precious metals occurred coeval with
base metal sulfides, especially chalcopyrite. However, mineral
chemistry strongly supports the involvement of magmatic-
hydrothermal fluids containing precious metals and epith-
ermal suite elements to normal VMS hydrothermal fluids
containing base and transition metals.

3. Metamorphism and polyphase deformation changed the
deposit architecture and massive sulfide geometry in the sense
that the mineralized zones at the Ming deposit are now sepa-
rated by mafic dikes and the original vertical metal zoning is
now sheared as seen from the different metal associations in
the up-plunge (Cu-Zn-Au-Ag) and down-plunge (Cu-Au) por-
tions. Moreover, the massive sulfide lenses are elongated paral-
lel to foliation. Mineral textures were also altered, as seen in the
recrystallization of many sulfide phases and the partial syndefor-
mational remobilization of precious metals (occurrence along
cracks and grain boundaries of recrystallized pyrite). However,
deformation and metamorphism have only modified existing
precious distributions and have not resulted in synorogenic gold
additions similar to orogenic Au deposits (Deer Cove, Stoger
Tight) found regionally on the Baie Verte Peninsula.
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