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1. Introduction

By W.C. Pat Shanks Ill and Randolph A. Koski

Overview

Volcanogenic massive sulfide (VMS) deposits, also
known as volcanic-hosted massive sulfide, volcanic-associated
massive sulfide, or seafloor massive sulfide deposits, are
important sources of copper, zinc, lead, gold, and silver (Cu,
Zn, Pb, Au, and Ag). These deposits form at or near the sea-
floor where circulating hydrothermal fluids driven by mag-
matic heat are quenched through mixing with bottom waters or
porewaters in near-seafloor lithologies. Massive sulfide lenses
vary widely in shape and size and may be podlike or sheet-
like. They are generally stratiform and may occur as multiple
lenses.

Volcanogenic massive sulfide deposits range in size from
small pods of less than a ton (which are commonly scattered
through prospective terrains) to supergiant accumulations
like Rio Tinto (Spain), 1.5 Bt (billion metric tons); Kholo-
drina (Russia), 300 Mt (million metric tons); Windy Craggy
(Canada), 300 Mt; Brunswick No. 12 (Canada), 230 Mt; and
Ducktown (United States), 163 Mt (Galley and others, 2007).
Volcanogenic massive sulfide deposits range in age from
3.55 Ga (billion years) to zero-age deposits that are actively
forming in extensional settings on the seafloor, especially
mid-ocean ridges, island arcs, and back-arc spreading basins
(Shanks, 2001; Hannington and others, 2005). The widespread
recognition of modern seafloor VMS deposits and associated
hydrothermal vent fluids and vent fauna has been one of the
most astonishing discoveries in the last 50 years, and seafloor
exploration and scientific studies have contributed much to
our understanding of ore-forming processes and the tectonic
framework for VMS deposits in the marine environment.

Massive ore in VMS deposits consists of >40 percent sul-
fides, usually pyrite, pyrrhotite, chalcopyrite, sphalerite, and
galena; non-sulfide gangue typically consists of quartz, barite,
anhydrite, iron (Fe) oxides, chlorite, sericite, talc, and their
metamorphosed equivalents. Ore composition may be Pb-Zn-,
Cu-Zn-, or Pb-Cu-Zn-dominated, and some deposits are zoned
vertically and laterally.

Many deposits have stringer or feeder zones beneath the
massive zone that consist of crosscutting veins and veinlets
of sulfides in a matrix of pervasively altered host rock and
gangue. Alteration zonation in the host rocks surrounding the
deposits are usually well-developed and include advanced

argillic (kaolinite, alunite), argillic (illite, sericite), sericitic
(sericite, quartz), chloritic (chlorite, quartz), and propylitic
(carbonate, epidote, chlorite) types (Bonnet and Corriveau,
2007).

An unusual feature of VMS deposits is the common
association of stratiform “exhalative” deposits precipitated
from hydrothermal fluids emanating into bottom waters. These
deposits may extend well beyond the margins of massive sul-
fide and are typically composed of silica, iron, and manganese
oxides, carbonates, sulfates, sulfides, and tourmaline.

Scope

This VMS deposit model is designed to supercede previ-
ous models developed for the purpose of U.S. Geological
Survey (USGS) mineral resource assessments (Cox, 1986;
Cox and Singer, 1986; Singer, 1986a, 1986b; Taylor and oth-
ers, 1995). Because VMS deposits exhibit a broad range of
geological and geochemical characteristics, a suitable classi-
fication system is required to incorporate these variations into
the mineral deposit model. Cox and Singer (1986) grouped
VMS deposits into (1) a Cyprus subtype associated with
marine mafic volcanic rocks, (2) a Besshi subtype associated
with clastic terrigenous sediment and marine mafic volcanic
rocks, and (3) a Kuroko subtype associated with marine felsic
to intermediate volcanic rocks (table 1-1). This terminol-
ogy was developed earlier by Sawkins (1976) on the basis of
probable tectonic settings for each deposit type. Volcanogenic
massive sulfide deposits have also been classified according to
base metal (Cu-Zn-Pb) ratios (Hutchinson, 1973; Franklin and
others, 1981) and ratios of precious metals (Au-Ag) to base
metals (Poulsen and Hannington, 1995) in massive sulfides.

More recent attempts to classify VMS deposit types have
emphasized compositional variations in associated volcanic
and sedimentary host rocks (Barrie and Hannington, 1999;
Franklin and others, 2005; Galley and others, 2007). The
advantage of these classification schemes is a closer link
between tectonic setting and lithostratigraphic assemblages
and an increased predictive capability during field-based
studies. The lithology-based typology of Galley and others
(2007) is shown in table 1-1 with approximate equivalencies
to the categories of Cox and Singer (1986). The lithologic
groups correlate with tectonic settings as follows: (1) mafic
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Table 1-1. Classification systems for volcanogenic massive sulfide deposits.
Cox and Singer Galley and others Mosier and others This
(1986) (2007) (2009) report

Kuroko Felsic-siliciclastic Felsic Siliciclastic-felsic
Bimodal-felsic! Bimodal-felsic
Bimodal-mafic Bimodal-mafic Bimodal-mafic

Besshi Pelitic-mafic Mafic Siliciclastic-mafic

Cyprus Back-arc mafic Mafic-ultramafic

! Includes hybrid bimodal-felsic group of Galley and others (2007).

rocks with mid-ocean ridges or mature intraoceanic back arcs;
(2) pelitic-mafic rocks with sediment-covered back arcs; (3)
bimodal-mafic rocks with rifted intraoceanic volcanic arcs; (4)
bimodal-felsic rocks with continental margin arcs and back
arcs; and (5) felsic-siliciclastic rocks with mature epicontinen-
tal back arcs. A sixth group listed by Galley and others (2007),
hybrid bimodal-felsic, is treated here as part of the bimodal-
felsic group.

In developing grade and tonnage models for 1,090 VMS
deposits, Mosier and others (2009) found no significant differ-
ences between grade and tonnage curves for deposits hosted
by pelite-mafic and back-arc—mafic rocks and for deposits
hosted by felsic-siliciclastic and bimodal-felsic rocks, result-
ing in their threefold classification of mafic, bimodal-mafic,
and felsic subtypes (table 1-1). For the mineral deposit model
described in this report, however, the compositional variations
in sequences of volcanic rocks and the occurrence of sedimen-
tary rocks in stratigraphic sequences containing VMS deposits
are important variables in the identification of geologic and
tectonic settings. Furthermore, bimodal volcanic assemblages
and presence of sedimentary deposits are discernible map fea-
tures useful in the assessment of mineral resources. Therefore,
we have adopted a fivefold classification slightly modified
from Galley and others (2007) for use throughout this report
(table 1-1). We prefer the term “siliciclastic-felsic” to “felsic-
siliciclastic” because of the abundance of volcaniclastic and
epiclastic sediment relative to felsic volcanic rocks in this
group of deposits (for example, Iberian Pyrite Belt; Carvalho
and others, 1999). This usage is consistent with Franklin and
others (2005). The term “siliciclastic-mafic” is used because it
encompasses the broader range of noncarbonate sedimentary
rocks such as graywackes, siltstones, and argillites associated
with this type of VMS deposit (Slack, 1993). Finally, the mod-
ified term “mafic-ultramafic” includes both back-arc and mid-
ocean ridge environments and acknowledges recently discov-
ered massive sulfide deposits along the Mid-Atlantic Ridge, in
which serpentinized peridotites are present in the footwall (for
example, Rainbow vent field; Marques and others, 2007).

Purpose

The main purpose of this model is to provide the basis
for the VMS component of the next National Assessment
of undiscovered mineral resources in the United States. The
three-part quantitative assessment strategy employed by the
USGS (Singer, 1995, 2007; Cunningham and others, 2008)
includes (1) delineation of permissive tracts for VMS deposits,
(2) selection of grade-tonnage models appropriate for evaluat-
ing each tract, and (3) estimation of the number of undiscov-
ered deposits in each tract. Hence, accurate and reliable data
on VMS deposits, especially host lithology, tectonic setting,
structure, ore-gangue-alteration mineralogy, geochemical
and geophysical signatures, theory of deposit formation, and
geoenvironmental features, are critical to the assessment
methodology.

We believe that geologic information and quantitative
data presented in this report are sufficient to identify permis-
sive tracts for VMS deposits and to guide experts in estimat-
ing the number of undiscovered deposits in the permissive
tracts. In addition, we have tried to provide comprehensive
information to aid in assigning deposits from a tract to a
specific deposit model type (siliciclastic-felsic, bimodal-felsic,
bimodal-mafic, siliciclastic-mafic, and mafic-ultramafic) so
that the correct grade-tonnage curve(s) can be used in assess-
ing undiscovered deposits.

Beyond its importance in the National assessment, we
believe that an updated VMS deposit model will be useful
to exploration geologists, students and teachers of economic
geology, and researchers interested in understanding the origin
of this important deposit type in the context of earth history
and plate tectonics. Among the latter group is a large interna-
tional group of scientists studying the distribution, characteris-
tics, and origin of VMS deposits on the modern seafloor.
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2. Deposit Type and Associated Commodities

By Randolph A. Koski and Dan L. Mosier

Name and Synonyms

The type of deposit described in this document is referred
to as volcanogenic massive sulfide (VMS). This terminology
has been in use for more than 35 years (Hutchinson, 1973) and
embraces the temporal and spatial association of sulfide miner-
alization with submarine volcanic processes. Similar terms for
VMS deposits recorded in the literature include volcanogenic
sulfide, volcanic massive sulfide, exhalative massive sulfide,
volcanic-exhalative massive sulfide, submarine-exhalative
massive sulfide, volcanic-hosted massive sulfide, volcanic-
sediment-hosted massive sulfide, volcanic-associated massive
sulfide, and volcanophile massive sulfide deposits. In some
earlier studies, the terms cupreous pyrite and stratabound
pyrite deposits were used in reference to the pyrite-rich ore-
bodies hosted by ophiolitic volcanic sequences in Cyprus and
elsewhere (Hutchinson, 1965; Gilmour, 1971; Hutchinson and
Searle, 1971). More recently, the term polymetallic massive
sulfide deposit has been applied by many authors to VMS
mineralization on the modern seafloor that contains significant
quantities of base metals (for example, Herzig and Hanning-
ton, 1995, 2000). Other commonly used names for VMS
deposit subtypes such as Cyprus type, Besshi type, Kuroko
type, Noranda type, and Urals type are derived from areas of
extensive mining activities.

Brief Description

Volcanogenic massive sulfide deposits are stratabound
concentrations of sulfide minerals precipitated from hydro-
thermal fluids in extensional seafloor environments. The term
volcanogenic implies a genetic link between mineraliza-
tion and volcanic activity, but siliciclastic rocks dominate
the stratigraphic assemblage in some settings. The principal
tectonic settings for VMS deposits include mid-oceanic ridges,
volcanic arcs (intraoceanic and continental margin), back-
arc basins, rifted continental margins, and pull-apart basins.
The composition of volcanic rocks hosting individual sulfide
deposits range from felsic to mafic, but bimodal mixtures are
not uncommon. The volcanic strata consist of massive and
pillow lavas, sheet flows, hyaloclastites, lava breccias, pyro-
clastic deposits, and volcaniclastic sediment. Deposits range

in age from Early Archean (3.55 Ga) to Holocene; deposits are
currently forming at numerous localities in modern oceanic
settings.

Deposits are characterized by abundant Fe sulfides (pyrite
or pyrrhotite) and variable but subordinate amounts of chalco-
pyrite and sphalerite; bornite, tetrahedrite, galena, barite, and
other mineral phases are concentrated in some deposits. Mas-
sive sulfide bodies typically have lensoidal or sheetlike forms.
Many, but not all, deposits overlie discordant sulfide-bearing
vein systems (stringer or stockwork zones) that represent fluid
flow conduits below the seafloor. Pervasive alteration zones
characterized by secondary quartz and phyllosilicate minerals
also reflect hydrothermal circulation through footwall vol-
canic rocks. A zonation of metals within the massive sulfide
body from Fe+Cu at the base to Zn+Fe+Pb+Ba at the top and
margins characterizes many deposits. Other features spatially
associated with VMS deposits are exhalative (chemical) sedi-
mentary rocks, subvolcanic intrusions, and semi-conformable
alteration zones.

Associated Deposit Types

Associations with other types of mineral deposits formed
in submarine environments remain tentative. There is likely
some genetic kinship among VMS deposits, Algoma-type
iron formations (Gross, 1980, 1996; Cannon, 1986), and
volcanogenic manganese deposits (Mosier and Page, 1988).
Sedimentary-exhalative (SEDEX) deposits have broadly
similar morphological features consistent with syngenetic
formation in extensional submarine environments, but their
interpreted paleotectonic settings (failed intracratonic rifts and
rifted Atlantic-type continental margins), hydrothermal fluid
characteristics (concentrated NaCl brines), absence or paucity
of volcanic rocks, and association with shale and carbonate
rocks distinguish them from VMS deposits (Leach and others,
2005).

The recognition of high-sulfidation mineralization and
advanced argillic alteration assemblages at hydrothermal dis-
charge zones in both modern and ancient submarine oceanic
arc environments has led to the hypothesis (Sillitoe and others,
1996; Large and others, 2001) that a transitional relationship
exists between VMS and epithermal (Au-Ag) types of mineral
deposits. Galley and others (2007) include epithermal-style



16 2. Deposit Type and Associated Commodities

mineralization in the hybrid bimodal-felsic subtype of their
VMS classification.

A rather enigmatic type of Co-, As-, and Cu-rich mas-
sive sulfide mineralization in serpentinized ultramafic rocks
of some ophiolite complexes (for example, Troodos and Bou
Azzer) has been attributed to magmatic (syn- or post-ophiolite
emplacement) and serpentinization processes (Panayiotou,
1980; Page, 1986; Leblanc and Fischer, 1990; Ahmed and oth-
ers, 2009). Recent discoveries at slow-rate spreading axes of
the Mid-Atlantic Ridge reveal that high-temperature hydro-
thermal fluids are precipitating Cu-Zn-Co-rich massive sulfide
deposits on substrates composed of serpentinized peridotite
(for example, Rainbow vent field; Marques and others, 2007).
Based on these modern analogs, it is suggested that Co-Cu-As
mineralization in ultramafic rocks of ophiolites may in fact
belong to the spectrum of VMS deposits.

Primary and Byproduct Commodities

Volcanogenic massive sulfide deposits are a major global
source of copper, lead, zinc, gold, and silver. Figure 2—1 illus-
trates the broad ranges in combined base-metal concentrations
(Cu+Zn+Pb) and tonnages for more than 1,000 VMS deposits

100

worldwide. Although generally present as trace constituents,

a number of other elements are of interest as economically
recoverable byproducts or environmental contaminants:
arsenic, beryllium, bismuth, cadmium, cobalt, chromium, gal-
lium, germanium, mercury, indium, manganese, molybdenum,
nickel, selenium, tin, tellurium, and platinum group metals.

Example Deposits

Worldwide, there are nearly 1,100 recognized VMS
deposits including more than 100 in the United States and 350
in Canada (Galley and others, 2007; Mosier and others, 2009).
Locations of significant VMS deposits in the United States are
plotted on a geologic base map from the National Atlas of the
United States in figure 2—2. Selected representatives of this
deposit type, grouped according to their lithologic associa-
tions, are presented in table 2—1 along with inferred tectonic
settings (modified from Franklin and others, 2005) and pos-
sible modern analogs.
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Grade and tonnage of volcanogenic massive sulfide deposits. Data are shown for 1,021

deposits worldwide. U.S. deposits are shown as red dots. Data from Mosier and others (2009) (Cu, copper;

Zn, zinc;.Pb, lead).
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Table 2-1.

Examples of deposit types with lithologic associations, inferred tectonic settings, and possible modern seafloor analogs.

Examples of
ancient deposits

Lithologic
associations

Inferred
tectonic settings

Possible
modern analogs

References

Rio Tinto (Spain); Brunswick 12
(Canada); Stekenjokk (Sweden);
Delta (USA); Bonnifield (USA)

Hanaoka (Japan); Eskay Creek
(Canada); Rosebery (Australia);
Tambo Grande (Peru); Arctic
(USA); Jerome (USA)

Horne (Canada); Komsomolskoye
(Russia); Bald Mountain (USA);
Crandon (USA)

Windy Craggy (Canada);

Besshi (Japan);

Ducktown (USA); Gossan Lead
(USA);

Beatson (USA)

Skouriotissa (Cyprus); Lasail
(Oman); Lokken (Norway); Betts
Cove (Canada); Bou Azzer (Mo-
rocco); Turner-Albright (USA)

Siliciclastic-felsic

Bimodal-felsic

Bimodal-mafic

Siliciclastic-mafic

Mafic-ultramafic

Mature epicontinental margin arc
and back arc

Rifted continental margin
arc and back arc

Rifted immature
intraoceanic arc

Rifted continental margin; sedi-
mented oceanic ridge
or back arc; intracontinental rift

Intraoceanic back-arc or fore-arc
basin; oceanic ridge

Okinawa Trough; Woodlark
Basin; Manus Basin

Kermadec Arc; Izu-Bonin
Arc; Mariana Arc

Guaymas Basin; Escanaba
Trough; Middle Valley;
Red Sea

Lau Basin; North Fiji Basin;
Trans-Atlantic Geothermal
(TAG) field; Rainbow vent
field

Ancient deposits: Tornos (2006); Goodfellow
and others (2003); Grenne and others (1999);
Dashevsky and others (2003); Dusel-Bacon and
others (2004)

Ancient deposits: Ohmoto and Skinner (1983); Bar-
rett and Sherlock (1996); Large and others (2001);
Steinmiiller and others, 2000); Schmidt (1986);
Gustin (1990)

Modern analogs: Binns and others (1993); Halbach
and others (1993); Binns and Scott (1993)

Ancient deposits: Gibson and others (2000); Prokin
and Buslaev (1999); Schulz and Ayuso (2003);
Lambe and Rowe (1987)

Modern analogs: Wright and others (1998); Glasby
and others (2000); Hannington and others (2005)

Ancient deposits: Peter and Scott (1999); Banno and
Sakai (1989); Stephens and others (1984); Gair
and Slack (1984); Crowe and others (1992);

Modern analogs: Koski and others (1985); Zieren-
berg and others (1993); Goodfellow and Franklin
(1993); Shanks and Bischoff (1980)

Ancient deposits: Constantinou and Govett (1973);
Alabaster and Grenne and others (1999); Stephens
and others (1984); Upadhyay and Strong (1973);
Leblanc and Fischer (1990); Zierenberg and oth-
ers (1988)

Modern analogs: Fouquet and others (1993); Kim
and others (2006); Rona and others (1993);
Marques and others (2007)
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3. Historical Evolution of Descriptive and Genetic

Knowledge and Concepts
By W.C. Pat Shanks Il

Massive sulfide deposits of base metal sulfides are among
the earliest metallic ore deposits known and extracted because
of their high grade, strong contrast with country rocks, iron
staining and gossans at the surface, and their relatively simple
mining and extraction. However, understanding the timing and
mode of emplacement of these deposits proved much more
difficult, and it was not until the second half of the twentieth
century that several lines of evidence, not the least being the
discovery of hydrothermal activity on the modern seafloor,
conspired to convince researchers and explorationists that
these deposits form syngenetically at or slightly beneath the
seafloor by hydrothermal exhalative processes.

Most workers in the nineteenth century believed massive
sulfide deposits, including many that would later be recog-
nized as VMS deposits, formed by fissure-filling and (or)
selective hydrothermal replacement. The source of the fluids
was controversial, with some researchers favoring lateral-
secretion from country rocks and some favoring fluids from
granitoid intrusives (Stanton, 1984). Emmons (1909) studied
so-called segregated vein deposits in the Appalachians from
Newfoundland to Georgia and established that many of the
deposits were formed prior to regional metamorphism. He
noted the complete gradation from schistose country rock to
sulfide-schist laminations to massive sulfide, and concluded
that the country rock and interbedded and massive ore are
all of the same age. Despite these seminal observations and
interpretations, most workers accepted epigenetic theories,
and even Emmons switched to a selective-replacement theory
for Ducktown ores (Emmons and Laney, 1911). The work of
Lindgren (1913) emphasized magmatic hydrothermal replace-
ment theories and was very influential, especially in North
America.

In the 1950s, discoveries of stratiform volcanic-hosted
massive sulfides in the Bathurst area of New Brunswick
opened the door for syngenetic interpretations (Stanton, 1959).
These ideas coincided with the emergence of the exhalative
theory as applied to massive sulfide deposits of the Norwegian
and Irish Caledonides (Oftedahl,1958; Dunham,1964).

Though still controversial in some quarters, the modern
era of studies of volcanic exhalative massive sulfides emerged
in the 1960s through a combination of new discoveries and
new exposures, improved radiometric dating, fluid inclu-
sion studies, new stable and radiogenic isotope studies, work

on continental hot springs (White and others, 1963), and, in
particular, discovery of modern seafloor hydrothermal activity
(Miller and others 1966; Bischoff, 1969; Edmond and others,
1979; Hekinian and others, 1980; Spiess and others, 1980).

Hydrothermal Activity and Massive
Sulfide Deposit Formation on the
Modern Seafloor

The recognition of abundant and widespread hydrother-
mal activity and associated unique lifeforms on the ocean
floor is one of the great scientific discoveries of the latter half
of the twentieth century. Studies of seafloor hydrothermal
processes led to advances in understanding fluid convection
and the cooling of the ocean crust, the origin of greenstones
and serpentinites, and the origin of stratiform and statabound
massive sulfide deposits. Suggestions of possible submarine
hydrothermal activity date from the late 1950s when a number
of investigators debated the importance of “volcanic emana-
tions” as a factor in the widespread occurrence of manganese
nodules and other ferromanganese oxide deposits on the
seafloor. For example, Arrhenius and Bonatti (1965), in their
classic paper “Neptunism and Vulcanism in the Oceans,”
stated the following:

The origin of authigenic minerals on the ocean floor
has been extensively discussed in the past with
emphasis on two major processes: precipitation from
solutions originating from submarine eruptions,

and slow precipitation from sea water of dissolved
elements, originating from weathering of continental
rocks. It is concluded that in several marine authi-
genic mineral systems these processes overlap. (p. 7)

Bostrom and Peterson (1966), in another classic paper,
published evidence for extensive and widespread Fe-rich
metalliferous sediments on the seafloor with a distribution
strongly correlated with the mid-ocean ridges (fig. 3—1). They
stated:

On the very crest of the East Pacific Rise, in equato-
rial latitudes—particularly 12° to 16°S, the sedi-
ments are enriched in Fe, Mn, Cu, Cr, Ni, and Pb.
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The correlation of these areas of enrichment to areas
of high heat flow is marked. It is believed that these
precipitates are caused by ascending solutions of
deep-seated origin, which are probably related to
magmatic processes at depth. The Rise is consid-
ered to be a zone of exhalation from the mantle of
the earth, and these emanations could serve as the
original enrichment in certain ore forming processes.
(p. 1258)

At about the same time, the discovery of hot brine pools
on the floor of the Red Sea (fig. 3—1) indicated the possibility
of direct precipitation of metalliferous sediments (fig. 3-2)
from hydrothermal brines on the seafloor (Miller and oth-
ers, 1966; Bischoff, 1969, Hackett and Bischoff, 1973). This
discovery more than any other resulted in a revolution in the
field of ore genesis and a reassessment of the origin of massive
sulfide deposits.

Following the Red Sea discoveries, several lines of
evidence from mid-ocean ridge studies and laboratory experi-
ments on basalt-seawater reaction (Bischoff and Dickson,
1975) indicated that seawater circulation through and reaction
with ocean crust, owing to convective heating by subseafloor
magma chambers, played a dominant role in the formation of
ore-depositing fluids. These investigations set the stage for the
discoveries of active hydrothermal vents and related sulfide
deposits on mid-ocean ridges, island-arc volcanoes, and back-
arc spreading centers. Active and inactive hydrothermal vent
systems and hydrothermal deposits on the modern seafloor are
more abundant than anticipated, especially considering that
only a small percentage of the ocean ridge and convergent
margins have been explored in detail. Over 300 sites with
evidence of significant past or present seafloor hydrothermal
activity are now known (Hannington and others, 2005).

In addition to the Red Sea brine deposits, several large
(millions of tons), high-metal-grade deposits are now known

on the mid-ocean ridges (fig. 3-2), including the Trans-
Atlantic Geotraverse (TAG) site on the Mid-Atlantic Ridge
(Humpbhris and others, 1995), the Middle Valley site (Zie-
renberg and others, 1998) on the northernmost Juan de Fuca
Ridge, and the 12°43” N site slightly east of the East Pacific
Rise (Fouquet and others, 1996).

In the back-arc extensional environment of eastern
Manus Basin, massive sulfide deposits with high concentra-
tions of Cu, Zn, Au, Ag, Pb, As, Sb (antimony), and Ba (fig.
3-2) are hosted by calc-alkaline rocks ranging in composition
from basalt to rhyolite. These deposits have been sampled
and drilled for exploration purposes (Binns and Scott, 1993),
and high grades and significant tonnages have spurred some
companies to complete environmental studies, and develop
seafloor mining technology, and seek permits in anticipation
of mining (Herzig, 1999; Baker and German, 2007; Kunzig,
2009). All of these studies confirm the interpretation of a
genetic kinship between modern seafloor deposits and ancient
VMS deposits.

Studies of deposits on the continents have proceeded in
concert with seafloor discoveries. Applications of chemical
and isotopic methods, interpretations of physical volcanol-
ogy and tectonic settings, and increasingly sophisticated
fluid inclusion studies have improved understanding. The
recognition of ophiolites as fossil oceanic crust formed at
seafloor spreading centers (Gass, 1968) was accompanied by
the realization that associated massive sulfide deposits were
syngenetic with their host volcanic strata (Hutchinson, 1965;
Constantinou and Govett, 1973). Studies of Kuroko deposits in
Japan established them as volcanic exhalitive in origin (Lam-
bert and Sato, 1974; Ohmoto and Takahashi, 1983). Besshi-
type deposits were recognized as deformed stratiform deposits
(Fox, 1984; Slack, 1993), and deposits from Archean and
Proterozoic greenstone belts, especially in northern Ontario,
were recognized as volcanogenic (Gilmour, 1965; Franklin
and others, 1981).
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4. Regional Environment

By Klaus J. Schulz

Geotectonic Environment

Volcanogenic massive sulfide (VMS) deposits are formed
in marine tectonic settings where a strong spatial and tempo-
ral relationship exists between magmatism, seismicity, and
high-temperature hydrothermal venting. These settings include
extensional oceanic seafloor spreading ridges, volcanic arcs
(oceanic and continental margin), and related back-arc basin
environments (fig. 4-1). In addition, extensional environments
may form in post-accretion and (or) successor arc settings
(rifted continental margins and strike-slip basins). Volcano-
genic massive sulfide deposits in Proterozoic and Phanerozoic
sequences can generally be assigned to specific plate tectonic
regimes, with all but the siliciclastic-felsic type represented
by modern analogs (table 2—1). However, the assignment
of deposits in Archean terranes is less certain, as the role of
conventional plate tectonic systems in early earth history
continues to be debated (Condie and Pease, 2008). Thus,
although Archean VMS deposits can be classified by the rela-
tive amounts of associated mafic, felsic, and sedimentary rock,
such classification does not necessarily correspond to modern
plate tectonic settings. However, because plate tectonic
processes appear to have operated at least since the Paleopro-
terozoic and possibly earlier, the geotectonic environments of
VMS deposits are described below in the context of modern
plate tectonic regimes.

In the modern oceans, the majority of known hydrother-
mal activity is located along mid-ocean ridges (65 percent),
with the remainder in back-arc basins (22 percent), along vol-
canic arcs (12 percent), and on intraplate volcanoes (1 percent)
(Baker and German, 2004; Hannington and others, 2004), but
this distribution is likely biased by ridge-centric exploration
driven by programs such as Ridge and InterRidge. In contrast,
most VMS deposits preserved in the geologic record appear to
have formed in extensional oceanic and continental volcanic
arc and back-arc settings like the Miocene Japan arc—back-arc
system and the modern Okinawa Trough and Lau and Manus
Basins (Allen and others, 2002; Franklin and others, 2005).
The general paucity in the geologic record of VMS deposits
that formed on mid-ocean ridges likely reflects subduction and
recycling of ocean floor crust since at least the Paleoprotero-
zoic; the crust of the present ocean floor is no older than180
million years (m.y.).

Although VMS deposits formed on mid-ocean ridges are
rarely preserved in the geologic record, study of the volcanic,
tectonic, and hydrothermal processes occurring at modern
ridge crests forms much of the basis for current models of
VMS-forming hydrothermal systems (Hannington and others,
2005). High-temperature (350 °C) black smoker vents, first
discovered on the East Pacific Rise in 1979 (Francheteau and
others, 1979: Speiss and others, 1980), are the most recog-
nizable features of seafloor hydrothermal activity and are
most common on intermediate- to fast-spreading mid-ocean
ridges. Studies of black smokers continue to provide impor-
tant information on the geodynamic and chemical processes
that lead to the formation of seafloor hydrothermal systems;
however, because of their inaccessibility, important ques-
tions about their formation and evolution remain, including
the three dimensional structure of seafloor hydrothermal
systems and the source(s) of heat driving high-temperature
fluid circulation. These aspects of VMS-forming systems, as
well as the regional architecture of the volcanic sequences
hosting deposits, are more easily investigated through detailed
and regional-scale studies of ancient VMS environments (for
example, Galley, 2003). However, interpretations of the setting
of ancient VMS deposits can be difficult, particularly when
they are present in tectonically deformed slivers in an orogen.

The tectonic settings described below represent end-
member types; many natural settings are transitional in some
respects between these settings (for example, a volcanic arc
and related back-arc basin may change laterally from conti-
nental to oceanic).

Mid-Ocean Ridges and Mature Back-Arc Basins
(Mafic-Ultramafic Lithologic Association)

The present global mid-ocean ridge system forms a
submarine mountain range more than 50,000 kilometers (km)
long and that averages about 3,000 meters (m) above the
abyssal seafloor. Different types of ridges are discriminated
on the basis of spreading rate and morphology, which vary
in response to regional tectonic stresses and rates of magma
supply (Sinha and Evans, 2004; Hannington and others, 2005).
These factors also influence the size and vigor of hydrother-
mal convection systems on ridges, and there is a general
positive correlation between increasing spreading rate and the
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Figure 4-1. Schematic diagram showing volcanogenic massive sulfide deposits in divergent (mid-ocean ridge and back-arc basin)
and convergent (subduction related island arc and continental margin arc) plate tectonic settings. Modified from Schmincke (2004)
and Galley and others (2007).
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Figure 4-2. Schematic diagram showing proposed hydrothermal fluid flow at a fast-spreading
ridge (for example, East Pacific Rise). Note that high-temperature (black smoker) vents occur above
shallower segments of the axial magma reservoir. Modified from Haymon and others (1991).



incidence of hydrothermal venting (Baker and others, 1996;
Baker, 2009).

At fast-spreading centers (full spreading rates of 6 to >10
centimeters per year [cm/yr]) such as the East Pacific Rise, high-
temperature fluids circulate to relatively shallow depths (1-2 km)
(fig. 4-2), owing to the intermittent presence of magma in shal-
low subaxial chambers, and venting correlates closely with the
areas of most recent volcanic eruptions. However, the deposits
formed on fast-spreading centers tend to be small (less than a
few thousand tons) because frequent eruptions tend to disrupt the
flow of hydrothermal fluids and bury sulfide accumulations, and
because the vent complexes are rapidly displaced from their heat
source by the fast spreading rate (Hannington and others, 2005).
Intermediate-rate spreading centers (4-6 cm/yr), such as the
Juan de Fuca and Gorda Ridge systems and the Galapagos Rift
in the eastern Pacific Ocean, are characterized by lower rates
of magma supply, deeper axial valleys, and greater structural
control on hydrothermal fluid upflow than at fast-spreading
ridges. Intermediate-rate spreading centers have some of the
largest known vent fields, with venting commonly focused
along the rift valley walls or in axial fissure zones. For exam-
ple, the Endeavour segment of the Juan de Fuca Ridge has
50-100 black smokers located in six evenly spaced vent fields,
2-3 km apart, along a 15-km segment of the axial valley (Del-
aney and others, 1992; Kelley and others, 2001). Slow-spread-
ing ridges (14 cm/yr) like the Mid-Atlantic Ridge between
13° and 15°N, are characterized by low rates of magma supply
and only intermittent local eruptions of basalt. These ridges
show evidence of vigorous tectonic extension characterized
by large amounts of rotation on normal faults and exposures
of intrusive gabbros and serpentinized ultramafic rocks in core
complexes formed by detachment faulting (Escartin and oth-
ers, 2008; Smith and others, 2008). At several locations along
the Mid-Atlantic Ridge, black smokers and massive sulfide
deposits, some characterized by enrichments in Ni, Co, and
platinum group elements, occur on top of serpentinized ultra-
mafic rocks representing exposed mantle (Krasnov and others,
1995; Bogdanov and others, 1997; McCaig and others, 2007).
As shown by the TAG hydrothermal field on the Mid-Atlantic
Ridge, large, long-lived hydrothermal systems can develop
on slow-spreading ridges (Kleinrock and Humphris, 1996;
Humphris and Tivey, 2000; Petersen and others, 2000).

Because ocean basins and their contained ridges compose
more of the Earth’s surface (approx. 48 percent) than any other
crustal type, submarine volcanic rocks are the most wide-
spread and abundant near-surface igneous rocks on Earth, and
about 80 percent or more of these rocks are basalt generated
at mid-ocean ridges. Basalts that form mid-ocean ridge crust
(MORB) are dominantly subalkaline tholeiitic basalt char-
acterized by depletions in thorium (Th), uranium (U), alkali
metals, and light rare earth elements (NMORB; Viereck and
others, 1989) relative to ocean island and continental basalts
and have distinctive isotopic characteristics (Hofmann, 2003).
Some intermediate- and slow-spreading centers have more
evolved magma compositions (ferrobasalt and andesite) that
reflect fractional crystallization, magma mixing, and (or)
local crustal assimilation at shallow to intermediate depths
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(Perfit and others, 1999). In addition, some spreading centers
(for example, portions of the Juan de Fuca Ridge system)

also have enriched tholeiitic basalts (EMORB) with elevated
concentrations of incompatible trace elements (for example,
Ba, Cs [cesium], Rb [rubidium], Th, U, K [potassium], light
rare earths); these enrichments also may be reflected in the
composition of hydrothermal fluids and sulfide deposits at
these locations (Hannington and others, 2005). Although most
ancient ocean floor appears to have been subducted over time,
rare obducted remnants, such as the Ordovician Bay of Islands
ophiolite in Newfoundland (Bédard and Hébert, 1996), are
present in some orogens. However, most ophiolites are frag-
ments of extensional arc and back-arc basins formed in supra-
subduction zone settings (Pearce, 2003). Although few ancient
examples of VMS deposits formed on mid-ocean ridges are
known, those formed at spreading centers in suprasubduction
zone settings (mafic-ultramafic association) include deposits
in the Troodos complex, Cyprus (for example, Mavrovouni
deposit; Galley and Koski, 1999); the Oman ophiolite, Oman
(for example, Lasail deposit; Alabaster and Pearce, 1985); the
Lokken ophiolite in central Norway (for example, Lokken
deposit; Grenne, 1989); the Betts Cove ophiolite, Newfound-
land (for example, Betts Cove deposit; Sangster and others,
2007); and the Josephine ophiolite, Orogen (for example,
Turner Albright deposit; Zierenberg and others, 1988).

Sediment-Covered Ridges and Related Rifts
(Siliciclastic-Mafic Lithologic Association)

Active spreading centers that become proximal to
continental margins through subduction of ocean crust (Juan
de Fuca and Gorda Ridge systems), ridge propagation and
development of a continental margin rift (East Pacific Rise
in the Gulf of California) (fig. 4-3), or more complex plate
tectonic processes (Red Sea) can experience high rates of
sedimentation by major rivers involving hemipelagic muds
and (or) clastic sediments derived from adjacent continental
crust. Today, about 5 percent of the world’s active spreading
centers are covered by sediment from nearby continental mar-
gins, including portions of the Juan de Fuca and Gorda Ridges
in the northeast Pacific and the northern East Pacific Rise in
the Gulf of California (Hannington and others, 2005). The
high rates of sedimentation at these sites (10—100 cm/1,000 yr
versus 1 ¢m/1,000 yr in the open ocean) result in thick sedi-
mentary sequences that provide an effective density barrier
to the eruption of relatively dense basalt on the seafloor. As
a result, volcanic eruptions are rare at sedimented ridges,
but subseafloor intrusions forming sill-sediment complexes
are common (Einsele, 1985). Venting of high temperature
hydrothermal fluids may occur around the margins of the
buried sills, as in Middle Valley, the Escanaba Trough, and
the Guaymas Basin today (Hannington and others, 2005).
Although the sills may be partly responsible for driving hydro-
thermal circulation, high-temperature fluids mainly appear to
originate in the volcanic basement where they are intercepted
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along their flow path by basement highs and focused upward
along growth faults or buried intrusions. At these sites, met-
als may be mainly deposited below the seafloor by replace-
ment of the host sediment, resulting in sulfide deposits that

are typically larger than deposits formed on bare mid-ocean
ridges (Hannington and others, 2005) Also, because the high-
temperature fluids may interact with continentally-derived
clastic sediments as well as ocean crust, the sulfide deposits
formed at sediment-covered ridges typically have different
proportions of base and precious metals, particularly higher Pb
and Ag contents (Franklin and others, 2005; Hannington and
others, 2005). In some cases where rifting has resulted from
propagation of an oceanic spreading axis into continental crust
or from upwelling of the asthenosphere (for example, Red
Sea), peralkaline rhyolites and transitional or alkaline basalts
may be present in addition to the subalkaline suite (Barrett and
MacLean, 1999).

Examples of ancient VMS deposits that appear to have
formed in a sediment-covered ridge setting include the Trias-
sic Windy Craggy deposit, Canada (Peter and Scott, 1999); the
late Paleozoic Besshi deposit, Japan (Slack, 1993); the Neo-
proterozoic Ducktown deposit, United States (Slack, 1993);
and the Miocene Beatson deposit, United States (Crowe and
others, 1992).

Intraoceanic Volcanic Arcs and Related
Back-Arc Rifts (Bimodal-Mafic Lithologic
Association)

Volcanic arcs are curved chains of volcanoes that are con-
vex toward the adjacent oceanic basin and separated from it by
a deep submarine trench. Intraoceanic arcs have oceanic crust
on either side and may overlie older arc volcanics, remnants
of oceanic crust, and intrusive mafic-ultramafic bodies. Early
intraoceanic arc volcanism is typically tholeiitic low-titanium
(Ti) island-arc basalt and boninite (high-magnesium [Mg]
andesite) (Stern and Bloomer, 1992; Pearce and Peate, 1995),
but the summit calderas of the largest volcanoes commonly
contain more silicic low-K volcanic rocks, including relatively
abundant rhyolite pumice and postcaldera dacite-rhyolite lava
domes (Fiske and others, 2001; Smith and others, 2003; Gra-
ham and others, 2008). Recent studies of several intraoceanic
arcs in the western Pacific show that the overall volcanism is
bimodal, with 30—50 percent of arc construction being dacitic
to rhyolitic (=63 weight percent [wt%] SiO,) (Graham and
others, 2008). As the arcs evolve, volcanism tends to become
more andesitic and calc-alkaline. The tholeiitic island-arc
basalts are mostly high-aluminum (Al) (=16.5 wt% AL O,)
and are the product of partial melting of the mantle caused by
the addition of H,O and other volatiles to the sub-arc mantle
through dehydration of subducting sediments and hydrated
oceanic crust. The basalts differ from MORB by having (1)
higher and more variable H,O contents, (2) enrichments of
large ion lithophile elements such as Cs, Rb, K, Ba, Pb, and Sr
(strontium), and (3) relative depletions in high field strength
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elements, particularly Nb (niobium) and Ta (tantalum) (Pearce
and Peate, 1995). These compositional characteristics are
broadly consistent with the selective transport of elements by
aqueous fluids derived from subducting sediments and oceanic
crust. The felsic volcanic rocks associated with these intraoce-
anic arc volcanoes are generally highly vesicular and glassy,
indicating degassing at depth and rapid cooling after mainly
pyroclastic eruption during caldera formation (Graham and
others, 2008). In addition, wide-angle seismic studies of some
arcs indicate midcrustal layers with distinctive P-wave veloci-
ties that are interpreted as felsic intrusions (Crawford and
others, 2003; Kodaira and others, 2007). The large volumes of
silicic rocks present in intraoceanic arcs as well as their com-
positional heterogeneity, even from the same center, suggest
that the silicic magmas are the result of dehydration melting of
underplated arc material (Smith and others, 2003; Tamura and
others, 2009).

Intraoceanic back-arc basins (regions of extension at
convergent plate margins where rifting and, in some cases,
seafloor spreading develops in the overriding plate) typically
develop during periods of oceanward migration and sinking of
the subducting plate (that is, slab rollback) and may accom-
pany or follow episodes of arc extension and rifting (Clift
and others, 1994; Marsaglia, 1995). The early rift phase of
back-arc basin formation is characterized by development of
structural grabens separated along strike by chains of volca-
noes and structural highs (Taylor and others, 1991). Volca-
nism is bimodal, with predominantly basalt lava flows and
cones and minor dacite and rhyolite lava flows in submarine
calderas. Large quantities of volcaniclastic sediment derived
from adjacent arc volcanoes may be deposited in the develop-
ing back-arc grabens (Clift and others, 1994). As extension
continues and back-arc basins mature, seafloor spreading may
commence with development of a spreading center similar to a
mid-ocean ridge. Volcanism along the back-arc basin spread-
ing center is tholeiitic basalt similar to MORB but is typically
characterized by enrichments in large ion lithophile elements
(for example, Cs, Rb, Ba, Th) and relative depletions in high
field strength elements, particularly Nb and Ta (Pearce and
Stern, 2006). These compositional attributes are attributed to
interaction between the mantle and a component derived from
the subducting slab of the arc system. The subduction signa-
ture of the back-arc basin basalts (BABB) tends to be greatest
early in the evolution of the basin, when the spreading center
is in closest proximity to the arc, and tends to diminish as the
basin grows (Hawkins, 1995). High-temperature hydrothermal
vents are commonly associated with back-arc volcanoes and
spreading centers (Hannington and others, 2005).

The classic examples of modern intraoceanic arc—back-
arc systems are the Izu-Bonin-Mariana arc and back-arc
trough and the Lau Basin and Tonga-Kermadec arc and back-
arc basin in the western Pacific (R.N. Taylor and others, 1992;
Ewart and others, 1998). In both arc systems, early arc volca-
nism consists of low-K basaltic pillow lavas, hyaloclastite, and
interbedded calcareous sediments. These rocks are overlain
by strata cones consisting of basalt to andesite lavas and
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volcaniclastic deposits (Smith and others, 2003). Some larger
volcanoes have experienced explosive caldera-forming erup-
tions involving dacitic to rhyolitic pyroclastics that occurred at
depths of at least 1,500 m (see Fiske and others, 2001; Smith
and others, 2003). High-temperature hydrothermal venting is
present in many of the calderas (de Ronde and others, 2003)
and is typically localized along caldera walls or on postcal-
dera felsic domes (Fiske and others, 2001; Wright and others,
2002). The venting generally occurs at shallower water depths
than that on mid-ocean ridges or back-arc spreading centers
(Hannington and others, 2005), resulting in widespread boiling
and hydrothermal fluids venting at generally lower tempera-
tures. In addition, the presence of sulfur-rich fumaroles and
low-pH vent fluids provides evidence of the direct input of
magmatic volatiles to the hydrothermal fluids. At least some
of these intraoceanic arc hydrothermal systems appear to be
transitional to magmatic-hydrothermal systems in subaerial
arc volcanoes and are characterized by distinctive polymetal-
lic sulfides and Au-Ag-barite-rich deposits (Hannington and
others, 1999).

High-temperature hydrothermal vents are present in the
back-arc basins associated with both the Izu-Bonin-Mariana
and Tonga-Kermadec arc systems. In the Mariana Trough,
high-temperature hydrothermal activity occurs both at an
axial volcano along the back-arc spreading center and at a
number of back-arc volcanoes immediately behind the arc
front (Ishibashi and Urabe, 1995; Stuben and others, 1995).

In the Lau Basin behind the Tonga arc, black smoker activity
resembling typical mid-ocean ridge hydrothermal vents occurs
on the northern Lau spreading center and is hosted by typical
MORB basalt. In contrast, vent activity in the south Lau Basin
is hosted mainly by arclike andesite and deposits contain
abundant barite, as well as much higher Pb, As, Sb, Ag, and
Au (Hannington and others, 1999). The north to south change
in the nature of back-arc magmatism and black smoker activ-
ity in the Lau Basin corresponds with (1) a significant change
in width of the basin from about 600 km in the north to only
about 200 km in the south, (2) a decrease in the spreading

rate from about 10 cm/yr in the north to about 4 cm/yr in the
south, (3) a decrease in axial water depth from 2,300-2,400 m
in the north to about 1,700 m in the south, and (4) a decrease
in the distance of the back-arc spreading center to the active
arc, which approaches to within about 20 km of the arc in the
southern part of the basin (Hannington and others, 2005).

Although high-temperature hydrothermal vents and
massive sulfide deposits are present in some volcanoes at
the front of intraoceanic arcs, these deposits are expected to
be relatively small because of smaller hydrothermal circula-
tion cells related to small, shallow magma chambers beneath
the summit calderas of the stratovolcanoes (Hannington and
others, 2005). The presence of abundant pyroclastic deposits
formed during explosive eruption events in these submarine
arc volcanoes (Fiske and others, 1998, 2001) also suggests that
the hydrothermal systems would experience frequent disrup-
tions. In addition, shallow water depths and lower confining
pressures at the summits of these arc volcanoes can result in

subseafloor boiling and development of vertically extensive
stockwork mineralization rather than development of large
seafloor massive sulfide deposits. From recent studies of
intraoceanic volcanic arcs and related back-arc rift systems, as
well as from comparisons with the geologic record, it appears
that the potential for the formation of large massive sulfide
deposits is greatest behind the arc (that is, associated with arc
rifting and back-arc development) rather than at the volcanic
front (Hannington and others, 2005).

Ancient examples of VMS deposits that are interpreted
to have formed in intraoceanic volcanic arc—back-arc settings
include the Archean Kidd Creek deposit, Canada (Barrie and
others, 1999); the Paleoproterozoic Crandon deposit, United
States (DeMatties, 1994); the Ordovician Bald Mountain
deposit, United States (Schulz and Ayuso, 2003); the Permo-
Triassic Kutcho Creek deposit, Canada (Barrett and others,
1996); and the Jurassic-Cretaceous Canatuan deposit, Philip-
pines (Barrett and MacLean, 1999).

Continental Margin Arcs and Related Back-Arc
Rifts (Bimodal-Felsic and Felsic-Siliciclastic
Lithologic Associations)

Submarine magmatic arcs and related back-arc basins
that develop in a basement of extended continental crust, pre-
existing arc crust, or entirely in a basement of continental crust
(continental margin arc—back-arc system) are characterized by
increased amounts of felsic volcanic rocks and more complex
chemistry of both arc and back-arc magmas, which can range
from MORB-like basalt compositions to medium and high-K
calc-alkaline and shoshonitic andesite, dacite, and rhyolite
(Barrett and MacLean, 1999). In addition, there can be consid-
erable overlap of magma sources, which can result in arclike
magmas being erupted in the back-arc region. Particularly in
continental margin arcs and back-arcs, the abundance of felsic
volcanic rocks may reflect both greater extents of fractional
crystallization of magmas trapped in thickened crust and direct
partial melting of continental crust. Because of their proximity
to continental crust, continental margin arc—back-arc systems
also can receive large amounts of siliceous clastic sediment.

The modern Okinawa Trough and Ryukyu arc south of
Japan are examples of a continental back-arc rift and margin
arc, respectively. In this region, oblique northward subduction
of the Philippine Sea plate has led to development of a
back-arc basin that varies in width from about 230 km in the
north to only 60—100 km in the south. In the north, the basin
is characterized by diffuse extensional faulting and water
depths of only a few hundred meters. In contrast, the central
part of the Okinawa Trough consists of several en echelon
grabens 50—100 km long and 10-20 km wide at water depths
up to 2,300 m. The variation in depth and style of rifting cor-
responds with major differences in crustal thickness, which
ranges from 30 km in the north to only 10 km in the south
(Sibuet and others, 1995). Also varying from north to south is
the thickness of sedimentary cover, which is up to 8 km in the
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north but only about 2 km in the south. The individual grabens
in the central Okinawa Trough contain a number of volcanic
ridges or elongate volcanoes composed of a bimodal calc-alka-
line suite of vesicular basalt, andesite, and rhyolite (Shinjo and
Kato, 2000). Hydrothermal activity is widespread around the
volcanic ridges, but the largest vent field (JADE) is located in
a structural depression (Izena cauldron) floored by basalt and
andesite with local dacite and rhyolite lava domes and a cover
of rhyolite pumice and mudstone (Halbach and others, 1989).
Polymetallic sulfides in the JADE field are distinctly rich in
Pb, As, Sb, Hg, Ag, Au, and Ba (Halbach and others, 1993).
Ancient examples of VMS deposits that are interpreted
to have formed in continental margin arc—back-arc settings
include the Miocene Kuroko deposits in Japan (Ohmoto and
Skinner, 1983); the Ordovician Brunswick No. 12 and other
deposits in the Bathurst mining camp, Canada (Goodfellow
and McCutcheon, 2003); the Jurassic Eskay Creek deposit,
Canada (Barrett and Sherlock, 1996); and deposits in the
Devonian-Mississippian Bonnifield district, United States
(Dusel-Bacon and others, 2004).

Temporal (Secular) Relations

Volcanogenic massive sulfide deposits have formed in
extensional submarine volcanic settings that range in age
from Paleoarchean (3.55 Ga) to Recent, with deposits actively
forming today at mid-ocean ridges and oceanic volcanic arcs
and back-arc basins. However, deposits are not uniformly
distributed through time but are concentrated particularly
in late Archean (2.85-2.60 Ga), Paleoproterozoic (2.0-1.7
Ga), Neoproterozoic (900—700 mega-annum [Ma]), Cambro-
Ordovician (550-450 Ma), Devono-Mississippian (400-320
Ma), and Early Jurassic to Recent (200-0 Ma) subaqueous
volcanic sequences (fig. 4—44; see also Galley and others,
2007). Similarly, the total tonnage and contained metal content
of VMS deposits are concentrated in late Archean (2.85-2.60
Ga), Paleoproterozoic (2.0-1.7 Ga), lower Paleozoic (550-450
Ma), upper Paleozoic (400-320 Ma), and Early Jurassic to
Recent (200-0 Ma) sequences (fig. 4—4H). Deposits less
than 15 Ma (middle Miocene) are almost all associated with
modern ocean settings (Franklin and others, 2005; Mosier and
others, 2009), due to limited obduction of younger marine vol-
canosedimentary sequences onto the continents. The heteroge-
neous temporal distribution of VMS deposits can be ascribed
to the balance between a deposit’s formation under specific
conditions in particular geodynamic settings and its preserva-
tion once formed (Groves and Bierlein, 2007). Most VMS
deposits preserved in the geologic record formed in subduc-
tion-related oceanic and continental volcanic arc and back-arc
settings, and their temporal distribution corresponds closely
with periods of major ocean-closing and terrane accretion
following the breakup of large continents (Barley and Groves,
1992; Titley, 1993; Groves and others, 2005). However, it
is likely that most VMS deposits have been lost from the
geologic record either by oxidation at the seafloor or through
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accretion, uplift, and erosion in marginal orogenic belts during
supercontinent assembly (Barley and Groves, 1992; Groves
and others, 2005).

The different VMS deposit types also show temporal
variations in abundance (figs. 4-4C-G). Deposits in the
bimodal-mafic association are most common in the Archean
and Paleoproterozoic, but they are also important constitu-
ents in the Mesozoic and Cenozoic. In contrast, deposits in
the mafic-ultramafic association are almost all Paleozoic
and younger, except for a small group of Paleoproterozoic
deposits (fig. 4—4G), reflecting the subduction of most ancient
ocean floor along convergent margins. The siliciclastic-mafic
and felsic-siliciclastic deposits are mainly Mesozoic, while
bimodal-felsic deposits are more evenly distributed although
less common in the Precambrian. These variations in deposit
types over time also reflect fundamental changes in tectonic
style through time, as well as differences in preservation of
different tectonic settings (Franklin and others, 2005; Groves
and others, 2005). The relatively rare occurrence in the early
Precambrian of both siliciclastic-mafic and felsic-siliciclastic
deposit types suggests that extensional continent margin tec-
tonic settings were less common during the early evolution of
the Earth.

Duration of Magmatic-Hydrothermal
System and Mineralizing Processes

Volcanogenic massive sulfide deposits are the product
of volcanically generated hydrothermal systems developed
at a specific time interval or intervals in the evolution of
submarine volcanic sequences. Structural, lithostratigraphic,
and geochemical characteristics of these submarine volcanic
sequences indicate that they formed during periods of exten-
sion. In most arc-related settings, peak extension or rifting
is short lived and often marked by the occurrence of high
silica volcanic rocks (dacite to rhyolite) and their intrusive
equivalents. It is during these short lived periods of extension,
typically lasting less than 2 to 3 m.y., that VMS deposits are
formed (Franklin and others, 2005).

Two major factors help control the fluid flow, discharge
duration, and life span of a VMS-forming hydrothermal
system (Schardt and Large, 2009): (1) the nature, depth, and
size of the heat source, and (2) the temporal permeability
distribution in the rock units and faults. The results of recent
numerical computer simulations of ancient and modern VMS
systems (see review in Schardt and Large, 2009) suggest
that the duration of significant hydrothermal fluid discharge
(T>150 °C) can last anywhere from 400 years to >200,000
years. These results are comparable to average radiometric
dates determined for modern seafloor hydrothermal systems
(<1,000 to about 250,000 years; Lalou and others, 1995; Scott,
1997). Numerical computer simulations conducted by Schardt
and Large (2009) suggest that in a hydrothermal fluid with
seawater salinity, 10 parts per million (ppm) Zn+Cu, and a
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Figure 4-4. Histograms showing (A-G) number of volcanogenic massive sulfide deposits and (H) tonnage of
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deposition efficiency greater than 10 percent, an average VMS
deposit (1.2 Mt total metal) could form within a time frame of
less than 5,000 years to as long as 14,000 years, depending on
geologic conditions such as temperature and depth of the heat
source. Fluids carrying lower amounts of metals are unlikely
to deposit sufficient base metals to form an average size
deposit, whereas a lower deposition efficiency (<10 percent)
would require a much longer time to form such a deposit.
Formation of a giant (>1.7 Mt Zn or 2 Mt Cu total metal)
and supergiant deposit (>12 Mt Zn or 24 Mt Cu total metal)
requires (a) a fluid with a higher metal content in solution (>10
ppm), (b) a deposition efficiency exceeding 10 percent, and
(or) (c) a longer time to accumulate sufficient metals. Higher
salinity hydrothermal fluids have increased metal-carrying
capacity and would improve chances of forming a large base
metal deposit.

Studies of the TAG hydrothermal field, located on the
slow-spreading Mid-Atlantic Ridge at 26°N, have shown
that activity began about 100,000 to 150,000 years ago with
low-temperature fluids forming stratiform Mn-oxide deposits
(Lalou and others, 1995). High-temperature hydrothermal
events, which first started about 100,000 years ago in the Mir
zone within the TAG field, have been episodic and generally
followed periods of basalt extrusion at an adjacent pillow lava
dome. The correlation between the hydrothermal and volcanic
events supports the interpretation that episodic intrusions at
the volcanic center supplied the heat to drive episodic hydro-
thermal activity at the adjacent TAG sulfide mound (Rona and
others, 1993). The radiometric studies at the TAG field show
that hydrothermal venting may be reactivated in the same area
and that periods of activity and quiescence may alternate with
a periodicity of thousands of years (Lalou and others, 1995).

Relations to Structures

Many VMS deposits occur in clusters or districts about
40 km in diameter that contain about a dozen relatively evenly
spaced deposits, one or more of which contains more than
half of the district’s resources (Sangster, 1980). Controls on
the localization of VMS deposits mainly involve volcanic
and synvolcanic features. Such features include, but are not
limited to, calderas, craters, grabens, and domes; faults and
fault intersections; and seafloor depressions or local basins.
Identification of these types of controls is generally limited
to relatively undeformed deposits with minimal or no postore
structural overprint.

In most cases, localization of sulfide mineralization
involved structural preparation of a plumbing system includ-
ing the development of permeable conduits for metalliferous
hydrothermal fluids. Faults show the most fracturing around
fault tip-lines (breakdown regions), the curvilinear trace of the
fault termination, where stresses associated with the displace-
ment gradient are concentrated and drive crack propaga-
tion into non-fractured rock (Curewitz and Karson, 1997).
Where two or more fault tip-lines are in close proximity, the
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individual breakdown regions merge, forming a single, modi-
fied breakdown region. Curewitz and Karson (1997) have
shown that the structural setting of hydrothermal vents varies
based on the geometry of the fault system and the mechanisms
that create and maintain permeable pathways for fluid flow
(fig. 4-5). Their global survey of hydrothermal vents showed
that 78 percent are near faults and 66 percent of the vents at
mid-ocean ridges are in fault interaction areas (Curewitz and
Karson, 1997). Detailed studies along both fast-spreading
mid-ocean ridges (for example, Haymon and others, 1991) and
slow-spreading ridges (for example, Kleinrock and Humpbhris,
1996) confirm the prevalence of hydrothermal venting in areas
of fault interaction. In addition, recent studies near slow- and
ultraslow-spreading segments of the Mid-Atlantic Ridge have
shown that high-temperature black smoker fluids have been
focused above low-angle detachment faults (fig. 4—6; McCaig
and others, 2007). Intense metasomatic and isotopic alteration
in the fault rocks along these detachment structures show that
large volumes of fluid have been focused along them result-
ing in potentially long-lived hydrothermal systems and large
massive sulfide deposits (Lalou and others, 1995; McCaig and
others, 2007).

The preferential alignment of ancient VMS deposits
and their proximity to volcanic vent areas and synvolcanic
faults demonstrates a pronounced structural control on their
location (for example, Hokuroku district; Scott, 1980). The
orientation of synvolcanic faults in extensional environments
is controlled by the direction of least principal stress during
periods of extension and volcanism (Cox and others, 2001).
The principal extensional direction can be subhorizontal and
perpendicular to the rift axis or, in more complex cases such
as transtensional rifts, oriented oblique to the rift axis (Klein-
rock and others, 1997). The synvolcanic faults provide loci for
magma migration as well as for hydrothermal fluid discharge.
Features useful in identifying synvolcanic faults in ancient
volcanic sequences (Franklin and others, 2005) include: (1)
local discontinuities in the stratigraphy of footwall sections;
(2) diachronous wedges of talus; (3) debris flows that thicken
or terminate over a short lateral distance; (4) transgressive
alteration zones; (5) synvolcanic dikes and dike swarms, par-
ticularly those that terminate in either cryptodomes or at intra-
volcanic sedimentary horizons; (6) the location of felsic lava
flows, domes, and cryptodomes marking a volcanic center; and
(7) the preferential alignment of volcanic vents.

Volcanic collapse structures in submarine settings are
mainly calderas, craters, and grabens. For example, recent
studies along the Izu-Bonin arc—back-arc system in the west-
ern Pacific Ocean have discovered several moderate- to deep-
water calderas characterized by rhyolite pumice (Fiske and
others, 1998, 2001; Yuasa and Kano, 2003) and hydrothermal
massive sulfide mineralization (Ishibashi and Urabe, 1995;
lizasa and others, 1999). Studies have interpreted submarine
calderas to be settings for several ancient VMS deposits and
districts, based on comparisons with the settings of modern
seafloor hydrothermal systems. (see Ohmoto, 1978; Stix
and others, 2003; Mueller and others, 2009). Ancient VMS



46 4. Regional Environment

STRUCTURAL MECHANICAL
SETTING INTERPRETATION

Tip-line area

Fault interaction area
* Dynamically
maintained
fractures
(stress concentration
and fracturing away
from main fault)

Locked
fault-intersection

Slipping
fault-intersection

D U Kinematically

maintained

fractures

D (re-open pre-existing

fracture networks
along a fault)

Fault trace * * *

Asystematic *

*

Figure 4-5. Schematic diagram showing examples of the different structural settings of
hydrothermal vents (red stars) relative to faults (straight lines) and breakdown regions (yellow
shaded areas). In the upper three examples, vents are located in areas of stress concentration
and are fracturing away from the main fault (dynamically maintained fractures), while in the
next three examples the vents are located along the fault in re-opened, pre-existing fracture
networks (kinematically maintained fractures). After Curewitz and Karson (1997).
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deposits that have interpreted caldera structure settings
include those of the Hokuroku district in Japan (Scott,
1980; Ohmoto and Takahashi, 1983), the Sturgeon Lake
district in Ontario (Morton and others, 1991; Hudak and
others, 2003; Mumin and others, 2007), and the Hunter
Mine Group in the Noranda district in Quebec (Mueller
and Mortensen, 2002; Mueller and others, 2009). Possible
structural controls within such caldera settings include ring
faults and their intersections with regional arc or back-arc
faults, hinge faults along asymmetric trapdoor-type col-
lapse structures, and volcanic domes and their margins. A
volcanic-related graben was evoked by Slack and others
(2003) and Busby and others (2003) as having controlled
the location and geometry of the thick, bowl-shaped Bald
Mountain deposit in Maine. In the Noranda district of
Quebec, some massive sulfide orebodies such as Millen-
bach are localized within former volcanic vents on a series
of structurally-aligned rhyolite domes (Knuckey and oth-
ers, 1982; Gibson and Galley, 2007). A detailed structural
analysis by Mumin and others (2007) of VMS deposits
within the south Sturgeon Lake caldera, Ontario, showed
that massive sulfides occur preferentially along faults
and fissures related to the formation of synvolcanic rifts
and grabens. The types and styles of favorable structures
reflect: (1) the composition, competency, and alteration
of the host rocks; (2) the history of synvolcanic tectonism
including extension-related collapse; and (3) orthogonal
faulting and shearing. In the Golden Grove deposit, West-
ern Australia, a synvolcanic growth fault is inferred by
Sharpe and Gemmell (2002) to coincide with the highest
grades of Cu (+Au) and the thickest zones of massive sul-
fide, magnetite, and footwall feeder zone mineralization.
The spatial-temporal conditions that control the for-
mation of submarine calderas also may largely determine
the size and location of contained VMS deposits (Stix and
others, 2003). Field studies and experimental work show
that two main types of faults develop during caldera col-
lapse: (1) inner faults, which generally dip outward and
accommodate the majority of displacement, and (2) outer,
inward-dipping faults associated with late-stage periph-
eral extension, normal faulting, and down sagging as the
caldera collapses (Stix and others, 2003; Kennedy and
others, 2004). In areas of extension and transtension, the
main caldera faults may not be circular, but instead may
be significantly more asymmetric (Kennedy and others,
2004). When these linear and arcuate structures intersect,
the resulting fracture system is better developed than in
other areas of the caldera and therefore forms particu-
larly favorable sites for hydrothermal circulation and the
formation of mineral deposits. In addition, asymmetric
calderas formed by subsidence either as a trapdoor along a
single hinge fault or as a series of blocks (Heiken and oth-
ers, 1986; Wohletz and Heiken, 1992) appear to provide
structural settings that are particularly favorable for the
formation of certain VMS deposits (Mueller and others,
2009). The formation of VMS deposits appears favored
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Figure 4-7. (left) Conceptual diagram showing the evolution
of a caldera-related submarine magmatic-hydrothermal
system. A, Asymmetric collapse of the caldera allows influx
of seawater along opening caldera margin fault; erupted
pyroclastic deposits pond within the developing asymmetric
basin. B, Cold seawater flows downward along outer
inward-dipping faults, while hot mineralizing fluids move

up along a series of outward-dipping faults resulting from
piecemeal caldera collapse. As a result, massive sulfide
deposits can form in a number of locations and possible water
depths within the caldera. C, Caldera resurgence, related

to renewed magmatism and intrusion into roof rocks above
the main magma chamber, is accompanied by the formation
of tensional faults as the center of the caldera is uplifted.
This permits additional hydrothermal fluid circulation and
formation of additional massive sulfide deposits in the central
parts of the caldera. Modified from Stix and others (2003).
[VMS, volcanogenic massive sulfide; Au, gold; Cu, copper; Zn,
zinc]

at two stages of caldera formation (fig. 4-7): (1) during and
immediately after caldera collapse and (2) during post-caldera
resurgence accompanying re-injections of magma at shallow
depth. During the initial subsidence of an asymmetric caldera,
a magmatic-hydrothermal system is opened and exposed
along the main outward-dipping caldera faults (fig. 4-74).
This opening promotes greater magma degassing and provides
opportunity for large influxes of seawater or local meteoric
water that may interact directly with the magma reservoir.
Over time, the initially deep hydrothermal system migrates
upward along inner caldera faults, while simultaneously the
hydrothermal system is recharged through the peripheral faults
(fig. 4-7B). Metals may be supplied to the hydrothermal fluid
directly by magma degassing and by high-temperature leach-
ing from the volcanic rocks. The largest VMS deposits are
generally developed in porous pyroclastic deposits adjacent to
caldera-bounding faults (Stix and others, 2003; Mueller and
others, 2009). During post-caldera resurgence, the injection of
new magma can cause uplift of the caldera floor and reac-
tivation of the hydrothermal system as open fluid pathways
develop along tensional faults (fig. 4-7C).

Summit calderas on submarine arc-front volcanoes are
generally relatively small (<10 km across) and are expected
to have only small hydrothermal systems and correspond-
ingly small but potentially high grade massive sulfide deposits
(Hannington and others, 2005). However, recent surveys in the
western Pacific have shown that such calderas and associated
hydrothermal activity are much more common than previ-
ously recognized (de Ronde and others, 2007). In addition,
calderas are rarely simple constructions because, over time,
they can evolve into composite structures, including nested
or overlapping caldera complexes (Mueller and others, 2009).
In the geologic record, such complex calderas can host major
massive sulfide resources (Mueller and others, 2009; Pearson



and Daigneault, 2009). In general, calderas on intraoceanic arc
volcanoes are smaller than those developed on continental-
margin arc volcanoes (Smith, 1979).

Structural controls also have been proposed for VMS
deposits that lack definitive evidence of a caldera setting. For
example, in back-arc areas where the crust is actively rift-
ing, large seafloor depressions or cauldrons may develop,
such as the DESMOS cauldron in the eastern Manus Basin
and the Izena cauldron in the Okinawa Trough (Hannington
and others, 2005). The DESMOS cauldron in the eastern
Manus Basin north of New Britain is located in extended crust
between ridges of vesicular calc-alkaline basalt to rhyolite
volcanic rocks. Hydrothermal venting occurs along a 10-km
strike length, and drilling has recovered sulfide-impregnated
volcaniclastic rocks from the top of a ridge to 380 m below the
seafloor. In the central part of the Okinawa Trough, back-arc
volcanism and hydrothermal activity occurs within several en
echelon grabens. The individual grabens are 50-100 km long,
10-20 km wide, and contain a number of volcanic ridges or
elongate volcanoes comprising bimodal vesicular calc-alkaline
basalt, andesite, and rhyolite. Hydrothermal activity occurs on
or adjacent to the volcanic ridges with the largest vent field
(JADE) located in a 5x6-km-wide and 300-m-deep structural
depression known as the Izena cauldron. Other examples
include the Tambo Grande deposit in Peru, attributed by Tegart
and others (2000) to localization in structurally-bound troughs
and second-order grabens, and the San Nicolas deposit in
Mexico, where syndepositional faults and the steep flank of a
rhyolite dome appear to have focused massive sulfide mineral-
ization, according to Johnson and others (2000).

One indirect structural control for VMS deposits is their
proximity to large subvolcanic sills, occurring as much as
2,000 m in the footwall of some deposits, which not only pro-
vide significant heat to drive hydrothermal systems, but also
can increase fracturing of host volcanic strata and focus hydro-
thermal fluids towards the seafloor (see Galley, 2003; Carr and
Cathless, 2008). Heat flow data for modern submarine systems
in Guaymas Basin, Gulf of California, further suggest that the
hydrothermal fluids are localized in fractures within the sills
and along their margins (Lonsdale and Becker, 1985). Finite
element modeling to simulate the deposit size and spatial
distribution of VMS deposits above the Bell River Complex
in the Matagami District in Quebec (Carr and Cathless, 2008)
shows that a simple dependence of host rock permeability
on temperature localizes hydrothermal upwelling above the
intrusive complex and produces a spatial pattern and range of
vented fluid volumes similar to that found in the Matagami
District. Similarly, three-dimensional modeling of the structure
and dynamics of mid-ocean ridge hydrothermal systems has
demonstrated that convection cells self-organize into pipelike
upflow zones spaced at regular distances of roughly 500 m
surrounded by narrow zones of focused and relatively warm
downflow (Coumou, and others, 2008). These results closely
approximate the regularly spaced high-temperature vents of
the Main Endeavour Field on the Juan de Fuca Ridge (Tivey
and Johnson, 2002).
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Other depositional controls relate mainly to paleotopog-
raphy. Seafloor depressions, regardless of origin, serve as local
basins for the deposition of both chemically and mechanically
deposited sulfides. Chemically-precipitated sulfides prefer-
entially accumulate in topographically low areas, especially
in cases where the vent fluids are high-salinity brines that
are denser than ambient seawater, forming local metallifer-
ous brine pools (see Large, 1992; Solomon, 2008). Seafloor
depressions also localize clastic sulfides eroded from sulfide-
rich chimneys, mounds, and other edifices. In many deposits,
these sulfides consist of sand- to silt-sized polymictic grains
that preserve graded bedding and other sedimentary features.
Rarely, VMS-derived debris flows contain cobble- to boulder-
size clasts of massive sulfide that accumulated in elongate
channels that extend as much as 1 km or more along strike
from their in situ source, such as in the high-grade, transported
orebodies at Buchans, Newfoundland, Canada (Walker and
Barbour, 1981; Binney, 1987).

Relations to Igneous Rocks

Volcanogenic massive sulfide deposits form at or near
the seafloor in extensional geodynamic settings in spatial,
temporal, and genetic association with contemporaneous
volcanism. The deposits are often directly hosted by, or occur
in, volcanic-dominated sequences, but they also can occur in
sediment-dominated sequences in association with periods of
volcanic-intrusive activity. In mafic-dominated juvenile envi-
ronments (for example, mafic-ultramafic, bimodal-mafic, and
siliciclastic-mafic lithologic associations), VMS deposits are
associated with boninite and low-Ti island-arc tholeiite, mid-
ocean ridge basalt (MORB), or back-arc basin basalt (BABB)
(Barrett and MacLean, 1999). Felsic rocks in mafic-dominated
juvenile settings are typically tholeiitic and relatively depleted
in trace elements (Barrett and MacLean, 1999; Hart and oth-
ers, 2004). In environments associated with continental crust
and typically dominated by felsic magmatism (for example,
bimodal-felsic and felsic-siliciclastic lithologic associations),
VMS-associated mafic rocks can include tholeiitic, calc-
alkaline, and alkaline basalts and andesites, with the felsic
rocks typically ranging from calc-alkaline dacite-rhyolite to
trace element enriched peralkaline compositions (Lentz, 1998;
Barrett and MacLean, 1999; Hart and others, 2004). The major
relationships between volcanic activity and VMS deposits
include: (1) controls on the localization of deposits in volcanic
and synvolcanic structures and lithologic units (Gibson and
others, 1999); (2) production of high rates of heat advection
to the near surface environment that drives seawater convec-
tion and fluid-rock interaction in footwall rocks (Schardt
and Large, 2009); and (3) contributions of metals and sulfur
through reaction of footwall rocks with convecting fluid and
(or) directly from magmatic-hydrothermal fluids (de Rhonde,
1995; Yang and Scott, 1996; Franklin and others, 2005; Yang
and Scott, 2000).
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Studies of modern hydrothermal activity on mid-ocean
spreading centers of all spreading rates demonstrate that
high-temperature vent fields are almost universally associ-
ated with the presence of magma; “hot rock” or nonmagmatic
heat sources appear insufficient to generate high-temperature
hydrothermal activity (Baker, 2009). In ancient volcanic
sequences, composite synvolcanic intrusions are often present
in the footwall below VMS deposits and are taken to repre-
sent the heat engine that initiated and sustained the subsea-
floor hydrothermal activity that formed the deposits (Galley,
2003, and references therein). At ocean spreading-ridge
settings magma may rise to within a few thousand meters of
the seafloor and form elongate gabbroic sills that parallel the
seafloor-spreading axis (Stinton and Detrick, 1992; Perk and
others, 2007). In settings with pre-existing ocean floor and arc
crust, mafic magmas may underplate the crust and produce
intermediate to felsic partial melts that form bimodal intrusive/
extrusive assemblages (Lentz, 1998). The resulting composite
(gabbro-diorite-tonalite-throndhjemite) intrusive complexes
may rise to within 2—3 km of the seafloor, while underplating
and extension in thicker (20-30 km) crust may result in mid-
crustal intrusions (Galley, 2003). Gibson and others (1999)
note that, in ancient VMS-hosting sequences, synvolcanic
intrusions can be recognized by: (1) their sill-like, composite
nature; (2) weak or absent contact metamorphic aureole; (3)
similar composition to rocks of the host volcanic sequence;
(4) similar, but commonly younger, age; (5) the presence of
hydrothermal alteration assemblages similar to those in the
host volcanic rocks; and (6) the presence of base metal (Cu,
Mo) and (or) gold mineralization.

Volcanogenic massive sulfide deposits bear a close rela-
tion to the volcanic lithofacies association that hosts them
(Gibson and others, 1999); the rocks of the footwall (and
immediate hanging wall) record the environment in which the
deposits form and the environment that influenced the deposit
morphology, mechanisms of sulfide accumulation and compo-
sition, and geometry and mineralogy of alteration assemblages
(Gibson and others, 1999; Franklin and others, 2005). In
addition, hanging-wall strata provide a record of the dura-
tion and termination of the mineralization event and indicate
how the deposit was preserved. Three end member lithofacies
subdivisions have been defined by Franklin and others (2005)
(fig. 4-8): (1) flow lithofacies association, (2) volcaniclastic
lithofacies association, and (3) sedimentary lithofacies asso-
ciation (discussed under the “Relations to Sedimentary Rocks”
section, this chapter). The associations can be further subdi-
vided into mafic and felsic subtypes, based on the dominant
composition of the volcanic rocks.

Flow Lithofacies Association

Flow-dominated successions include coherent ultramafic
(komatiitic), mafic, and (or) felsic lava flows and domes and
their associated autoclastic deposits (autobreccia, hyaloclas-
tite, and their redeposited equivalents) (fig. 4-8). Synvolcanic

intrusions are common and include dikes, sills, and occasion-
ally cryptodomes (and associated peperite). Volcaniclastic
rocks are a minor component and typically consist of rede-
posited hyaloclastite breccia and some primary pyroclastic
deposits. Minor amounts of sedimentary rocks may be present
and typically consist of carbonaceous argillite and immature
volcanic-derived wacke, minor carbonate, and minor chemical
sediments (exhalite, iron-formation).

Flow-dominated successions form volcanic complexes
composed of single or composite submarine shield-like volca-
noes constructed through effusive eruption processes at depths
generally greater than 1,000 m (Gibson and others, 1999). In
these successions, VMS deposits typically occur at breaks in
volcanism, which can be marked by local or laterally exten-
sive sulfidic, water-laid tuff, and (or) chemical sedimentary
units (exhalite horizons). Because the host rocks are relatively
impermeable, ascending hydrothermal fluids are focused
along permeable zones and sulfide precipitation occurs at and
immediately below the seafloor. Resulting regional semicon-
formable alteration is focused on areas of high permeability
such as flow contacts, flow breccias, amygdules, and synvol-
canic faults (Gibson and others, 1999). The sulfide deposits
grow through the processes of chimney growth, collapse,
replacement of chimney debris, and finally renewed chimney
growth (Hannington and others, 1995) to form classic mound
or lens-shaped deposits above a stringer or stockwork sulfide
zone. Volcanogenic massive sulfide deposits that form in mafic
flow-dominated successions tend to be Cu-rich, while those
in felsic successions tend to be Cu-Zn+Pb-rich. Examples
of VMS deposits in the flow lithofacies association include
deposits forming on modern mid-ocean spreading ridges
(Hannington and others, 1995), ophiolite-hosted deposits (Gal-
ley and Koski, 1999), and intracaldera deposits in the Archean
Noranda Camp (Mueller and others, 2009).

Volcaniclastic Lithofacies Association

Volcaniclastic-dominated successions are largely com-
posed of pyroclastic and syneruptive redeposited pyroclastic
and epiclastic deposits, along with subordinate coherent mafic
and felsic lava flows and domes (+autobreccia, hyaloclastite,
and their redeposited equivalents), cryptodomes with associ-
ated peperite and (or) fluidal breccia, and lesser synvolcanic
dikes, sills, and clastic sedimentary rocks (fig. 4-8). The
clastic sedimentary rocks, which commonly occur within the
hanging wall sequence, are typically carbonaceous argillite,
immature epiclastic volcanic wacke, and carbonate units. The
dominance of pyroclastic rocks in this lithofacies suggests
explosive eruptions in relatively shallow (<1,000 m) water
volcanic environments characterized by the construction
of central volcanic complexes with one or more submarine
volcanoes (Gibson and others, 1999). The occurrence of thick,
localized successions of juvenile volcaniclastic rocks in the
upper or central parts of the sequence suggests emplacement
within large subsidence structures or calderas (Busby and
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others, 2003; Hudak and others, 2003; Mueller and others,
2009). Volcaniclastic lithofacies associations are common
in bimodal-mafic, bimodal-felsic, and felsic-siliciclastic
associations.

Initial hydrothermal discharge in volcaniclastic-dom-
inated successions occurs over a larger area than in flow-
dominated successions, with relatively unfocused discharge
occurring from numerous coalescing hydrothermal vents that
are sometimes confined to linear, fault-controlled depressions
or grabens (Gibson and others, 1999). Sulfide precipitation
commonly occurs within pore spaces of the highly permeable
volcaniclastic footwall as unfocused ascending hydrother-
mal fluid is cooled by interaction with trapped and entrained
seawater. This results in the replacement of the volcaniclastic
rocks and formation of tabular or sheet-like, largely subsea-
floor replacement VMS deposits. With continued hydrothermal
circulation, zone refining processes can lead to replacement
of early-formed pyrite and pyrite-sphalerite mineralization by
higher-temperature chalcopyrite and sphalerite-chalcopyrite
assemblages (Eldridge and others, 1983). In addition, because
some volcaniclastic-dominated successions develop in shallow
water settings, the resulting VMS deposits may show similari-
ties with subaerial epithermal deposits, including more Au-rich
compositions and advanced argillic-type alteration zones,
represented in ancient deposits by aluminum-silicate alteration
assemblages or K-bearing assemblages (sericite, K-feldspar)
(Gibson and others, 1999; Hannington and others, 1999¢).

Examples of VMS deposits associated with volcaniclastic
lithofacies association include the Horne, Gallen, and Mobrun
deposits, Noranda Camp, Canada (Mueller and others, 2009);
the Mattabi deposit, Sturgeon Lake Camp, Canada (Morton
and others, 1991; Hudak and others, 2003); the Garpenberg
and Zinkgruvan deposits, Bergslagen District, Sweden (Allen
and others, 1996); the Rosebery and Hercules deposits, Tasma-
nia (McPhie and Allen, 1992); and the Bald Mountain deposit,
United States (Busby and others, 2003).

Relations to Sedimentary Rocks

Sediment-dominated successions that host VMS deposits
consist of two distinct facies: (1) a siliciclastic facies com-
posed predominantly of wacke, sandstone, siltstone, argillite,
and locally iron formation or Fe-Mn-rich argillite, and (2) a
pelitic facies with argillite, carbonaceous argillite, siltstone,
marl, and carbonate (bioclastic and chemical) (Franklin and
others, 2005). Also present in these sediment-dominated
successions are subordinate coherent mafic and (or) felsic
lava flows, domes, cryptodomes, and associated autobreccia,
hyaloclastite, and peperite, or voluminous felsic volcani-
clastic units with subordinate felsic lava flows, domes, and
cryptodomes (fig. 4-8). In some sedimentary successions, the
dominant volcanic component may be synvolcanic dikes, sills,
and cryptodomes. The VMS deposits are spatially associ-
ated with complex volcanic centers developed in smaller
subsidence structures located within larger sediment-filled

extensional basins; however, the immediate host rocks may

be either sedimentary or volcanic. Like some VMS deposits
formed in volcaniclastic-dominated successions, deposits in
sediment-dominated successions may form just below the
seafloor through precipitation in pore spaces and replacement
of the sedimentary rocks. This kind of formation may be aided
by the presence of a cap layer of silica, carbonate, or sulfide
acting as a physical barrier to ascending hydrothermal fluids.
In sedimentary successions dominated by terrigenous clastic
sedimentary rocks in continental rifts and back-arc basins,

the VMS deposits generally contain significant Pb and Ag
(Zn-Pb-Cu-Ag deposits) (Franklin and others, 2005). Ancient
examples of VMS deposits in sediment-dominated successions
include the Brunswick No. 12 deposit, Bathurst mining camp,
Canada (Goodfellow and McCutcheon, 2003); Windy Craggy
deposit, Canada (Peter and Scott, 1999); and deposits in the
Iberian Pyrite Belt, Spain and Portugal (Carvalho and others,
1999).

Iron formations and other hydrothermally precipitated
chemical sediments (for example, chert, jasper, Fe-Mn-rich
sediment) commonly display a spatial and temporal asso-
ciation with VMS deposits (Spry and others, 2000) and are
particularly well developed and laterally extensive in sedi-
ment-dominated successions that formed in continental rift
and back-arc settings (for example, Bathurst mining camp,
Canada). These “exhalites” typically occur in the immediate
vicinity of the sulfide deposit and can be at the same strati-
graphic horizon, or slightly lower or higher (Peter, 2003).
Jaspers (hematitic cherts) commonly form thin, localized
caps over VMS deposits, while in other districts relatively
thin (<2 m thick) iron formations can form laterally extensive
marker horizons that interconnect (in time and space) several
massive sulfide deposits. These thinly bedded to laminated
rocks are dominantly precipitated from submarine hydrother-
mal fluids, but they also contain contributions from clastic
detritus (for example, Al, Ti) and seawater. Use of iron forma-
tion as a stratigraphic guide in the exploration for VMS depos-
its has met with variable success. A positive europium (Eu)
anomaly in iron formation is taken to reflect high-temperature
fluid venting and may serve as a guide to mineralization in
some districts (Peter, 2003). In addition, mineralogical varia-
tions from oxide through carbonate to sulfide within region-
ally extensive iron formations may indicate proximity to more
focused, higher temperature hydrothermal vent complexes
(Galley and others, 2007), although subsequent metamorphism
often overprints primary mineralogy.

Relations to Metamorphic Rocks

Volcanogenic massive sulfide deposits are syngenetic
deposits and are not directly related to metamorphic processes.
However, the stratified, district-scale semi-conformable
alteration that typically develops from subseafloor hydrother-
mal convection above cooling sill complexes can produce
alteration mineral assemblages that mimic those produced by



regional metamorphism (Spooner and Fyfe, 1973; Alt, 1995;
Hannington and others, 2003). The resulting alteration mineral
assemblages can vary from amphibolite-facies assemblages
(for example, Fe-Ca-rich amphibole, clinozoisite, Ca-plagio-
clase, magnetite) directly above the intrusions through Na-
Ca-rich greenschist facies assemblages (for example, albite,
quartz, chlorite, actinolite, epidote) to zeolite-clay and related
subgreenschist facies mineral assemblages (for example,
K-Mg-rich smectites, mixed-layer chlorites, K-feldspar) closer
to the seafloor (Galley and others, 2007). In addition, some
VMS deposits formed in shallow water settings are character-
ized by proximal aluminum silicate alteration of their footwall
rocks. As described by Bonnet and Corriveau (2007), regional
metamorphism of the hydrothermal alteration zones related

to massive sulfide formation can produce distinctive mineral
assemblages and rock types that can serve as guides to min-
eralization in ancient volcano-plutonic terranes (for example,
hydrothermal aluminum silicate alteration can give rise to silli-
manite-kyanite-quartz-biotite-cordierite-garnet assemblages at
upper amphibolite-granulite metamorphism).

Prograde metamorphism of massive sulfides also pro-
duces changes (Marshall and others, 2000), including: (1)
grain-size coarsening of the base metal sulfides; (2) conversion
of pyrite to pyrrhotite and generation of pyrrhotite through
sulfidation of Fe in other minerals above the greenschist-
amphibolite facies boundary; (3) a progressive increase in
the FeS content of sphalerite as well as chalcopyrite exsolu-
tion from sphalerite; (4) the formation of zinc spinel, zincian
staurolite, and Pb-rich feldspar at upper amphibolite-granulite
facies conditions; (5) the release of gold from pyrite and its
partitioning between electrum and chalcopyrite; (6) release of
other trace elements included or nonstoichiometrically substi-
tuted in base metal sulfides; and (7) the partitioning of trace
elements between equilibrium sulfide pairs. Some of these
prograde metamorphic effects can be reversed under appropri-
ate retrograde processes (for example, pyrrhotite can undergo
sulfidation to pyrite). In addition, deformation accompanying
metamorphism can result in mobilization and redistribution of
massive sulfide mineralization (Marshall and Gilligan, 1993;
Marshall and others, 2000), including the separation of more
ductile minerals, such as galena and sphalerite, from more
brittle sulfide minerals, such as pyrite.
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5. Physical Volcanology of Volcanogenic Massive Sulfide

Deposits

By Lisa A. Morgan and Klaus J. Schulz

Introduction

Volcanogenic massive sulfide (VMS) deposits form at
or near the seafloor in a variety of marine volcano-tectonic
terranes (fig. 5-1). These deposits form from a spectrum of
volcanic and hydrothermal processes (fig. 5-2), include a
broad range of chemical compositions, occur in a variety of
tectonic settings, and commonly display marked contrasts
in physical characteristics between the ore body and its host
rock. Volcanogenic massive sulfide deposits are enriched in
Cu, Pb, Zn, Au, and Ag and are significant global sources of
these elements. Approximately 1,100 VMS deposits have been
identified worldwide with a total estimated resource of about
10 Bt (billion tons) (Mosier and others, 2009).

A highly effective approach in understanding the origin
and evolution of VMS deposits is the application of physical
volcanology, the study of eruption dynamics and emplacement
processes responsible for the resultant deposit(s). Physical
volcanology is especially useful in hydrothermally altered
and metamorphosed volcanic terranes. In general, physical
volcanology is used (1) to identify the products and deposits
associated with volcanic eruptions; (2) to understand the com-
plex mechanisms associated with eruptions; (3) to comprehend
mechanisms of emplacement and post-emplacement processes
of the deposits; and (4) to recognize volcanic terranes by their
geomorphology (Gibson and others, 1999; Gibson, 2005).

Physical volcanology is important in the classification of
VMS deposits (McPhie and others, 1993; Gibson and others,
1999) (fig. 5-2). The controls on whether an eruption is
explosive or effusive include the magma composition, volatile
content, eruption rate, viscosity, and ambient conditions,
especially the presence of external water and ambient pressure
(Cas and Wright, 1987; Cas, 1992). The reconstruction of
volcanic history through facies analyses and stratigraphic
correlation permits the paleogeographic and geotectonic
environment of older volcanic terranes to be revealed. This
provides a framework to understand the controls for localiza-
tion of mineralization. Recognition of distinctive volcanic
facies and facies associations is critical to reconstructing the
original facies architecture of the system (McPhie and Allen,
1992). Techniques such as geologic mapping, stratigraphic
and facies analyses, geochemical and geophysical fingerprint-
ing, and interpretation of core samples help define the specific

volcanic-tectonic setting and contribute to the identification of
distinct volcanic environments that are favorable for the for-
mation of VMS deposits. This approach enhances predictive
capability and provides a basis for establishing criteria for
exploration.

We use the classification system of Franklin and
others (2005) and Galley and others (2007), recognizing five
lithostratigraphic deposit types and associated tectonic terranes
in which VMS deposits form (fig. 5-1). This classification
scheme considers the entire stratigraphic sequence or volcano-
sedimentary cycle within a district (Franklin and others, 2005).
Each sequence is bounded either by faults, disconformities,
or unconformities marking a significant break in the strati-
graphic record (Franklin and others, 2005). Deposits within a
specific district are confined to a limited volcanic episode or
stratigraphic interval (Franklin, 1996), usually lasting <2 m.y.
These deposits form in terranes at different levels of maturity
in their evolution and include (fig. 5—1 inset):

1. primitive intraoceanic back arc, fore-arc basin, or
oceanic ridge producing a mafic-ultramafic suite typ-
ified by ophiolite sequences containing <10 percent
sediment (for example, Cyprus, Oman) (Franklin
and others, 2005) (fig. 5-1);

2.  incipient-rifted intraoceanic arcs producing a
bimodal-mafic suite typified by lava flows and <25
percent felsic strata (for example, Noranda, Ural
Mountains);

3. incipient-rifted continental margin arc and back arc
producing a bimodal-felsic suite, typified by 35-70
percent felsic volcaniclastic strata (for example,
Skellefte, Tasmania, Jerome);

4.  mature epicontinental margin arc and back arc
producing a siliciclastic-felsic suite dominated by
continent-derived sedimentary and volcaniclastic
strata (for example, Iberia, Bathurst); and

5. rifted continental margin or intracontinental rift or
sedimented oceanic ridge producing a siliciclastic-
mafic suite typified by subequal amounts of pelite
and basalt (for example, Windy Craggy, Besshi).
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Figure 5-2. Genetic classification of volcanic deposits erupted in water and air (from Gibson and others, 1999).

The mafic-ultramafic, bimodal-mafic, and siliciclastic-mafic
volcanic suites are associated with ocean-ocean subduction-
related processes and represent various stages in the evolution
of arc development (Franklin and others, 2005). Bimodal-
felsic and siliciclastic-felsic volcanic suites are associated with
continental margins to back-arc environments. These suites
were developed in submarine environments where about 85
percent of all volcanism on Earth occurs (White and others,
2003). Tables 5—1 and 5-2 consider the differences for sub-
aerial volcanic deposits versus those emplaced in subaqueous
environments, prime locales for VMS deposition.

Volcanogenic massive sulfide mineralization occurs
in two main types of volcanic deposit associations, each of
which may contain subordinate sedimentary lithofacies: lava
flow—dominated lithofacies associations and volcaniclastic-
dominated lithofacies associations. These associations are
suggested to correspond in general to deposits that formed
in deep water versus shallow water volcanic environments,
respectively (Gibson and others, 1999) (fig. 5-34). A third
lithofacies type that hosts or is associated with VMS mineral-
ization is sediment dominated (see fig. 4-8).

Volcanic processes and deposits have a major influence
on modifying their physical environments (for example, water
depth, elevation, gradient, and relief) (McPhie and Allen,
1992) (fig. 5-3). Explosive volcanism can occur suddenly and

can erupt large volumes of pyroclastic material resulting in
abnormal sedimentation rates, changes in drainage patterns,
and deposition of lateral facies that represent contrasting
emplacement processes. Of all rock types, volcanic rocks have
the largest range of physical properties, including density,
porosity, permeability, and chemical stability. Post-emplace-
ment processes such as vitrification, devitrification, quenching,
welding, degassing, and alteration impose additional variabil-
ity in the diversity and properties of rock types. Volcanic rocks
can be emplaced at extremely high and low temperatures and
in dry and wet forms. Discharge rate and magma composi-
tion control the shapes and dimensions of lava flows (Walker,
1992).

The bulk density of overlying host strata and the density
of magmas that intrude the sequence influence the type of vol-
canism and whether lavas are emplaced on the surface, intrude
into wet sediment and mix to create peperite, intrude into the
sediments as invasive flows, or are emplaced as shallow dikes
and sills never reaching the surface. Multiple and overlapping
volcanic events may be contemporaneous but not geneti-
cally related (fig. 5—4), and thus it is critical in establishing
the volcanic history of the terrane that the different volcanic
environments responsible for emplacement of specific volca-
nic deposits are understood and can be identified (McPhie and
Allen, 1992; McPhie and others, 1993).



68 5. Physical Volcanology of Volcanogenic Massive Sulfide Deposits

Table 5-1. Comparison of some important properties of air versus water and their effects on eruptions. Note the similar values for
the viscosity of steam and the values for heat capacity to those of air. Heat capacity per volume for both air and steam is much lower
than that of water; the values in the table are heat capacity per kilogram. Thermal conductivity of water is about 20 times that of air,
but steam has a thermal conductivity almost 50 times that of water.

[Source: White, 2003. kg/m?, kilogram per cubic meters; mPaes, millipascal-second; J/kgeK, joule per kilogram-Kelvin; W/meK, watt per meter-Kelvin;
°C, degree Celcius; K, Kelvin; STP, standard conditions for temperature and pressure]

Air Water (*steam)

Density

1.239 kg/m?® (cold dry air at sea level) decreases with altitude 1,000 kg/m? (fresh water, standard conditions)

1,025 kg/m? (typical surface seawater)

Viscosity

0.0179 mPaes (millipascal) at 15°C, STP 1.00 mPaes (millipascal) at 20°C, STP

*0.01 mPaes (millipascal) saturated steam, STP

Specific heat capacity

1,158 J/kgeK (at 300 K)

4,148.8 J/kgeK (liquid water at 20°C)
*1,039.2 J/kgeK (water vapor at 100°C)

Thermal conductivity

0.025 W/meK (air at sea level)

0.56 W/meK (liquid water at 273 K)
* 27.0 (water vapor at 400 K)
** 2.8 (ice at 223 K)

Role of Water in Submarine Volcanism

Water plays an important role in controlling and influenc-
ing the physical nature of volcanism. Over two thirds of the
Earth’s surface is below sea level and, as recent submarine
investigations reveal, volcanism is more common on the
seafloor than in the subaerial environment (Fisher and others,
1997). Until recently, few eruptions on the seafloor have been
witnessed, but those that have been witnessed on the seafloor
(Chadwick and others, 2008) have provided new and insight-
ful observations (Kessel and Busby, 2003; Cashman and
others, 2009; Chadwick and others, 2009). Much remains to
be learned about the effects of ambient water and hydrostatic
pressure on volcanic eruptions in deep marine environments
(fig. 5-2; tables 5—1, 5-2) (see also Busby, 2005; Clague and
others, 2009).

The environment of formation for all VMS deposits is
subaqueous and, thus, water strongly influences subsequent
volcanic processes and the physical nature of rock created.
Water creates a very different set of conditions for submarine
volcanism compared to more frequently observed subaerial
volcanism. In the submarine environment, ambient tempera-
tures may be at near-freezing temperatures; pressures can
range up to 500 bars (approximately 5000 m water depth)
or more (McBirney, 1963). Water can be locally heated by
lava and change rapidly from a liquid phase to a vapor phase,
resulting in a sudden increase in total volume.

Classification System

Figure 5-1 highlights the volcanic and sedimentary rock
types for each major VMS deposit subtype in the classifica-
tion system used. The volcanic deposits can be subdivided and
grouped into two primary environments: (1) those dominated
by high-level dikes, sills, cryptodomes, and lava flows
(fig. 5-1-A, B, C), and (2) those dominated by volcaniclas-
tic and sedimentary sequences (fig. 5D, E). The following
is a summary of the physical volcanological characteristics
for each of the lithostratigraphic types and associated tec-
tonic terranes linked with VMS deposition. The focus of this
chapter is on the specific terranes and specific volcanic-related
deposits that are common to VMS terranes. As such, in regard
to volcanic and sedimentary rocks, only those rock types that
are typical to VMS deposits are discussed, including pillow
basalts and other flow forms in deep water environments,
lobe-hyaloclastite rhyolite, felsic lava domes, felsic flow com-
plexes, pyroclastic deposits, flow- or volcaniclastic-dominated
sequences, terrigenous clastic sediments, and shale/argillitic
sequences. Subvolcanic intrusions, mapped as deep crustal
bodies and plutons, provide the major sustained heat sources
for VMS mineralization and are discussed at the end of this
chapter.



Table 5-2. Comparison of some important environmental factors for subaqueous and subaerial eruptions.

[Source: White, 2003]
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Phenomenon Subaqueous Effect Subaerial Effect
(+ trend)
Steam from interaction Ubiquitously formed Expansion (may be vio- Steam from interaction Expansion (may be

with magma, hot parti-

cles, and (or) as magmatic

volatile

Pressure

Thermal behavior

Rheology

above critical depths
by interaction of
magma with ambient
water, films on hot
clasts, from magma at
shallower than critical
depths

Hydrostatic pressure

High heat capacity

High density, high
viscosity

lent), high buoyancy,
low heat capacity com-
pared to water, steam
formation suppressed
with depth; disappears
at ~3 km in seawater

Damps expansion of

steam from boiling and
of magmatic gases;

in combination with
cooling, condenses

gas in eruption plumes
to produce aqueous
plumes or currents;
effect increases
strongly with depth

Rapid cooling of magma,

hot rock (but see steam,
above) can cause frag-
mentation by granula-
tion

Low clast settling veloci-

ties, slower movement
or expansion of plumes,
currents; hot particles
may be temporar-

ily buoyant, and some
pumice persistently
buoyant; gas-supported
currents require very
high particle concen-
trations to remain
negatively buoyant

with magma only in
“wet ” sites, steam in
eruption plume also
from heating of air
entrained, and from
magma

Atmospheric pressure

Low heat capacity

Low density, low
viscosity

violent), buoyant when
hot, condensing water
alters particle transport
properties (for ex-
ample, adhesion) heat
capacity similar to air

Allows expansion of

gases; eruption plumes
are at maximum pres-
sure near vent exit,

and pressure decreases
gradually with height in
atmosphere

Slow cooling of magma,

hot rock; granulation
not effective, but dyna-
mothermal spalling for
some lavas

High clast settling veloci-

ties, granular collisions
more important in
transport; all clasts
more dense than
atmosphere at all times;
gas-supported currents
negatively buoyant
even at low to moder-
ate particle concentra-
tions

Flow Lithofacies Associations

Essential elements in the lithofacies classification include
(1) coherent lava flows and domes of several compositions
ranging from ultramafic to mafic to felsic; (2) possible associ-
ated autoclastic deposits (autobreccia, hyaloclastite, and
redeposited equivalents) (Franklin and others, 2005); and (3)

and range from redeposited autobreccia to primary pyroclastic
deposits. Sedimentary rocks such as carbonaceous argillite,

minor carbonate, immature volcaniclastic wacke, and exhalite
(Franklin and others, 2005) may occur with the flow lithofa-
cies. The flow lithofacies associations, dominated by lava
flows, domes, and synvolcanic intrusions, are controlled by
effusive eruptive processes. The eruptive sources for these

possible hosting of synvolcanic intrusions, including sills,
dikes, and less commonly, cryptodomes. Minor amounts of
volcaniclastic rocks are associated with some VMS deposits

effusive lavas and subvolcanic intrusions are commonly single
or composite submarine volcanoes fed by subvolcanic dikes,
sills, and cryptodomes. In some cases, VMS deposits occur in
the capping caldera(s) or synvolcanic graben(s).
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(from Head and Wilson, 2003). The cross section shown is for Seamount 6 (Eastern
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ratio versus deposit type and efficiency of fragmentation (from Gibson and others, 1999;
after Wohletz and Sheridan, 1983; Wohletz, 1986; Wohletz and Heiken, 1992)
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Figure 5-4. Diagrams showing different types of genetically related and nonrelated volcanic rocks and
processes. A, Schematic cross sections through a submarine lava flow showing the character and arrangement
of contemporaneous volcanic facies that develop in association with the emplacement of these lavas. Sections
marked 1, 2, and 3 on the facies diagrams are defined by stratigraphic sections located between the facies
diagrams. Each section shows genetically related facies that are markedly different in lithologic character,
texture, and internal organization. After McPhie and others (2003). B, Schematic cross sections through a
submarine dome showing the character and arrangement of contemporaneous volcanic facies that develop in
association with the emplacement of these lavas. Sections marked 1, 2, and 3 on the facies diagrams below A are
defined by stratigraphic sections located between the facies diagrams. Each section shows genetically related
facies that are markedly different in lithologic character, texture, and internal organization. After McPhie and
others (2003). C. Sketches illustrating penecontemporaneous, laterally equivalent volcanic facies that are not
genetically related. (a) A subaqueous silicic lava dome with a brecciated carapace is emplaced and contributes
considerable relief to the sea floor landscape. Pyroclastic mass flows sourced elsewhere sweep into the basin.
(b) The pyroclastic mass flows are deposited as a widespread sheet and fill the topography created by the

lava dome and breccia and basin. (c) The background sedimentary facies encloses the two genetically distinct
volcanic facies that are directly juxtaposed and emplaced contemporaneously. From McPhie and Allen (1992).
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Mafic-Ultramafic Volcanic Suite (Primitive
Intraoceanic Back-Arc or Fore-Arc Basins or
Oceanic Ridges)

Mafic-ultramafic suites formed during much of the
Archean and Proterozoic when it is hypothesized that mantle
plume activity dominated formation of Earth’s early crust.
Numerous incipient rifting events formed basins characterized
by thick ophiolite sequences (Galley and others, 2007). A gen-
eralized stratigraphic section through an ophiolite (fig. 5-5)
has (1) a series of effusive flows, mostly pillow lavas, with
minimal interflow volcaniclastic material and <5 percent felsic
volcanic rocks (Franklin and others, 2005) above (2) a thick
section of synvolcanic intrusions in the form of sheeted dikes.
These associations are typical mafic volcanic successions that
form at fast ocean spreading centers or in incipient back- or
fore-arc environments. This mafic succession continues down-
ward into (3) a thick sequence of layered gabbros (representa-
tive of the crystallized magma chamber) and peridotite (rep-
resentative of the depleted upper mantle beneath the magma
chamber). The ultramafic suite of rocks may form in slow to
ultraslow spreading environments where classic crustal suc-
cessions are absent.

In deep water marine rift environments, eruptions produc-
ing pillow lava flows occur along fissures and at point sources
(Cas, 1992). Such edifices include elongate shield volcanoes
(fig. 5-64), small isolated lava mounds, and lava lakes where
the pillowed flows are ponded in fault blocks within and adja-
cent to the ridge axis (Gibson and others, 1999; Gibson, 2005).
Such edifices have been identified as hosts to VMS deposits,
such as the copper-rich ophiolite-hosted Cyprus deposits
(Gibson and others, 1999) (fig. 5-14).

Pillow Lava Flows in Mafic-Ultramafic
Associations

Pillow lavas are among the most common volcanic rocks
on Earth (Walker, 1992), having formed in underwater envi-
ronments as sets of bulbous, tubular, or spherical lobes of lava
fed by an interconnected system of lava tubes or channels.
Pillow lavas can form in any subaqueous environment regard-
less of depth; they are common in deep marine environments,
in glaciated environments as subglacial eruptions, and in
shallow water environments such as lakes, rivers, and near-
shore marine environments (Fridleifsson and others, 1982).
Subaqueous development of bulbous forms by the inflation
of a chilled skin that accommodates additional injections
of magma is an essential attribute to pillow lava formation
(Walker, 1992). Pillow lavas are produced by the rupture and
subsequent piling up of individual pillow lobes; each lobe has
a thick skin with a thin selvage of quenched glass (figs. 5-6B,
C, D). Small mafic pillow lava lobes tend to be circular in
cross section and flatten as their dimension increases, most
likely under the influence of gravity (Cousineau and Dimroth,
1982). Each lobe has a convex upper surface and a base that

is either flat or concave upward, the shape commonly being

a cast of the underlying pillow form. As such, pillow lavas in
basaltic and andesitic flows have a distinctive and easily iden-
tifiable morphology (Gibson and others, 1999). The size of
individual pillows is a function of magma viscosity; andesite
pillows are usually larger than basaltic pillows and frequently
have a “breadcrusted” outer surface texture. The aspect ratio
(horizontal/vertical ratio) of pillow lobes varies with andesitic
lavas plotting at the upper end of the spectrum and basaltic
lobes at the lower end, a relationship inferred to relate to vis-
cosity (Walker, 1992).

A pillow lava flow is fed by an interconnected system
of lava tubes or open channels that are branching and inter-
twined. Stratigraphic analyses of Archean submarine basalt
flows often show a sequence with massive flows at the base
grading upward to pillow lavas and a carapace of pillow
breccias (Dimroth and others, 1978, 1985). Mapping sug-
gests that pillows form by a budding and branching process
(fig. 5-6D) (Moore, 1975; Dimroth and others, 1978; Walker,
1992; Goto and McPhie, 2004). Dimroth and others (1978)
propose that massive lavas form by the surging advance of
hot, low-viscosity lavas. Pillow lavas form at the distal end
of the flow front and have lower temperatures and higher
viscosities than in their massive equivalent. The decrease in
temperature and increase in viscosity results in a decrease in
the velocity of the flow (Walker, 1992). Most pillow mounds
form not because of decrease in temperature or viscosity but
because of the decrease in the supply of magma, that is, flow
rate. In general, given a constant viscosity, the formation of
pillow mounds is principally a function of flow rate. As the
pile of pillow lobes form, fresh magma oozes through ruptures
in pre-existing lobes and the pillow pile grows in this manner.
Proximal pillow lavas tend to have larger pillows than distal
equivalents (fig. 5-64). This flow process forms steep-sided
ridges or mounds that can be tens of meters thick, commonly
called “haystacks.” Mega-pillows, up to tens of meters in
diameter, have been identified in the upper and capping parts
of pillow lava flows and are interpreted to be possible master
channels by which fresh lava was transported from the vent
to the advancing flow front (Walker, 1992). Features, dimen-
sions, and structures associated with pillow lobes and lavas
can be used to infer flow direction and source area.

The subaerial equivalents of pillow flows are tube-fed
pahoehoe lava flows. Both lava flow types are interpreted to be
the products of sustained eruptions at low effusion rates. The
confirmation that pillow lavas and pahochoe lavas form by
similar mechanisms came with direct observations of subaque-
ous lava deltas associated with eruptions into the sea from
Kilauea in 1972 and 1974 (Moore, 1975). Low effusion rates
allow for a thick skin to form on the exterior of lava lobes or
toes and contribute to insulation of the lobe interior, allowing
the interior to remain hotter and more fluid. Most pillow lava
lobes are dense throughout but may contain vesicles arranged
in a radial pattern in the upper sections of individual lobes due
to exsolution and trapping of magmatic gases. Degassing con-
tributes somewhat to inflation of the interior and the overall
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Figure 5-5. Tectonic setting and stratigraphy of mafic-ultramafic volcanogenic massive sulfide deposits. A.
Generalized diagram showing the tectonic setting for mafic-ultramafic lithofacies (modified from Galley and Koski,
1999). The sheeted dikes and upper pillow basalt flows represent magma in transit to or on the surface whereas the
layered gabbro and peridotite represent different parts of the upper mantle magma chamber, namely the crystallized
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with associated typical thicknesses of an ophiolite sequence showing the main stratigraphic components http:/
www.geol.Isu.edu/henry/Geology3041/lectures/13MOR/MOR.htm); C. Comparison of the oceanic lithosphere with the
Oman Ophiolite, the largest ophiolite sequence in the world (modified from http://geogroup.seg.org/oman_ophiolite.
htm); D. Photograph of a 2-Ga ophiolite in Quebec, Canada showing basaltic pillow lava surface (from http://www.
earth.northwestern.edu/people/seth/107/Ridges/ophiolite.htm). (Harper, G.D., 1984).
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Figure 5-6. Series of figures highlighting features of mafic-ultra mafic pillow lava flows. A, Idealized cross
section through a pillow (tube-fed) basalt-andesite flow showing flow morphology and structures typical of
proximal and distal facies. Inset A illustrates autobrecciation of pillows; inset B illustrates densely packed
pillows surrounding a mega-pillow or lava tube. Vertical exaggeration is approx. 3x. From Gibson and others
(1999). B, Detail of pillows. In cross section, pillows can vary from 10 cm spheres to large forms several
meters across; they are usually several tens of centimeters in diameter. From Cas and Wright (1988); modified
from Hargreaves and Ayres (1979). C, Close-up sketch of pillow lavas showing glassy rims or selvages spalling
off, creating fine-grained material. From Walker (1992). D, Cross section illustrating development of re-entrant
selvages by budding of a new pillow. After Hargreaves and Ayres (1979). E, Schematic block diagrams
illustrating the morphological changes of pillow flows with change in slope. Modified from Walker (1992).



pillow form (Walker, 1992). The exterior skin on each pillow
is quenched, preventing coalescence into a massive form (fig.
5-6B). Slope angle also exerts control on the size and aspect
ratio of pillows (see Ross and Zierenberg, 1994) (fig. 5—-6E).

Pillow flows of basaltic composition are relatively small
in size, are typically smooth surfaced, and are inferred to have
inflated mainly by stretching of their skin (Walker, 1992). Gib-
son and others (1999) subdivided pillow lavas into two units:
a pillow lava unit and a less abundant pillow breccia unit. A
cross section of a pillow lava sequence shows densely packed
“pillows” separated by thin glassy selvages and hyaloclastite
breccia (fig. 5-4B, fig. 5-6B). The lava flow advances as a pro-
grading pillow delta fed by bifurcating and meandering tubes
that feed a variable supply of magma to the flow front; this
is reflected in the variable dimensions of individual pillows.
Proximity to source vent and sequence in eruption interval
also contribute to the physical form of the flow. Monolithic
breccias at the top and terminus of a pillow lava and occurring
between pillows are interpreted as autobreccias and represent
in situ fragmentation of pillows, pillow budding, spalling of
lobes, gravitational collapse on steep slopes, and later granula-
tion of sideromelane pillow crusts.

Komatiites are magnesium-rich volcanic rocks that
are found as lava flows, tuffs, hyaloclastites, and autobrec-
cias (Gibson and others, 1999). Ultramafic (>18 percent
MgO) komatiitic flows are interpreted as lavas erupted at
high temperatures (1,400—1,700 °C) and very low viscosities
(Huppert and Sparks, 1985), the latter factor contributing to
the extensive aerial extent and sheet-like form of komatiitic
flows. The high temperatures permit the flows to melt and
thermally erode their bases and deepen their flow channels.
Huppert and Sparks (1985) showed that komatiitic melts have
Reynolds numbers in excess of the critical value of 2,000 and
are emplaced by turbulent flow, which would also enhance
thermal erosion and contribute to heat loss and high cooling
rates. While association of VMS deposition in komatiitic flows
is uncommon, komatiitic flows are exposed at the base of
the volcanic succession at the Kidd Creek district in Ontario,
Canada. Whether they somehow contributed to the giant VMS
complex at Kidd Creek is unknown, as the komatiites are
separated from the VMS deposits by about 350 m of overlying
strata containing rhyolitic domes, cryptodomes, and volca-
niclastic rocks (Prior, 1996; Barrie and Hannington, 1999).
Small VMS deposits are associated with tholeiitic and komati-
itic basalts in the Kidd-Munro assemblage.

As shown in figure 5-14, VMS bodies may be com-
pletely enclosed by mafic pillow flows above sheeted dikes.
Thick (approx. 0.4 km average) sections (figs. 5-54-C) of
sheeted dikes are present below the typical pillow lava flow-
dominated sequence in ophiolites. Sheeted dikes represent the
conduits transporting magma to the surface to pillow flows.
Typical mineralization in the dikes is limited and most of the
massive sulfide mineralization is localized in the pillowed
lavas.
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Bimodal-Mafic Volcanic Suite (Incipient-Rifted
Intraoceanic Arcs)

Intraoceanic rifted bimodal arcs make up approximately
17,000 linear km (40 percent) of the global volcanic arc sys-
tem. Volcanism mostly occurs on the seafloor; however, occa-
sionally the upper part of the volcanic edifice becomes emer-
gent and forms islands (Leat and Larter, 2003). In contrast to
subduction systems at continental margins, the intraoceanic
subduction systems generally have a shorter history of subduc-
tion and are distinct in that magmas are not contaminated by
ancient sialic crust and have little or no continental compo-
nent. Intraoceanic arcs form on oceanic crust produced either
at mid-ocean ridges or in back-arc spreading centers and erupt
a predominantly basalt bimodal volcanic suite that can contain
up to 25 percent felsic lava flows and domes. Intraoceanic arc
volcanism is truly bimodal. Basaltic and basalt andesitic mafic
lavas are dominant; subordinate units include silicic lavas.
Intermediate composition volcanic rocks (such as andesite) are
essentially absent from these terranes.

Volcanic products are lava flow dominated and include
basaltic pillow and massive lava flows, felsic lavas flows, and
felsic domes (figs. 5—1B, 5-7). Summit calderas, typically
3-7 km in diameter, are common in bimodal-mafic volcanic
systems (Leat and Larter, 2003). Ancient and modern sub-
aqueous calderas have been identified in shallow and deep
marine environments and are primary hosts of VMS deposits
(for example, Gibson and Watkinson, 1990; Syme and Bailes,
1993). Calderas are volcano-tectonic collapse structures that
form because of the evacuation of voluminous amounts of
high-level magma (Mueller and others, 2009). Volcanism
associated with caldera formation can be dominated by either
effusive eruptions (producing lobe-hyaloclastite flows, domes,
blocky lavas, or shallow intrusions) or explosive activity (pro-
ducing pyroclastic flow, surge, and fall deposits).

Effusive Dominated Subaqueous Calderas in the
Bimodal-Mafic Associations

In bimodal mafic systems, subaqueous calderas form at
the summit of long-lived fissure-fed shield volcanoes, have
a variety of shapes and aspect ratios, and vary in their level
of complexity (Franklin and others, 2005). These collapse
structures can cover up to tens of square kilometers. The strati-
graphic sequences from these systems contain compositionally
and texturally diverse lavas and volcaniclastic rocks, reflecting
a broad spectrum of eruption styles and emplacement pro-
cesses (McPhie and Allen, 1992).

The subaqueous Hunter Mine caldera in the Archean
Abitibi greenstone belt is a 5—-7-kilometer-wide felsic-filled
caldera that developed over a 6 m.y. time span (Mueller and
others, 2009) and is presented as one example of an effusive-
dominated caldera forming system. Caldera formation was
followed by renewed rifting and the emplacement of massive
and pillowed komatiitic lavas. Silicified mudstone, banded
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iron formation, bedded felsic hyaloclastite, and abundant
Bouma sequences on depositional contacts above komatiitic
flows testify to submarine volcanism occurring at >500 m
water depth (Mueller and others, 2009). Caldera formation

in the Hunter Mine caldera was complex, involving at least
two caldera-forming events separated in time by the intrusion
of a gabbroic sill. The 5-7-km-wide caldera contains numer-
ous synvolcanic faults and fractures; vertical offsets can be as
much as 20 m (Mueller and others, 2009). The initial caldera
formational stage included emplacement of three distinct
lithofacies: (1) felsic lavas, domes, and autoclastic breccias
(about 70 percent); (2) subaqueous pyroclastic deposits and
reworked equivalents (Mueller and others, 2009); and (3) a 5—
to 7-km-wide section of north-trending rhyolitic dikes that can
be traced for several kilometers, representing the final lithofa-
cies. A shallow, intracaldera, 1-km-thick gabbroic sill was
subsequently emplaced during a period of tectonic extension,
possibly associated with caldera resurgence (Wharton and
others, 1994). The formation of a second caldera was marked
by a trend toward more mafic-dominated magmatism. Three
distinct lithofacies also are associated with the second caldera-
forming stage: (1) felsic and mafic lava flows and domes, (2)
volcaniclastic rocks and banded iron-formations, and (3) mafic
dikes and sills.

Further evidence for long-lived multiphase caldera for-
mation has been documented at the Normetal caldera, Quebec,
where Mueller and others (2009) identified 5 stages of caldera
formation and infill (fig. 5-8). Here, the volcanic sequence
began with emplacement of primarily basaltic and basalt
andesitic massive and pillow flows in water depths in excess
of 500 m. Later dacite lavas were emplaced near the summit
of the shield volcano. In stage 2, caldera formation followed
with emplacement of rhyolitic lavas and volcaniclastic mate-
rial. Later in stage 3, andesite-dacite flows and breccias and
thick rhyolite flows were emplaced as individual volcanic
centers. The fourth stage was constructive with the emplace-
ment of high-level rhyolite endogenous domes. Deposition of
deep-water volcaniclastic turbidites and shale sedimentation
followed and represents a period of deconstruction and partial
collapse of the volcanic edifice. The final phase of volcanic
activity included emplacement of mafic and felsic flows with
tuff, lapilli tuff, and lapilli tuff breccia (Mueller and others,
2008, 2009).

Volcaniclastic units are subordinate in the bimodal-mafic
environment, but both mafic and felsic volcaniclastic rocks
with sedimentary rocks including immature wacke, sandstone,
argillite, and debris flows occur locally (fig. 5-7) (Franklin
and others, 2005). The effusive nature of the dominant lava
flow lithofacies associations suggest eruptive sources such as
single and composite shield-like volcanoes fed by subvolcanic
dikes, sills, and cryptodomes.

Up to 25 percent of the lavas erupted in young, intra-
oceanic arcs are subaqueous felsic lobe-hyaloclastite flows,
cryptodomes (shallow subvolcanic intrusions), and blocky
lavas and domes; all are associated with VMS deposits in
ancient associations (fig. 5-8) (Gibson and others, 1999;
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Gibson, 2005; Mueller and others, 2008, 2009). Occasion-
ally, the lavas form broad shield forms with slopes up to 15°.
Commonly, the felsic lavas are hundreds of meters thick,
have flowed up to 10 km from source, and have steep flow
fronts (up to 40°) (Cas, 1992). One such felsic lava in a
mafic-bimodal suite has been mapped in an Archean volcanic
complex at the Noranda district in northwestern Quebec. Here
the cauldron or rift graben is underlain by a large multiphase
subvolcanic intrusive complex. The complex is dominated
by mafic flows into which discrete felsic dome complexes
have been emplaced along synvolcanic fault systems. In the
Noranda cauldron, these faults are defined by dike swarms
associated with the underlying subvolcanic system (Gibson
and Galley, 2007) which fed the eruptions. The felsic lobe-
hyaloclastite flow best typifies felsic lavas found in mafic-
bimodal complexes.

Felsic Lobe-Hyaloclastite Flows in Bimodal-
Mafic Associations

Felsic lobe-hyaloclastite flows in the Noranda complex
are interpreted as fissure-fed systems that formed gentle sloped
(10-20°) shield volcanoes or plateaus as much as 500 m high
with individual lava flows restricted to <5 km from their vents
(Gibson and Watkinson, 1990). The flows formed domes or
“lobes” that vented from their summits above the sediment-
water interface and above their feeding fissures, which
preferentially follow synvolcanic faults (fig. 5-9). The lobes
are irregular or podiform in shape, may be up to tens of meters
in diameter, and may show a distinct lithologic zonation
described by Cas (1992).

Three primary facies (massive, lobe-hyaloclastite, and
breccia) are associated with felsic lobe-hyaloclastite flows and
relate to distance from the vent (fig. 5-9) (Gibson and others,
1999). Each facies represents a continuum in the evolution
of textures and structures in response to cooling and quench
fragmentation during the eruption of lava into water. Massive
facies are proximal flows and are represented by lobes >100 m
in length composed of massive, flow-banded, and brecciated
lava. At or next to the vent, the massive facies are dome-like.
The lobes in massive facies typically have columnar, jointed,
and glassy interiors which grade outward into chilled, flow-
banded, and amygdaloidal vitrophyric exteriors. The lobe-
hyaloclastite facies consists of irregular lobes, 2 to 100 m in
length, engulfed by hyaloclastite and brecciated flow-banded
lava (fig. 5-94). Hyaloclastite refers to the clastic aggregate
that forms through non-explosive fragmentation and disin-
tegration of quenched lavas and intrusions (Rittman, 1962;
Yamagishi, 1987; McPhie and others, 1993). The breccia
facies is distal and composed of a poorly sorted carapace brec-
cia and a crudely layered to redeposited flank breccia (Gibson
and others, 1999). At these distal exposures, lobes appear
to physically range from in situ fractured clasts of “jigsaw-
fit” obsidian to obsidian hyaloclastite breccias with rotated
clasts (fig. 5-94) (Cas, 1992). Each facies is interpreted as
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representing a continuum in the evolution of textures and
structures formed in response to cooling and quench fragmen-
tation during the eruption of lava into water.

The massive facies lack hyaloclastite, which suggests
a general lack of interaction with water. Rather, this facies
most likely evolved by successive injections of magma lobes
into a gradually inflating dome. Individual lobes are identi-
fied by stringers of amygdules and flow-banded margins
(fig. 5-94, inset c) (Gibson and others, 1999) and a lack of
glassy selvages. In contrast, flowing lava in contact with water
forms glass-like selvages on exterior lobes, which reflect rapid
quenching (Gibson and others, 1999). These glass selvages
are the source for the fine-grained clastic materials that form
the hyaloclastite component of the lobe-hyaloclastite facies
(Gibson and Galley, 2007).

The breccia subfacies is composed of matrix-supported
hyaloclastite that has formed through quench fragmentation
and contains clasts of flow-banded and massive felsic lava
lobe fragments. Two subfacies of the breccia facies have been
recognized: carapace breccia, which covers the flow, and hya-
loclastite breccia, which forms at the distal edges and perim-
eter of the flow. The carapace breccia phase contains chaoti-
cally distributed clasts of flow-banded felsic flows. Here, the
absence of bedding and grading and a lack of broken crystals
indicate an origin derived through autobrecciation, which
involves the non-explosive fragmentation of flowing lava
(McPhie and others, 1993). The more distal breccia subfacies
is the flank breccia (fig. 5-94) and consists of clast-supported
beds of coarse lobe fragments in a fine-grained hyaloclastite
matrix (Gibson and others, 1999) interbedded with plane-
bedded hyaloclastite deposits. The areal extent and volume of
flank breccias are limited and represent the outer-most part of
the lobe-hyaloclastite flow where slumping and later redeposi-
tion of autobreccia and hyaloclastite as subaqueous mass flow
deposits are controlled by the low relief and gentle slope of the
flows.

Quaternary, subglacial lobe-hyaloclastic flows of dacite
and rhyolite composition in Iceland have similar characteris-
tics as those found in the geologic record (Furnes and others,
1980). In the Iceland flows, however, some are associated with
pumiceous hyaloclastite containing gray pumice and obsidian
fragments that may have been emplaced as Surtseyian or Sub-
plinian to Plinian eruptions (Furnes and others, 1980). Furnes
and others (1980) interpret these flows as being emplaced in
a shallow (<200 m) subglacial lake. The lack of pumiceous
hyaloclastite in subaqueous lobe-hyaloclastite flows observed
in the geologic record may be a function of their emplacement
in deeper water (Gibson and others, 1999).

Lobe-hyaloclastite flows have many of the same physical
characteristics as tube-fed pahoehoe or pillow lavas and are
interpreted as being the silicic analogue for the better-known
mafic process. Lobe-hyaloclastite flows advance in tube fed
systems but because of higher viscosity and lower tempera-
tures develop somewhat different morphologies. These lobes
look very similar to basaltic pillow lavas but are developed on
a much larger scale. In comparing the physical characteristics

of the flow lobes in the massive facies with flow lobes con-
tained in the breccia facies, both have very similar textures,
structures, and amygdule content, suggesting that the hyalo-
clastitic matrix and glass selvages had excellent thermal insu-
lating properties which protected and preserved these features
(Gibson and Galley, 2007).

The felsic lobe-hyaloclastite flows represent the later
and more evolved stages of submarine basaltic fissure vent
systems, which form large shield volcanoes on the ocean floor.
In ophiolite complexes, such as Oman and Semail, lobe-hyalo-
clastite flows are volumetrically small and occur in the upper
mafic volcanic sequences of these complexes. Often, collapse
calderas occur at the summit of large shield volcanoes and are
filled by fissure-fed lobe-hyaloclastite flows emplaced as iso-
lated domes; the lobe-hyaloclastite flow is the dominant lava
flow morphology for felsic lavas in these subaqueous environ-
ments. In the upper sections of the Oman ophiolite complex,
the fissures feeding the felsic lobe-hyaloclastite flows are ori-
ented perpendicular to the inferred orientation of the spreading
ridge (Gibson and others, 1999). It should be noted that VMS
deposits in both intraoceanic arcs (where mafic-bimodal volca-
nic suites are the dominant lithofacies) and in continental arc
and back-arc terranes (where felsic-bimodal volcanic suites
dominate) form a variety of lithofacies within each individual
complex.

Other Silicic Flows and Domes in Bimodal-Mafic
Associations

Small-volume silicic lava flows and domes often are
emplaced as endogenous domes immediately above feed-
ing fissures and flow as viscous blocky lava flows <2 km
from their vents. Like their subaerial equivalents, these flows
have steep flow fronts (20-70°), a rugged form, and develop
into a proximal and distal facies (Gibson and others, 1999)
(fig. 5-10). In the submarine setting, three facies develop: a
massive central facies, a carapace breccia facies, and a distal
flank facies, similar in nature as described above for felsic
lobe-hyaloclastite flows (Gibson and others, 1999). At the
Millenbach-D68 lava dome in the Noranda cauldron complex,
Quebec, Canada, 15 VMS deposits are associated with silicic
flows immediately above their feeding vent fissures, which
later acted as the conduits for ascending hydrothermal fluids.
Figure 5-10 identifies these facies.

Another bimodal mafic VMS deposit, Bald Mountain
(Maine, USA), formed in deep marine, rift-controlled basins
or calderas (Busby and others, 2003). The 5-km-thick volcanic
sequence was deposited in three major episodes (fig. 5—11). An
early volcanic episode during rapid extension was dominated
by a high rate of eruption of basaltic flows and development of
breccia hyaloclastites. This episode was followed by an ignim-
brite-producing, caldera-forming episode and development of
VMS mineralization and a final episode that included eruption
of rhyolitic lavas and emplacement of subvolcanic intrusions
(Busby and others, 2003; Goodfellow and others, 2003).
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Modified from Busby et al. (2003)

Schematic evolution of the himodal-felsic dominated Bald Mountain sequence. (Cross sections are based on

data presented in Busby and others, 2003.) A, Phase 1. Outpouring and ponding of basalt lava flows and breccia hyaloclastite

in a primitive arc basin. B, Phase 2A. The collapse of Bald Mountain sub-basin and eruption of footwall ignimbrite was followed
immediately by volcanogenic massive sulfide (VMS) mineralization of an exhalative mound within the vent structure. C, Phase
2B. As the Bull Hill sub-basin collapsed, the pyroclastic flow forming the hangingwall ignimbrite erupted. D, Phase 3. The waning
stages of volcanism were represented by the eruption of gas-poor rhyolites emplaced as lobe-hyaloclastite flow capping VMS

mineralization. Modified from Busby and others (2003).



Major breaks in volcanic activity allowed for the deposition
of laminated carbonaceous interbedded mudstones. Based on
fluid inclusion data from the VMS deposit (Foley, 2003) and
sedimentologic features in the deposits at Bald Mountain,
Busby and others (2003) suggest that the entire 5—km-thick
section of the Bald Mountain sequence was emplaced in very
deep water at submarine depths in excess of 1,450 m.

Bimodal-Felsic Type (Incipient-Rifted
Continental Margin Arcs and Back Arcs)

Modern continental margin arcs and related back arcs
have a global length of approximately 25,600 km (Von Huene
and Scholl, 1991) and are hosts to felsic volcanic rocks (35-70
percent total volume of volcanic strata), mafic volcanic rocks
(20-50 percent total volume of the volcanic strata), and about
10 percent terrigenous sediment (Franklin and others, 2005).
Modern examples include the Okinawa Trough, the Woodlark
Basin, and the Manus Basin (table 2—1). In these environ-
ments, submarine felsic volcaniclastics and lavas dominate
with subordinate volumes of basaltic and (or) basalt andes-
itic flows, dikes, and sills (Franklin and others, 2005). This
association hosts some of the most economically significant
VMS deposits (Galley and others, 2007) that have developed
in a variety of lithofacies (Franklin and others, 2005). Magmas
in these environments are strongly influenced, both physi-
cally and chemically, by continental crust and include a broad
spectrum of compositions including basalts, basaltic andesites,
andesites, dacites, and rhyolites. Volcanism in the early stages
of development of a continental arc may begin in a subaque-
ous environment (such as at Manus and Woodlark Basins).
The volcanic systems and the subduction process here often
have a prolonged history and continue to develop into large,
massive subaerial volcanoes. The subaerial felsic-bimodal vol-
canic suite contributes clastic volcanic material that has been
fragmented and dispersed by any transporting agent, deposited
in any environment. This clastic material may be mixed in
any significant portion with non-volcanic fragments into the
subaqueous environment and redeposited as volcaniclastic
material (Fisher and Schmincke, 1984).

Volcanism in incipient-rifted continental margin arcs and
back arcs is focused at newly formed rifts. Volcanism begins
with emplacement of basaltic massive and pillow lavas, form-
ing large submarine shield volcanoes. As the magmatic system
evolves, volcanism becomes more silicic, gas-rich, and explo-
sive and the resulting subaqueous eruptions have abundant
pyroclastic material. The explosive activity is interspersed
with effusion of lava flows and domes and intrusions of dikes
and sills feeding individual eruptions. Interspersed with con-
structional volcanic processes are those processes associated
with structural or magmatic collapse of the volcanic edifices,
including debris flows, pyroclastic fall and flow deposits,
mud flows, and lava domes, some of which are subaerial and
eventually contribute to the subaqueous bimodal-felsic strati-
graphic sequences.
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Submarine calderas form in either shallow or deep
marine environments and develop on both stratovolcanoes and
composite volcanoes through large-scale pyroclastic eruptions.
Consequently, pyroclastic lithofacies are an important com-
ponent of the bimodal felsic suite. Pyroclastic lithologies are
composed of magmatic ash and pumice, crystal fragments, and
lithic clasts derived from the vent wall or incorporated from
the underlying terrain during flow.

In the submarine environment, most volcaniclastic
material is pyroclastic; however, fragmental material is also
derived from autobrecciation, quench fragmentation, pyroclast
fragmentation, and resedimentation (Cas, 1992). Physical
characteristics of pyroclastic deposits vary between subaerial
and submarine settings. In the subaerial environment, Plin-
ian eruption columns are responsible for large pyroclastic-fall
deposits and typically are accompanied by pyroclastic flows.
Clast size in subaerial pyroclastic fall deposits vary systemati-
cally with distance from eruptive source and are a function of
eruption column conditions, grain size, density of the various
sized clasts, and prevailing wind direction (Walker, 1971;
Sparks and others, 1973; Gibson, 2005). In contrast, the erup-
tive columns of explosive submarine eruptions can be com-
pletely subaqueous or become subaerial as a function of erup-
tion intensity and water depth. Consequently, size sorting may
involve both water and air. In comparison to subaerial depos-
its, subaqueous pyroclastic deposits are generally better sorted,
are more limited in their aerial distribution, and are typically
enriched in crystals and fragments at their base, with finer and
ash-rich deposits at their tops. Like their subaerial equivalents,
clast size and thickness of deposit varies systematically with
distance from eruptive source. The subaerial component of the
submarine eruption can produce large volumes of fine ash and
cold pumice that are removed by flotation so that the resultant
submarine deposits near the edifice may be pumice-depleted.
(Gibson, 2005).

Explosive Dominated Submarine Calderas in
Bimodal-Felsic Associations

The history of a well-studied and well-exposed Archean
caldera is preserved in a 2- to 4-km-thick intracaldera volca-
nic sequence from the Sturgeon Lake caldera, Canada. The
30-km-wide Sturgeon Lake caldera has a 1— to 2—km-thick
sequence of volcaniclastic debris and subaqueaous pyro-
clastic density flow deposits (Mueller and others, 2008) that
overlie a thick (approx. 2 km) tonalite-diorite sill-like body.
Caldera development advanced in four stages. Stage 1 was a
shield-building phase that involved primarily mafic lavas with
subordinate felsic breccia and volcaniclastite. Stage 2 was
characterized by further caldera collapse associated with the
emplacement of 650—1,300-m thick of pyroclastic deposits.
This stage contains caldera wall collapse breccias, ignim-
brites, bedded tuffs, and lapilli tuffs. Further caldera collapse
is recognized in Stage 3 and is associated with the eruption
of andesitic and dacitic flows, emplacement of endogenous
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domes, and deposition of banded iron formation and volcani-
clastic debris. Intra-caldera deposits were dominated by thick,
pillowed andesitic flows and felsic lava domes. The final phase
of caldera formation (Stage 4) was marked by the emplace-
ment of basaltic andesite flows and volcaniclastic rocks filling
the last remnants of the caldera (Mueller and others, 2008).

Estimates of water depths in which subaqueous explo-
sive eruptions can occur are controversial (McBirney, 1963;
Pecover and others, 1973; Sparks and Huang, 1980; Burnham,
1983; Kokelaar, 1986; Wohletz, 1986; Cas and Wright; 1987,
Cas, 1992). McBirney (1963) noted that the critical point and
specific volume changes of pure water control the depth at
which submarine explosive eruptions can occur (fig. 5-34).
The critical point of water is defined as the pressure at which
water is incompressible and the properties of vapor and liquid
are indistinguishable (Cas, 1992). For pure water, the critical
point is 216 bars (2.16x107 pascals [Pa]); for sea water with
3.5 percent NaCl, the critical point is 315 bars (3.15x107 Pa)
(Sourirajan and Kennedy, 1962; Cas and Wright, 1988; Cas,
1992); thus, given the pressure gradient of water of approxi-
mately 1 bar (10° Pa) per 10 m water depth, the depth of the
critical point in pure water is about 2,160 m and in seawater is
about 3,150 m. These critical point depths represent maxima
for subaqueous explosive activity because at greater depths
magmatic water and heated seawater would be incapable
of expansion (Cas, 1992). For most magmas, the practical
maximum depths of explosive eruptions range between 500
and 1,000 m, and generally less than that because these are the
depths at which a range of silicate melts become vapor-satu-
rated (McBirney, 1963). Pecover and others (1973) estimated
the maximum depth for hydrovolcanic eruptions is less than
700 m.

Recently, several pumice beds in the Izu-Bonin arc
(Japan) and the Lau Basin near Tonga have been discovered at
depths greater than 1,500 m (Cashman and Fiske, 1991; Fiske
and others, 2001), which suggests that pumice erupted from
relatively shallow submarine continental-arc and back-arc
volcanoes can be redistributed into deeper water. The bulk
density of dry, cold pumice is about 0.6 grams per cubic cen-
timeter (g/cm?), so subaerial pumice will float. However, hot
(>700 °C) pumice erupted subaqueously will become saturated
in the underwater eruptive column and sink to the seafloor
(Whitham and Sparks, 1986). Pumice produced during sub-
marine pyroclastic eruptions has a bulk density between 1.1
and 1.4 g/cm® (Kato, 1987) because air in vesicles is displaced
by steam, which condenses on cooling and forms a partial
vacuum or negative pressure that draws in the surrounding
water and saturates the pumice fragments. Interconnected
vesicles further enhance water saturation (Cashman and Fiske,
1991). In submarine explosive eruptions, vesicles are formed
by exsolving magmatic gases (H,O, H,S, CO,, CO, and H) and
have no component of air. If the pumice cools quickly, it will
be saturated before reaching the surface of the sea and will
sink and be deposited on the seafloor.

Few submarine explosive eruptions have been witnessed.
Four submarine volcanic eruptions from >100 m depths
have been documented as later evolving into subaerial erup-
tions (Mastin and Witter, 2000). The plume of ejecta from
the recently witnessed submarine explosive eruption of NW
Rota-1 (517 m below the surface) in April 2006 ascended
less than 100 m above the vent and did not breach the ocean
surface. The maximum depth from which submarine pyro-
clastic material can reach the ocean surface remains unknown
(Chadwick and others, 2008). The top of the eruption column
of many deep marine eruptions is severely influenced by the
drag on the particles imposed by seawater; thus, the vertical
momentum will rapidly decrease with height above the vent.
The containment of erupted pyroclastic material results in a
large volume of pyroclastic transport downslope and deposi-
tion on the lower slopes of the volcanic edifice, as observed at
NW Rota-1 (Chadwick and others, 2008).

Recent (April 2006 and April 2009) explosive submarine
eruptions at a depth of 550—560 m on NW Rota-1 volcano
in the Marianas Arc were witnessed and recorded using a
submersible remotely operated vehicle (Chadwick and others,
2008, 2009). The NW Rota-1 volcano, one of many volcanoes
located in this intraoceanic subduction zone where under-
water volcanoes outnumber their subaerial counterparts 5:1
(Bloomer and others, 1989; Stern and others, 2003; Embley
and others, 2004; Chadwick and others, 2008), is a basalt
to basaltic andesite steep-sided cone. Its summit depth is at
517 m below sea level (bsl) and its base is at 2,800 m bsl; it
has a diameter of 16 km (Chadwick and others, 2008). Previ-
ous eruptions at NW Rota-1 volcano were briefly witnessed
in 2004 and 2005 but in April 2006 observations made over a
week-long period showed that the eruption evolved from an
effusive phase that culminated in explosive bursts of glowing
red lavas ejected by rapidly expanding gases (Chadwick and
others, 2008). Video footage and hydrophones allowed for
correlation between observations and digital acoustic data. The
eruptive style is akin to subaerial Strombolian activity driven
by ascending pockets of magmatic gases that result in peri-
odic phases of explosive activity. In the case of NW Rota-1,
the primary magmatic gas that causes explosive activity is
interpreted as H,O, which has the highest potential for rapid
thermal expansion at magmatic temperatures (Chadwick and
others, 2008). In contrast, CO, is assumed to be relatively pas-
sive and rises as clear bubbles from explosive bursts (Chad-
wick and others, 2008). Syneruptive sulfur gases, mainly SO,,
were also released as clouds of molten sulfur that dropped as
beads to the ocean floor. As noted, water is the dominant gas at
NW Rota-1 and is driving the explosive nature of this erup-
tion. This type of volcanism is surmised to be common for
intraoceanic arcs.

Exposures of submarine pyroclastic deposits in the Mio-
Pliocene Shirahama Group, Izu Penisula, Japan, a submerged
continental arc, give insight into submarine volcanism at
3—6 Ma (Cashman and Fiske, 1991). The volcanic sequence
is represented by a basal pyroclastic debris flow, a transition



zone, and a capping fall-deposit zone. The lower pyroclastic
debris flow contains clasts of andesite with chilled margins;
analyses of their thermal remanent magnetism indicates

that they were hot (approximately 450 °C) when emplaced.
Grain-size decreases systematically upward from the pyro-
clastic debris flow to the capping fall deposit. All units are
extremely depleted in material with grain sizes less than 1 mm
(figs. 5-124, B) and are interpreted as being from the same
eruption (Cashman and Fiske, 1991). The fall deposit contains
lithic fragments, pumice fragments, and broken crystals and
has a striking size bimodality; the pumice fragments are five
to ten times larger than the lithic fragments. In a subaerial
setting, the density difference between dry pumice (0.6 g/cm?)
and lithic fragments (2.4 g/cm?) produces a 2:1 to 3:1 pumice
diameter to lithic diameter ratio. In contrast, saturated pumice
in a submarine eruption has a higher bulk density (1.1-1.3 g/
cm?). The small density difference between saturated pum-
ice and seawater results in reduced terminal velocities and
produces hydraulically equivalent pumice and lithic fragments
that have diameter ratios of 5:1 to 10:1 (Cashman and Fiske,
1991). Cashman and Fiske (1991) plotted terminal velocity
values versus spherical diameter and showed that, theoreti-
cally, submarine fall deposits can be distinguished from sub-
aerial fall deposits by the diameter ratios between pumice and
lithic fragments.

Insight into the evolution of a submarine siliceous caldera
and its associated deep-water pyroclastic deposits is provided
by the young (several thousand years) Myojin Knoll caldera
located along the Izu-Bonin arc. The caldera has a flat floor
1,400 m below sea level with walls that are 500-900 m high
(Fiske and others, 2001). An actively developing Kuroko-type
VMS deposit, rich in Au and Ag, is located in the caldera wall.
As depicted in figure 5—12C, five stages of volcanic evolution
have been recognized. During the first stage a broad volcanic
edifice was built, composed of individual rhyolite domes,
lavas, and associated volcaniclastic material emplaced in a
rift setting. The second stage was marked by the eruption of
pumice from a central vent at about 600 m below sea level.
The initial pumice eruption column rose nearly to sea level
and subsequently sank, forming a broad apron of thick fall-
out debris. At the climax of the eruption, but prior to caldera
formation, the eruptive column breached the ocean surface,
producing large rafts of floating pumice which may have been
accompanied by hot pyroclastic flows. During stage three,
large volumes of pumice flowed downslope as pyroclastic
gravity flows as the slopes of the edifice steepened. Stage four
was represented by caldera collapse due to large scale evacu-
ation of magma and the generation of large volumes of hot,
ash-laden water. The final stage was marked by the emplace-
ment of silicic dome complexes within the floor of the caldera
(Fiske and others, 2001). This evolutionary sequence provides
important insights into interpreting the volcanic lithofacies
observed in ancient VMS bimodal felsic associations.
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Volcaniclastic-Lithofacies
Associations

The volcaniclastic lithofacies are dominated by felsic
volcaniclastic material with subordinate mafic and felsic
domes and their associated autobreccia, hyaloclastite, and
redeposited equivalents, cryptodomes, and minor synvolcanic
intrusions such as sills, dikes, and minor clastic sedimentary
rocks (Franklin and others, 2005). Sedimentary rocks such as
carbonaceous argillite, immature epiclastic volcanic wacke,
and carbonate (Franklin and others, 2005) are related to this
lithofacies. The volcaniclastic lithofacies associations, the
bulk of which is volcaniclastic material interspersed with
lava flows, domes, and synvolcanic intrusions, have an origin
controlled by explosive eruptive processes. Sources for volca-
niclastic materials can be explosive, producing pyroclastic fall
and flow deposits, syneruptive and redeposited (often interbed-
ded with terrigenous materials), or post-eruptive. The over-
whelming volcaniclastic component present in the volcanicla-
stic lithofacies is evidence of a volcanic architecture created
by development of a central volcanic complex composed of
single or composite submarine volcanoes (Franklin and others,
2005). The upper lithologies in this suite contain a very thick
sequence of primary pyroclastic units that fill large collapse
calderas. These lithologies are exposed in both the bimodal-
mafic volcanic suite at the Sturgeon Lake caldera and the
Hunter caldera, and the bimodal-felsic suite at the Roseberry
and Hercules, Bald Mountain, and Bergslagen deposits. Some
of these pyroclastic units are greater than 1 km in thickness,
are areally extensive, and have volumes of as much as 50 km?.

Sedimentary-Lithofacies Associations

Terrigenous clastic sedimentary rocks, such as wacke,
sandstone, siltstone, mudstone, and carbonaceous mudstone
dominate the sedimentary lithofacies association. Subordi-
nate rocks include chert, carbonate, marl, and iron formation
(Franklin and others, 2005). Volcanogenic massive sulfide
deposits are spatially associated with volcanic rocks, including
mafic and felsic lava flows, domes, cryptodomes and associ-
ated autobreccia, hyaloclastite, and peperite. Volcanism may
occur as synvolcanic intrusions where dikes, sills, and crypto-
domes are emplaced into epiclastic sediments. A common
theme in sediment-dominated successions is that the VMS
deposits occur within small volcanic centers that occupy small
subsidence structures; these, in turn, are located in a larger
sediment-filled extensional basin (Franklin and others, 2005).
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Figure 5-12. Products of explosive dominated submarine calderas in himodal-felsic volcanic suite. A,
Schematic representations of fallout from short-lived submarine eruption; arrow shows direction of current.
(a) Particles with the highest terminal velocities fall from the margin of the rising eruption column and are
deposited close to vent. (b) Eruption has ceased yet particles with lower terminal velocities begin to fall

from base of expanding umbrella region. (c) The plume of fallout material drifts with the prevailing current

off of the volcanic vent area; extensive fallout occurs from vestiges of laterally drifting umbrella region. From
Cashman and Fiske (1991). B, Schematic stratigraphic section of a 12-m-thick sequence of pyroclastic material
in the Japanese Shirahama Group that has three main facies and is interpreted as the product of a single
submarine eruption. From Cashman and Fiske (1991). C, Stages in the development of the Myojin Knoll volcano
and its caldera. (a) Stage 1. Rhyolitic domes (in black) and associated volcaniclastic deposits (random spot
pattern) overlap to form an early volcano edifice. (b) Stage 2. Pre-caldera pumice erupts from summit of the
summit, which had shoaled to 600 meters below sea level. The eruption column carries pumice to near sea
level; however, most of the pumice sinks because of quick cooling and saturation of water and forms a thick
sequence of fallout deposits that blanket older parts of the volcano. Larger pumice rises to the sea surface
and slowly sinks away from the volcanic vent, resulting in deposits at the volcano that are somewhat pumice
depleted. (c) Stage 3. Eruption continues and climaxes with the eruption column breaching the ocean surface.
Huge volumes of floating pyroclastic rafts and pyroclastic flows are produced, resulting in the initial collapse
of the caldera. (d) Stage 4. Caldera collapse and generation of hot ash-laden water. (e) Stage 5. Caldera begins
to fill with post-caldera dome complexes emplaced on floor of the caldera; arrow points to the location of a
volcanogenic massive sulfide deposit on the caldera wall. From Fiske and others (2001).



Siliciclastic-Felsic Volcanic Suite (Mature
Epicontinental Margin Arcs and Back Arcs)

The siliciclastic-felsic association forms in mature epi-
continental margin terranes and related back-arc settings
(fig. 5-13A) (see Fig. 5-14A) (Franklin and others, 2005).
About 80 percent of the strata are siliciclastic, the remainder
being felsic volcaniclastic rocks with minor flows, domes, and
subvolcanic intrusives. Mafic (alkaline to tholeiitic) flows and
domes, sills, and volcaniclastic material can contribute up to
about 10 percent of the total sequence (Franklin and others,
2005). Excellent examples of the siliciclastic-felsic assem-
blage are found in the Iberian Pyrite Belt in Spain and Portu-
gal (Fig. 5-13) and the Bathurst district in Canada, as well as
the Altai-Sayan region in Russia and Kazakhstan (fig. 5-14).

The Iberian Pyrite Belt hosts one of the largest concen-
trations of economic VMS deposits in volcano-sedimentary
sequences of Upper Devonian to Lower Carboniferous age
(Soriano and Marti, 1999). Volcanic rocks contribute only
about 25 percent to the stratigraphic sequence but have greatly
influenced mineralization. Rhyolitic pyroclastic and effusive
deposits are intercalated with mudstone, which records a sub-
marine, below-wave-base environment of deposition
(fig. 5-13) (Rosa and others, 2008).

At the Neves Corvo deposit, volcanism began after a
long period of volcanic quiescence. Several volcanic events
record a 35-m.y. history of sedimentation interspersed with 3
major periods of volcanism spanning 22 m.y. (Rosa and oth-
ers, 2008). The initial explosive volcanism generated at least
two eruption-fed, thick, gravity flows of rhyolitic pumice-rich
breccia, probably from multiple vents; an explosive origin is
debatable (Soriano and Marti, 1999; Rosa and others, 2008).
Lenses containing coarse flamme (stretched and flattened
pumice) in a laminated mudstone indicate that the pumice and
mud particles were deposited at the same time. Sequences
of fiamme, each ranging from 10 to 45 m in thickness, show
no evidence for hot emplacement and, thus, deformation and
flattening of the pumice is inferred to be diagenetic rather
than hot welding and compaction (Rosa and others, 2008). A
subsequent period of effusive, quench-fragmented rhyolitic
volcanism from intra-basinal vents is intimately associated
with and hosts VMS mineralization. These rhyolitic lavas
range in thickness from about 250 m (presumably close to its
source vent) to 85 m (at more distal locations). The lavas have
coherent lobes and abundant rhyolitic hyaloclastites, a com-
mon submarine rhyolitic assemblage. A final volcanic event
was explosive but minor compared to the earlier two events.
In the Neves Corvo host succession, fourteen units are present:
ten are volcanic and four are fine-grained sedimentary (Rosa
and others, 2008).

The Rio Tinto area of the Iberian Pyrite Belt is a 1-km-
thick volcano-sedimentary sequence, 80 percent of which is
composed of high-level intrusions emplaced contemporane-
ously into wet mudstones (Boulter, 1993a, 1993b, 1996;
Gibson and others, 1999). The intrusions grade upward from
a 300-m-thick sequence of single and multiple doleritic sills
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into a 600-m-thick sequence of rhyolitic sills in the upper

600 m (see fig. 5-14A). The peperitic lobes contain fragments
of mudstone that penetrated the sills when the sill margins
fragmented upon emplacement into the wet unconsolidated
sediment. Some of the upper rhyolite sills surfaced into the
subaqueous environment and resulted in explosive fragmenta-
tion and generation of sediment-bearing hyaloclastites. These
deposits then were resedimented in fault-controlled basins
(Gibson and others, 1999).

Many VMS deposits throughout the Iberian Pyrite Belt
typify the siliciclastic-felsic association with two distinct
sedimentary facies. One facies is a siliciclastic-dominated
assemblage of wacke, sandstone, siltstone, and locally iron
formation or Fe-Mn-rich argillite. The second facies is a
pelitic-dominated assemblage of argillite, carbonaceous argil-
lite, siltstone, marl, and carbonate (Franklin and others, 2005)
(fig. 5-13B). Volcanogenic massive sulfide deposits in these
terranes may be enclosed within hundreds of meters of sedi-
mentary or epiclastic materials.

The Bathurst mining camp, part of the Bathurst Super-
group, New Brunswick, Canada, provides another excellent
example of the siliciclastic-felsic association involving world-
class VMS deposits (fig. 5-14B). Large volumes of mafic and
felsic volcanic rocks are interspersed with sediments formed
in a tectonically complex back-arc basin setting (van Staal and
others, 2003). At Bathurst, forty-five volcanic sediment-hosted
VMS deposits formed in a sediment-covered, back-arc conti-
nental rift, which was intensely deformed and metamorphosed
from subsequent multiple collisional events (Goodfellow and
McCutcheon, 2003; Franklin and others, 2005). The Bathurst
Supergroup is divided into five major sedimentary-volcanic
sequences that formed in different parts of the back-arc basin.
Each sequence has a bimodal-felsic to mafic phase in varying
proportions with subvolcanic intrusions, which are associ-
ated with thinning of the crust during rifting (Goodfellow and
McCutcheon, 2003; Rogers and others, 2003; Rogers and van
Staal, 2003). Each sequence begins with eruptions of silicic
flows and submarine epiclastic, volcaniclastic, and pyroclastic
deposits that range from dacite to rhyolite and contain aphyric
to crystal-rich tuffs, hyaloclastite, autobreccias, and subvol-
canic rhyolitic cryptodomes (Goodfellow and others, 2003).
These tectonically complex sequences most likely formed in
different rift basin settings and were later subducted (possibly
obducted) and then structurally juxtaposed during the Late
Ordovician to Late Silurian (Goodfellow and others, 2003;
McNicoll and others, 2003; van Staal and others, 2003). Felsic
magmatism was followed by VMS mineralization and later
emplacement of alkaline and tholeiitic basaltic lava flows
and hyaloclastites; this change in magmatic composition was
associated with continued back-arc rifting. The progression in
composition in the mafic magmas from alkaline to tholeiitic
may reflect the transformation from a back-arc basin into oce-
anic marginal sea (van Staal and others, 2003), which also was
marked by the cessation of felsic magmatism and the deposi-
tion of maroon-colored pelagic mudstone, siltstone, and chert
intercalated with flows of alkaline basalt (Goodfellow and
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Figure 5-13. The Iberian Pyrite Belt, where volcanogenic massive sulfide mineralization has occurred in a
siliciclastic-felsic suite, is shown in a schematic geologic cross section (A) and generalized stratigraphic sections
(B). A, schematic cross section of the Rio Tinto mine showing the location of the volcanogenic massive sulfide
deposit and sediment-sill complexes. After Boulter, 1993a. B, stratigraphic sections of the northern and central
members of the Iberian Pyrite Belt. From Franklin and others (2005).

others, 2003). The textures and compositions of the sedimen-
tary rocks indicate that the back-arc basins formed in varying
water depths; some basins had shallow water submarine to
subaerial environments whereas others were in much deeper
marine environments (fig. 5-4C). Goodfellow and others
(2003) note that Phanerozoic VMS deposits tend to be associ-
ated with sediments that formed under anoxic conditions and
formed at times when ocean waters were rich in H,0.

The Devonian rift-related Altai-Sayan region in Kazakh-
stan and Russia is another excellent example of VMS deposi-
tion associated with siliciclastic-felsic facies. Here, the base
and top of the rift sequence are marked by regional unconfor-
mities. Siliclastic sediments constitute about 80% of the strata
with felsic volcaniclastic rocks with minor flows, domes, and
intrusive rocks contributing up to about 25% of the strata.
Similar to other siliciclastic-felsic facies, mafic rocks of tholei-
itic and alkaline lava flows, sills, and volcaniclastic making up
less than 10% of strata (Fig. 5-14C).

Siliciclastic-Mafic Volcanic Suite (Rifted
Continental Margin, Intracontinental Rift, or
Sedimented Oceanic Ridge)

The siliciclastic-mafic association forms in continental
margin arcs and related back-arc settings (Franklin and oth-
ers, 2005) (fig. 5-1 inset). Basalt and pelitic sediments are
subequal, or pelite may dominate. The volcanic component is
primarily shallow synvolcanic basaltic sills that may make up
about 25 percent of the entire sequence. Felsic volcanic rocks,
if present, contribute <5 percent of the total succession (Frank-
lin and others, 2005) (fig. 5-15).

An excellent example of the siliciclastic-mafic suite is
Windy Craggy (fig. 5-15). Pelitic host rocks of the Windy
Craggy deposit formed in a mature back-arc basin. The pres-
ence of only minor tuff beds coupled with the absence of any
coarse-grained turbiditic sediments suggest that sedimentation
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occurred far from a clastic source, for example, a subaerial
island arc (Klein, 1975; Peter and Scott, 1999). Mafic lava
flows and synvolcanic sills are interspersed with carbonaceous
argillites that host the VMS mineralization (Franklin and oth-
ers, 2005). Primary textures in the silicified basalts have been
obliterated by a mosaic of interlocking microcrystalline quartz
with minor clusters of fine-grained chlorite (Peter and Scott,
1999). Franklin and others (2005) envisage a very shallow
volcanic center developed near the seafloor where numer-

ous high-level basaltic dikes, sills, and cryptodomes were
emplaced into unconsolidated carbonaceous argillite.

In the mature back-arc basin setting, igneous activity is
primarily subvolcanic and is the driver for VMS mineraliza-
tion, even though the associated mafic suite may amount to
only about 25 percent of the total sequence. As Moore (1970)
noted, the volume of magma associated with subvolcanic
intrusions exceeds the volume of magma erupted as lava
flows or pyroclastic material by several orders of magnitude.
Mapping of dikes and sills is important in determining their
proximity to source. By plotting their density, thickness, loca-
tion, orientation, and composition, a facies architecture can
be determined. These data reveal processes that were operat-
ing prior to and during volcanism and may define the area of
most intense VMS mineralization where the areas of highest
heat flow and cross-stratal permeability may occur (Gibson
and others, 1999; Gibson, 2005). Dikes and sills represent the
magmatic conduits for the eruptions and commonly occur on
faults. Dikes and sills are commonly reactivated structures
for repeated injections of magma and later act as conduits for
hydrothermal fluids (Gibson and others, 1999).

The ascent and emplacement of magma in the near
surface are controlled by the bulk density and hydrostatic
pressure of the magma compared with the bulk density of
the country rocks and lithostatic pressure (fig. 5-16). Magma
denser than its host tends to remain in the subsurface and be
intruded as sills and dikes below the level of neutral buoyancy
rather than erupt as lavas at the surface (Walker, 1989). In
subaqueous settings, such as in a mature back-arc basin, thick
accumulations of saturated unconsolidated sediments, whose
wet density is generally less than 2.0 (fig. 5-16) (Moore,
1962), act as a perfect host for the emplacement of denser
sills and dikes. Magmas are unlikely to erupt as lava flows in
this sediment-dominated basin environment (McBirney, 1963;
McPhie and others, 1993). Thick sequences of unconsolidated
pelitic sediments are intercalated with volcanic intrusives and
co-genetic related rocks, such as peperites (McPhie and others,
1993). The level of neutral buoyancy controls whether the
magma will be emplaced as an intrusive or extrusive.

Quenched compositions of dikes and sills are identical
to the lavas they fed. Dike swarms are commonly identified
by evidence of multiple intrusions into the same structure.
Contacts of intrusions into wet unconsolidated sediments show
that the intrusions have quenched, locally thin, chilled contacts
defined by peperite (McPhie and others, 1993). Feeder dikes
can be subdivided into four different categories based on
the character of their margins and associated hyaloclastite.
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Yamagishi (1987, 1991) classifies apophyseal-type feeder
dikes as those with bulbous or feeder-like protrusions into wet
sediments; these break off into small concentric pillows. At
the other end of the spectrum, massive feeder dikes are closely
jointed and grade outward to angular fragment breccia and
peperite (Yamagishi, 1987, 1991; McPhie and others, 1993).
These are excellent conditions for VMS.

Subvolcanic Intrusions

Most volcanic-hosted massive sulfide districts form in
proximal volcanic environments defined by vent to proxi-
mal facies volcanic sequences, with more than 75 percent of
known deposits associated with felsic intrusive complexes
(Franklin and others, 1981). In these settings, subvolcanic
intrusions, representing the volcanic feeder system to the
submarine volcanism, act as the thermal engine that drives
hydrothermal convection cells that form VMS deposits on or
near the seafloor (Galley, 2003). It is also inferred that shallow
subvolcanic intrusions (2—5 km) may directly supply mag-
matic fluids and metals to the hydrothermal systems, particu-
larly in the early stages of their development (Lydon, 1996;
Yang and Scott, 1996; Hannington and others, 1999). Subvol-
canic intrusions related to proximal facies volcanic sequences
are one of the most important indicators of VMS potential
(Franklin and others, 2005).

Subvolcanic intrusions can take four different forms
representing different stages of magmatic activity and volca-
nism (fig. 5-17; Galley, 1996). The first is as large plutons or
batholiths intruded 10-20 km below the seafloor, usually at or
near the brittle-ductile transition zone in the crust (approxi-
mately the 450 °C isotherm) (A in fig. 5-17). These plutons are
formed from primary melts from the mantle and (or) partial
melts of the lower crust and represent lower magma chambers
to the evolving volcanic system. However, such deep intru-
sions are unlikely to drive shallow hydrothermal convection
because convection cells involving large amounts of seawater
require relatively high permeability that can only be estab-
lished within the zone of brittle deformation where open pore
or fracture porosity can be maintained (Lydon, 1996).

The rise of magma batches from the lower magma
chambers forms a second level of shallowly emplaced sills and
stocks at depths generally less than 2—4 km (B in fig. 5-17).
These intrusive phases tend to cluster asymmetrically below
the eruptive centers in the comagmatic extrusive sequence. In
most subvolcanic suites, the intrusive complexes are typically
less than 2,000 m in width and commonly about 15-25 km
in strike length (Franklin and others, 2005). The size of an
intrusive complex is at least in part a function of the width, or
diameter, of the volcanic subsidence structure under which it
is emplaced (for example, Flavrian pluton, Noranda cauldron:
Gibson and Watkinson, 1990; Beidelman Bay pluton, Sturgeon
Lake caldera: Morton and others, 1991). In addition, the thick-
ness of the intrusive complex appears to be directly related to
the thickness of the overlying volcanic pile, although intrusion
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Figure 5-16. Physical parameters and controls on volcanism. A, Graph showing densities of common rock types and magmas
of varying composition. B, Graph of porosity versus depth for young sediments; density increases and porosity decreases with
increasing depth of burial. C, The net gravitational force (shown by arrow) exerted on magmas enclosed in less dense, denser,
or equally dense rocks. D, Graph of the levels of neutral buoyancy (LNB) as a function of magma density for four different cases.
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intrusion is favored. (b) Graph of density versus depth profile for various crustal lithologies compared to a magma of uniform
density. The cross-over point is the level of neutral buoyancy. (c) Graph of lithostatic pressure and magma hydrostatic pressure
versus depth. Hydrostatic pressure is equal the lithostatic load pressure at an arbitrary 50 km depth. The difference (h) between
the magma hydrostatic pressure and surface pressure determines the maximum height of h is the height to which hydrostatic
pressure to which a volcano could be constructed and is usually reflected in the height of long-lasting lava lakes. (d) Difference
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of post-VMS resurgent magmatic phases during hanging wall
volcanic activity makes it difficult to quantify this relationship.
Due to their shallow emplacement and composite nature (that
is, long-lived), these intrusive complexes are often intimately
associated with large-scale alteration systems and are proximal
to massive sulfide horizons (Galley, 1996, 2003).

A third level of subvolcanic intrusion involves the largely
vertical emplacement of dike swarms that are feeders to the
overlying volcanic units (C in fig. 5-17). Often these dikes are
localized along synvolcanic structures, such as caldera mar-
gins (Old Waite dike swarm, Noranda cauldron; Gibson and
Watkinson, 1990) or spreading axes (sheeted dike swarms in
ophiolites; Galley and Koski, 1999). In other cases they may
form a series of sills and associated dikes such as the Powder-
house sill/dike swarm at Snow Lake, Canada (Bailes, 1988).
These dike swarms are commonly characterized by a variety
of compositions that can range from ultramafic to felsic, often
representing a much wider variation than is present in either
the host volcanic package or the underlying subvolcanic intru-
sions (Galley, 1996).

The fourth level of intrusions includes dikes and sills
that represent feeders to the volcanic units in the hanging wall
to the massive sulfide-bearing rocks. These dikes can cut the
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shallow intrusive complexes, footwall dike swarms, and
the VMS deposits along long-lived synvolcanic struc-
tures. In some cases (for example, Chisel Lake deposit,
Snow Lake), these crosscutting dikes are altered where
they transect the deposit’s footwall alteration zone and
have altered margins well up into the hanging wall, indi-
cating that they were intruded into a still-active subsea-
floor hydrothermal system (Galley and others, 1993). The
recognition of discrete concentrations of sills and dikes
within a volcanic package is important in identifying
zones of long-lived synvolcanic extension along which
VMS deposits can occur at several levels in the volcanic
sequence.

Shallow level intrusive complexes emplaced in
extensional regimes within oceanic arc environments (for
example, nascent arc or primitive arc rifts) are character-
ized by low-alumina quartz diorite-tonalite-trondhjemite
composition and are co-magmatic with the host volcanic
strata (Lesher and others, 1986; Galley, 1996, 2003).
These are the most common type of subvolcanic intrusive
suites associated with clusters of VMS deposits, particu-
larly in the Precambrian (>80 percent; Galley, 2003).
Their high initial temperatures and relatively anhydrous
composition allow the intrusions to rise rapidly to shal-
low crustal levels where an efficient transfer of heat from
the magmas to the surrounding, fluid-rich volcanic pile
results in convective hydrothermal fluid flow (Lydon,
1996). Well-described examples include the Archean
Beidelman Bay intrusive complex, Sturgeon Lake
caldera, Canada (Poulsen and Franklin, 1981; Morton
and others, 1991); Archean Flavrian-Powell intrusion,
Noranda cauldron, Canada (fig. 5-18) (Goldie, 1978; Gib-
son and Watkinson, 1990; Galley, 2003); and Paleopro-
terozoic Sneath Lake and Richard Lake intrusions, Snow
Lake, Canada (Galley, 1996, 2003). In environments with
continental crust (for example, epicontinental margin,
continental-margin arc), intrusive complexes can include
granodiorite, quartz monzonite, and granite (for example,
Ordovician Bathurst camp, Canada: Whalen and others,
1998; Paleozoic Mount Read district: Large and others,
1996).

The interpretation that subvolcanic intrusions are the
primary heat engines responsible for hydrothermal sys-
tems is supported by a number of observations (Galley,
2003; Franklin and others, 2005) including:

1. aclose spatial relationship between subvolca-
nic intrusions and clusters of VMS deposits
(fig. 5-18);

2. volcanic strata for several thousand meters
above the intrusions containing a stratified,
district-scale semi-conformable alteration zone
defined by distinctive metasomatic mineral
assemblages controlled in extent by the strike
length of the underlying intrusion;
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3. in some, the most intense alteration lying directly
above and within the margin of the subvolcanic
intrusions;

4.  an apparent positive relationship between the aggre-
gate massive sulfide tonnage in the host VMS district
and the size of the associated subvolcanic intrusion
for intrusions less than 60 km?; and

5. low whole-rock oxygen isotope values relative to
unaltered rocks, providing quantitative evidence that
the subvolcanic intrusions have reacted with hot,
evolved seawater.

The identification of a subvolcanic intrusive complex
is important for determining VMS potential and for defin-
ing exploration targets. Because the intrusive complexes are
typically much larger than their comagmatic rhyolites that host
VMS deposits, they provide a much larger target to identify
prospective volcanic sequences. However, identifying the

intrusions can be difficult, particularly in orogenic belts where
younger volcanic and tectonic-related intrusions occur, and the
effects of deformation and metamorphism can be intense.

Three features of subvolcanic intrusive high-level intru-
sions are that they form the cores of early fold structures in
deformed terranes, are grossly conformable with the host
strata, and seldom have significant contact metamorphic
haloes. Although sill-like in their overall morphology, these
complexes typically consist of a series of stocks, sills, and dike
swarms that were emplaced at about the same stratigraphic
level within the volcanic sequence. They are commonly zoned,
with more mafic hornblende-rich gabbroic, or dioritic, phases
successively intruded by more felsic tonalite, trondhjemite,
and granite stocks, sills, and dikes (fig. 5-18). Contacts
between intrusive phases range from sharp to diffuse and
transitional and provide evidence that intrusion of more felsic
phases often occurred before full crystallization of the more
mafic magma (Galley, 2003). Late-stage felsic intrusive phases
(trondhjemites) also are often coarser grained than the early
phases (Galley, 2003). This textural change may be an indica-
tion of a deeper emplacement depth and slower cooling for the
felsic phases, perhaps as a result of thickening of the volcanic
pile during the emplacement of the intrusive complex.

Evidence for rapid cooling of particularly the early intru-
sions through contact with a convecting external fluid is pro-
vided by the presence of a variety of disequilibrium textures
such as complex compositional zonation of feldpars in mafic
phases, myrmekitic textures, development of granophyre,
acicular growth of pyroxene and amphibole, and the develop-
ment of miarolitic cavities in the more felsic phases (Poulsen
and Franklin, 1981; Galley, 2003). In addition, the presence of
pegmatitic coronas around some xenoliths, abundant miarolitic
cavities and (or) an increased volume of magmatic/hydrother-
mal alteration characterized by replacement and infilling by
epidote, actinolite, quartz, albite, magnetite, and subordinate
sulfide minerals provide evidence for the introduction into the
cooling intrusions of seawater from external sources as well as
possible devolitization of the rapidly cooled magmas (Franklin
and others, 2005). Various geochemical approaches can also
help in the discrimination of synvolcanic intrusions from later
tectonic and post-tectonic intrusions (Galley, 1996; Gaboury,
2000).

Summary and Conclusions

Volcanogenic massive sulfide mineralization occurs in a
broad variety of submarine volcano-tectonic settings. Each set-
ting has a distinctive suite of volcanically associated rocks that
reflect a variety of volcanic, intrusive, and (or) sedimentalogi-
cal processes. Volcanogenic massive sulfide mineralization has
five broad stratigraphic associations each with a distinctive
volcanic lithofacies that falls into two broad subdivisions:

(1) lithofacies developed by extrusive processes, as observed
within the mafic-ultramafic association, the bimodal mafic
association, and the bimodal felsic association; and



(2) lithofacies developed by primary and redeposited syn-
eruptive pyroclastic deposits and subvolcanic intrusions, as
observed within the siliciclastic-felsic association and the
siliclastic-mafic association. The differences between the
two may reflect deposition and emplacement in deep marine
settings for the former subdivision versus shallower water
environments for the latter subdivision. In addition, a hierar-
chy of architectural and lithofacies complexity ranges from
the relatively simple siliciclastic-mafic association through
the more complex mafic-ultramafic association to the highly
complicated bimodal-mafic, bimodal-felsic, and siliciclastic-
felsic associations (Gibson and others, 1999; Gibson, 2005).
This hierarchy reflects the relative complexities of volcanic
processes.

The application of physical volcanology is critical in
characterizing terrane and interpretating the volcanic pro-
cesses that accompany formation of VMS deposits. Thus, the
key to understanding the dynamic environment of volcanism
which localized VMS mineralization lies in the identification
of volcanic lithofacies. A series of mafic pillow lavas overly-
ing sheeted dikes above layered gabbro and mantle peridotite
occur typically at mid-ocean ridge and mature back-arc envi-
rons. The ultramafic suite of rocks may form in slow to ultra-
slow spreading environments where the classic penrose crustal
successions are absent. However, back-arc basins may never
develop spreading ridges, so that open-ocean crustal architec-
ture does not develop. In this case, VMS mineralization here
is hosted by pillow lavas. In incipient-rifted intraoceanic arcs,
a bimodal-mafic assemblage records volcanism dominated
by large subaqueous shield volcanoes with later developed
summit calderas filled with silicic lavas; these also are found
on the arc front (for example, Izu-Bonin arc; Fiske and others,
2001). Here, mafic pillow lavas overlie felsic domes or subvol-
canic intrusions: rhyolitic lobe-hyaloclastite flows are found
interbedded with the mafic pillow lavas. In contrast, incipient-
rifted continental margin arc and back-arc settings produce
a bimodal-felsic suite of primarily volcanic rocks dominated
by explosive felsic volcaniclastic deposits intercalated with
effusive lava flows. Mafic volcanism here is a subordinate
component, and contributions from terrigenous sediments are
minor but present. Mature epicontinental margin arcs and back
arcs produce siliciclastic-felsic suite assemblages which reflect
a prolonged history of sedimentation interspersed with silicic
volcanism; mafic volcanism is rare and limited. Volcanic
products include abundant pyroclastic flow and fall deposits,
coarse turbidite deposits, sills, and subvolcanic intrusions. In
rifted continental margin or intracontinental rift or sedimented
oceanic ridges settings, the siliciclastic-mafic suite of rocks is
dominated by fine-grained mudstones and argillites into which
were intruded basaltic sills. These are simple subvolcanic
settings but are host to some of the largest VMS deposits in
the world. Each volcanic terrane produces a specific suite of
lithofacies dependent on the tectonic setting.

Key elements in evaluating the prospectivity of ancient
volcanic successions and VMS deposits appear to be deep-
water sediments and lavas or shallow intrusions in an
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extensional basin setting. While many explosive submarine
calderas are host to VMS deposits, extensive VMS mineraliza-
tion also occurs in autoclastic breccias and hyaloclastites that
formed non-explosively.
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6. Physical Description of Deposit

By John F. Slack

Definition

In the following description of VMS deposits and their
physical features, a deposit is defined as a mineral occurrence
that has sufficient size and grade(s) to be economically profit-
able to mine under favorable circumstances (Cox and others,
1986).

Dimensions in Plan View

Typical dimensions of VMS deposits are in the range of
100-500 m. Small deposits may be only tens of thousands of
square meters in plan view, whereas giant deposits can have
dimensions of several square kilometers. The unmined Windy
Craggy deposit in British Columbia, Canada, at depth is
approximately 200 m wide and 1.6 km long (Peter and Scott,
1999), with a dimension of 0.3 km?; the Kidd Creek orebody
in Ontario, Canada, is approximately 500 m wide and at least
2,000 m long (downdip mining extent) and has a minimum
dimension, vertically restored, of 1.0 km? (Hannington and
others, 1999). The Besshi deposit on Shikoku, Japan, is 3,500
m by 1,800 m, thus covering an area (reconstructed prior to
deformation) of 6.3 km? (see Slack, 1993); the dimension of
the original deposit, prior to erosion, was much greater. Such
large variations in the dimensions of VMS deposits reflect
diverse parameters, such as: the nature and duration of seafloor
and subseafloor hydrothermal activity; seafloor topography;
permeability of footwall strata; structural and (or) volcanic
controls on mineralization; postore deformation including
shearing, folding, and faulting; extent of erosional preserva-
tion; and mining cutoff grades.

Size of Hydrothermal System Relative
to Extent of Economically Mineralized
Rock

The diverse nature of VMS systems results in large size
ranges for envelopes of altered rock surrounding economic
orebodies. Highly focused fluid flow in some deposits has
produced alteration of limited volumetric significance to

footwall stringer zones that typically contain only minor
sulfides; hence, it is uneconomic to mine such deposits. How-
ever, many deposits have alteration haloes that in plan view
extend well beyond the width of the orebody, including the
Ordovician Brunswick No. 12 deposit in the Bathurst district
of New Brunswick (Goodfellow and McCutcheon, 2003) and
the Paleoproterozoic Chisel deposit in the Snow Lake district
of Manitoba (Galley and others, 2007), where haloes are two
or three times wider than the economic parts of the deposits.
Even larger is the alteration zone surrounding the Western
Tharsis deposits in Tasmania, Australia, being about 800 m in
diameter compared to the maximum orebody width of about
150 m (Large and others, 2001). These dimensions do not
consider the sizes of laterally extensive stratabound alteration
zones, such as those occurring within footwall strata imme-
diately below the sulfide ores, or in much deeper, so-called
semi-conformable alteration zones that in some cases extend
a kilometer or more from the projected economic margins of
the deposit (Galley, 1993). Such zones may also occur in the
stratigraphic hanging wall of deposits (for example, Noranda
district), probably reflecting hydrothermal systems that were
generated by synvolcanic but postore intrusions (see Franklin
and others, 2005).

Vertical Extent

The nature of postore deformation determines whether
the vertical extent of a VMS deposit is equivalent to its origi-
nal stratigraphic thickness or its length. For relatively unde-
formed deposits, typical vertical extents (thicknesses) are on
the order of tens of meters; extents of >250 m occur in a few
deposits of this type, such as San Nicolas in Mexico, Tambo
Grande in Peru, and Sibay in Russia (Johnson and others,
2000; Tegart and others, 2000; Herrington and others, 2005).
The greatest vertical extents occur in tabular and sheetlike
deposits that dip steeply to vertically, for which their extents
reflect original deposit lengths and not thicknesses. Examples
include the Besshi deposit in Japan (1,800 m; Sumitomo Metal
Mining Company, Ltd., 1970) and the Kidd Creek orebody
in Canada (>2,000 m; Hannington and others, 1999). Vertical
extents of feeder zones also vary greatly, but they generally are
less than 100 m, although some deposits have much thicker
feeder zones (restored to predeformation geometries) on the
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order of several hundred meters, such as Hellyer, Tasmania
(Gemmell and Large, 1992), Podolsk, Russia (Herrington and
others, 2005), and Rio Tinto, Spain (Tornos, 2006).

Form/Shape

The geometry of VMS deposits may preserve original
hydrothermal shapes or alternatively reflect varying degrees
of postore deformation such as folding, faulting, and shear-
ing (see Large, 1992). In areas of no or minimal deformation,
possible deposit forms include sheets, layers, lenses, mounds,
pipes, and stockworks (fig. 6—1). Sheetlike deposits are char-
acterized by high aspect ratios in which the lengths of sulfide
zones exceed thicknesses by an order of magnitude or more.
Examples include the Besshi deposit on Shikoku, Japan, which
has approximate dimensions of 3,500%1,800 m and a typical
thickness of <30 m (Slack, 1993, and references therein), and
the Thalanga deposit in Queensland, Australia, having a strike
length of approximately 3,000 m and a thickness of 10-20 m
in most places (Berry and others, 1992). Such sheetlike geom-
etries, where demonstrably not of deformational origin, may
reflect:

* sulfide deposition in a brine pool,

* precipitation from dense high-salinity fluids that
migrate to a topographic low,

 accumulation of clastic sulfides eroded from a topo-
graphically higher edifice of massive sulfide,

* near-vent (<500 m) precipitation from the buoyant part
of a hydrothermal plume (Large and others, 2001; Ger-
man and Von Damm, 2003),

* coclescence of originally isolated sulfide mounds by
mineralization from multiple vent sites (Huston, 1990),

* subseafloor replacement of a permeable volcanic or
sedimentary bed (Large, 1992), or

* extensive seafloor weathering of a former sulfide
mound (Herrington and others, 2005).

Layers show broadly similar geometries. Lenses have shorter
length to thickness ratios and in many cases display irregular
shapes with tapered margins; a large deposit of this type is San
Nicolas in Mexico, which is 900 m long, >200 m wide, and as
much as 280 m thick (Johnson and others, 2000).

Sulfide mounds show a wide range of geometries, com-
monly with roughly equal widths and lengths (approx. 100—
300 m) and much smaller thicknesses, such as the Millenbach
deposit in the Noranda district of Quebec (Knuckey and oth-
ers, 1982). Atypical geometries are those such as the roughly
equidimensional massive sulfide mounds like the bowl-shaped
Bald Mountain deposit in Maine, which is approximately
370%275 m in diameter and as much as 215 m thick (Slack
and others, 2003), and the hourglass-shaped TG3 deposit at

Tambo Grande in Peru, which is approximately 500%350 m
in diameter and up to about 250 m thick (Tegart and others,
2000). Such roughly equidimensional geometries likely reflect
sulfide deposition within a confined space, such as volcanic
craters or small grabens. Pipelike deposits, like those at Sibay
in the South Urals of Russia (Herrington and others, 2005),
Mount Morgan and Highway-Reward in Queensland, Austra-
lia (Messenger and others, 1997; Doyle and Huston, 1999),
and Baiyinchang in Gansu Province, China (Hou and others,
2008), have thicknesses that are commonly greater than their
diameters, typically as a result of subseafloor mineralization
involving the replacement of permeable volcanic or sedimen-
tary units by sulfides. The location and geometry of some
pipelike deposits like Mount Morgan were controlled by syn-
volcanic growth faults (Taube, 1986). A modern analog is the
Ocean Drilling Program (ODP) site at Middle Valley on the
northern Juan de Fuca Ridge, where stacked sulfide mounds
occur together with underlying alteration zones and a deep,
epigenetic stratiform Cu zone (Zierenberg and others, 1998).

Stockworks generally occur in the stratigraphic footwall
of sulfide-rich deposits and represent the feeder zone through
which hydrothermal fluids rose towards the paleoseafloor (see
Lydon, 1984; Franklin and others, 2005). Thicknesses vary
from tens of meters to hundreds of meters in a few deposits.
Where relatively undeformed, such stockworks commonly
have an inverse funnel shape; others form a pipelike structure.
Examples of classic VMS stockworks occur in the Kuroko,
Noranda, Jerome, and Rio Tinto districts of Japan, Quebec,
Arizona, and Spain, respectively (Franklin and others, 1981;
Tornos, 2006; Gibson and Galley, 2007). Less commonly,
stockworks are stacked and occur at two or more stratigraphic
levels, such as in the Que River and Mount Lyell deposits in
Tasmania, Australia (Large, 1992). Some stockworks have
been selectively mined for copper, such as Jerome in Ari-
zona (Gustin, 1990), Limni in Cyprus (Richards and others,
1989), and Rio Tinto in Spain (Nehlig and others, 1998). The
stockwork of the giant Kidd Creek orebody in Canada is also
economically important, as it has been mined for decades (see
Hannington and others, 1999). Examples of modern stock-
works that have been discovered on and beneath the seafloor
include the Galapagos Rift (Ridley and others, 1994), Middle
Valley (Zierenberg and others, 1998), and TAG (Petersen and
others, 2000).

Deformed VMS deposits typically are folded, faulted,
and (or) sheared. Folds within such deposits vary from broad
open structures such as those at Eskay Creek, British Colum-
bia, and Caribou, New Brunswick, Canada (Roth and others,
1998; Goodfellow, 2003), to isoclinally folded layers as at
Tizapa, Mexico, and Kudz Ze Kayah, Yukon, Canada (Lewis
and Rhys, 2000; Peter and others, 2007), to complexly folded
lenses such as at Stekenjokk, Sweden, and Elizabeth, Vermont
(Zachrisson, 1984; Slack and others, 2001). In the Bathurst
district of New Brunswick, Canada, the sulfide deposits have
undergone several periods of pervasive deformation, which is
especially well-documented in the large Brunswick No. 12 and
Heath Steele orebodies (van Staal and Williams, 1984; de Roo
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Classic mound (for example, Hellyer) Layered (for example, Scuddles) Explanation

Hangingwall volcanics

Massive Pb - Zn + Ba + Cu
Footwall volcanics

Volcanogenic sediments

Stacked (for example, Que River) Stringer py-Cu
Weak ser-qtz-py alteration
Strong chl-ser-qgtz-py alterati

Stringer py-Pb-Zn

Massive py-Cu
Asymmetric mound (for example, Mt. Chalmers)

Stockwork/disseminated (for example, Mt. Lyell)

Pipe (for example, Mt. Morgan, Reward)

Ag-Ag-Pb-Zn stockwork/disseminated
(for example, Que River)

Sheet (for example, Rosebery, Thalanga)

Distal reworked

Cyclic zoned (for example, Woodlawn)

Figure 6-1. Different forms and styles of volcanogenic massive sulfide deposits (with example sites in parentheses). Modified from
Large (1992). [Ag, silver; Ba, barium; Cu, copper; Pb, lead; Zn, zinc; chl, chlorite; py, pyrite; qtz, quartz; ser, sericite]
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and others, 1991), including the remobilization of sulfides and
formation of sulfide breccias (de Roo and van Staal, 2003).
Map distributions of deformed deposits can be mislead-

ing because in some cases, like in the Ducktown district of
Tennessee, what appears to be a simple pattern of one fold
generation is actually an intensely folded and sheared group
of deposits that experienced multiple deformational events
(Slack, 1993, and references therein). Noteworthy are the
thickened zones of massive sulfide that characteristically occur
in the hinges of tight to isoclinal folds (for example, Bruns-
wick No. 12; van Staal and Williams, 1984), which in many
orebodies are of major economic importance.

Highly sheared deposits typically show elongate or dis-
membered shapes of sulfide bodies and (or) footwall stringer
zones, both of which may be offset along shears or ductile
faults. Examples include Brunswick No. 12, Ducktown, and
Kristineberg in Sweden (van Staal and Williams, 1984; Slack,
1993; Arebick and others, 2005). As a result of such shearing,
and the development of transposed bedding in wall rocks and
of complex fabrics within remobilized massive sulfides and
feeder zones, it can be difficult to discern primary geometric
relations between mineralized zones and volcanosedimentary
host strata, including whether the deposits are syngenetic or
epigenetic (van Staal and Williams, 1984; Marshall and Spry,
2000). Other products of extensive deformation of VMS
deposits include the so-called “durchbewegung structure,”
comprising fragments of rotated and typically rounded wall
rocks in a sulfide-rich matrix, and features such as sulfide-rich
veins, mylonites, and piercement cusps (see Marshall and
Gilligan, 1989; Duckworth and Rickard, 1993; Marshall and
others, 2000). Attenuation and thinning of deposits into the
plane of foliation is common and can result in lateral distribu-
tion of compositional and mineralogical zoning patterns that
were originally vertical, as for example the Silver Peak deposit
in Oregon (Derkey and Matsueda, 1989) or many of the VMS
deposits in the Foothill metavolcanic belt of California (Kemp,
1982).

Host Rocks

The volcanic and sedimentary rocks that typically host
VMS deposits may include lavas, tuffs, shales, siltstones,
and (or) sandstones and their metamorphosed equivalents.
Sedimentary conglomerates are uncommon to rare. Coarse
volcanic breccias and fragmental pyroclastic rocks are the host
rocks to many deposits, reflecting proximity of hydrothermal
vents to volcanic centers (see Franklin and others, 2005; Gal-
ley and others, 2007). In many cases, massive sulfide deposits
occur along or near brecciated rhyolite domes, which are well
documented in the footwall of many VMS camps such as the
Hokoruko district of Japan (Ohmoto and Takahashi, 1983) and
the Noranda district of Quebec (Gibson and Galley, 2007).
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1. Geophysical Characteristics of Volcanogenic Massive

Sulfide Deposits

By Lisa A. Morgan

Introduction

Volcanogenic massive sulfide (VMS) deposits typically
have strong geophysical contrasts with their host rocks
because of the substantial differences in physical and chemical
properties between the deposits and the rock in which they
form (Thomas and others, 2000). Such properties include
density, magnetic intensity and susceptibility, gravity,
electrical resistance, and acoustical velocity. Electrical self
potential or transient responses to time-varying electromag-
netic fields can also be used to detect buried sulfide deposits.
Typically, the sulfide body is a concordant lens underlain by a
discordant stockwork or stringer zone with vein-type sulfide
mineralization (fig. 7-1) (Galley and others, 2007).

Based on the shape and depth of the ore body, the sulfide
content in the ore produces significant geophysical signatures.
As noted by Ford and others (2007), VMS deposits produce
significant electromagnetic, gravimetric, and magnetic
responses and thus provide great potential for geophysically
detecting ore bodies (table 7—1). Geophysical surveys
(fig. 7-2) have been employed successfully to identify ore
bodies and are used at an early stage in exploration. For sulfide
deposits, contrasts in magnetic, electromagnetic, and gravita-
tional (density) properties become direct exploration vectors;
gamma-ray spectroscopy provides an indirect technique based
on chemical contrasts associated with near-surface alteration
mostly as potassium enrichment or depletion within and sur-
rounding the deposit (Thomas and others, 2000). As explora-
tion for near-surface and surface base-metal deposits becomes
more difficult, geophysical techniques are increasingly relied
upon to identify areas of VMS mineralization (Bishop and
Emerson, 1999).

The most common sulfide mineral in VMS deposits is
pyrite, which is often associated with other sulfides such as
pyrrhotite, chalcopyrite, sphalerite, and galena (Galley and
others, 2007). Other possible nonsulfide minerals associated
in VMS deposits include magnetite, hematite, and cassiterite;
barite can be present as a gangue mineral. All these minerals
have relatively high values of specific gravity (4.0-7.5 g/cm?;
table 7-2), which is in strong contrast to the significantly
lower densities measured in their sedimentary or volcanic host
rocks. Thomas (2003) measured densities of 2.70-2.84 g/ cm?
for the host rock at the Bathurst mining camp.

Electrical Signature

Electrical methods are highly effective in identifying
VMS targets because they respond to the electrical conductiv-
ity of the rocks and minerals, which can vary by 20 orders
of magnitude (Grant and West, 1965). Electrical methods are
unique in being able to detect such a large range of mag-
nitudes; no other physical property has such a wide range.
Because of this large potential range in values, a variety of
electrical techniques have been developed that capitalize
on these differences, such as measurement of conductivity,
resistivity (the inverse of conductivity), induced polarization,
electromagnetism, and gamma ray spectra (table 7-1). Electri-
cal methods are currently the most used technique in survey-
ing for VMS deposits; a variety of survey types (for example,
MegaTEM, Titan24, and borehole techniques) are pushing the
limits of detectable depth ranges.

Volcanogenic massive sulfide deposits have high con-
ductivities (fig. 7-2B) exceeding 500 mS/m (millisiemens per
meter) and are similar in magnitude to graphite and saltwater
(Ford and others, 2007). Compared to igneous and meta-
morphic rocks with typical conductivities of <I mS/m and
sedimentary rocks with conductivities from 1 to 500 mS/m,
the contrast between VMS deposits and its host rock may be
significant and can be a useful physical property. A complicat-
ing factor, however, may be introduced by a water-rich unit
overlying the VMS ore body, as the content of water in a unit
can substantially increase its conductivity; thus, such a unit
could effectively mask the signal from the ore body. Anoxic
sedimentary horizons that contain graphite or sulfide are also
highly conductive and are difficult to distinguish from massive
sulfide deposits. Some types of VMS deposits are typically
associated with reducing sediments. Noneconomic pyrite-rich
or pyrrhotite-rich deposits are not distinguishable from poten-
tially economic deposits, so conductivity and other electro-
magnetic techniques are not fully definitive exploration tools
in and of themselves.

Electrical resistivity surveys are useful in calculating the
apparent resistivity of the subsurface at different depths result-
ing in the generation of cross sections of true resistivity (Ford
and others, 2007). These can be used to produce three-dimen-
sional geometries of ore bodies at depth. Resistivity surveys
also are used to estimate the thickness of overburden, which
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Figure 7-1. Schematic diagram of the modern Trans-Atlantic Geothermal (TAG) sulfide

deposit on the Mid-Atlantic Ridge, depicting a cross section of a volcanogenic massive
sulfide deposit with concordant semi-massive to massive sulfide lens underlain by a

discordant stockwork vein system and associated alteration halo. From Hannington and
others (1998) and Galley and others (2007). Modified from Hannington and others (2005).

then can be used to improve interpretation of ground gravity
surveys (Ford and others, 2007). Conductivity, the inverse of
resistivity, also can be used to map overburden.

Induced polarization (IP) surveys measure the chargeabil-
ity of the ground and the time variance in the response of the
electromagnetic field, which is related to ability of the material
to retain electrical charges. Induced polarization surveys are
very effective in detecting disseminated sulfide bodies. Typi-
cally, these sulfides occur in the altered halo surrounding the
massive sulfide ore body and may be associated with clays,
which also produce significant IP responses (Ford and others,
2007).

The techniques associated with electromagnetic (EM)
surveys, collected both on ground and in air, are the most
common electrical methods employed in mineral exploration.
Electromagnetic techniques can directly detect conductive fea-
tures such as base metal deposits where significant contrasts
in conductivity values occur between the ore bodies and their
resistive host rocks (Thomas and others, 2000). Values for the
conductivity of soils, rocks, and ore bodies, measured in mil-
liSiemans per meter, span several orders of magnitude ranging
from 3.57x10° mS/m for graphite to 5x10* mS/m for pyr-
rhotite to 0.01 mS/m for gravel and sand (Thomas and others,

2000). Both airborne and ground electromagnetic techniques
are effective in detecting massive sulfide mineralization, but
only if the sulfide grains in the deposit are electrically con-
nected (Dubé¢ and others, 2007). In cases where sulfide grains
are not electrically connected, such as in the disseminated
sulfide stockwork below the main massive sulfide ore body,
induced polarization can be successfully employed to detect
these and other disseminated sulfides. As water content greatly
influences the conductivity of the unit, Telford and others
(1990) showed that the conductivity difference between a wet
and a dry tuff differed by a factor of 100. Saturated overbur-
den may produce conductivity values that effectively mask the
EM of the VMS mineralization (Thomas and others, 2000).

Magnetic Signature

High-resolution magnetic data can be an excellent tool in
identifying the broad geologic framework of an area and often
show contrasting patterns that reflect differences in lithologic
compositions, crustal structures, and type and degree of altera-
tion. As one of the oldest geophysical exploration methods
used in mineral exploration, the effectiveness of magnetic



Table 7-1.  Utility of geophysical techniques in exploration
of volcanogenic massive sulfide (VMS) deposits. O represent
highly effective methods and X represent moderately

effective methods.

[Source: Ford and others (2007)

Geophysical method

Air or Application VMS.
ground deposits

Electric

Air Geological Framework X

Ground Direct Targeting (6]

Electromagnetic

Air Geological Framework X

Air Direct Targeting (6]

Ground Geological Framework X

Ground Direct Targeting (0]

Magnetic

Air Geological Framework (0]

Air Direct Targeting (0]

Ground Geological Framework (0]

Ground Direct Targeting (0]
Gravity

Air Geological Framework X

Air Direct Targeting (0]

Ground Geological Framework X

Ground Direct Targeting (0]

Radiometric

Air Geological Framework (6]

Air Direct Targeting X

Ground Geological Framework X

Ground Direct Targeting X
Seismic

Ground Geological Framework X

Ground Direct Targeting X
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surveys depends on the presence of magnetite or other miner-
als with high values of magnetic susceptibility (fig. 7-24;
tables 7-2, 7-3). Metallic ore bodies are often identified by
delineating magnetic anomalies.

Magnetic surveys measure the total magnetic intensity
or strength of the Earth’s field, measured in units of nanotesla
(nT). The total field includes contributions imparted by the
Earth’s core, crust, and upper atmosphere; the resultant field
subtracts contributions from the core and upper atmosphere
leaving the crustal component which reflects both positive and
negative values of crustal susceptibility. It is the total magnetic
intensity of the crust that is referred to in discussing processed
magnetic field data. A commonly applied derivative of the
magnetic field data is the magnetic vertical gradient, measured
in nanoteslas per meter (nT/m), which filters the magnetic data
and emphasizes near-surface geological features. Compared to
anomalies observed in total magnetic intensity maps, vertical
gradient anomalies tend to be more confined and associated
with closely spaced geological units that produce distinct mag-
netic anomalies (Thomas and others, 2000). Vertical gradient
maps are commonly used to delineate VMS deposits (fig. 7-2).

Many sulfide minerals have high values of magnetic sus-
ceptibility resulting in prominent magnetic anomalies associ-
ated with VMS ore bodies. In some cases, the strong magnetic
signature of a VMS deposit is associated with noneconomic
mineralization. For example, a Cu-rich, chalcopyrite-bearing
VMS deposit may have a strong magnetic anomaly due to
its association with pyrrhotite, a highly magnetic but non-
economic mineral (table 7-2). Very high values of magnetic
susceptibility are measured in pyrrhotite (3,200x10 SI) and
pyrite (5107 SI), which is the most common mineral associ-
ated with VMS deposits. Compared to the lower values mea-
sured in most sedimentary and volcanic host rocks, this strong
contrast in values results in positive magnetic anomalies in
surveyed areas.

Other common sulfide minerals in VMS deposits, such
as chalcopyrite, sphalerite and galena, have lower values of
magnetic susceptibility that are similar to those found for
their sedimentary and volcanic host rocks and thus do not
contribute to any magnetic anomaly associated with the VMS
ore body. Sphalerite has no salient geophysical properties
that would allow its identification using routine geophysical
techniques (Bishop and Emerson, 1999) and, in fact, detection
of any Zn-bearing sulfides is difficult. Sphalerite, the most
commonly mined Zn-bearing mineral, is not magnetic, is very
resistive, and has a relatively low specific gravity. However,
sphalerite rarely forms as an isolated sulfide as it is associ-
ated with galena, pyrite, pyrrhotite, and chalcopyrite (Bishop
and Emerson, 1999). The fact that sulfides with high values of
magnetic susceptibility are associated with VMS ore bodies
facilitates their identification. Additionally, nonsulfide metal-
lic minerals with high susceptibility values, such as magnetite
(5,500%107 SI) and hematite (40107 SI) (table 7-2), also are
common in some massive sulfide deposits and contribute to
the strong positive magnetic anomalies found associated with
these ore bodies. Magnetite in VMS deposits typically occurs
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Table 7-2. Physical properties (density, magnetic susceptibility, electrical conductivity) of common rock ore minerals and
ore-related minerals.

[Sources: Thomas and others (2000); Ford and others (2007). SI, International System of Units; g/cm3, gram per cubic centimeter; mS/m, millisiemens per
meter]

Rock Density (g/cc) Magnetic (SI x 10-%) Conductivity (mS/m)
type Min. Max. Ave. Min. Max. Ave. Min. Max. Ave.
Sediments and sedimentary rocks
Overburden 1.92
Soil 1.2 2.4 1.92 0.01 1.26
Clay 1.63 2.6 2.21 10 300
Glaciolacustrine clay 0.25 10 200
Gravel 1.7 2.4 2 0.1 2
Sand 1.7 2.3 2 0.1 2
Glacial till 0.5 20
Saprolite (mafic) 50 500
Saprolite (felsic) 5 50
Sandstone 1.61 2.76 2.35 0 20 0.4 1 200
Shale 1.77 32 2.4 0.01 18 0.6 30 200
Argillite 0.07 83.3
Iron formation 0.05 3,300
Limestone 1.93 2.9 2.55 0 3 0.3 0.001 1
Dolomite 2.28 2.9 2.7 0 0.9 0.1 0.001 1
Conglomerate 0.1 1
Greywacke 2.6 2.7 2.65 0.09 0.24
Coal 1.35 0.03 2 100
Red sediments 2.24 0.01 0.1
Igneous rocks
Rhyolite 2.52 0.2 35
Andesite 2.61 160
Granite 2.64 2.5
Granodiorite 2.73
Porphyry 2.74 60
Quartz porphyry 20
Quartz diorite 2.79
Quartz diorite, dacite 83
Diorite 2.85 85
Diabase 291
Olivine diabase 55
Basalt 2.99 25
Gabbro 3.03 70
Hornblende gabbro 3.08 70
Peridotite 3.15 250
Obsidian 2.3
Pyroxenite 3.17 125
Monzonite 85
Acid igneous rocks 2.61 8

Basic igneous rocks 2.79 25
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Table 7-2. Physical properties (density, magnetic susceptibility, electrical conductivity) of common rock ore minerals and
ore-related minerals.—Continued

[Sources: Thomas and others (2000); Ford and others (2007). SI, International System of Units; g/cm3, gram per cubic centimeter; mS/m, millisiemens per
meter]

Rock Density (g/cc) Magnetic (SI x 10-%) Conductivity (mS/m)

type Min. Max. Ave. Min. Max. Ave. Min. Max. Ave.
Phonolite 2.59
Trachyte 2.6 49
Nepheline syenite 2.61
Syenite 2.77 49
Anorthosite 2.78
Norite 2.92

Metamorphic rocks
Quartzite 2.6 4
Schist 2.64 1.4
Marble 2.75
Serpentine 2.78
Slate 2.79 6
Gneiss 2.8
Amphibolite 2.96 0.7
Eclogite 3.37
Granulite 2.65
Phyllite 2.74
Quartz slate 2.77
Chlorite schist 2.87
Skarn 2.95 3.15 2.5 1.25
Hornfels 2.9 3 0.31 0.05
Sulfide minerals
Chalcopyrite 4.2 0.02 0.4 1.11 6.67
Galena 7.7 -0.03 1.11 1.47
Pyrite 5 0.03 5.3 1.67 8.33
Pyrrhotite 5 3,200 6.25 5
Sphalerite 3.75 -0.03 0.75 0.08 3.70
Other

Magnetite 5.04 1,000 5,700

Graphite 2.5 -0.08 0.2 1.01 3.57
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Figure 7-2. Selected airborne geophysical surveys for Bathurst mining camp. A, Map showing total magnetic
intensity. Warm colors represent areas of high values of magnetic intensity, cooler colors denote low values of
magnetic intensity. The areas with reddish and yellow coloration correlate to magnetite-bearing basalts (van Staal
and others, 2003). B, High-frequency apparent conductivity map; areas of red and yellow represent black, sulfide-
bearing shales and are quite conductive. C, Map showing Bouguer gravity field. D, Vertical magnetic gradient map
emphasizing near-surface geologic features. E, Equivalent thorium map can be used to easily identify rocks with high
concentrations of thorium (noted in red and yellow), such as granites and felsic volcanic rocks (van Staal and others,
2003). From Thomas and others (2000). [mS/m, milliSiemen per meter; mGal, milligal; nT/m, nanotesla per meter; ppm,
part per million]



Table 7-3. Massive sulfide ore mineral density (g/cm?) and
magnetic susceptibility (10 Sl).

Mineral Density’ Susceptibility?

Barite 4.5 -
Chalcopyrite 4.2 0.4
Pyrite 5.02 5
Pyrrhotite 4.62 3,200
Sphalerite 4 0.8
Galena 7.5 -0.03
Magnetite 5.18 5,700
Hematite 5.26 40

"Densities from Klein and Hurlbut (1985).
*Susceptibilities from Hunt and others (1995).

in the core of the stockwork and central basal part of the
overlying sulfide lens (Ford and others, 2007). Furthermore,
magnetite and hematite are common minerals in iron-forma-
tion deposits that can be temporally and spatially associated
with VMS deposits (Peter and others, 2003); high values of
magnetic susceptibility for these minerals produce amplified
magnetic anomalies.

At the Bathurst mining camp, Thomas (1997) measured
values of magnetic susceptibility in host rocks that ranged
from 0.1 to 1.1x107 SI. This strong contrast in values results
in positive magnetic anomalies over the VMS ore body
(fig. 7-2A4) (Ford and others, 2007).

In other cases, hydrothermal alteration of footwall rocks
beneath massive sulfide deposits may lead to the destruction
of magnetic phases and results in anomalously low mag-
netic signals, much like the hydrothermal alteration zones
around thermal basins in Yellowstone National Park (Finn
and Morgan, 2002). Tivey and others (1993, 1996) conducted
near-bottom magnetic surveys over the TAG massive sulfide
deposit (fig. 7-1) and two other inactive sulfide mounds on the
Mid-Atlantic Ridge using the submersible A/vin. They found
small localized negative magnetic anomolies over individual
sulfide deposits and a broader magnetic low zone not attrib-
utable to the small anomolies related to the mounds. They
attribute the localized anomolies to destruction of magnetic
minerals beneath the sulfide mounds in intense, focused
hydrothermal up-flow zones. We note that alteration beneath
the TAG massive sulfide deposit (fig. 7-1) has resulted in
hematized basalts (Hannington and others, 1998); detailed
studies of hydrothermal mineralogy have not identified any
pyrrhotite or magnetite (Tivey and others, 1995). Geochemical
and mineralogical observations are thus consistent with mag-
netic data indicating that strongly magnetic minerals are not
present in the TAG sulfide deposit and hydrothermal alteration
has apparently oxidized primary magnetite in the basalt host
rocks. This apparent inconsistency with magnetic highs related
to VMS deposits exposed on the continents could be due to
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differing mineralogy or to the overall size of sulfide accumula-
tions relative to the underlying alteration pipes.

Tivey and others (2003) conducted extensive deep-tow
magnetometer surveys over the TAG area and concluded
that the broad negative magnetic anomaly is due to the area’s
position on the hanging wall of a detachment fault that causes
crustal thinning. They also suggest that the hanging wall of a
long-lived detachment fault is a favorable site for hydrother-
mal vents that may form VMS deposits because of reactivation
along the fault providing pathways for fluid flow.

Gravity Signature

Gravimetric surveys measure differences in units of mil-
ligals (mGal) in the Earth’s gravity field, which is sensitive to
variations in rock density (Ford and others, 2007). Gravimetric
surveys can be used to detect excess mass (fig. 7-3), which
may indicate a potential ore body at depth, and to estimate the
size of the excess mass; gravimetric surveys can be used in
conjunction with conductivity surveys in assessing whether a
conductivity anomaly is due to a low-density graphite body at
depth or a high-density sulfide mineralized zone (Thomas and
others, 2000). As noted, the minerals found in VMS deposits
have relatively high specific gravity values in marked contrast
to lower specific gravity values measured in their sedimentary
and volcanic host rocks. Gravity highs are typical in VMS ter-
ranes and center over the ore body (figs. 7-2C, 7-4).

In mineral exploration for massive sulfide deposits,
gravity surveys generally follow other geophysical (magnetic,
electrical, or electromagnetic) and geochemical surveys and
are used to detect the excess mass of the ore body as well as
determining its size and tonnage.

In the Iberian Pyrite Belt, the Las Cruces massive sulfide
deposit, hosted in siliciclastic-felsic rock, originally was

30—
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Figure 7-3. Gravity model showing that an
excess mass in the crust contributes to the

gravity field and produces a positive anomaly or
gravity high. From Ford and others (2007).
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discovered by a regional gravity survey (McIntosh and others,
1999) that indicated an extension of the Pyrite Belt litholo-
gies beneath 120 m of cover. The 14.5-Mt deposit occurs in
highly altered felsic to intermediate volcanic units with minor
sedimentary rocks and is located in an industrialized zone
within 18 km of Seville. The gravity survey was followed
by IP (induced polarization) and TEM (transient electromag-
netic) surveys that were effective in defining the extent of
mineralization.

Gravimetry also played a critical role in identification of
a pyrite ore body with associated polymetallic VMS deposit,
the Lagoa Salgada ore body, in the tectonically complex
Iberian Pyrite Belt of Portugal. Here the deposit is covered by
a 128-m-thick cover of Tertiary strata and is associated with a
15-m-thick gossan (Oliveira and others, 1998). The VMS min-
eralization is somewhat variable and has significant values of
Zn, Pb, Cu, As, Cd, Sn, Ag, Hg, and Au. The relatively dense
ore body is hosted in a much less dense volcaniclastic-sedi-
mentary host rock. The large contrast in density contributes to
the large gravity anomaly. This anomaly has two main centers
about 450 m apart and is strongly influenced by basement
topography. Gravimetry has helped to delineate several struc-
tural alignments or faults and identify horst-graben structures
(Oliveira and others, 1998) that potentially provide structural
control on the localization of sulfide ore bodies.

Radiometric Signature

All rocks are naturally radioactive and contain various
proportions of radioactive elements that can be measured in
radiometric surveys (Thomas and others, 2000).

Gamma-ray spectrometry (fig. 7-5) measures discrete
windows within the spectrum of gamma-ray energies, permit-
ting measurement of the concentrations of individual radioele-
ments, specifically potassium (K), uranium (U), and thorium
(Th) (fig. 7-2E), through the detection of their shorter lived
decay products. These measurements respond to sources
from the top 20—60 cm of the Earth’s surface and thus reflect
only surficial geochemical conditions; the depth of features
examined with gamma-ray spectrometry are much shal-
lower in contrast to the depth of features measured below the
mapped near-surface geology (tens to hundreds of meters) in
other geophysical surveys, such as magnetic, electromagnetic,
and gravity (Thomas and others, 2000). Tools for measuring
radiation in bore holes allow the technique to be extended to
the subsurface. Potassium, uranium, and thorium are measured
in radiometric surveys because they are the principle elements
contributing to natural radioactivity and are present in various
concentrations in rocks and soils. Each element has distinct
chemical properties that allow for characterization of normal
and anomalous chemical and mechanical processes, which
then can be further used to provide insight into ore-related
processes (Ford and others, 2007). Potassium is present in
most rocks and can be either significantly enriched or depleted
by hydrothermal alteration. Uranium and thorium are present
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in most rocks in minor abundances as relatively mobile and
usually immobile elements, respectively (Thomas and others,
2000). Uranium mobility is strongly dependant on redox con-
ditions and can thus be used to indicate favorable terrane for
redox sensitive mineralization processes.

Gamma-ray spectrometry can be effective in geologic
mapping and targeting mineralization, depending on several
factors, including (1) where measurable differences in the
radioactive element distributions can be related to differences
in host rock lithologies, (2) where K content of the rock has
been modified by alteration processes, and (3) where mineral-
ization and alteration has affected surficial materials. Radio-
element ratios of K, U, and Th can be applied to minimize
the effects of moisture in soils, source geometry, and bedrock
exposure. Preferential mobilization of individual radioele-
ments in response to specific geochemical conditions allows
the use of radioelement ratios as sensitive vectors in locating
areas of mineralization (Thomas and others, 2000).

Alteration halos associated with VMS deposits also can
contribute to their geophysical identification. As discussed by
Shives and others (1997), K-altered mafic and felsic volcanic
rocks are associated with a VMS deposit at Pilley’s Island,
Newfoundland, and produce strong airborne and ground
gamma-ray spectrometry signatures (fig. 7-5).

At the Bathurst mining camp, distinctive trends in the
abundances of K, U, and Th are apparent within and between
the felsic volcanic and volcaniclastic rocks within the three
geological groups surveyed (Shives and others, 2003). These
trends reflect different primary lithochemical variations and
subsequent seawater hydrothermal alteration and (or) green-
schist overprints (Shives and others, 2003). While alkaline
element mobility related to hydrothermal alteration and
metamorphism affects the K value in these settings, concentra-
tions of Th, a nonmobile element, can be compared with other
high field strength immobile elements to aid in stratigraphic
correlation and establishment of a stratigraphic framework.
Radioactive element abundances can be used in distinguishing
between individual formations and sometimes units within a
formation; they also are very helpful as chemostratigraphic
indicators (Shives and others, 2003). Mapping relative
abundances of K, U, and Th in VMS terranes also is useful in
delineating areas of hydrothermal alteration temporally and
spatially associated with VMS mineralization (Shives and oth-
ers, 2003).

Seismic Techniques

Geophysical exploration in crystalline crust for VMS
deposits traditionally has been accomplished using potential
field techniques that have the capability of penetrating only
to 100-300 m in depth. Geophysical exploration for VMS
deposits has not generally incorporated seismic techniques
until recently. Because surface and near-surface VMS sources
are depleted, modern exploration for VMS deposits must
focus on identifying mineralization at greater depths, which



126 1. Geophysical Characteristics of Volcanogenic Massive Sulfide Deposits

21l

eUranium/eThorium ratio ——— — 'll--..__ #-;II._/“

(Handheld, backpack,
vehicle-borne, borehole
logging, underground)

MAFIC
VOLCANIC™
ROCKS |

. SHEAR-HOSTED —
»Au-Quartz.

WEINS BARREN

FELSIC
INTRUSION
'MAFIC
VOLCANIC
ROCKS

Figure 7-5. Schematic diagram showing airborne and ground radiometric surveys. From Ford and others (2007).

requires more sophisticated methodologies. Seismic tomogra-
phy and reflection have been employed in detecting ore bodies
(Elliot, 1967; Waboso and Mereu, 1978; Gustavsson and
others, 1986; Goulty, 1993; McGaughey and others, 1994);
however, whether ore bodies can be directly imaged has been
debated (Dahle and others, 1985). Salisbury and others (1996)
measured the acoustic properties of ores and host rocks and
showed that seismic reflection profiling is an effective tech-
nique in providing images of the regional structure in crystal-
line crust and also in delineating large VMS deposits (Milke-
reit and others, 1996). Furthermore, while surface seismic
profiling is well suited for terrains with flat to moderate dips,
Eaton and others (1996) and Salisbury and others (1996) show
that in situations where steeply dipping or near vertical ore
bodies are present, borehole seismic techniques can be used to
successfully identify the ore body.

Seismic reflectivity is controlled by several factors, but
one overriding factor is the difference in impedance between
lithologies (Salisbury and others, 1996). Impedance is defined
as the product of density and compressional wave velocity in
a given material. Measurements of the specific gravities and
velocities of common silicate rocks and ore minerals indicate

that ore minerals have significantly higher density values and
a broad range of velocities, and therefore tend to have higher
impedances than their host rocks. The difference in impedance
value between the ore body and its host rock can be significant
enough to result in high amplitude reflections and identifica-
tion of the ore body (fig. 7-6) (Salisbury and others, 1996;
Salisbury and Snyder, 2007).

Velocities of the most common sulfide minerals are quite
variable and range from 8.04 km/s (kilometers per second)
for pyrite to 4.68 km/s for pyrrhotite (Salisbury and others,
1996). In comparison, the measured densities are 5.02 g/cm’
(grams per cubic centimeter) for pyrite to 4.63 g/cm?® for pyr-
rhotite. As noted by Salisbury and others (1996), ore minerals
associated with pyrite-dominated ores increase in velocity
with increasing density whereas sphalerite-, chalcopyrite-, and
pyrrhotite-dominated ores typically have velocity values that
decrease with increasing density. This trend of decreasing val-
ues in velocity with increasing values in density is even more
pronounced for mafic gangue with pyrrhotite (Salisbury and
others, 1996). Host rock density values have a much narrower
and lower range of density values and have a wide range of
velocities (fig. 7-6).
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Successful seismic imaging of a zone of VMS miner-
alization is a function of the size, shape, and orientation/dip
of the ore body and the acquisition parameters used in the
seismic survey (Salisbury and others, 1996). Vertical seismic
profiling uses existing deep boreholes as sites for acquisi-
tion (Eaton and others, 1996) of seismic data. Volcanogenic
massive sulfide deposits are generally pyrite-dominated and,
given their high acoustic impedances, are excellent candidates
for high-resolution seismic exploration techniques (Bellefleur
and others, 2004). Figure 7—7 shows a high-resolution seismic
reflection profile through a VMS deposit at the Bathurst min-
ing camp (Salisbury and Snyder, 2007).

Concealed Deposits

Geophysical surveys have been especially important
in areas like northern Wisconsin where favorable volcanic
terranes are covered by glacial debris. The Crandon deposit
in Wisconsin, which is one of the largest VMS deposits in
the United States at 68 Mt, and several other smaller depos-
its (Flambeau, Thornapple, Pelican, Lynne) were discovered
using airborne aeromagnetic surveys with follow-up ground
magnetic surveys, mapping, and drilling (Babcock, 1996).
These types of surveys were particularly instrumental in the
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first discovery at Flambeau, as were the VMS mineral deposit
models developed in the Canadian Archean and Proterozoic
areas.

The giant Kidd Creek VMS deposit near Timmins,
Ontario, was also a concealed deposit that was discovered in
1959 following airborne electromagnetic surveys. Follow-up
surveys at the “Kidd 55 anomaly with ground geophysics
and drilling discovered one of the largest deposits in the world
(Hannington and others, 1999). In this case, the publication
of Oftedahl’s classic 1958 paper “A theory of exhalative-sedi-
mentary ores” greatly influenced thinking during the explora-
tion program at Kidd Creek, and the refined mineral deposit
occurrence perspective (we would now call it an occurrence
model) was very important in the discovery.

Conclusions

Volcanogenic massive sulfide mineralization occurs in
volcanic, volcaniclastic, and sedimentary rocks, units that
generally form low- to moderate-density strata. Volcanogenic
massive sulfide mineralization results in the precipitation
of pyrite, pyrrhotite, chalcopyrite, sphalerite, and galena,
all minerals with high density values. The marked contrasts
between the physical properties of minerals formed in associa-
tion with VMS mineralization and their host rocks make VMS
deposits ideally suited for geophysical exploration. Geophysi-
cal surveys have played a critical role in mineral exploration
(Bishop and Lewis, 1992). With depletion of VMS sources in
surface or near-surface settings, exploration for VMS deposits
must focus at much greater depths, which requires the more
sophisticated techniques. Whereas potential field geophysical
techniques have been highly successful in identifying VMS
deposits at depths up to 300 m, high resolution seismic reflec-
tion profiling can target much greater depths and has been
key in identifying VMS deposits at depths greater than those
traditionally mined.
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8. Hypogene Ore Characteristics

By Randolph A. Koski

Mineralogy

Although a detailed review of primary ore minerals in
VMS deposits is beyond the scope of this report, a representa-
tive list of major, minor, and trace minerals culled from the
literature is presented in table 8—1. The dominant ore mineral-
ogy in most VMS deposits is relatively simple. In all deposit
subtypes, the dominant sulfide mineral is pyrite or pyrrhotite.
The next most abundant ore minerals, chalcopyrite and sphal-
erite, occur in variable amounts, and in a few deposits, one or
the other or both occur in concentrations that exceed Fe sulfide
content. The only other sulfide in the major mineral category
is galena, which is concentrated in deposits associated with
bimodal-felsic and siliciclastic-felsic rocks.

There are notable examples in which other ore miner-
als are abundant in VMS deposits. These include bornite at
Kidd Creek (Hannington and others, 1999b) and Mount Lyell
(Corbett, 2001); tetrahedrite, stibnite, and realgar in Au- and
Ag-rich ores at Eskay Creek (Roth and others, 1999); arseno-
pyrite in Au-rich ore at Boliden (Weihed and others, 1996);
and stannite and cassiterite in ore-grade tin mineralization at
Neves Corvo and Kidd Creek (Hennigh and Hutchinson, 1999;
Relvas and others, 2006). Table 8—1 includes a distinctive suite
of Co- and Ni-bearing arsenides, sulfarsenides, and sulfides
(for example, skutterudite, safflorite, cobaltite, 161lingite, mil-
lerite, and pentlandite) that are rare in most VMS deposits,
but relatively abundant in massive sulfide deposits associated
with serpentinized ultramafic rocks in ophiolitic terranes of
Quebec (Auclair and others, 1993), Morocco (Ahmed and
others, 2009), and Cyprus (Thalhammer and others, 1986),
as well as metaperidotites of the Outokumpu mining district
in Finland (Peltonen and others, 2008). Potentially analogous
VMS deposits associated with serpentinized ultramafic rocks
on slow-spreading segments of the Mid-Atlantic Ridge (Rain-
bow, Logatchev) are also enriched in Co and Ni (Mozgova and
others, 1999; Marques and others, 2006).

Although precious metals are an economically impor-
tant commodity in many VMS deposits (Hannington and
others, 1999c), they occur as volumetrically minor miner-
als. Visible gold is generally present as inclusions of native
gold, electrum, or gold telluride minerals in major sulfide
minerals, whereas silver occurs in Ag sulfides and sulfosalt
minerals such as tetrahedrite and freibergite. In VMS-type
mineralization on the modern seafloor, Au and Ag are most

enriched in extensional arc and back-arc settings (Herzig and
Hannington, 2000), although the mineralogy of gold is not
yet well established. Occurrences of native gold as inclusions
in sphalerite and chalcopyrite are reported in massive sulfide
samples from Lau Basin and eastern Manus Basin (Herzig
and others, 1993; Moss and Scott, 2001). Gold is also con-
centrated in massive sulfide deposits in Escanaba Trough, a
slow-spreading segment of the Gorda Ridge. There, Térménen
and Koski (2005) have reported an association of native gold,
electrum, and maldonite (Au,Bi) with a suite of sulfarsenide
and bismuth minerals.

Mineral Assemblages

The mineral assemblages (and bulk chemical character-
istics) of VMS deposits are directly related to the chemistry of
ore-forming hydrothermal fluids that, in turn, reflect exchange
reactions with wall rocks during fluid circulation. Thus, mas-
sive sulfide deposits formed in predominantly mafic rock envi-
ronments are likely to have discrete mineralogical differences
from deposits associated with sequences of predominantly
felsic rocks. Furthermore, mineral assemblages are also influ-
enced by fluids whose compositions are altered during passage
through substantial thicknesses of arc- or continent-derived
sediment. Whatever the source rocks, variations in mineral-
ogy are often most obvious in the minor and trace mineral
assemblages. A few examples are cited to illustrate variations
in VMS mineral assemblages that correspond to a range of
host-rock compositions.

Volcanogenic massive sulfide deposits occurring in mafic
volcanic rocks are characterized by a major-mineral assem-
blage dominated by pyrite (much less frequently pyrrhotite
or marcasite) along with variable but subordinate amounts
of chalcopyrite and sphalerite (Galley and Koski, 1999).
Other sulfide minerals are present in trace amounts, and more
significantly, galena and base-metal sulfosalts are rare in all
parts of these deposits. Deposits in siliciclastic-mafic environ-
ments have similar lead-poor mineral assemblages; however,
pyrrhotite is more abundant relative to pyrite in some deposits
(Slack, 1993; Peter and Scott, 1999). At the other end of the
lithologic spectrum in which rhyolites and dacites are predom-
inant, VMS deposits (such as Kuroko deposits) contain abun-
dant and variable amounts of pyrite, chalcopyrite, and sphal-
erite, along with significant galena and tetrahedrite (Eldridge
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Table 8-1. Hypogene ore mineralogy of volcanogenic massive sulfide deposits.

[Sources: Franklin and others, 1981; Large, 1992; Slack, 1993; Hannington and others, 1999a, e; Peter and Scott, 1999; Slack and others, 2003;
Herrington and others, 2005; Koski and others, 2008; Peltonen and others, 2008; Ahmed and others, 2009]

Major minerals

Trace minerals (cont.)

pyrite FeS,
pyrrhotite Fe .S
chalcopyrite CuFeS,
sphalerite (Zn, Fe)S
galena ZnS
Minor minerals
marcasite FeS,
magnetite Fe,O,
cobaltite (Co, Fe)AsS
arsenopyrite FeAsS
tennantite Cu,As,S, |
tetrahedrite Cu,,Sb,S .
Trace minerals
acanthite AgS
argentite Ag,S
bismuth Bi
bismuthinite Bi,S,
bismuth tellurides Bi,Te,
bornite CuFeS,
cubanite CuFe,S,
boulangerite PbSb,S |
bournonite PbCuSbS,
brannerite UTi,0,
bravoite (Fe, Ni, Co)S,
carrolite CuCo,S,
cassiterite SnO,
cinnabar HgS
electrum (Au, Ag)
digenite Cu,S,
enargite Cu,AsS,

freibergite
germanite
gersdorffite
glaucodot
gold

gold tellurides
idaite
hedleyite
hessite
161lingite
mackinawite
millerite
mawsonite
molybdenite
nickeline
pentlandite
pyrargyrite
realgar
rammelsbergite
roquesite
rutile
safflorite
silver
skutterudite
stannite
stibnite
stromeyerite
tetradymite
valleriite

wurtzite

(Ag, Cu),,(Sb, As),S
Cu,(Ge, Fe)(S, As),
NiAsS

(Co,Fe)AsS

Au

Cu,FeS,
Bi,Te,
Ag,Te
FeAs,

Fe +XS
NiS
Cu,Fe,SnS,
MoS,

NiAs

(Fe, Ni),S,
Ag.SbS,
AsS

NiAs,
CulnS,
TiO,

CoAs,

Ag
CoAs, ,
Cu2FeSnS4
Sb,S,
AgCuS
Bi,Te,S
(Fe, Cu)S,*(Mg, Al)(OH),
ZnS




and others, 1983). Deposits having this lithologic association
often contain zones of ore with sulfide assemblages dominated
by sphalerite and galena (for example, Rosebery; Smith and
Huston, 1992), and in rare instances, ore mineral assemblages
dominated by galena, tetrahedrite, realgar, and stibnite (Eskay
Creek; Roth and others, 1999). Massive sulfide deposits in
bimodal volcanic sequences can be expected to have sulfide
mineral assemblages somewhat intermediate between mafic-
and felsic-rock endmembers. Thus, the major mineral suite of
pyrite, pyrrhotite, sphalerite, and chalcopyrite at Bald Moun-
tain contains minor but significant galena and arsenopyrite
mineralization within the orebody (Slack and others, 2003).

Paragenesis

Paragenesis, the sequence of mineral deposition, is
complicated by replacement of early-formed minerals by
new minerals as temperature conditions wax and wane dur-
ing ongoing hydrothermal activity. Studies of contemporary
“black smoker” massive sulfide chimneys and mounds on
ocean ridges provide the best record of temporal mineralogical
changes during formation of VMS deposits. Although mineral
paragenesis will vary somewhat from deposit to deposit and
within a given deposit, a generalized depositional sequence
for major sulfide, sulfate, and silica minerals within a hypo-
thetical sulfide chimney is shown in figure 8—14 (Hannington
and others, 1995). At temperatures up to about 250 °C, barite,
anhydrite, silica, sphalerite, and marcasite are precipitated.
When temperature increases to about 350 °C, these miner-
als are replaced by pyrite, wurtzite, chalcopyrite, pyrrhotite,
and isocubanite. An important aspect of this sequence is the
replacement of original sulfides by Cu-Fe sulfides and pyr-
rhotite at high temperature. Sulfate and silicate mineral phases
along with sphalerite and marcasite/pyrite are also deposited
in late stages of mineralization as fluid temperatures decrease.

Mineral paragenesis for ancient VMS deposits can be
much more complicated than that for the seafloor chimney
cited above. A paragenetic diagram for the principal hypogene
sulfide minerals (plus quartz) in the massive sulfide deposit
at Bald Mountain is presented in figure 8—1B (Slack and
others, 2003). The diagram for Bald Mountain illustrates a
complex and repetitive pattern of sulfide mineral deposition
during multiple stages of deposit formation. A noteworthy
similarity between the Bald Mountain and seafloor chimney
paragenesis, however, is the early Stage 1 deposition of pyrite,
marcasite, sphalerite, and quartz followed by pyrrhotite and
chalcopyrite replacement at higher temperatures in Stage 2.
Numerous additional stages of mineral precipitation, mostly in
the form of crosscutting veins, are superimposed on the mas-
sive pyrrhotite-chalcopyrite mineralization at Bald Mountain
(Slack and others, 2003). The paragenesis of hypogene ore
minerals in many ancient VMS deposits is further complicated
by recrystallization and replacement during posthydrother-
mal metamorphism (for example, bornite ores at Kidd Creek;
Hannington and others, 1999b).
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Zoning Patterns

A deposit-scale zonation pattern in which the upper
stockwork is dominated by chalcopyrite + pyrite + magnetite,
the basal part of the massive sulfide body is dominated by
pyrite + chalcopyrite, and the upper and outer margins of the
massive sulfide are dominated by sphalerite + galena (+ barite)
has long been recognized in VMS systems (Lambert and
Sato, 1974; Large, 1977; Eldridge and others, 1983). A highly
idealized version of this zonation pattern (modified from
Lydon, 1984)—including hypogene ore minerals in the mas-
sive sulfide lens and stockwork along with related stockwork
alteration and peripheral sedimentary deposits—is illustrated
in figure 8-2. This basic pattern of vertical zoning is best
exhibited in well preserved deposits having bimodal-felsic or
bimodal-mafic affinities (table 8-2) and has been attributed
to sequential episodes of sulfide deposition and replacement
within an intensifying geothermal system by Eldridge and
others (1983) and Pisutha-Arnond and Ohmoto (1983). In
their models, increasing fluid temperatures at the base of the
growing ore lens result in chalcopyrite replacement of an
earlier sulfide facies dominated by sphalerite, tetrahedrite,
galena, and pyrite. The mobilized Zn and Pb migrate upward
and reprecipitate as sphalerite and galena in cooler parts of the
lens, resulting in the zonation of chalcopyrite and sphalerite
(xgalena) and Cu and Zn (£Pb) in many VMS deposits. The
outward movement or “zone refining” of metals may also pro-
duce Au enrichment in sphalerite-rich zones of VMS deposits
(Hannington and others, 1986; Large and others, 1989).
Conversely, the very low base- and precious-metal concen-
trations in pyritic, ophiolite-hosted VMS deposits located in
Cyprus and Oman may reflect the complete stripping or “over
refining” of metals during sustained hydrothermal activity on
the paleoseafloor (Hannington and others, 1998).

Deposit-scale zonation of Cu and Zn sulfides has also
been described in massive sulfide mounds constructed on mid-
ocean ridges (Embley and others, 1988; Fouquet and others,
1993). Perhaps the most distinctive example of Cu-Zn zoning
is observed in individual high-temperature (>300 °C) black
smoker chimneys (fig. 8-3) forming in contemporary ridge
settings (Haymon, 1983; Goldfarb and others, 1983; Koski and
others, 1994). In these examples, the precipitation of chalco-
pyrite and sphalerite is controlled by extreme temperature and
chemical gradients operating at the centimeter scale.

Textures and Structures

Volcanogenic massive sulfide deposits span a continuum
of physical attributes from massive ores composed of 100
percent sulfide minerals through semimassive ores that are
mixtures of sulfides, gangue minerals, and host rock (volcanic
or sedimentary) to increasingly sparse sulfide disseminated in
wall rocks. This gradation may represent a vertical transition
from seafloor (or near seafloor) mineralization to mineral-
ization at depth within the feeder zone of the hydrothermal
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Figure 8-1. Examples of paragenetic sequences in volcanogenic massive sulfide

deposits. A, Mineral paragenesis in hypothetical sulfide-sulfate-silica chimney. From
Hannington and others (1995). During chimney growth, fluid temperatures increase to

approximately 350 °C and then decrease as hydrothermal fluids mix with seawater. B,
Paragenesis of hypogene sulfide minerals and quartz at Bald Mountain (Maine) massive

sulfide deposit. After Slack and others (2003). Thickness of black bars represents

relative proportions of minerals. [ISS, intermediate solid solution in the copper-iron-

sulfur system]



Textures and Structures

Figure 8-2. Idealized massive sulfide lens illustrating zonation features for hypogene
ore minerals. Modified from Lydon (1984). [ba, barite; cpy, chalcopyrite; gn, galena; po,
pyrrhotite; py, pyrite; sp, sphalerite]

Table 8-2. Examples of hypogene mineral zonation patterns in selected volcanogenic massive sulfide deposits.

Ly

[Cu, copper; Zn, zinc; ba, barite; bn, bornite; ch, chlorite; cp, chalcopyrite; gl, galena; mt, magnetite; po, pyrrhotite; py, pyrite; sp, sphalerite; ten, tennantite]

Deposit or district Mineral zonation Reference
Hokuroku district Top to bottom: Eldridge and others (1983)
(composite) Barite ore: ba > sulfides

Massive black ore: sp + ba> py + gl
Semiblack ore: sp + ba > py > cp
Massive yellow ore: ch + py
Powdery yellow ore: py > cp
Massive pyrite ore: py >> cp >> sp

Silver Peak (Oregon, USA) Top to bottom:
Barite ore: ba
Black ore: py + bn + ten + sp + ba + cp
Yellow ore: py + cp + bn
Friable yellow ore: py

Urals Cu-Zn deposit (composite)  Top to bottom:
Outer/upper massive sulfide: sp + py + cp + ba + gl
Middle massive sulfide: cp + py
Stockwork and basal massive sulfide: cp + py + po £ mt

Bathurst camp (composite) Distal to proximal:
Bedded pyrite: py £ sp + gl
Bedded ores: py +sp + gl £ ¢cp
Ore-vent complex: po + mt + py + cp + sp + gl

Derkey and Matsueda (1989)

Herrington and others (2005)

Goodfellow and McCutcheon (2003)
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Seawater

Hydrothermal

fluid

- Chalcopyrite or cubanite + pyrrhotite

- Cu-Fe sulfides + anhydrite

I:I Anhydrite + sphalerite + pyrite or marcasite

Pyrrhotite + pyrite + sphalerite + anhydrite

CENTIMETERS

ALV2259-1A

Inner wall:
Chalcopyrite > pyrite > bornite

Wide middle wall:
Sphalerite + wurtzite > chalcopyrite + anhydrite

Thin outer wall:
Pyrite + marcasite > barite

Figure 8-3. Comparative hypogene mineral zonation in (A) model of a 350°C “black smoker” chimney from the East
Pacific Rise, 21°N (after Haymon, 1983), and (B) cross section of high temperature (approx. 310°C) chimney from
Monolith Vent, southern Juan de Fuca Ridge (from Koski and others, 1994). Each chimney has an inner wall dominated
by copper-iron sulfides, a middle wall containing abundant zinc sulfides, and an outer rind dominated by iron sulfides.

[Cu, copper; Fe, iron]

system (for example, Turner-Albright; Zierenberg and others,
1988). Sulfide minerals also form veins (usually with quartz
and other gangue minerals) cutting wall rock and earlier-
formed massive sulfides, and many massive sulfide bodies
are underlain by discordant vein networks (stockwork zones).
Massive sulfides in many deposits are laterally gradational to
bedded or layered sulfide deposits formed by mass wasting of
the elevated mounds on the seafloor.

At the hand-specimen and thin section scale, massive
sulfides are typically compact, fine-grained aggregates of
intergrown sulfide minerals with irregular grain boundaries.
More diagnostic primary textures in massive ores include
idiomorphic crystals (for example, pyrite, pyrrhotite) project-
ing into cavities, colloform overgrowths (especially sphalerite,
pyrite, and marcasite), framboidal and botryoidal pyrite, pseu-
domorphic replacement (for example, sulfate by pyrrhotite),

fine-scale replacement relationships (for example, chalcopyrite
disease in sphalerite; Barton and Bethke, 1987), boxwork
intergrowths, and internal mineral growth zoning (especially
in Zn sulfides). Other common attributes of unmetamorphosed
ores are high porosity and textural heterogeneity on the thin
section scale. These types of primary textural features are
especially well preserved in modern seafloor deposits (see
Koski and others, 1984; Paradis and others, 1988; Hannington
and others, 1995).

Textures and structures in ancient VMS deposits typi-
cally bear some overprint of postdepositional diagenesis and
metamorphism. Metamorphism causes numerous textural
changes including (1) recrystallization and increase in grain
size, (2) development of porphyroblasts, (3) foliation and
alignment of sulfide and gangue crystals, (4) 120° triple junc-
tion grain boundaries (annealing textures), (5) remobilization



of chalcopyrite, and (6) penetrative deformation (“durchbe-
wegung” texture) of pyrrhotite and wall rock (Vokes, 1969;
Franklin and others, 1981).

Most VMS deposits exhibit some form of primary
structure. Fragmental and layered ores are prevalent struc-
tural characteristics at the deposit scale (see Spense, 1975;
Slack and others, 2003; Tornos, 2006). In many cases, these
features appear to result from mass wasting and flow from the
steep flanks of sulfide mounds. Mass wasting and proximal
sedimentation of hydrothermal debris from the TAG sulfide
mound on the Mid-Atlantic Ridge represent a useful modern
analog (Mills and Elderfield, 1995). Blocky, fragmental, and
sandy zones also form distinctive internal structural features of
well preserved massive sulfides (Constantinou, 1976; Eldridge
and others, 1983; Lydon and Galley, 1986). Studies of contem-
porary seafloor sulfide mounds, especially the TAG site, indi-
cate that these breccias formed by collapse of unstable sulfide
chimneys on the mound surface as well as collapse follow-
ing anhydrite dissolution in the core of the mound structure
(Humpbhris and others, 1995; Petersen and others, 2000). Less
common primary structures preserved in some VMS deposits
include chimney fragments with fluid channelways (Oudin
and Constantinou, 1984; Slack and others, 2003), fossils of
hydrothermal vent fauna (Haymon and others, 1984; Little and
others, 1999), and traces of microbial life forms (Juniper and
Fouquet, 1988).

Grain Size

Volcanogenic massive sulfide deposits are typically fine
grained. The range in grain sizes for the major hypogene sul-
fide minerals in unmetamorphosed massive sulfide deposits is
approximately 0.1—1 millimeter (mm); accessory sulfides are
considerably smaller in size. The grain size of gold minerals
is smaller than that of major sulfides by more than one order
of magnitude. In one example, the median size values for
discrete gold grains (electrum) in eleven eastern Australian
VMS deposits lie between 2.5 and 25 micrometers (mm) (Hus-
ton and others, 1992). In contrast, metamorphosed massive
sulfides are coarser grained; sulfide grains in metamorphosed
deposits commonly exceed 1 mm in diameter, and pyrite
porphyroblasts up to 300 mm across occur in pyrrhotite-rich
ores of the Ducktown mining district, Tennessee (Brooker and
others, 1987).
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9. Hypogene Gangue Characteristics

By John F. Slack

Mineralogy

All nonsulfide components of VMS deposits are gener-
ally considered to be gangue. In this section, discussion is
limited to hypogene gangue minerals that occur within sulfide
ore and sulfide-rich wall rocks, excluding occurrences in
surrounding alteration zones. Minerals within this gangue
category vary greatly depending on several factors including
metamorphic grade, age, and geologic setting of the deposits
(see Lydon, 1984; Franklin, 1993; Franklin and others, 2005).
For deposits that occur at or below lower greenschist facies,
the hypogene gangue may consist of quartz, carbonate, barite,
white mica, and (or) chlorite, together with lesser amounts of
magnetite, sodic plagioclase, epidote, tourmaline, analcime,
and montmorillonite; fluorite, celsian, hyalophane; greenal-
ite, stilpnomelane, hematite, anhydrite, and gypsum may be
present locally. At higher metamorphic grades, chloritoid,
garnet, amphibole, cordierite, gahnite, staurolite, kyanite, and
andalusite are common gangue constituents, with minor rutile
and (or) titanite occurring in places.

Ages of VMS deposits are linked broadly to the presence
or absence of some gangue minerals. Notable among these is
barite, which occurs in several Archean orebodies (Reynolds
and others, 1975; Vearncombe and others, 1995; Li and others,
2004) but typically is absent in younger Precambrian deposits
(for example, Franklin and others, 2005). Barite is relatively
common in Phanerozoic deposits that contain abundant felsic
volcanic rocks in footwall sequences, owing to generally high
Ba concentrations in K-feldspar within such lithologies and
their availability for leaching of this Ba by deeply circulating
hydrothermal fluids. Anhydrite and gypsum occur in some
weakly metamorphosed deposits, such as the Miocene Kuroko
orebodies in Japan (Ogawa and others, 2007), but are gener-
ally unknown in more metamorphosed older deposits, mainly
because of the retrograde solubility of anhydrite and its ease of
dissolution by later fluids (see Hannington and others, 1995).

Mineral Assemblages

Assemblages of gangue minerals in VMS deposits
vary widely as a function of several parameters such as
fluid composition, fluid/rock ratio, P-T history, and postore

recrystallization. In the sulfide-rich zones of greenschist-facies
deposits, common assemblages are quartz + chlorite + sericite
+ carbonate + barite + albite; more strongly metamorphosed
deposits may contain quartz + garnet + amphibole + rutile as
typical assemblages.

Paragenesis

The original hydrothermal paragenesis of gangue
minerals is generally impossible to discern owing to postde-
positional deformation and metamorphism. However, some
well-preserved VMS deposits, at or below lower greenschist
facies with minimal penetrative deformation, reveal apparently
primary sequences of gangue mineralization. In the Ordovi-
cian Bald Mountain deposit in Maine, seven stages of miner-
alization have been recognized: early massive pyritic sulfide;
massive pyrrhotite; vein quartz; massive pyrite, magnetite, and
Fe-silicates; quartz-siderite-sulfide veins; and two sets of late
quartz + sulfide veins (Slack and others, 2003). Some VMS
deposits of Silurian or Devonian age in the southern Urals of
Russia preserve primary paragenetic relationships (Herrington
and others, 2005). Gangue minerals in footwall feeder zones
also may retain a premetamorphic paragenesis, such as at
the Archean Kidd Creek deposit in Ontario (Slack and Coad,
1989; Hannington and others, 1999) and the Cambrian Hellyer
deposit in Tasmania (Gemmell and Large, 1992). At the
Archean Mons Cupri deposit in Western Australia, carbonate
gangue occurs both in early and late assemblages, bracketing
in time the deposition of semimassive sulfide (Huston, 2006).

Zoning Patterns

Mineralogical zoning is recognized in many VMS
deposits (see Lydon, 1984, 1996; Franklin and others, 2005).
Zoning of sulfide minerals is well documented, but gangue
mineral zoning (excluding in exhalites) is seldom discussed.
A few generalizations nevertheless can be made. First, in
well-preserved Phanerozoic deposits, the gangue in cores of
sulfide mounds is predominantly quartz, whereas the margins
locally contain abundant barite and (or) anhydrite (Large,
1992; Galley and others, 2007). Chlorite and white mica may
be concentrated in the lower or upper parts of sulfide mounds.
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Carbonate minerals tend to be widely distributed, but in some
deposits such as Ruttan in Manitoba occur preferentially in the
stratigraphically higher parts of the sulfide zone (Barrie and
others, 2005).

Grain Size

Gangue minerals show a range of grain sizes depending
on the extent of post-depositional processes such as subsurface
zone refining and metamorphic recrystallization. Typically,
gangue minerals are less than | mm in maximum dimension.
Although grain sizes typically are larger in more strongly
deformed and metamorphosed VMS deposits, some ancient
deposits below greenschist facies may contain gangue miner-
als as much as several centimeters in size. Much coarser grains
are well documented in amphibolite- and granulite-facies
deposits, where equant minerals like garnet and cordierite may
be 5-8 cm in diameter, and prismatic minerals like amphibole
and kyanite can be tens of centimeters long.
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10. Exhalites

By John F. Slack

Geometry and Spatial Distribution

The term exhalite refers to “exhalative” chemical
sedimentary rock, following the first usage by Ridler (1971).
Exhalites are stratiform beds or lenses of rock that are spa-
tially associated with VMS deposits (Sangster, 1978; Franklin
and others, 1981; Spry and others, 2000; Peter, 2003). Most
workers consider exhalites to record the precipitation of
mainly amorphous Fe + Mn + Si + S + Ba + B phases from
VMS-related hydrothermal vents and plumes (Peter and
Goodfellow, 1996; Peter and others, 2003a; Grenne and Slack,
2005). Exhalites characteristically occur in proximal settings
within hanging-wall strata above the sulfide deposits, and (or)
as marginal aprons at approximately the same stratigraphic
level. Distal exhalites, hundreds of meters or more along strike
from VMS deposits, also may be present, although discerning
their genetic relationship to specific sulfide horizons can be
difficult. Less common are exhalites occurring in footwall
sequences below the sulfide zones. Some siliceous beds such
as the Main Contact Tuff in the Noranda district of Quebec
(Kalogeropoulos and Scott, 1989) and the Key Tuffite in the
Matagami district of Quebec (Liaghat and MacLean, 1992)
have been interpreted as exhalites; however, based on studies
of modern VMS systems, it is likely that these beds did not
form by plume fallout but instead by widespread diffuse vent-
ing and related silicification of tuffaceous units on the seafloor
or in the shallow subsurface.

Modern exhalites have been found in the vicinity of
several VMS systems. Examples of proximal exhalites include
those on the Mid-Atlantic Ridge (see Metz and others, 1988).
Modern distal exhalites are represented by the Fe = Mn
sediments that surround many seafloor VMS deposits (TAG;
German and others, 1993) and by far-field metalliferous sedi-
ments such as those in the Bauer Deep and on the East Pacific
Rise (Heath and Dymond, 1977; Barrett and others, 1987;
Hein and others, 1997; Koski and others, 2003b). In ancient
settings, Algoma-type iron formations (Gross, 1996) likely
formed through fallout from neutrally buoyant plumes in distal
environments, relative to VMS systems, and are recognized
in both Precambrian and Phanerozoic volcanic sequences
(see Goodwin, 1973; Peter, 2003). Manganese-rich umbers
like those in the Cretaceous ophiolite on Cyprus probably
have a similar origin (Robertson and Hudson, 1973; Ravizza
and others, 1999). A caveat here is that detrital sulfide-rich

turbidites or similar reworked sulfidic sediment, deposited far
from a VMS deposit as on the modern Mid-Atlantic Ridge
(Metz and others, 1988), does not reflect fallout from a hydro-
thermal plume.

Most exhalites are tabular in form and conformable to
bedding within enclosing volcanic or sedimentary strata (Spry
and others, 2000; Galley and others, 2007). Common thick-
nesses range from a few centimeters to as much as several
meters. In many cases, proximal exhalites are thickest directly
above sulfide zones and become progressively thinner with
increasing distance from a deposit. Distal exhalites tend to
have uniform thicknesses over strike lengths of tens to hun-
dreds of meters, except in areas of inferred uneven seafloor
topography and where affected by postdepositional faulting
or folding. A very thick (20—30 m) proximal exhalite forms
a tabular layer directly above pyritic massive sulfide at the
Bald Mountain deposit in Maine, where a bowl-shaped graben
structure promoted the accumulation of both thick sulfide
zones and overlying Si-Fe deposits (Slack and others, 2003).
At the United Verde deposit in the Jerome district, Arizona,
an exhalative jasper approximately 30 m thick overlies the
massive sulfide deposit (Lindberg, 2008, fig. 3). An even
thicker exhalite occurs at the Baiyinchang deposit in western
China, forming a mound-shaped lens 30—50 m thick above
altered rocks in the hanging wall sequence (Hou and others,
2008). Such thick exhalites may have played an important role
during evolution of some VMS deposits by confining heat and
hydrothermal fluids in the subsurface, which in turn promoted
subseafloor sulfide mineralization and related zone refining
(Barriga and Fyfe, 1988; Slack and others, 2003). Based on
modeling studies, Schardt and Large (2009) suggested that cap
rocks aid in the formation of Zn-rich deposits by preventing
the dissolution of anhydrite and Zn sulfides by late hydro-
thermal fluids. In some cases, siliceous cap rocks above VMS
deposits did not form by exhalation onto the seafloor but
instead by epigenetic replacement in the subsurface (Jones and
others, 2000).

Strike lengths vary greatly depending on several factors,
but in areas of good outcrop and (or) coverage by drill core,
some exhalites are known to extend for several kilometers or
more. Such laterally extensive exhalites are well documented
in the Lokken district of central Norway, where beds of sul-
fide- and silicate-facies iron formation (“vasskis”) and jasper
have been traced at the same stratigraphic levels for 3—5 km
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(Grenne and Slack, 2005), as well as in the Bathurst district

of New Brunswick, Canada, where some beds of oxide-
carbonate-silicate iron formation extend >10 km along strike
(Peter and Goodfellow, 1996). More commonly, however, field
exposures limit the map continuity of exhalites to only a few
hundred meters.

Mineralogy and Zoning

Diverse mineral facies of exhalites have been recognized,
the most common of which are oxide, carbonate, sulfide, sili-
cate, and sulfate, each being based on the predominant type of
mineral component. Figure 10—1 shows simplified cross sec-
tions of VMS deposits and different types of related exhalites,
their morphologies and facies, likely origins, and examples.
Exhalites may be divided into the following types:

6. oxide facies, consisting of jasper, hematite iron for-
mation, and magnetite iron formation;

7.  carbonate facies, which includes one or A.

layers or laminations composed of different proportions

of hydrothermal components, in many cases intermixed or
alternating with detrital material including pelagic clay and
locally-derived volcaniclastic sediment. Layers may vary in
thickness from <1 mm to as much as 1 m; many exhalites
display fine-scale laminations of alternating mineral facies
(see Spry and others, 2000; Peter and others, 2003b). Lateral
zoning of minerals is not as well documented but is known in
some districts, such as the Bathurst camp, New Brunswick,
where siderite is most abundant near VMS deposits within a
major iron formation unit of the Brunswick belt (Peter and
Goodfellow, 1996), and a variety of constituents including car-
bonate, stilpnomelane, and apatite are most abundant in iron
formations proximal to sulfide deposits of the Heath Steele
belt (Peter and Goodfellow, 2003).

Base-metal sulfide minerals may show a zoning pattern in
oxide-facies exhalites. Studies of modern seafloor precipitates
from hydrothermal plumes indicate that proportions and grain
sizes of such sulfides tend to decrease with increasing distance

more Fe-Mg-Ca-Mn carbonates such as
siderite, ankerite, dolomite, calcite, rhodo-
chrosite, and kutnahorite;

8.  silicate facies, comprising iron-rich miner-

100s of METERS
[

- Jaspers, hematitic cherts

- Limited areal extent (2-3 x massive sulfide)

- Plume fallout (local)

- Oxidizing ambient environment

- ex: Kuroko-, Cyprus-, and Besshitype deposits

als (such as greenalite and stilpnomelane),
magnesian minerals (such as talc and B.

chlorite), manganese-rich minerals (such
as spessartine garnet), and boron-rich
minerals (such as tourmaline);

9.  sulfide facies, chiefly composed of pyrite
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and (or) pyrrhotite with only minor base-

metal sulfides (chalcopyrite, sphalerite,
galena); and

10. sulfate facies, which comprises barite and,
in a limited number of deposits, anhydrite
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dant fluorite, apatite, gahnite, or Zn-staurolite are
uncommon to rare in the geologic record. Although
proximal exhalites containing appreciable chalco-
pyrite and(or) sphalerite may occur within several Figure 10-1. Simplified cross sections of volcanogenic massive sulfide

hundred meters of a VMS deposit, because

of chemical and hydrodynamic processes during

plume fallout, distal pyrite- and pyrrhotite-rich

sediments may instead be a reflection of euxinic

(sulfidic) bottom waters (Grenne and Slack, 2005).
Vertical and lateral mineralogical zoning

occurs in many exhalite units. Typical are multiple

deposits showing different types and morphologies of exhalites, with
examples. A, Proximal jasper and hematitic chert overlying mound-like
deposit. B, Proximal and distal (regionally extensive) iron formation occurring
immediately above and along strike from deposits. C, Zoned iron formation,
grading outward from inner sulfide-facies to carbonate-facies to oxide-
facies to silicate-facies. D, Iron formation occurring immediately above a
sheetlike deposit. Modified from Peter (2003).



from a vent site and that at distances of >1 km from a vent any
sulfides present are volumetrically very minor in small grains
<10 pm in diameter (Feely and others, 1994; German and

Von Damm, 2003). Noteworthy are very large “superplumes”
or “event plumes” in modern seafloor-hydrothermal systems
(Baker, 1998), which could have formed widespread exhalite
deposits in the ancient geologic record.

Protoliths

Owing to postdepositional effects of diagenesis and meta-
morphism, original hydrothermal components of exhalites
may be largely or totally removed by such processes. In the
case of oxide-facies iron formation, primary phases are widely
believed to have been amorphous ferric-oxyhydoxide based on
their occurrence in modern hydrothermal settings, including in
plumes and plume-derived sediment (for example, Peter and
others, 2003a). A similar precursor is inferred for the iron-
rich component of jasper, with the quartz component being
derived from amorphous silica of predominant seawater origin
(Grenne and Slack, 2005). Crystalline hematite that occurs in
ancient VMS-related jasper and iron formations is considered
a product of diagenesis and (or) metamorphism, because in
modern settings hematite only forms from moderate-temper-
ature (>115 °C) fluids (Hein and others, 2008), whereas in
plume settings the ambient temperatures of iron precipitation
are much lower (typically <10 °C) and thus below the stabil-
ity of hematite. Magnetite iron formation, where unrelated
to diagenetic or metamorphic transformation of hematite, is
likely to have originated by subseafloor alteration of primary
ferric oxyhydroxide by nonredox processes (Ohmoto, 2003).
Discerning the primary phase(s) in silicate-facies exhalites is
more difficult because their stability is governed by a complex
set of parameters including temperature, pH, fO,, fCO,, etc.
(see Klein, 2005). Especially challenging is determining the
protolith of spessartine-quartz rocks (coticules; Spry, 1990),
which may have precursors of Mn-rich carbonate and clay, or
Mn-oxyhydroxide and clay, depending on physicochemical
conditions on and near the paleoseafloor (Slack and others,
2009, and references therein). Protoliths of various types of
carbonate-, sulfide-, and sulfate-facies exhalites are generally
considered to be similar or identical to the presently observed
mineral assemblages for samples at or below lower greenschist
grade metamorphic conditions.

Geochemistry

Many geochemical studies have been carried out on
exhalites both to evaluate their origin and to determine pos-
sible use in mineral exploration. The former goal has focused
recently on attempts to constrain the redox state of coeval
bottom waters during deposition of protoliths to the exhalites
(see Goodfellow and others, 2003), especially for Precam-
brian seafloor-hydrothermal systems (Slack and others, 2007,
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2009). Exploration applications have been proposed by many
workers, but few studies provide compelling guidelines, in
part because of the need for extensive outcrops or drill cores
in order to establish a thorough sampling distribution rela-
tive to a known hydrothermal source. Gale and others (1997)
analyzed Archean exhalites in the Canadian shield for rare
earth elements (REE) and suggested that the presence of
positive Eu anomalies, in shale-normalized diagrams, indi-
cates proximity to a VMS deposit. Detailed studies by Peter
and Goodfellow (2003) showed that the highest Fe/Mn ratios
in chlorite, stilpnomelane, siderite, and sphalerite along the
Heath Steele belt occur near the B Zone sulfide deposit and
that use of a hydrothermal sediment index, based on bulk
compositions of exhalites, can be an effective guide to known
sulfide mineralization. Grenne and Slack (2005) also showed
that in seafloor-hydrothermal jaspers of the Lokken district,
Norway, As/Fe and Sb/Fe ratios both decrease systematically
away from an inferred major VMS vent site. Modern analogs
of such Fe-Mn-Si exhalites show a range of bulk compositions
including variations in REE and trace elements related to vary-
ing proportions of hydrothermal, hydrogenous, and detrital
components (see Mills and Elderfield, 1995; Koski and others,
2003a).
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11. Hydrothermal Alteration

By W.C. Pat Shanks Il

The geochemical reactions that produce hydrothermal
alteration in host rocks of VMS deposits are critically
important for a number of reasons. First, three-dimensional
distributions of hydrothermal alteration zones are produced
by circulating hydrothermal fluids and thus provide evidence
for pathways of fluid travel and geochemical evidence for the
physical and chemical conditions of alteration. The chemical
and mineralogical distributions of hydrothermal alteration
zones are generally the only direct evidence of fluid circulation
patterns related to VMS ore formation. Second, systematic
arrangement of hydrothermal alteration zones, and recognition
of this arrangement, may provide information useful in
mineral exploration and may in some cases provide vectors
to undiscovered deposits. Third, hydrothermal alteration can
provide key information on the origin of metallic elements
in VMS deposits. For example, depletion of key elements in
altered rocks, combined with measured or inferred estimates
of the volume of altered rock, can constrain possible
sources of ore metals. Finally, identification and recognition
of hydrothermal alteration assemblages and their zonal
relationships in the field may provide important evidence that
a terrane under assessment is favorable for occurrence of VMS
deposits.

Hydrothermal alteration varies widely from district to
district and among individual deposits, and the literature on
this topic is voluminous. A detailed review is beyond the scope
of this report; the interested reader is referred to the following
summary references and additional citations therein: Slack
(1993), Ohmoto (1996), Carvalho and others (1999), Galley
and Koski (1999), Large and others (2001a), Herrington and
others (2003), Gifkins and others (2005), Peter and others
(2007), Galley and others (2007), Gibson and Galley (2007),
and Goodfellow (2007).

Fortunately, alteration zones related to VMS deposits
do show characteristic zonal arrangements (proximal, distal,
comformable) that may be related to fluid flow and water/
rock interaction processes (upflow, recharge, burial metamor-
phism). In addition, fairly standard alteration assemblages,
defined by alteration mineralogy, also occur in country rocks
around many deposits, and even metamorphosed alteration
zones produce predictable assemblages.

Relations among Alteration, Gangue,
and Ore

Ore is traditionally defined as a valuable mineral or
chemical commodity that can be extracted at a profit. In VMS
deposits, ore generally consists of sulfide or sulfosalt minerals
that contain Cu, Pb, Zn, Ag, and (or) Au. Gangue is defined
as any noneconomic mineral deposited together with ore; in
VMS deposits this means essentially all nonsulfide miner-
als (see “Hypogene Gangue Characteristics,” Chapter 9, this
volume) and some hydrothermal sulfide minerals (typically
pyrite or pyrrhotite) that lack economic value. Hydrothermal
alteration is defined as any alteration of rocks or minerals
by the reaction of hydrothermal fluid with preexisting solid
phases. Hydrothermal alteration can be isochemical, like meta-
morphism, and dominated by mineralogical changes, or it can
be metasomatic and result in significant addition or removal of
elements. Where alteration is intense, it can result in signifi-
cant volume changes such that mass balance approaches using
immobile elements are required to fully understand the altera-
tion process (Gresens, 1967).

Some authors include gangue and hydrothermal alteration
together (Beane, 1994) but, in the context of VMS deposits, it
seems useful to continue distinguishing gangue from altera-
tion. Alteration is by definition an epigenetic process that
modifies preexisting rocks (or sediments), whereas gangue
is generally a syngenetic mineral deposited on or near the
seafloor along with the ore minerals. However, distinctions
between gangue and alteration become difficult in cases where
VMS mineralization occurred by replacement and open space
filling in porous and permeable rocks in shallow zones beneath
the seafloor.

In some cases, the bulk of the massive sulfide ore may
be deposited in shallow subseafloor environments. In this
mode of mineralization, hydrothermal fluids flow into highly
permeable, high-porosity rocks, where sulfide precipitation is
triggered by mixing with cold ambient seawater in the pore
space. The prime example of this style of mineralization is the
giant Kidd Creek deposit, where most mineralization occurred
below the seafloor in permeable, fragmental felsic volcanic
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rocks by infill and replacement (Hannington and others, 1999).
A similar origin is inferred for the Horne mine (Kerr and Gib-
son, 1993), the Ansil deposit where laminated felsic ash flows/
turbidites were replaced by sulfides and silica (Galley and
others, 1995), and for the Turner-Albright ophiolitic deposit
where massive sulfide formed below the seafloor within basal-
tic hyaloclastite (Zierenberg and others, 1988). Hannington
and others (1999) suggested that subseafloor mineralization
also formed some of the Bathurst (New Brunswick) deposits.

Mineralogy, Textures, and Rock Matrix
Alteration

Hydrothermal alteration of volcanic host rocks involves
the replacement of primary igneous glass and minerals (pla-
gioclase, orthoclase, quartz, biotite, muscovite, amphibole,
pyroxene, titanomagnetite) with alteration minerals stable at
the conditions of alteration, generally in the temperate range of
150400 °C. Alteration minerals in unmetamorphosed litholo-
gies may include quartz and other forms of silica (chalcedony,
opal, amorphous silica), illite, sericite, smectite, chlorite, ser-
pentine (lizardite, chrysotile), albite, epidote, pyrite, carbon-
ates, talc, kaolinite, pyrophyllite, sulfates (anhydrite, barite,
alunite, jarosite), and oxides (magnetite, hematite, goethite).
These hydrothermal alteration minerals may be transformed
during metamorphism into andalusite, corundum, topaz, sil-
limanite, kyanite, cordierite, garnet, phlogopite, and various
orthopyroxenes and orthoamphiboles (Bonnet and Corriveau,
2007).

Alteration textures range from weak alteration of only
some of the minerals or matrix in the host rocks, producing
a punky or earthy aspect to the overall rock, or to partially-
altered phenocrysts. Such alteration may be difficult to
distinguish from weathering in the field. Glassy rock matrix or
fine-grained mesostasis can be particularly susceptible to alter-
ation and may be massively silicified or replaced by chlorite
or sericite as alteration intensity increases. At high alteration
intensity, rocks may be pervasively altered, in which virtually
all primary phases in the rock are altered to new hydrothermal
minerals. In the extreme case of stringer zones immediately
underlying massive sulfide deposits, it is not unusual to find
massively altered rock that consists of quartz, chlorite, and
chalcopyrite veins, with or without lesser amounts of pyrite,
sericite, and carbonates. Stringer zone rocks may be unrecog-
nizable in terms of original lithology.

Occasionally rock alteration leads to misidentification of
lithology as in studies of the Amulet rhyolite in the Noranda
district. Lithogeochemical studies using immobile element
patterns have shown that the Upper Amulet rhyolite is actually
a hydrothermally altered andesite-dacite (Gibson and others,
1983; Barrett and MacLean, 1999). Similarly, in the intensely
silicified zones at the Turner-Albright VMS deposit, basaltic
hyaloclastite has been progressively replaced by quartz-
sericite-chlorite, quartz-chlorite, and finally quartz-sulfide

(Zierenberg and others, 1988). The completely silicified
rocks were originally mapped as “chert exhalite,” but careful
mineralogical, geochemical, and isotopic studies showed the
presence of relict igneous chromium spinel, proving massive
hydrothermal replacement. Similar extreme alteration has
been documented locally in the amphibolite-facies wall rocks
to the Elizabeth VMS deposit, Vt., where assemblages such
as quartz-white mica-calcite and quartz-white mica-albite-
staurolite-garnet-corundum contain uniformly high Cr/Zr and
Ti/Zr ratios, which reflect protoliths of tholeiitic basalt that
were pervasively metasomatized during seafloor hydrothermal
mineralization (Slack, 1999; Slack and others, 2001).

These studies underscore the importance of under-
standing the nature and effects of hydrothermal alteration in
VMS systems, including overprinting by postore regional
metamorphism.

Mineral Assemblages and Zoning
Patterns

Early studies of alteration mineral assemblages empha-
sized zonal arrangements of mineralogy around sulfide veins
at Butte, Mont. and at several porphyry copper deposits
(Sales and Meyer, 1948; Titley and Hicks, 1966; Meyer and
Hemley, 1967; Meyer and others, 1968). Studies of alteration
assemblages in these continental hydrothermal settings led
to a series of commonly recognized alteration zones: potas-
sic, argillic, phyllic, and propylitic, with distinct mineralogy
and decreasing intensity of alteration developed away from
the vein or pluton, respectively. Bonnet and Corriveau (2007)
retained some of these classification terms (table 11-1) and
used some of the assemblage names for VMS deposits, but
substituted sericitic for phyllic and, like other researchers,
added chloritic as an important alteration zone in subseafloor
settings. Advanced argillic is a special type of alteration that
forms in highly acidic, high sulfidation-state conditions char-
acteristic of near-seafloor (or near-surface) oxidation of SO or
H,S to produce sulfuric acid.

Experimental and theoretical geochemical studies (Hem-
ley and Jones, 1964; Beane, 1994; Reed and Palandri, 2006)
have established a firm thermodynamic basis for the occur-
rence of these hydrothermal alteration assemblages. Studies
of metamorphosed VMS deposits have clearly shown that
the primary alteration minerals are transformed into predict-
able higher temperature and pressure mineral assemblages
(table 11-1) (Bonnet and Corriveau, 2007).

Alteration in Modern Seafloor Volcanogenic
Massive Sulfide Systems

Subseafloor VMS hydrothermal alteration zoning is less
studied than equivalent systems on the continents because of
the primitive level of exploration and relative paucity of drill-
ing, but such zoning is important because the deposits have



Table 11-1.

Mineral Assemblages and Zoning Patterns m

Diagnostic minerals in hydrothermally altered volcanogenic massive sulfide deposits at different metamorphic grades.

[Modified from Bonnet and Corriveau, 2007. Fe, iron; K, potassium; Mg, magnesium]

Alteration

type

Diagnostic minerals:
unmetamorphosed deposits

Diagnostic minerals:
greenschist facies

Diagnostic minerals:
granulite facies

Advanced argillic Kaolinite, alunite, opal, smectite

Sericite, illite, smectite, pyrophyllite,

Argillic opal

Sericitic Sericite, illite, opal

Chloritic Chlorite, opal, quartz, sericite
Carbonate propylitic Carbonate (Fe, Mg), epidote, chlorite,

sericite, feldspar

Kaolinite, pyrophyllite, andalusite,
corundum, topaz

Sericite, illite, pyrophyllite

Sericite, illite, quartz

Chlorite, quartz, sericite

Carbonate (Fe, Mg), epidote, chlorite,
sericite, feldspar

Sillimanite, kyanite, quartz

Sillimanite, kyanite, quartz,
biotite, cordierite, garnet

Biotite, K-feldspar, sillimanite,
kyanite, quartz, cordierite,
garnet

Cordierite, orthopyroxene,
orthoamphibole, phlogopite,
sillimanite, kyanite

Carbonate, garnet, epidote, horn-
blende, diopside,
orthopyroxene

not experienced significant deformation or metamorphism.
Several areas on the seafloor have provided enough informa-
tion to begin to understand alteration mineralogy and chem-
istry and the spatial arrangement of alteration types related
to VMS systems: the Galapagos Rift stockwork zone, mafic
systems at TAG, a siliciclastic mafic system at Middle Valley,
and a bimodal felsic system in Manus Basin north of Papua
New Guinea (fig. 11-1).

A remarkable stockwork alteration zone has been
studied at the Galapagos Rift beneath a presently inactive
sulfide mound where a host block provides outcrop exposure
(fig. 11-14) (Embley and others, 1988; Ridley and others,
1994). The inner zone of the stockwork in basaltic pillows,
lava flows, and hyaloclastite contains sulfide veins and Fe-rich
chlorite-smectite-kaolinite-quartz alteration of selvages and
host rocks. Peripheral to the inner zone, alteration is weak and
dominated by Mg-rich chlorite, clays, iron oxides, and silica.

Studies by ODP drilling of the TAG VMS mound on
the Mid-Atlantic Ridge (fig. 14—1B8) emphasize subseafloor
precipitation and remobilization of hydrothermal sulfide and
sulfate minerals and provide a crude picture of alteration zon-
ing in the host rocks beneath TAG. Basically, the stockwork
zone immediately beneath the deposit is a silicified, pyritic
wallrock breccia with minor paragonite (also referred to as
sericite) that increases with depth in this zone. Beneath, and to
some extent surrounding, the stockwork zone is a chloritized
basalt breccia that consists primarily of chlorite-quartz-pyrite
with minor hematite, and smectite and talc in the altered rock
matrix (Honnorez and others, 1998). Drilling did not penetrate
deeper into basement and the expected peripheral sericitic and
propylitic alteration zones were not encountered.

Manus Basin, where dacite-dominated (andesite to
rhyodacite) lava flows and hydrothermal vents occur on Paul

Ridge, was drilled during ODP Leg 193 to a maximum depth
of 387 m (Binns and others, 2007). Three holes penetrated
hydrothermally altered rocks (fig. 11-1C). Most of the altera-
tion is represented by clays plus silica. Silica occurs as opal-A
in near-surface rocks, with progressive transition to cristo-
balite and then quartz with depth. Clays are chlorite, illite,
and mixed-layer phases including chlorite, smectite, illite, and
vermiculite (Lackschewitz and others, 2004). Pyrophyllite
occurs in patches and is believed to be related to acid-sulfate
alteration. Beneath the Roman Ruins hydrothermal vent area,
there are a well-developed pyrite-quartz-anhydrite stockwork
and an unusual K-feldspar alteration zone. Zonation is not
particularly systematic at this site, and is somewhat different
than that at most ancient massive sulfides, but may well repre-
sent precursor alteration zones to those defined in lithified or
metamorphosed rocks.

Alteration related to the Middle Valley hydrothermal sys-
tem provides a good example of altered sediment and basalt
in a siliciclastic-mafic system (fig. 11-1D). Goodfellow and
Peter (1994) found well-defined alteration zones from ODP
Leg 139 drilling in the sedimentary host rocks around the mas-
sive sulfide deposit at Bent Hill. Alteration facies range from
a deep inner zone of quartz-chlorite-smectite-rutile, outward
to albite-chlorite-muscovite-pyrite, anhydrite-pyrite-illite,
and calcite-pyrite-illite. These zones may roughly correspond
to an inner chloritic zone and an outer sericitic (illitic) zone,
with the calcite-pyrite zone showing similarities to propylitic
alteration (table 11-1). ODP Leg 169 (Zierenberg and others,
1998) deepened and widened drill coverage in and around the
Bent Hill massive sulfide deposit (see fig. 3-2B, this volume).
In particular, deepening of Hole 856H penetrated 107 m of
a sulfide feeder zone within altered turbidites beneath the
massive sulfide, 221 m of interbedded turbidites and pelagic
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sediments, a 39-m interval of basaltic sills and sediment, and
29 m of basaltic flows. The entire sedimentary section beneath
the deposit, including the feeder zone, is altered to chlorite
and quartz (Lackschewitz and others, 2000), including layers
of monomineralic chlorite. On the flanks of the deposit, less
intense alteration produced dolomite, mixed-layer chlorite-
smectite, corrensite, chlorite, and quartz. Teagle and Alt
(2004) studied alteration in the deep basalt sills and flows and
found quartz, chlorite, and titanite, with subsidiary epidote,
Cu-Fe sulfides, and rare actinolite.

A broader, more distal picture of alteration in the oceanic
crust emerges from studies of ODP Site 504, where repeated
deepening of drill holes has now penetrated successively
oxidized and weathered upper lavas, altered lower lavas, a
transition zone that contains a sulfide stockwork, and more
than 1 km of altered sheeted dikes (Alt and others, 1996). The
lava section is 572 m thick with the upper half altered to iron
oxides, carbonates, clays, and zeolites. The lower lava sec-
tion is altered to chlorite and mixed-layer chlorite-illite, talc,
zeolites, quartz, calcite, pyrite, and anhydrite. The transition
zone and upper dikes were altered as upwelling hydrothermal
fluids mixed with cooler seawater, producing heterogeneous
alteration assemblages that include chlorite, actinolite, albite-
oligoclase, and titanite and, in places, quartz-epidote-sulfide
in discordant veins that record upflow zones. The lower dikes
have an early, high-temperature (>400°C) alteration stage that
produced hornblende and calcic plagioclase, consistent with
reactions predicted from experimental studies (Seyfried and
Shanks, 2004). Zones that contain these higher temperature
alteration reactions are believed to represent the deep reaction
zone for VMS producing systems, an interpretation confirmed
by Cu, Zn, and S depletions in the altered rocks of the lower
dikes (Alt and others, 1996).

Alteration Zoning in Ancient Volcanogenic
Massive Sulfide Deposits

Australian VMS deposits (Large, 1992), which are mostly
bimodal-felsic types, have stringer zones that are dominated
by chlorite-quartz associated with sulfides. Strong chlorite-ser-
icite-quartz-pyrite alteration occurs in envelopes surrounding
stringer zone mineralization. Less intense alteration, further
from the deposits, is sericite-quartz-pyrite.

Ancient unmetamorphosed to weakly metamorphosed
deposits (Cyprus, Kuroko, Noranda, Turkey) show spatial
differences in Fe/(Fet+Mg) ratios of chlorite and related Fe-Mg
phyllosilicates with distance from the sulfide ores. High Fe/
(Fet+Mg) chlorite typically occurs in cores of feeder zones
(Millenbach, Mathiati) and low Fe/(Fe+Mg) chlorite occurs
along the margins (Lydon, 1996). These effects apparently are
due to sealing of the inner parts of the feeder zone from sea-
water influx and alteration by the undiluted endmember hydro-
thermal fluid flow in the core of the feeder zone. The opposite
pattern has been observed in a few deposits where presumably
seawater was entrained into the feeder zone core (see Large,
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1992; Gifkins and others, 2005). In metamorphosed deposits,
primary Fe/(Fe+Mg) ratios in tourmaline are preserved, such
as at Kidd Creek, where tourmalines in the core of feeder

zone are Fe-rich whereas those along the margins are Mg-rich
(Slack and Coad, 1989). Additionally, stratabound and strati-
form chlorite-rich layers and lenses, which in places are nearly
monomineralic chloritites, occur in the immediate footwall

or hanging wall. Chlorite-rich layers, lenses, and veins likely
form via seawater entrainment into ascending hydrothermal
fluids, with seawater providing Mg for metasomatic processes.

Representative examples of alteration zoning from sev-
eral VMS deposit subtypes (fig. 11-2) include a siliciclastic-
felsic type (Bathurst, New Brunswick), a mafic type (Turner-
Albright, Josephine Ophiolite, Oreg.), and bimodal-mafic
types at Chisel Lake, Manitoba, and bimodal-mafic deposits in
the Noranda district, Quebec.

Alteration in the Bathurst district (fig. 11-24) (Goodfel-
low, 2007) shows quartz and Fe-rich chlorite immediately
underlying the massive sulfide and in the stockwork zone.
Peripheral to that is a Mg-rich chlorite-sericite zone, which
transitions outward to chlorite-phengite (silica-enriched seric-
ite). Bathurst deposits also show phengite-chlorite alteration
in the hanging wall above the massive sulfide horizon, which
records ongoing hydrothermal activity after burial of the
deposit.

Alteration in the mafic, ophiolitic Turner-Albright deposit
(fig. 11-2B) (Zierenberg and others, 1988) shows an alteration
pattern related to replacement mineralization in a porous and
permeable hyaloclastite pile with general similarities to altera-
tion at TAG and the Galapagos Rift (fig. 11-14 and B). Imme-
diately beneath the massive sulfide deposit, quartz-sulfide
alteration is prevalent as a result of massive replacement of
basalt hyaloclastite. Beneath this are zones of quartz-sericite-
smectite-chlorite and quartz-chlorite.

Deposits in metamorphosed terranes like the Chisel Lake
deposit in the Snow Lake district, where alteration has under-
gone amphibolite-grade regional metamorphism (fig. 11-2C),
show distinct assemblages related to premetamorphic altera-
tion. In this deposit, the stringer zones are quartz- and amphi-
bole-rich, and peripheral alteration consists of chlorite-stauro-
lite and biotite-garnet zones (Galley and others, 1993).

Semi-conformable alteration zones that occur in many
VMS districts can be traced over many kilometers of strike
length (fig. 11.-2D) (Galley, 1993; Hannington and others,
2003), and are clearly discordant to regional metamorphic
isograds. Such conformable zones are probably related to
premetamorphic, horizontal hydrothermal circulation driven
by the heat of underlying sills or other intrusive bodies. One
distinctive type of semi-conformable alteration comprises
white mica+chloritoid+chloritetcarbonate assemblages in the
stratigraphic footwall of deposits such as Mattabi in Ontario
(Franklin and others, 1975) and those in the Delta district
of northern Alaska (Dashevsky and others, 2003). This type
of alteration reflects pervasive hydrothermal metasomatism
of permeable felsic volcanic or volcaniclastic rocks involv-
ing alkali leaching, iron addition, and residual enrichment of
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alumina, followed by greenschist-grade regional metamor-
phism. At higher amphibolite metamorphic grade, mineral
assemblages in these semi-conformable zones may contain
abundant kyanite, sillimanite, or cordierite.

Lateral and Vertical Dimensions

Dimensions of alteration zones are often difficult to
determine because of lack of exposure and lack of drilling
beyond the vicinity of VMS deposits. Most proximal alteration
zones can be traced for approximately 2—3 times the horizontal
dimension of the massive sulfide deposit and may extend to
depths roughly 10 times the thickness of the deposit (figs. 6-1,
11-1, 11-2). Many deposits overlie semi-conformable altera-
tion zones that can have a strike length of 5-50 km and thick-
nesses of 1-3 km, especially in caldera settings (Galley and
others, 2007).

Fluid flow modeling has been used extensively to help
constrain subseafloor processes in modern and ancient massive
sulfide deposits (Parmentier and Spooner, 1978; Cathles, 1983;
Lowell and Rona, 1985, Schardt and Large, 2009). These
models are limited by lack of information on crustal architec-
ture, structures, permeability, magmatic heat supply, and fluid
properties in the sub- and super-critical regions. However, the
most recent models include many of these variables. Schardt
and Large (2009) have attempted modeling with realistic per-
meability structures (fig. 11-3). Results indicate intense altera-
tion along faults with dimensions up to a few hundred meters.
In some cases, semi-conformable alteration is produced with
dimensions of 500-700 m vertically and up to 30 km horizon-
tally, but these dimensions are probably strongly affected by
the dimensions of the model and the permeability structure
within the volcanic sequence. Nevertheless, this fluid flow
modeling approach has great potential for future understand-
ing of alteration processes.

Alteration Intensity

Alteration intensity is often described in the field using
qualitative terminology such as weak-moderate-strong or
incipient-patchy-pervasive, and these descriptions are criti-
cal to mapping and understanding alteration patterns. How-
ever, the recent literature abounds with quantitative tools for
measuring and discriminating alteration intensity (Leitch
and Lentz, 1994; Large and other, 2001b). These tools allow
quantification of elemental gains and losses (and volume gain
or loss) and characterization of specific types of alteration.
The tools are increasingly important in exploration and, in
ideal cases, may provide vectors to more intense alteration
and mineralization. They also have great potential for use in
mineral resource assessments; simple whole-rock geochemical
data for altered rocks and representative fresh rocks are all that
are needed for this type of analysis.
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Gresens (1967) introduced mass balance approaches to
metasomatic analyses, and Leitch and Lentz (1994) provided
an update on effective application of the Gresens method,
which essentially involves normalization relative to fresh
unaltered rocks using immobile elements and calculation of
volume changes during alteration using densities or composi-
tional changes. Results of this approach for the Brunswick No.
12 deposit in the Bathurst district are shown in figure 11-44.
In this case, the percent change of major oxides clearly shows
trends for silicification and for addition of hyrothermal seric-
ite, Mg-chlorite, and Fe-chlorite. Changes in oxide content as
large as 5,000 percent indicate that very intense metasomatism
was involved in the alteration process. Numerous workers
have applied these techniques to alteration studies in volcano-
genic massive sulfide systems (Galley and others, 1993; Good-
fellow and Peter, 1994; Barrett and MacLean, 1999; Gemmell
and Fulton, 2001; Large and others, 2001a; Piercey, 2009).

Another approach is the alteration box plot of Large and
others (2001b), which combines (1) the alteration index (AI)
of Ishikawa defined as the ratio of K,O + MgO to the sum of
all alkaline and alkaline earth oxides versus (2) a new chlorite-
carbonate-pyrite (CCP) index defined as the ratio of MgO +
FeO to these oxides plus alkali oxides (fig. 11-4B). Combin-
ing these indices on a common plot yields clear identification
of alteration processes that affect whole-rock compositon
(fig. 11-4B). This approach allows individual reactions to be
identified and offers potential for discriminating burial diage-
netic and hydrothermal processes, which may be essential in
assessing mineral resource potential of a terrane.
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Figure 11-4. Geochemical techniques for quantifying hydrothermal alteration effects using (A) the Gresens mass
balance approach and (B) the alteration box plot approach. Both approaches allow indentification of alteration
reactions and quantification of the amount of alteration. A, Percent change alteration plots for the Brunswick No. 12
deposit based on the Gresens approach and normalizing to AlQ, after Leitch and Lentz (1994). B, Alteration box plots
after Large and others (2001). [Mg, magnesium; ab, albite; calc, calcite; carb, carbonate; chl, chlorite; ep, epidote;
k-feld, potassium feldspar; par, paragonite; py, pyrite; ser, sericite; CCP, chlorite-carbonate-pyrite]

171



178 11. Hydrothermal Alteration

References Cited

Alt, J.C., Laverne, C., Vanko, D., Tartarotti, P., Teagle, D.A.H.,
Bach, W., Zuleger, E., Erzinger, J., Honnerez, J., Pezard,
P.A., Becker, K., Salisbury, M.H., and Wilkens, R.H., 1996,
Hydrothermal alteration of a section of upper oceanic crust
in the eastern equatorial Pacific, in Alt, J.C., Kinoshita, H.,
Stokking, L.B., and Michael, P.J., eds., Costa Rica Rift, sites
504 and 896: Proceedings of the Ocean Drilling Program,
Scientific Results, v. 148, p. 417-434.

Barrett, T.J., and MacLean, W.H., 1999, Volcanic sequences,
lithogeochemistry, and hydrothermal alteration in some
bimodal volcanic-associated massive sulfide deposits, in
Barrie, C.T., and Hannington, M.D., eds., Volcanic-associated
massive sulfide deposits—Processes and examples in modern
and ancient settings: Reviews in Economic Geology, v. 8,

p. 101-131.

Beane, R., 1994, A graphic view of hydrothermal mineral sta-
bilities, in Lentz, D.R., ed., Alteration and alteration processes
associated with ore-forming systems: Geological Association
of Canada, Short Course Notes, v. 11, p. 1-30.

Binns, R.A., Barriga, F.J.A.S., and Miller, D.J., 2007, Leg 193
synthesis—Anatomy of an active felsic-hosted hydrothermal
system, eastern Manus Basin, Papua New Guinea, in Barriga,
F.J.A.S., Binns, R.A., Miller, D.J., and Herzig, P.M., eds.,
Anatomy of an active felsic-hosted hydrothermal system,
Eastern Manus Basin, sites 1188—1191: Proceedings of the
Ocean Drilling Program, Scientific Results, v. 193, p. 1-71.

Bonnet, A.-L., and Corriveau, L., 2007, Alteration vectors to
metamorphosed hydrothermal systems in gneissic terranes,
in Goodfellow, W.D., ed., Mineral deposits of Canada—A
synthesis of major deposit-types, district metallogeny, the
evolution of geological provinces, and exploration methods:
Geological Association of Canada, Mineral Deposits Divi-
sion, Special Publication No. 5, p. 1035-1049.

Carvalho, D., Barriga, F.J.A.S., and Munha, J., 1999, Bimodal-
siliciclastic systems—The case of the Iberian Pyrite Belt, in
Barrie, C.T., and Hannington, M.D., eds., Volcanic-associated
massive sulfide deposits—Processes and examples in modern
and ancient settings: Reviews in Economic Geology, v. 8,

p. 375-408.

Cathles, L.M., 1983, An analysis of the hydrothermal system
responsible for massive sulfide deposition in the Hokuroku
Basin of Japan, in Ohomto, H., and Skinner, B.J., eds., The
Kuroko and related volcanogenic massive sulfide deposits:
Economic Geology Monograph 5, p. 439-487.

Dashevsky, S.S., Schaefer, C.F., and Hunter, E.N., 2003,
Bedrock geologic map of the Delta mineral belt, Tok mining
district, Alaska: Alaska Division of Geological and Geophysi-
cal Surveys Professional Report 122, 122 p., 2 plates, scale
1:63,360.

Embley, R.W., Jonasson, I.R., Perfit, M.R., Franklin, J.M.,
Tivey, M.A., Malahoff, A., Smith, M.F., and Francis, T.J.G,
1988, Submersible investigation of an extinct hydrothermal
system on the Galapagos Ridge—Sulfide mounds, stockwork
zone, and differentiated lavas: Canadian Mineralogist, v. 26,
p. 517-539.

Franklin, J.M., Kasarda, J., and Poulsen, K.H., 1975, Petrology
and chemistry of the alteration zone of the Mattabi massive
sulfide deposit: Economic Geology, v. 70, p. 63—79.

Galley, A.G., 1993, Characteristics of semi-conformable altera-
tion zones associated with volcanogenic massive sulphide dis-
tricts: Journal of Geochemical Exploration, v. 48, p. 175-200.

Galley, A.G., Bailes, A.H., and Kitzler, G., 1993, Geological set-
ting and hydrothermal evolution of the Chisel Lake and North
Chisel Zn-Pb-Ag-Au massive sulphide deposit, Snow Lake,
Manitoba: Exploration and Mining Geology, v. 2, p. 271-295.

Galley, A.G., Hannington, M., and Jonasson, I., 2007, Volcano-
genic massive sulphide deposits, in Goodfellow, W.D., ed.,
Mineral deposits of Canada—A synthesis of major deposit-
types, district metallogeny, the evolution of geological
provinces, and exploration methods: Geological Association
of Canada, Mineral Deposits Division, Special Publication 5,
p. 141-161.

Galley, A.G., and Koski, R.A., 1999, Setting and characteristics
of ophiolite-hosted volcanogenic massive sulfide deposits,
in Barrie, C.T., and Hannington, M.D., Volcanic-associated
massive sulfide deposits—Processes and examples in modern
and ancient settings: Reviews in Economic Geology, v. 8,
p. 221-246.

Galley, A.G., Watkinson, D.H., Jonasson, I.R., and Riverin, G.,
1995, The subseafloor formation of volcanic-hosted massive
sulfide—Evidence from the Ansil deposit, Rouyn-Noranda,
Canada: Economic Geology, v. 90, no. 7, p. 2006-2017.

Gemmell, J.B., and Fulton, R., 2001, Geology, genesis, and
exploration implications of the footwall and hanging-wall
alteration associated with the Hellyer volcanic-hosted mas-
sive sulfide deposit, Tasmania, Australia: Economic Geology,
v. 96, p. 1003-1035.

Gibson, H.L., and Galley, A.G., 2007, Volcanogenic massive
sulphide deposits of the Archean, Noranda district, Québec,
in Goodfellow, W.D., ed., Mineral deposits of Canada—A
synthesis of major deposit-types, district metallogeny, the
evolution of geological provinces, and exploration methods:
Geological Association of Canada, Mineral Deposits Divi-
sion, Special Publication 5, p. 533-552.

Gibson, H.L., Watkinson, D.H., and Comba, C.D.A., 1983,
Silicification—Hydrothermal alteration in an Archean
geothermal system within the Amulet Rhyolite formation:
Economic Geology, v. 78, p. 954-971.



Gifkins, C., Herrmann, W., and Large, R.R., 2005, Altered
volcanic rocks—A guide to description and interpreta-
tion: Hobart, Tasmania, Centre for Ore Deposit Research,
University of Tasmania, 275 p.

Goodfellow, W.D., 2007, Metallogeny of the Bathurst mining
camp, northern New Brunswick, in Goodfellow, W.D., ed.,
Mineral deposits of Canada—A synthesis of major deposit-
types, district metallogeny, the evolution of geological
provinces, and exploration methods: Geological Association
of Canada, Mineral Deposits Division, Special Publication 5,
p. 449-469.

Goodfellow, W.D., and Peter, J.M., 1994, Geochemistry of
hydrothermally altered sediment, Middle Valley, northern
Juan de Fuca Ridge, in Mottl, M.J., Davis, E.E., Fisher, A.T.,
and Slack, J.F., eds., Middle Valley, Juan de Fuca Ridge, sites
855-858: Proceedings of the Ocean Drilling Program, Scien-
tific Results, v. 139, p. 207-289.

Gresens, R.L., 1967, Composition-volume relationships of meta-
somatism: Chemical Geology, v. 2, p. 47-65.

Hannington, M.D., Barrie, C.T., and Bleeker, W., 1999, Preface
and introduction, in Hannington, M.D., and Barrie, C.T., eds.,
The giant Kidd Creek volcanogenic massive sulfide deposit,
western Abitibi Subprovince, Canada: Economic Geology
Monograph 10, p. 1-30.

Hannington, M.D., Santaguida, F., Kjarsgaard, I.M., and Cath-
les, L.M., 2003, Regional-scale hydrothermal alteration in
the central Blake River Group, western Abitibi subprovince,
Canada—Implications for VMS prospectivity: Mineralium
Deposita, v. 38, p. 392-422.

Hemley, J.J., and Jones, W.R., 1964, Chemical aspects of hydro-
thermal alteration with emphasis on hydrogen metasomatism:
Economic Geology, v. 59, p. 538-569.

Honnorez, J.J., Alt, J.C., Humphris, S.E., Herzig, P.M., Miller,
D.J., Becker, K., Brown, D., Bruegmann, G.E., Chiba, H.,
Fouquet, Y., Gemmell, J.B., Guerin, G., Hannington, M.D.,
Holm, N.G., Iturrino, G.J., Knott, R., Ludwig, R.J., Naka-
mura, K.-i., Petersen, S., Reysenbach, A.-L., Rona, P.A.,
Smith, S.E., Sturz, A.A., Tivey, M.K., and Zhao, X., 1998,
Vivisection and autopsy of active and fossil hydrothermal
alterations of basalt beneath and within the TAG hydrother-
mal mound, in Herzig, PM., Humphris, S.E., Miller, D.J.,
and Zierenberg, R.A., eds., TAG—Drilling an active hydro-
thermal system on a sediment-free slow-spreading ridge, site
957: Proceedings of the Ocean Drilling Program, Scientific
Results, v. 158, p. 231-254.

Kerr, D.J., and Gibson, H.L., 1993, A comparison of the Horne
volcanogenic massive sulfide deposit and intracauldron
deposits of the Mine Sequence, Noranda, Quebec: Economic
Geology, v. 88, p. 1419-1442.

References Cited 179

Lackschewitz, K.S., Devey, C.W., Stoffers, P., Botz, R., Eisen-
hauer, A., Kummetz, M., Schmidt, M., and Singer, A., 2004,
Mineralogical, geochemical and isotopic characteristics
of hydrothermal alteration processes in the active, subma-
rine, felsic-hosted PACMANUS field, Manus Basin, Papua
New Guinea: Geochimica et Cosmochimica Acta, v. 68,

p. 4405-4427.

Lackschewitz, K.S., Singer, A., Botz, R., Garbe-Schonberg, D.,
Stoffers, P., and Horz, K., 2000, Formation and transforma-
tion of clay minerals in the hydrothermal deposits of Middle
Valley, Juan de Fuca Ridge, ODP Leg 169: Economic Geol-
ogy, v. 95, p. 361-390.

Large, R.R., 1992, Australian volcanic-hosted massive sulfide
deposits—Features, styles, and genetic models: Economic
Geology, v. 87, p. 471-510.

Large, R.R., Allen, R.L., Blake, M.D., and Herrmann, W.,
2001a, Hydrothermal alteration and volatile element halos for
the Rosebery K Lens volcanic-hosted massive sulfide deposit,
Western Tasmania: Economic Geology, v. 96, p. 1055-1072.

Large, R.R., Gemmell, J.B., Paulick, H., and Huston, D.L.,
2001Db, The alteration box plot—A simple approach to under-
standing the relationship between alteration mineralogy and
lithogeochemistry associated with volcanic-hosted massive
sulfide deposits: Economic Geology, v. 96, p. 957-971.

Leitch, C.H.B., and Lentz, D.R., 1994, The Gresens approach to
mass balance constraints of alteration systems—Methods, pit-
falls, examples, in Lentz, D.R., ed., Alteration and alteration
processes associated with ore-forming systems: Geological
Association of Canada Short Course Notes, v. 11, p. 161-192.

Lowell, R.P., and Rona, P.A., 1985, Hydrothermal models for
the generation of massive sulfide ore deposits: Journal of
Geophysical Research, v. 90, p. 8769—-8783.

Lydon, J.W., 1996, Characteristics of volcanogenic massive
sulfide deposits—Interpretations in terms of hydrother-
mal convection systems and magmatic hydrothermal sys-
tems: Instituto Tecnologico Geominero de Espana, Boletin
Geologico y Minero, v. 107, no. 3—4, p. 15-64.

Meyer, C., and Hemley, J.J., 1967, Wall rock alteration, in
Barnes, H.L., ed., Geochemistry of hydrothermal ore deposits:
New York, Holt, Rinehart, and Winston, Inc., p. 166-235.

Meyer, C., Shea, E.P., Goddard, C.C., Jr., and staff, 1968, Ore
deposits at Butte, Montana, in Ridge, J.D., ed., Ore deposits
of the United States, 1933-1967 (Graton-Sales volume): New
York, American Institute of Mining, Metallurgical, and Petro-
leum Engineers, p. 1373-1416.

Ohmoto, H., 1996, Formation of volcanogenic massive sulfide
deposits—The Kuroko perspective, in Vielreicher, R.M.,
Groves, D.I., Heinrich, C.A., and Walshe, J.L., eds., Ore geol-
ogy reviews: Amsterdam, Elsevier, p. 135-177.



180 11. Hydrothermal Alteration

Parmentier, E.M., and Spooner, E.T.C., 1978, A theoretical study
of hydrothermal convection and the origin of the ophiolitic
sulphide ore deposits of Cyprus: Earth and Planetary Science
Letters, v. 40, p. 33—44.

Peter, J.M., Layton-Matthews, D., Piercey, S., Bradshaw, G.,
Paradis, S., and Boulton, A., 2007, Volcanic-hosted mas-
sive sulphide deposits of the Finlayson Lake district, Yukon,
in Goodfellow, W.D., ed., Mineral deposits of Canada—A
synthesis of major deposit-types, district metallogeny, the
evolution of geological provinces, and exploration methods:
Geological Association of Canada Special Publication 5,

p. 471-508.

Piercey, S.J., 2009, Lithogeochemistry of volcanic rocks associ-
ated with volcanogenic massive sulphide deposits and appli-
cations to exploration, in Cousens, B., and Piercey, S.J., eds.,
Submarine volcanism and mineralization—Modern through
ancient: Geological Association of Canada, Short Course
Notes, v. 19, p. 15-40.

Reed, M.H., and Palandri, J., 2006, Sulfide mineral precipitation
from hydrothermal fluids, in Vaughan, D.J., ed., Sulfide min-
eralogy and geochemistry: Mineralogical Society of America,
Reviews in Mineralogy and Geochemistry 61, p. 609-631.

Ridley, W.I., Perfit, M.R., Jonasson, I.R., and Smith, M.F.,
1994, Hydrothermal alteration in oceanic ridge volcanics—
A detailed study at the Galapagos fossil hydrothermal field:
Geochimica et Cosmochimica Acta, v. 58, p. 2477-2494.

Sales, R.H., and Meyer, C., 1948, Wall rock alteration at Butte,
Montana: American Institute of Mining and Metallurgical
Engineers Transactions, v. 178, p. 9-35.

Schardt, C., and Large, R.R., 2009, New insights into the gene-
sis of volcanic-hosted massive sulfide deposits on the seafloor
from numerical modeling studies: Ore Geology Reviews,

v. 35, p. 333-351.

Seyfried, W.E., Jr., and Shanks, W.C., III, 2004, Alteration and
mass transport in mid-ocean ridge hydrothermal systems—
Controls on the chemical and isotopic evolution of high-
temperature crustal fluids, in Davis, E.E., and Elderfield, H.,
eds., Hydrogeology of the oceanic lithosphere: Cambridge,
Cambridge University Press, p. 451-494

Slack, J.F., 1993, Descriptive and grade-tonnage models for
Besshi-type massive sulphide deposits, in Kirkham, R.V.,
Sinclair, W.D., Thorpe, R.I., and Duke, J.M., eds., Mineral
deposit modeling: Geological Association of Canada Special
Paper 40, p. 343-371.

Slack, J.F., 1999, Coarse garnet schists at the Elizabeth mine,
VT—Products of seafloor-hydrothermal alteration not syn-
metamorphic Acadian fluid flow [abs.]: Geological Society of
America Abstracts with Programs, v. 31, p. A-69.

Slack, J.F., and Coad, P.R., 1989, Multiple hydrothermal and
metamorphic events in the Kidd Creek volcanogenic massive
sulphide deposit, Timmins, Ontario—Evidence from tourma-
lines and chlorites: Canadian Journal of Earth Sciences, v. 26,
p. 694-715.

Slack, J.F., Offield, T.W., Woodruff, L.G., and Shanks, W.C.,
111, 2001, Geology and geochemistry of Besshi-type massive
sulfide deposits of the Vermont copper belt, in Hammarstrom,
J.M., and Seal, R.R., II, eds., Environmental geochemistry
and mining history of massive sulfide deposits in the Vermont
copper belt: Society of Economic Geologists Guidebook
Series, v. 35, part II, p. 193-211.

Teagle, D.A.H., and Alt, J.C., 2004, Hydrothermal alteration
of basalts beneath the Bent Hill massive sulfide deposit,
Middle Valley, Juan de Fuca Ridge: Economic Geology, v. 99,
p.- 561-584.

Titley, S.R., and Hicks, C.L., eds., 1966, Geology of the
porphyry copper deposits—Southwestern North America:
Tucson, Ariz., University of Arizona Press, 287 p.

Zierenberg, R.A., Fouquet, Y., Miller, D.J., Bahr, J.M., Baker,
P.A., Bjerkgarden, T., Brunner, C.A., Duckworth, R.C., Gable,
R., Gieskes, .M., Goodfellow, W.D., Groeschel-Becker,
H.M., Guerin, G., Ishibashi, J., Iturrino, G.J., James, R.H.,
Lackschewitz, K.S., Marquez, L.L., Nehlig, P., Peter, J.M.,
Rigsby, C.A., Schultheiss, P.J., Shanks, W.C., III, Simone:it,
B.R.T., Summit, M., Teagle, D.A.H., Urbat, M., and Zuffa,
G.G., 1998, The deep structure of a sea-floor hydrothermal
deposit: Nature, v. 392, no. 6675, p. 485-488.

Zierenberg, R.A., Shanks, W.C., III, Seyfried, W.E., Jr., Koski,
R.A., and Strickler, M.D., 1988, Mineralization, alteration,
and hydrothermal metamorphism of the ophiolite-hosted
Turner-Albright sulfide deposit, southwestern Oregon: Journal
of Geophysical Research, v. 93, p. 4657—4674.



12. Supergene Ore and Gangue
Characteristics

By Randolph A. Koski

12 of 21

Volcanogenic Massive Sulfide Occurrence Model

Scientific Investigations Report 2010-5070-C

U.S. Department of the Interior
U.S. Geological Survey



U.S. Department of the Interior
KEN SALAZAR, Secretary

U.S. Geological Survey
Marcia K. McNutt, Director

U.S. Geological Survey, Reston, Virginia: 2012

For more information on the USGS—the Federal source for science about the Earth, its natural and living
resources, natural hazards, and the environment, visit http://www.usgs.gov or call 1-888—ASK-USGS.

For an overview of USGS information products, including maps, imagery, and publications,
visit http://www.usgs.gov/pubprod

To order this and other USGS information products, visit http://store.usgs.gov

Any use of trade, product, or firm names is for descriptive purposes only and does not imply endorsement by the
U.S. Government.

Although this report is in the public domain, permission must be secured from the individual copyright owners to
reproduce any copyrighted materials contained within this report.

Suggested citation:
Koski, R.A., 2012, Supergene ore and gangue characteristics in volcanogenic massive sulfide occurrence model:
U.S. Geological Survey Scientific Investigations Report 2010-5070 —C, chap. 12, 6 p.



Contents

Mineralogy and Mineral ASSEMBIAGES .....cvururerrerereeireereeere sttt sesse s eesesnenas 185
Paragenesis and Zoning PatterNS ...ttt sssssssessssssssssssssssssssesssssnens 185
Textures, Structures, aNd Grain SiZ ...ttt ssees 187
RETEIENCES CITBU. ..ottt ettt se st ae st saes st ensensesnens 189
Figure

12-1.  Sequence of supergene mineralization summarized from volcanogenic
massive sulfide deposits in the Bathurst mining camp.......ccccoecveeeeceecseeceeseseeee e 188

Tables

12-1.  Mineral assemblages of supergene environments in selected volcanogenic
0B R AT LIRS VLT F= I F=T 0T | TP 186

12-2.  Mineralogy of supergene sulfide zones and gOSSANS.......cvveeeuvrerrreereersensseseeesesesseeneens 187

183






12. Supergene Ore and Gangue Characteristics

By Randolph A. Koski

Mineralogy and Mineral Assemblages

In the traditional view, supergene ore and gangue
minerals are the products of reactions between hypogene
sulfide minerals and descending, acidic meteoric waters; these
processes take place at or near the ground surface in subaerial
environments (Guilbert and Park, 1986). In VMS deposits,
copper and other metals are mobilized from primary massive
sulfide ore and reprecipitated at depth. This precipitation of Cu
sulfides with high Cu/S ratios can produce an economically
significant copper enrichment at the reactive redox boundary
between massive sulfide protore and downward penetrating
fluids. The supergene enrichment “blanket” is overlain by
an intensely altered and leached Fe oxide-rich gossan (the
remains of the original massive sulfide) that extends upward to
the paleosurface.

Studies of hydrothermal sulfide mounds and chimneys on
oceanic spreading axes reveal a second type of gossan forma-
tion: oxidation of sulfide minerals by interaction with oxygen-
rich ambient seawater. This process, sometimes referred to
as “seafloor weathering,” is accompanied by formation of
secondary, low-temperature Cu sulfide minerals as well as the
Cu chloride mineral atacamite at the TAG site, Mid-Atlantic
Ridge (Hannington and others, 1988; Hannington, 1993).
Based on observations at TAG, bedded ocher overlying mas-
sive sulfide at Skouriotissa, Cyprus, has been reinterpreted as
a submarine gossan (Herzig and others, 1991). Submarine and
subaerial weathering processes are described in greater detail
in “Weathering Processes,” Chapter 13, this volume.

The mineral assemblages of supergene enrichment zones
and their related gossans for a selected group of VMS deposits
are presented in table 12—1; a list of secondary minerals and
their chemical formulas are presented in table 12-2. The
supergene sulfide mineral assemblages in ancient deposits
are dominated by a small group of Cu-rich minerals: chal-
cocite, bornite, covellite, digenite, and enargite. In the super-
gene blanket, these sulfides may be intergrown with varying
amounts of relict hypogene sulfides such as pyrite, chalco-
pyrite, and sphalerite. Studies of analogous seafloor massive
sulfides reveal that in situ seafloor weathering has produced a
comparable suite of secondary sulfide minerals (TAG deposit
in table 12—1) (Hannington and others, 1988).

In deposits where the zone of weathering is well devel-
oped and preserved, the gossan may contain identifiable min-
eral subzones dominated by sulfates, carbonates, phosphates,
or oxides (table 12—1) (Scott and others, 2001). The chemical
compositions of oxidized minerals in gossans reflect, to some
extent, the antecedent sulfide mineralogy (Boyle, 1996). For
example, high Pb contents (Pb tends to be less mobile in these
environments) and secondary Pb carbonate and sulfate miner-
als (cerussite, smithsonite, anglesite) occur in gossanous zones
overlying VMS mineralization containing significant amounts
of galena (Scott and others, 2001). In deposits of the Bathurst
mining camp and the Iberian Pyrite Belt, complex sulfates or
sulfate-arsenate minerals such as plumbojarosite and beudan-
tite also act as significant sinks for Pb in the oxidization zone
(Boyle, 2003; Nieto and others, 2003).

The residual concentration of precious metals in gossans,
in the form of native gold, electrum, and a variety of silver
minerals, can be economically important in VMS deposits
(Boyle, 1996). At the Canatuan (Philippines) VMS deposit, for
example, Sherlock and Barrett (2004) estimate a 45 percent
increase in gold content, as electrum, in gossan weathered
from pyritic massive sulfides. Likewise, the concentration of
native gold in gossan overlying the Flambeau (Wisconsin)
VMS deposit corresponds to a sixfold Au enrichment relative
to massive sulfide protore (Ross, 1997). Boyle (1996) lists
Au and Ag enrichments in gossans of four Canadian VMS
deposits as follows: Murray Brook (2.5, 1.2), Caribou (4.0,
2.4), Heath Steele (3.5, 2.5), and Windy Craggy (8.5, 3.4).
Studies of modern seafloor mineralization also reveal enrich-
ment of gold in oxidized zones of massive sulfide deposits
(for example, TAG: Hannington and others, 1988; Escanaba
Trough: Térménen and Koski, 2005).

Paragenesis and Zoning Patterns

The development of a supergene enrichment zone along
with its overlying gossan in VMS deposits produces a distinc-
tive paragenetic sequence. For illustrative purposes, a diagram
compiled by Boyle (2003), based on supergene mineralization
at numerous deposits in the Bathurst mining camp, captures
some of the complexity of supergene mineral successions
(fig. 12—1). During early stages of alteration, the less resistant
minerals chalcopyrite, sphalerite, and tetrahedrite (if present)
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Table 12-1.

italics are presentin minor or trace amounts.
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Mineral assemblages of supergene environments in selected volcanogenic massive sulfide (VMS) deposits. Minerals in

New South Flambeau VMS Bathurst deposits, Bisha mine. Eritrea’ TAG site, Mid-Atlantic
Wales, Australia’ deposit, Wisconsin? Canada® ! Ridge®
Gossan: Chert gossan: Massive sulfide Hematite-goethite-quartz  Oxidized sulfides:
goethite, hematite quartz (chert), hematite, gossan: goethite, oxide zone (gossan): amorphous Fe oxyhy-

Phosphate zone:
pyromorphite

Carbonate zone:
cerussite, smithsonite

Sulfate zone:

anglesite, alunite, plumbo-
jarosite, malachite,
azurite, barite, stolzite,
scorodite

goethite, jarosite, native
copper, native gold

Argillic gossan:

quartz, hematite, goethite,
chlorite, montmorillonite,
alunite-jarosite

AnKerite gossan:
ankerite, hematite,
native gold

Oxide zone:
cuprite, goethite, mal
chite, azurite, native silver

amorphous silica,
jarosite, plumbojarosite,
argentojarosite,
beudantite, scorodite,
bindheimite

hematite, goethite, quartz,
chalcedony, native gold,
pyrargyrite
Kaolinite-quartz-sulfate
zone: kaolinite, illite,
gypsum, alunite, quartz,
beudantite, anglesite,
cerrusite, siderite,
chlorargyrite, native gold

droxide, goethite,
jarosite, amorphous
silica, atacamite,
native copper

Supergene sulfide zone

chalcocite, enargite

chalcocite, bornite,
chalcopyrite

covellite, chalcocite,
digenite, acanthite,
anglesite

chalcocite, digenite,
covellite,
bornite, enargite

digenite, covellite,
borite, native gold,
native copper

Primary massive sulfide

pyrite, sphalerite, galena,
chalcopyrite, arsenopyrite,
tetrahedrite-tennantite

pyrite, chalcopyrite,
sphalerite, galena,
pyrrhotite

pyrite, sphalerite,
galena,
chalcopyrite,
arsenopyrite

pyrite, sphalerite,
chalcopyrite, galena,
pyrrhotite, arsenopyrite,
tetrahedrite, tennantite

marcasite, pyrite,
sphalerite,
chalcopyrite,
bornite

! Scott and others (2001)

> May and Dinkowitz (1996)

3 Boyle (2003)
4 Barrie and others (2007)

5 Hannington and others (1988); Hannington (1993)



Table 12-2. Mineralogy of supergene sulfide zones and

gossans.

[Sources: Hannington and others (1988); May and Dinkowitz (1996); Scott
and others (2001); Boyle (2003); Sherlock and Barrett (2004); Barrie and

others (2007). Mineral formulas are from Frye (1981)]

Mineral Formula

Supergene
chalcocite Cu,S
bornite Cu,FeS,
digenite Cu,S,
covellite CuS
enargite Cu,AsS,
chalcopyrite CuFeS,
acanthite Ag.S

Gossan

goethite FeO(OH)
hematite Fe,0,
amorphous Fe oxyhydroxide
amorphous silica SiO,snH20
quartz Sio,
kaolinite ALSi,0(OH),
chlorite
montmorillonite
gypsum CaSO,2H,0
jarosite KFe,(SO,),(OH),
plumbojarosite PbFe,(SO,),(OH),,
argentojarosite AgFe,(SO,),(OH),
alunite KAIL(OH),(SO,),
beudantite PbFe,(AsO,)(SO,)(OH),
corkite PbFe,(PO,)(SO,)(OH),
hinsdalite (Pb,Sr)AL(PO,)(SO,)(OH),
plumbogummite PbAL(PO,)(PO,OH)(OH),
anglesite PbSO,
barite BaSO,
pyromorphite Pb.CI(PO,)
siderite FeCO,
cerussite PbCO,
smithsonite ZnCO,
ankerite CaFeMg(CO,),
malachite Cu,CO,(OH),
azurite Cu,(CO,),(OH),
scorodite FeAsO,2H,0
bindheimite Pb,Sb,0,(0,0H)
cinnabar HgS
cuprite Cu,0
stolzite PbWO,
native silver Ag
acanthite/argentite Ag,S
chlorargyrite AgCl
iodargyrite Agl
native gold Au
electrum (Au,Ag)
native copper Cu
atacamite Cu,CI(OH),
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are replaced by chalcocite, digenite, covellite, and other Cu-
rich sulfides. Acanthite may form in the supergene zone as
silver is released from tetrahedrite. As oxidizing conditions
extend to greater depths, covellite and digenite are ultimately
replaced by chalcocite (Boyle, 2003).

With encroachment of the oxidation front, supergene
sulfides as well as pyrite and other remaining primary sulfides
become unstable. The susceptibility of pyrrhotite to oxidation
implies a rapid breakdown of pyrrhotite-rich ores. Dissolution
of galena and arsenopyrite, if present, promotes the precipi-
tation of a variety of Pb- and As-bearing metal sulfate and
carbonate minerals (fig. 12—1; table 12—1). Gold mineraliza-
tion resulting from dissolution of Au-bearing arsenopyrite and
pyrite grains can also be included in the supergene paragenesis
(fig. 12—1). Coincident with mineral changes in the supergene
enrichment zone, primary carbonate minerals are dissolved
and alumino-silicate minerals are replaced by clays and amor-
phous silica in the gossan. The mature stage of gossan devel-
opment is represented by an assemblage of Fe oxides, quartz
(or amorphous silica), clay minerals, sulfates, and carbonates
overlying the supergene enrichment blanket.

Zonation of supergene minerals is most prominently
developed in a vertical sense with respect to the weathered
paleosurface. A basic weathering profile for VMS deposits
contains four zones from the original ground surface down-
ward: (1) a leached capping dominated by Fe oxides, clay
minerals, and quartz, (2) an oxidized zone dominated by
secondary sulfates, (3) the supergene enrichment zone with
abundant chalcocite and other Cu-rich sulfides, and (4) the
top of the underlying massive sulfide protore. More complex
zonation patterns are evident in mature supergene profiles
developed on VMS deposits, especially deposits rich in Zn,
Pb, and As (table 12—1). The thicknesses of individual zones
are highly variable and increase toward margins of mas-
sive sulfide bodies and along structural features crosscutting
protore.

Textures, Structures, and Grain Size

A variety of textures related to replacement and dissolu-
tion reactions are prominent characteristics of the weathering
and supergene mineralization zones. Overgrowths and replace-
ment rims of bornite, covellite, or chalcocite on chalcopyrite
are frequently observed indicators of incipient supergene alter-
ation. Chalcocite typically occurs as soft sooty coatings on
other minerals. More advanced alteration of primary sulfides
results in partial to complete pseudomorphous replacement
textures, first involving Cu sulfides, then various combina-
tions of secondary sulfide, sulfate, and carbonate minerals, and
ultimately Fe oxides and oxyhydroxides. Secondary pyrite and
galena with colloform, botryoidal, skeletal, and framboidal
textures have been identified in the partly leached gossans of
several Uralian deposits (Belogub and others, 2008). A major
textural change during supergene processes is the development
of secondary porosity. Porous and spongy textures are typical
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Resistates: Cassiterite, Barite, Zircon, Rutile, Native Bismuth
Secondary silica,
Silicates Kaolinite, lllite, >
Jarosite
Carbonates —>
Sphalerite < Tetrahedrite < Chalcopyrite < Bi-Sh-Hg Sulphosalts < Galena <  Arsenopyrite < Pyrite
Group l
Covellite (Gold)

Y Y A 4 l i Y
Covellite Acanthite Covellite Anglesite Scorodite (Gold)
Digenite Digenite i

Chalcocite
(Gold)
Y
Bindheimite Pb jarosite l
Y (Pb,Ag) jarosite Beudantite . \4
Native Ag Beudantite Bindheimite Goethite Goethite
Ag jarosite Cinnabar Ag jarosite Beudantite i

A\ Bindheimite A\ \ /

Chalcocite Beudantite Chalcocite (Gold)

i Second generation i

anglesite
ZnS0, Cuso, H,AsO, Feod
(in solution) (in solution) (in solution) . HZSO_,
(in solution)
Figure 12-1. Sequence of supergene mineralization summarized from volcanogenic massive

sulfide deposits in the Bathurst mining camp (after Boyle, 2003). The stabilities of sulfide minerals
under oxidizing conditions increase from left to right. Thus, primary sulfides to the left (especially
chalcopyrite) are readily altered and replaced by secondary copper sulfides in the enrichment

zone. Oxidation of sulfosalt minerals and galena favors deposition of acanthite in the enrichment
blanket and secondary lead minerals in the oxide zone. The precipitation of gold during oxidation of
arsenopyrite and pyrite is also indicated. Following dissolution of sulfide and carbonate minerals, the
leached gossan is represented by secondary silicates, iron oxides, and oxidation-resistant minerals
such as cassiterite and barite. [Ag, silver; Bi, bismuth; Hg, mercury; Pb, lead; Sh, antimony]

of the supergene enrichment zone as well as in gossanous
material, especially the cellular boxworks resulting from dis-
solution of pyrite. Iron oxyhydroxides and other secondary
minerals typically appear as colloform and botryoidal infill-
ings within void spaces or laminar overgrowths on resistate
minerals such as quartz or cassiterite. The occurrences of
beudantite in gossans of the Bathurst mining camp illustrate
a variety of supergene textures: microcrystalline coatings,
massive spongy interstitial material, vermiform layers lining
voids, cubic crystal masses, and colloform masses (Boyle,
2003).

Fragmental zones are a common structural feature of
VMS gossans. They appear to represent solution collapse
breccias that form after extensive dissolution of primary
sulfide and carbonate minerals (Sherlock and Barrett, 2004).

Poorly consolidated layers of quartz and pyrite sand in gossans
overlying supergene enrichment zones are another distinc-

tive feature of VMS deposits in Canada, the United States,

and the southern Urals (Boyle, 1994; May and Dinkowitz,
1996; Belogub and others, 2008). These sands may result from
leaching of sulfide-bearing gossan during advective flow of
modern groundwaters (Boyle, 1994).

Pseudomorphic replacement and void infilling mineral-
ization result in grain size variations that are equivalent to or
of a finer grain than that of sulfide minerals in the protore. The
following occurrences of beudantite in gossans of the Bathurst
mining camp are representative of the fine-grained nature of
secondary minerals: microcrystalline coatings, massive spongy
interstitial material, vermiform layers lining voids, cubic
crystal masses, and colloform masses (Boyle, 2003).
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13. Weathering Processes

By W. lan Ridley

Seafloor massive sulfides (SMS), the presumed precur-
sors of ancient VMS deposits, are unstable in the presence of
even small concentrations of oxygen. They are potentially sub-
jected to ambient temperature weathering and other processes
that can cause substantial postdepositional changes in mineral-
ogy and geochemistry (Koski and others, 2003). Submarine
weathering (halmyrolysis) at the site of ore deposition results
from a variety of reactions that are initially mediated by oxy-
genated seawater that circulates through the deposit. Oxidation
begins at the deposit/seawater interface, and the oxidation
front gradually moves into the deposit, resulting in mass wast-
ing of the ore deposit at ambient temperatures of 1-2 °C.

In principle, the process of seafloor weathering can
produce intermediate stages of supergene enrichments by
complete or partial replacement of primary sulfides by second-
ary sulfides and enriched gossans (Hannington and others,
1988; Herzig and others, 1991), but the continued circulation
of oxygenated seawater eventually results in the physical and
chemical destruction of the deposit. Consequently, weather-
ing of SMS deposits is an inevitable consequence of exposure
to seawater unless the deposit is rapidly covered by sediment
and(or) volcanic material that shields sulfides from seawater
contact. Anoxic, circumneutral bottom waters also contain a
small amount of oxygen so that, under anoxic conditions, the
weathering of the deposit may be slowed but not halted.

Microbial degradation of seafloor sulfides—for instance,
pyrrhotite—also may be an important process of seafloor
weathering (Toner and others, 2009). If a VMS deposit is
preserved in the rock record, which must be a relatively rare
event, it may be subject to subaerial degradation if exposed to
abiotic reactions involving surface and near-surface oxygen-
ated fluids, atmospheric oxygen, and biotic reactions involving
bacterial activity. Halmyrolysis and subaerial degradation
require similar oxidative chemical reactions, the differences
being largely determined by the presence or absence of gas-
eous oxygen, dissolved oxygen and iron concentrations, and
hydrologic setting. The deleterious environmental conse-
quences of subaerial degradation of VMS ores and the result-
ing acid drainage production, has received particular attention
from environmental geochemists over the past few decades
(Evangelou, 1995; Plumlee, 1999).

Mineralogic Reactions to Establish
Process

The physical and chemical degradation of a deposit is
largely determined by the rates of oxidation of sulfides. There
is a substantive amount of literature on the mechanisms and
rates of pyrite oxidation (see Evangelou, 1995, for a review)
but less information on other sulfides that are commonly found
in VMS deposits. Pyrite can be directly oxidized by seawater
oxygen depending upon the oxygen concentration, which is a
function of the rate of fresh seawater renewal and the degree
of bottom water anoxia:

FeS (s) + 7/20,(aq) + H,0(l) — Fe*(aq) + 2S0,*(aq)

+ 2H'(aq) (1)
and
4FeS (s) + 140,(aq) + 4H,0(l) — 4FeSO,(aq) +
4H,S0 (aq) 2)

Both reactions produce significant acidity, but the extent
to which the fluid acidity is maintained is determined by
the degree to which these initial reactions occur in a closed
system. Pyrite oxidation also can be accomplished through
indirect exothermic reactions using oxygen and ferric iron.
Solubility of Fe(IIl) is strongly pH dependent; however, even
in circumneutral seawater the concentrations of Fe(IIl) are suf-
ficient to dominate the oxidation of iron sulfides. In a system
that is open to seawater circulation, the acidity and dissolved
iron are removed into the large reservoir of ocean water. The
presence of a carapace of seafloor gossan, composed prin-
cipally of ferric oxides and oxy-hydroxides, reflects the low
solubility of Fe(IIl) in solution and implies fluid pH values
that are either neutral or slightly alkaline:

Fe*'(aq) + 1/40,(aq) + H'(aq) — Fe*'(aq) + 1/2H,0() (3)
and
Fe''(aq) + 3H,0(1) — Fe(OH), +3H" @)

These reactions continue until the solid pyrite is
exhausted or the sulfidic material is isolated from ambi-
ent seawater. The presence of a surface in situ gossan may



196 Chapter 13. Weathering Processes

substantially slow down the rate at which the underlying
sulfidic material is oxidized. Initially, gossans have a high
porosity and permeability, so they do not form an efficient
impermeable barrier to the circulation of seawater, but, upon
compaction, gossans can form a highly effective impermeable
barrier. The slowest step of reactions 1-4, and possibly other
intermediate steps, initially determines the rate of pyrite oxida-
tion. However, the rate of oxidation is also a function of avail-
able dissolved oxygen and the extent to which ferric-bearing
minerals encapsulate, and hence shield, pyrite from reaction
with oxygenated seawater.

The origin of gossans associated with VMS deposits is
not clearly established. Some appear to have formed on the
seafloor whilst others are related to subaerial oxidation. The
chemistry of seafloor gossans (Mills and others, 2001) has
been interpreted in terms of precipitation from low-tempera-
ture vent fluids and hydrogenous reactions involving ambient
seawater. However, seafloor weathering of unstable sulfide
minerals ultimately produces metal oxides and oxyhydroxides,
so some gossans must be a product of halmyrolysis. It seems
likely that seafloor gossans represent a spectrum of overlap-
ping processes involving low-temperature vent fluids and
ambient seawater.

Modern SMS deposits are the sites of abundant micro-
and macrofauna, and fossilized macrofauna have been encoun-
tered in ancient VMS deposits, such as those in the southern
Urals (Little and others, 1997) and the Troodos (Little and oth-
ers, 1999). Because the food chain for macro fauna begins at
the bacterial level, it is reasonable to assume that ancient VMS
deposits were also the sites of abundant microfauna. Thus,
direct and indirect oxidation of sulfides also may be mediated
by chemosynthetic bacteria, which is a common phenomenon
in modern SMS deposits (Toner and others, 2009).

Of the major iron sulfides found in VMS deposits (pyrite,
pyrrhotite, and marcasite), pyrrhotite is the most reactive and
pyrite the least. This appears to be true for both abiotic and
biotic oxidation. Other sulfides are also unstable in ambient,
oxygenated seawater. The extent to which these sulfides are
destroyed is a function of: (1) their iron content and, hence,
the extent to which Fe(II) is available for redox reactions; (2)
the stability of the crystal lattice, which is partly a function of
the degree to which the lattice can accommodate minor and
trace elements; and (3) the metal/sulfur ratio that determines
the extent of sulfuric acid production (Lottermoser, 2003).
Some reactions that involve iron-bearing sulfides and dis-
solved oxygen under abiotic conditions are shown below, in
which ferric hydroxide [Fe(OH),] is used as a generalized
formula for a potential complex series of secondary oxides and
oxyhydroxides:

Pyrrhotite:
Fe, S(s) +2.1750,(aq) +2.35H,0(1) — , Fe(OH),(s) +
SO, (aq) +4H (aq) 5)
Chalcopyrite:
CuFeS (s) + 15/40,(aq) +7/2H,0(1) — Fe(OH),(s) +
250,*(aq) +Cu?(aq) + 4H'(aq) (6)

Bornite:
Cu,FeS(s) +31/40,(aq) + 7/2H,0(1) — Fe(OH),(s) +
450,*(aq) + 3Cu*'(aq) +4H'(aq) 7
Arsenopyrite:
FeAsS(s) + 7/20,(aq) +3H,0(1) — FeAsO,.2H,0(s)
[scorodite] +SO,*(aq) + 2H"(aq) ®)
Fe-rich sphalerite:
(Zn,Fe)S(s) +30,(aq) + H,O(l) — Fe(OH),(s) +
S0O,*(aq) + Zn*(aq) +2H"(aq) )
In these cases, the reduced dissolved metal species are
more soluble than dissolved Fe(III) and(or) their precipitation
is kinetically inhibited, so that Fe(IIl)-bearing minerals tend to
dominate the mineralogy of seafloor gossans associated with
VMS deposits. Initially, however, the presence of cations other
than iron in solution results in replacement of iron sulfides by
secondary minerals, such as copper, zinc and lead sulfides, and
possibly sulfates. The different solubilities of ferric iron and
manganese can result in large variations in the Fe/Mn ratios of
seafloor gossans (Mills and others, 2001). Common minerals
formed during halmyrolysis include goethite, hematite, birnes-
site, todorike, Fe-smectite, and various silica polymorphs. Iron
silicates, usually smectite, can also occur as a major compo-
nent of several “postdepositional” hydrothermal deposits.
Koski and others (2008) determined a resistance to
oxidation in the subaerial environment in the order pyrrho-
tite < sphalerite < chalcopyrite < pyrite, but it is unknown if
this sequence also applies to the seafloor environment. The
common presence of sphalerite in seafloor gossans suggests
that sphalerite, or at least Fe-poor varieties, may be resistant
to oxidation. Some nonferrous sulfides, such as galena, are
highly resistant to oxidative weathering. Although pyrite may
be the most resistant of the major sulfide components of VMS
deposits, it is often the dominant sulfide phase, so frequently
pyrite oxidation is the rate-determining step in mass oxidative
wasting. Rimstidt and others (1994), Plumlee (1999), Koski
and others (2008), and Corkhill and others (2008) consider
that the reaction rates in the oxidation of sphalerite, chalcopy-
rite, arsenopyrite, and enargite are not primarily determined by
oxygen but by redox reactions involving bacterially-produced
ferric iron; for example:

ZnS(s) + 8Fe* (aq) +4H,0(l) ® Zn*" (aq)+ 8Fe** (aq) +

SO 42‘ (aq) + 8H" (aq) (10)
CuFeS,(s) + 16Fe*'(aq) + 8H,0(1) ® Cu** (aq) +
8Fe** (aq) +2S0,* (aq)+ 16H" (aq) (11)

Geochemical Processes

Halmyrolic degradation is the rule rather than the excep-
tion during the life cycle of a VMS deposit, the corollary being
that exceptional circumstances are required to preserve a VMS
deposit in the rock record. The most important consequence
of seafloor weathering is initial high-grading of the deposit
due to supergene replacement processes, but eventually there



is a substantive loss of metals into the water column and(or)

a physical degradation of the deposit as it loses coherence
(Koski and others, 2003). At an advanced stage of degrada-
tion, insoluble oxides and oxyhydroxides precipitate and have
a high adsorptive capacity. These minerals scavenge elements,
particularly transitional metals, from seawater and(or) from
pore fluids after they have been released from sulfides and
secondary minerals. The scavenging efficiencies are princi-
pally determined by the rate of accumulation of the oxides and
oxyhydroxides. Probably ninety nine percent or more of met-
als are lost during seafloor weathering if gossans are formed.

The extent to which the transfer of material to the water
column during halmyrolysis contributes to the marine ele-
ment budget has yet to be assessed, but it may be a significant
effect. Precious metals may be high graded in secondary
gossans, especially if the original sulfide ore contained Au and
Ag primary minerals. For instance, the Letneye deposit in the
southern Urals contains a variety of primary precious metal
tellurides—such as sylvanite, volynskite, attaite, and stutzite—
that, upon oxidation either released native precious metals or
produced secondary, high grade minerals such as hessite and
acanthite.

Thus, the common late-stage products of seawater weath-
ering include the formation of gossans that have many physi-
cal and chemical features in common with subaerial gossans.
In the literature, they have received relatively little attention,
except as indicators of subsurface mineralization. Exceptions
include the Cretaceous-age ochres of Troodos (Constantinou
and Govett, 1972; Robertson and Hudson, 1973; Robertson,
1976; Robertson and Fleet, 1976; Herzig and others 1991),
various deposits in the southern Urals (Yaman-Kasy, Sibay,
Uchaly, Letneye; Herrington and others, 2005), and the gos-
sans associated with the TAG hydrothermal field (Hannington
and others, 1988). Ochres associated with the sulfide deposits
in Troodos are economic for precious metals (Constantinou
and Govett, 1972).

The formation of secondary oxides and oxyhydroxides
also produces a substantial reduction in density relative to the
original sulfide ore. This property can result in the transport
through bottom currents of the secondary products away from
the origin site of ore deposition, which in turn results in an
increase in the aspect ratio (length:thickness) of the deposit
(Herrington and others, 2005). However, the gossans may
remain physically associated with sulfide ore if the degree of
weathering is limited and the deposit is rapidly covered, for
example, the ochres within the Skouriotissa VMS deposit in
the Troodos Massif, Cyprus. Gossans also may be preserved if
there is an absence of seawater movement in bottom currents.
The gossans may be associated with other chemical sediments,
such as the umbers of Troodos. The genetic relationships
between ochres and umbers is unclear, although the latter
appear to be a consequence of low-temperature hydrothermal
venting, as observed at the TAG hydrothermal field (Mills and
others, 2001), and have many features in common with metal-
liferous sediments at mid-ocean ridges (Bostrom and Peterson,
1969).
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The various reactions highlighted above, which also may
be extended to subaerial oxidation, provide a useful general
picture of the geochemical changes that occur during seafloor
halmyrolysis. Subaerial weathering of exposed VMS depos-
its and, if mined, their mill tailings and spoil heaps involves
processes and products that have commonality with seafloor
weathering. Notable differences involve the presence of
gaseous oxygen, oxygen-rich meteoric water, variable climate,
and hydrology, all of which affect the processes and products
of sulfide oxidation. The effect of subaerial weathering is the
development of drainage with a high acidity and metal content
that may have deleterious environmental effects (Eppinger and
others, 2007). The limitations on acidity are provided by the
availability of sulfide minerals to suitable oxidation reactions
and (or) acid buffering reactions. These latter reactions involve
gangue minerals and country rock that consume hydrogen
ions, such as silicates and carbonates.

The manganese-rich nature of subaerial gossans contrasts
with the manganese-poor gossans developed on the seafloor,
where dissolved manganese may be transported away from
the site of gossan development. In the subaerial environment,
solutions may be more static, so their chemical evolution may
result in dissolution of Mn-bearing minerals and precipita-
tion of manganese oxides, hydroxides, and oxyhydroxides at
the same site as precipitation of ferric minerals. High acidity
develops if reactions take place under lower water/rock ratios,
and the weathering process can be considered as a one-pass
continuous flow reactor. The reactions described above for
seawater weathering are generally applicable for subaerial
weathering, but the increased acidity results in increased
solubility of cations. In effect, subaerial oxidation of a VMS
deposit is a significantly faster process than halmyrolysis.
Increased solubility of cations, such as Fe(IIl) and AI(III), pro-
duce additional acidity by precipitation of hydroxides, such as
ferric and aluminum hydroxides, and sulfates may precipitate
upon fluid mixing and(or) evaporation:

Al¥*(aq) +3H,0(1) — AI(OH),(s) + 3H'(aq)
Fe*'(aq) + 3H,0(l) — Fe(OH),(s) + 3H"(aq)

(12)
(13)

Such phases remain highly stable. These reactions
produce a positive redox feedback loop (reduced species in
sulfide minerals and oxidized species in solution) that continu-
ously increases acidity in solution. During subaerial weath-
ering, a wide variety of complex sulfates, hydroxysulfates,
oxides, hydroxides, carbonates, silicates, and native metals
may precipitate as secondary minerals, commonly as a result
of evaporation. Over 100 minerals have been recognized,
many of which are inherently unstable in an aqueous envi-
ronment. As noted above, the precipitation of some hydrox-
ides releases acidity, whereas the formation of sulfates and
hydroxysulfates—such as jarosite, alunite, schwertmannite,
and romerite—consumes protons. Many of these minerals are
soluble, whereby acidity is again released; for instance:
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Fe,(SO,), 14H,0(s) [romerite] <> Fe(OH),(s) +

Fe*'(aq) + 8H,0(1) +4S0,*(aq) + 6H" (14)
FeSO,-7H,O(s) [melanterite] + 01/40,(aq) —
Fe(OH),(s) + 4.5H,0(1) +SO,*(aq) + 2H"(aq) (15)

The presence of limestone country rock, or any car-
bonate-bearing assemblages, can mitigate the effects of acid
drainage. Congruent reactions of acid drainage that involve
carbonates (calcite, dolomite, siderite, ankerite, magnesite)
result in partial or complete mineral dissolution and produc-
tion of bicarbonate ions or carbonic acid, depending upon the
pH of the acidic solution (Sherlock and others, 1995). Calcite
is more easily dissolved than other carbonate minerals. In the
absence of gaseous CO, in the phreatic zone, the dissolution of
calcite occurs in a closed system and the reactions proceed as
follows:

CaCO,(s) + H(aq) — Ca™(aq) + HCO,(aq)
and
CaCO,(s) +2H"(aq) — Ca™ + H,CO,(aq)

(16)
(17

However, the presence of gaseous CO, in the vadose zone
results in open system behavior limited only by the availability
of one or more carbonate minerals. Increased calcite dissolu-
tion generates more bicarbonate ions and enhances consump-
tion of acidity:

CaCO,(s) + CO,(g) +H,0(I) — Ca*"(aq)
+2HCO, (aq) (18)
Some VMS deposits contain siderite, whose acid con-
sumption capability is E, dependent. Under reducing condi-
tions, iron is released into solution as Fe(Il) ions. In the pres-
ence of gaseous oxygen, released iron is present as Fe(III) and
is subsequently hydrolyzed to ferric oxide or ferric oxyhydrox-
ide (reactions 15,16), which produces acidity. In this case, the
presence of siderite has no effect on the acidity of the solution.

Fe*'(aq) + 2H,0(l) — FeOOH(s) + 3H (aq)
and
Fe*'(aq) + 3H,0(1) — Fe(OH), + 3H (aq)

(19)
(20)

Silicate minerals are a ubiquitous part of VMS depos-
its. They occur as: (1) gangue minerals intimately associated
with sulfides; (2) minerals within rocks that form a part of the
VMS stratigraphic framework; and (3) secondary minerals
developed during hydrothermal, supergene, and weathering
processes. A very large variety of silicates are associated with
VMS deposits, ranging from ferromagnesian minerals (olivine,
pyroxene, amphibole, mica), to alkali-bearing aluminosilicates
(feldspar, clay), to simple oxides (magnetite, hematite, quartz).
The acid buffering capacity of these minerals and their host
rocks vary widely in terms of potential chemical reactions and
hydrologic considerations that determine the pathways of fluid
movement. Highly siliceous rocks, such as rhyolites, quartz-
ites, and siliceous argillites, have little buffering capacity. In

contrast, basic and ultrabasic igneous rocks and shales have a
stronger buffering capacity. Generally, reactions with silicates
are incongruent with the formation of secondary minerals
(kaolinite, illite, montmorillonite), silicic acid, or bicarbonate
ions and with the consumption of protons (acidity).
2NaAlSi,O.(s) + 2H'(aq) +9H,0(1) —
albite

2Na‘*(aq) + ALSi,O,(OH) (s) + 4H,SiO, 20
kaolinite silicic acid
6NaAlSi O (s) + 4H,0(l) + 4CO,(g) —
albite
4Na'(aq) + Na,Al (Si AL,O, )(OH),(s) +4HCO,
+128i0,(aq) (22)
paragonite

If dissolved silica in reaction 22 reaches saturation,
then either chalcedony or opal may precipitate. The buffer-
ing capacity of the system is limited by further reactions that
produce protons, such as precipitation of gibbsite.

Factors Controlling Rates of Reaction

There have been relatively high numbers of experi-
mental studies of the kinetics of sulfide oxidation for those
sulfides that are least resistant to oxidation (pyrite, marcasite,
and pyrrhotite; Lowson, 1982; Wiersma and Rimstidt, 1984;
McKibben and Barnes, 1986; Moses and others, 1987; Moses
and Herman, 1991; Evangelou and Zhang, 1995; Janzen and
others, 2000). However, there have been fewer studies for sul-
fides that are common in VMS deposits but are more resistant
to weathering (molybdenite, cinnabar; Daskalakis and Helz,
1993; Jambor, 1994; Rimstidt and others, 1994; Weisener
and others, 2003). The factors controlling the rates of sulfide
oxidation are both chemical and physical. The physical factors
include:

11. hydrologic considerations—such as grain and
fracture porosity/permeability (Plumlee, 1999) and
hydraulic head—that determine the velocity of fluid
movement and the extent to which advection moves
reactant products from reaction sites and prevents
surface poisoning; and

12. the geometry of sulfide minerals—such as crystal
form, grain sizes and shapes, surface roughness,
fractures, cleavage planes, pits, and edges—that
collectively determines the specific surface area of
reactant minerals and the presence of high energy
domains.

Chemical factors include:
1. the pH of the reactant fluid that determines the solu-
bility of Fe(III);

2. the presence of dissolved oxygen, Fe(Il) and Fe(III)
ions, and their solution concentrations;



3. mineral phase chemistry;
4.  species activation energies for reaction progress;

5. rate laws (equations) for specific oxidative reactions;
and

6. the physicochemical prehistory of the solid reactants,
particularly temperature.

Non-oxidative reactions are pH dependent. Pyrite and marca-
site do not undergo such reactions. Pyrrhotite and some other
sulfides, such as sphalerite, can undergo non-oxidative dis-
solution by acidic solutions in the absence of dissolved oxygen
and ferric iron (Janzen and others, 2000). Such conditions are
unlikely in nature but might occur in the saturated zone.

The solubility of ferric iron is strongly pH dependent,
being inversely correlated. At high initial ferric iron concentra-
tions in acidic systems, the rate of oxidation of iron sulfides
(FeS,, Fe,_S) is efficient and obeys a zero order rate law,
that is, the rate of oxidation is independent of concentration
of reactants. At low ferric iron concentrations, as might be
expected in circumneutral and alkaline systems, the oxidation
of iron sulfide is dominated by reduction of ferric iron but the
rate law is fractional. The rate constant, as measured by the
rate of ferrous iron production, is approximated at 0.5, that is,
the oxidation rate is proportional to the square root of ferric
iron concentration.

Over a wide range of pH conditions and, hence, dis-
solved ferric iron concentrations, the rate laws are consistent
with oxidation that involves complex sorption and desorption
processes at the solid crystal surface. For instance, Moses
and Herman (1991) demonstrate that ferrous iron adsorbed
onto the surface of pyrite is a critical part of pyrite oxida-
tion, as originally proposed by Singer and Stumm (1970).
Reactions 1 and 3 indicate the importance of dissolved Fe(II)
as an intermediary in electron transfer between pyrite and
dissolved oxygen. The overall mechanism takes advantage of
the preferential adsorption of Fe(Il) onto pyrite surfaces and
the preference of Fe(IlI) as the pyrite oxidant. The surface
concentration of Fe(II) determines the reaction rate. Electrons
are transferred from the pyrite surface to dissolved oxygen via
adsorbed Fe(II) that is consequently oxidized to Fe(IlI). The
latter is subsequently reduced to adsorbed Fe(II) by fast trans-
fer of another electron from the pyrite surface and the cycle of
oxidation and reduction is then repeated.

Effects of Microclimate and
Macroclimate

Plumlee (1999) provides a useful summary of the weath-
ering of sulfidic ores in varying climatic zones. A fundamental
consideration in the oxidation of such ores in the subaerial
environment and the formation and dispersal of acid drainage
is the availability and flow of water. The latter is determined
by the hydraulic conductivity of the overall system and also
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by the hydrologic cycle, both being determined by climate to
some degree. The hydraulic conductivity of rocks depends
upon: (1) the intrinsic permeability (grain-to-grain, fracture,
mine workings); and (2) the degree of fluid saturation, this
being determined by the position of the water table, which is
a function of climate and local topography. Microclimates are
particularly important in areas of significant elevation changes,
for example, the Rocky Mountains, where precipitation
changes can be extreme and periods of freezing and thawing
can produce changes in hydraulic conductivity and increased
rock exposure caused by the absence of significant biological
groundcover. Extremes of microclimate are also important in
remediation efforts where accessibility and biologic activity
may be seasonally limited.

The availability of water is determined by the regional
and local cycles of precipitation/evapotranspiration and
humidity, which are functions of climate. In arid and semiarid
climates, the flow of surface water may be seasonal, limited
by the duration of wet periods punctuated by periods when
surface evaporation exceeds rainfall (Nordstrom, 2009). Under
these conditions, acidic surface waters may either disappear to
dryness, or be greatly reduced in volume, resulting in precipi-
tation of minerals that carry substantial acidity, for example,
melanterite (FeSO,.7H,0) and chalcanthite (CuSO,.5H,0).
Nordstrom and Alpers (1999) provide a classic description of
the processes of evaporation and re-solution at the Iron Moun-
tain, Calif., VMS deposit. Subsequent periods of rainfall may
result in re-solution of these minerals and dispersal of acid
waters into surface waters and groundwaters. In temperate and
tropical climates, abundant rainfall may result in excessive
weathering, particularly through the action of organic acids.
Flooding may result in physical transport of materials, for
instance, downstream movement and dispersal of mine tail-
ings, with the consequent increase in water turbidity and aerial
extension of plumes of acidic drainage.

Effects of Hydrologic Setting

A fundamental consideration in the oxidation of sul-
fidic ores in the subaerial environment and the formation and
dispersal of acid drainage is the availability and flow of water.
The latter is determined by the hydraulic conductivity of the
overall system and also by the hydrologic cycle, both being
determined by climate to some degree. The hydraulic conduc-
tivity of rocks depends upon: (1) the intrinsic permeability
(grain-to-grain, fracture, mine workings); and (2) the degree
of fluid saturation, this being determined by the position of the
water table, which is a function of climate and local topogra-
phy. In arid and semiarid climates, subaerial gossans devel-
oped atop VMS ores provide a porous cap that allows further
access to the underlying fresh ore.
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14. Geochemical Characteristics

By W. lan Ridley

Trace Elements and Element
Associations

Volcanogenic massive sulfide deposits are important
resources of base and precious metals and a variety of rare
elements. The precious and rare metals usually are present at
trace concentrations, but natural refining of such metals can
determine the economic viability of a deposit. The list of trace
elements includes the following: Co, Ni, Ga, Ge, As, Se, Mo,
Ag, Cd, In, Sn, Sb, W, Au, Hg, Tl, and Bi. The proportions of
metals and their concentrations are largely a function of the
overall rock associations and fluid chemistry. For instance, in
Canadian VMS deposits, felsic-dominated deposits have high
Pb and Ag, whereas the bimodal-felsic deposits contain the
highest Au concentrations. In many cases, the trace-element
associations are determined by the overall chemistry of the
various lithologies that are encountered by fluid during hydro-
thermal circulation, and they may be determined by lithologies
that are distal to the deposit. For instance, the Mount Read
deposits in Tasmania carry anomalously high concentrations
of Au that appear to have been sourced from distal high-Ti
basalts (Stolz and Large, 1992). Volcanogenic massive sulfide
deposits, associated primarily with mafic and ultramafic
assemblages, tend to have high Co, Ni, and Se concentrations
(Galley and others, 2007).

Trace elements may precipitate during mixing of reduced
hydrothermal fluids with heated or ambient seawater as a
function of the sulfidation state of the fluid. Modern and
ancient VMS deposits cover a wide range of sulfidation states
based on sulfide mineral assemblages and associated altera-
tion assemblages (Sillitoe and others, 1996). In the presence
of low to intermediate sulfidation minerals (pyrrhotite, pyrite,
chalcopyrite, arsenopyrite, tennantite, high-Fe sphalerite,
galena), trace metals may precipitate as native elements (Bi,
Ag, Hg, Sb, Sn). These conditions appear to be mostly met in
Cu-Zn deposits associated with mafic assemblages and minor
felsic components. In the presence of intermediate to very
high sulfidation minerals (pyrite, bornite, digenite, enargite,
low-Fe sphalerite), trace elements tend to be fixed in sulfides
and sulfosalts, such as famantinite (Cu,SbS,), cinnabar (HgS),
berthierite (FeSb,S ), bismuthinite (Bi,S,), stibnite (Sb,S,),
argentite (Ag,S), and tennantite ([Cu,Fe],,As,S ) but may also

4713
be associated with native Au. In active marine hydrothermal

systems, high sulfidation fluids are associated with island-arc
settings, and in ancient VMS deposits they occur in siliciclas-
tic-felsic and felsic lithologic associations (Sillitoe and others,
1996). A list of deposits with high sulfidation characteristics is
shown in table 14—1. In many cases, the precipitation of exotic
minerals that represent only trace constituents is parageneti-
cally late and spatially associated with barite-rich lithologies,
consistent with an increase in sulfidation state with decreasing
temperature. The close spatial association with advanced argil-
lic and alunitic alteration indicates that the hydrothermal fluids
were highly acidic and corrosive, and the high sulfidation state
of the fluids may indicate the involvement of magmatic fluids
and gases. This also may be the source of some of the trace
elements associated with the high sulfidation minerals.

Zoning Patterns

All VMS deposits show some degree of geochemical/
mineralogical zoning that is a function of fluid composi-
tion, fluid mixing, temperature, and porosity/permeability. In
ancient VMS deposits, the geochemical/mineralogical evolu-
tion of deposit growth is difficult to follow, as the later stages
of sulfide precipitation tend to overprint earlier stages and
there commonly have been several stages of ore mineraliza-
tion. However, studies of modern black smoker chimneys, for
example, those at 21°N and 9°50°N on the East Pacific Rise
and at the TAG active hydrothermal field at the Mid-Atlantic
Ridge, provide insights into the evolution of sulfide growth.
To some degree, these patterns are microcosms of the larger
scale zonation observed at the deposit scale because in both
cases the mineralogic zonation is a function of fluid chemistry
(mixing between hydrothermal fluid and seawater) and a steep
temperature gradient (hydrothermal fluid at up to 400 °C and
ambient seawater at 1-2 °C). In modern chimney growth, the
critical initial stage is the precipitation of anhydrite [CaSO,]
+ caminite [Mg,(SO,).(OH),*H,0O] from conductively heated
seawater as a consequence of the reverse solubility of these
minerals. It is the outward and upward precipitation of anhy-
drite at the seawater interface that stabilizes chimney growth
and provides a matrix for precipitation of sulfide phases
(Haymon, 1983). The chimney advances upward and outward
by anhydrite growth. Hot hydrothermal fluid that circulates



Table 14-1.

Modern and ancient volcanogenic massive sulfide deposits with high sulfidation state minerals (after Sillitoe and others, 1996).

[Ag, silver; As, arsenic; Au, gold; Bi, bismuth; Cu, copper; Zn, zinc; al, alunite; and, andalusite; aspy, arsenopyrite; ba, barite; bn, bornite; cass, cassiterite; cc, chalcocite; cinn, cinnabar; cor, corumdum; cord,
cordierite; cp, chalcopyrite; cv, covellite; dia, diaspore; dig, digenite; en, enargite; gal, galena; gyp, gypsum; id, idiate; kao, kaolinite; ky, kyanite; luz, luzonite; marc, marcasite; mont, montmorillonite; musc,
muscovite; ns, native sulfur; po, pyrrhotite; py, pyrite; pyro, pyrophyllite; qz, quartz; rut, rutile; ser, sericite; sp, sphalerite; sulf, sulfosalts; tenn, tennantite; tetra, tetrahedrite; top, topaz; zir, zircon; Mt, mil-

lion metric tons; g/t, gram per ton]

Name

Grade, tonnage

Age

Host rocks

Minealization style

Hypogene alteration

Hypogene
sulfides

Hine Hina, Lau
Basin

Undu, Fiji

Tsuchihata, Japan
Kizilkaya, Turkey

Brewer, USA

Boliden, Sweden

Bousquet, Canada

no data

1.5x105 t 6% Cu, 7% Zn

>4.5Mt 1.2% Cu, Au + Ag
10 Mt 1% Cu, 1.5% Zn

4.6 Mt 14 g/t Au

8.3 Mt 1.4% Cu, 6.8%
As, 15 g/t Au, 50 g/t Ag

No. 1: 20.7 Mt 4.5 g/t
Au; No. 2: 7.4 Mt
6.1g/t Au, 16 g/t Ag,
0.6% Cu

Recent

Pliocene

Miocene

Cretaceous

Late Proterozoic—
Early Cambrian

Proterozoic

Archean

Andesites

Dacitic pumice breciia

Rhyolite dome

Dacitic volcanics

Volcanics and volcanoclastics

Dacite, qz porphyry, schist

Qz-sericite schist

Seafloor massive sulfide

Massive sulfide pods in
pipelike body
Stockwork

Stockwork and massive
sulfide remnants

Pipe breccia, massive
sulfides

Pipelike massive sulfide

Stockwork and massive sulfide

qz, kao,pyro, al, ns, ba

qz, kao, mont, gyp, ba

qz
qz, ser, kao, dia

and, cord, pyro, al, top,
ba, dia, rut, zir

qz, and, musc, dia, cor

qz, and, ky, musc

sp, py, marc, bn,
cp, tenn, gal,
sulf

Py ¢p, sp, gal, en,
tenn, cv, id

py, cp, tetra, en, luz

Py, sp, ¢p

py, en, cv, bn, tenn,
cass, Bi, sp, gal,
cinn

Py, €p, aspy, po, sp,
gal, sulf

py, bn, cp, sp, cc,
dig, tenn

80¢
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within the anhydrite matrix close to the seawater interface

is rapidly cooled and precipitates fine-grained, metastable
pyrrhotite (po) and Fe-rich sphalerite (sp). As the anhydrite-
sulfide matrix grows outward, the inner wall pyrrhotite is
replaced by stable pyrite (py) as a result of the admixture of
hydrothermal fluid and seawater. Pyrite becomes the dominant
mineral phase during chimney growth. Once the chimney
structure is established by anhydrite growth, the hydrothermal
fluid is isolated and high temperature phases precipitate. Pyrite
+ Cu-Fe sulfides (chalcopyrite (cp), cubanite (cb; CuFe,S.))
precipitate at the inner wall so that the chimney grows inward
(fig. 14-1) and also outward, replacing the anhydrite matrix.
The diameter of the inner fluid-filled channel is maintained at
an equilibrium value as a function of the fluid flow rate, which
determines the rate of sulfide precipitation and the rate of abra-
sion of precipitated material.

Haymon (1983) recognized four different pathways of
further chimney evolution: one bornite (bn) sequence and
three bornite-absent sequences (a chalcopyrite-dominant
sequence, a chalcopyrite-intermediate solid solution (iss)
sequence, and a cubanite sequence). These four sequences
represent a gradual change in mineralogy (largely by replace-
ment), pS,, Eh, pH, fluid mixing, and temperature, from an
early bornite mineralogy to a late cubanite mineralogy.

Stage 1 Stage 2

EXPLANATION
I Fine-grained pyrrhotite + pyrite +
sphalerite + anhydrite

[ Anhydrite + caminite, pyrite, pyrrhotite,
Fe-rich sphalerite

I Hydrothermal fluid

] Anhydrite + pyrite + pyrrhotite + sphalerite
[ Anhydrite + Cu-Fe sulfides
[ Chalcopyrite + cubanite + pyrrhotite

Figure 14-1. Idealized cross sections through the two

main stages of growth of a massive sulfide chimney. Stage 1
involves initial deposition of anhydrite followed by precipitation
of Fe sulfides and Fe-rich sphalerite in the porous network of
anhydrite minerals. The chimney grows outward by addition of
anhydrite to the outer chimney wall due to heating of ambient
seawater by hot hydrothermal solutions diffusing outward
from the central fluid core. Stage 2 growth involves deposition
of high-temperature sulfides (chalcopyrite, isocubanite,
pyrrhotite) from hydrothermal fluids that are essentially
shielded from contact with cool seawater. Percolation of
hydrothermal fluid across the chimney wall results in cooling
and precipitation of lower temperature sulfides, such as
sphalerite. Modified from Haymon (1983). [Cu, copper; Fe, iron]
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The bornite sequence involves the precipitation of a
sheath of cp around the central fluid channel, followed out-
ward by a zone of bn(Cu,FeS,) + chalcocite (cc; Cu,S) and a
zone of covellite (cv; CuS)+ digenite (dg; Cu,S,)+ anhydrite,
all of which are accompanied by precipitation of py + sp. This
is a sequence of outwardly increasing Cu/Fe ratio, sulfidation,
and oxidation state. The chalcopyrite-dominant sequence has
a central sheath of cp with outward increase in Cu/Fe ratio and
an outer sheath of randomly distributed cp + iss + cp-iss + cb
+ py + sp in an anhydrite matrix. In the cp-iss sequence, the
inner sheath of cp with outward increase in Cu/Fe ratio is sur-
rounded by a sheath of cp-iss + iss with an outward decrease
in Cu/Fe ratio. The cb series has a central sheath of cb (no cp)
and an outer sheath of randomly scattered grains of cb + py +
sp in an anhydrite matrix. The latter sequence forms in mature
chimneys where hot (350 °C or hotter) fluids are sufficiently
reduced to stabilize cubanite and pyrrhotite, which are also the
common sulfide minerals observed in black smoker effluent
quenched from 360 °C by ambient seawater.

A field of black (and white) smoker chimneys is not, of
itself, an economic resource. In addition, the simple accumula-
tion of black smoker debris on the seafloor would not mimic
the clear geochemical/mineralogical zonation commonly
observed in ancient VMS deposits. It would instead represent
a spatially random collection of sulfide minerals. In 1985, a
critical unknown link to ancient VMS deposits was solved
with the discovery of the TAG active mound at the Mid-
Atlantic Ridge, a roughly circular structure with an estimated
total massive sulfide resource of 2.7 Mt (2 percent Cu) and 1.2
Mt of mineralized stockwork breccia (1 percent Cu). The TAG
mound was subsequently drilled during Leg 158 of the Ocean
Drilling Project, thus providing a three-dimensional perspec-
tive of the development of a modern VMS deposit (fig. 14-2).
Although the open ocean setting of the TAG deposit prob-
ably has no equivalent in ancient VMS deposits, it does have
chemical, mineralogical, and volcanological similarities to
Cyprus-type VMS deposits.

Probably the most important discovery at TAG was the
recognition of intermittent periods of fluid flow within and
beneath the sulfide mound, interspersed with periods of fluid
discharge at the mound surface. The intermittent behavior was
assumed to be in response to: (1) periods of enhanced poros-
ity/permeability within the mound due to mineral dissolution
and hydro-fracturing that allowed for dispersed fluid flow at
low flow rates and limited entrainment of seawater, and (2)
periods of porosity/permeability occlusion due to mineral pre-
cipitation (mainly anhydrite, due to the conductive heating of
small volumes of seawater) that led to focused, high-rate fluid
flow with enhanced entrainment of seawater. The movement
of fluid from the base of the deposit (including the underly-
ing stockwork zone) toward the deposit/seawater interface
has produced a zone refining effect. The zone refining results
from the interplay of variable temperature and fluid chemistry.
The periodic movement of high temperature fluids prefer-
entially incorporates phases precipitated earlier from lower
temperature fluids. For instance, the preferential dissolution
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TAG5(0,P)

TAG 4 (I, J, K, M)

Figure 14-2.

TAG 1(C,EF,G)

TAG 2 (A, H,N)

TAG 2(B)

EXPLANATION

[ ] Massive pyrite Breccia

I Pyrite-anhydrite breccia
- Pyrite-silica—anhydrite breccia
I Pyrite-silica breccia

[ ] silicified wallrock breccia (Grading
into sericitized basalt at >100 mbsf)

[ Chloritized basalt breccia

[ Basalt

Idealized cross section through the Trans-Atlantic Geothermal (TAG)

hydrothermal field based on Alvin dive observations and Ocean Drilling Program (ODP)
drilling during Leg 158. The ODP holes are shown at TAG 1-5. The TAG field is a combination
of inactive vents and active black smoker vents, a mound of sulfide breccia and a carapace
of iron oxides (ochres) and weathered sulfide. Drilling has revealed a mineralogically

and chemically zoned deposit lying above a silicified stockwork. The main sulfide body is
composed of a complex assemblage of sulfide-anhydrite-quartz breccia, but containing

very low base metal concentrations compared to surface samples. This is due to continuous
zone-refining that causes dissolution of low-temperature minerals and redeposition at the
seawater interface. Modified from Humphris and Tivey (2000) and Petersen and others (2000).

[mbsf, meters below sea floor]

of Zn-S phases results in the zone purification of Cu-Fe-S ore.
The periodic movement of fluids that are undersaturated with
respect to some previously precipitated phases also results

in dissolution and mass transfer along the fluid gradient. The
overall effect is the preferential movement of major and trace
elements along a thermal gradient that results in purification,
but it also results in the concentration of trace elements into
economic grades at the low temperature part of the zone refin-
ing pathway. For instance, at the TAG mound, dissolution and
recrystallization has produced an almost pure Cu-Fe-S deposit
leached of Zn, Cd, Ag, Sb, Pb, and Au that are now redepos-
ited and concentrated within the upper 10 m of the deposit. In
principle, the end result would be a barren pyritic ore and the
loss and dispersal of other base and other metals into the water
column through zone refining, secondary supergene enrich-
ment, and seafloor weathering.

Zone refining provides a useful model for the zonal pat-
terns observed in ancient VMS deposits (Galley and others,
2007). In back-arc mafic settings, the stockwork is frequently
a subsurface breccia of chlorite + pyrite and quartz + pyrite

beneath a core of massive pyrite and pyrite + quartz breccia.
The latter is sheathed with a marginal facies of sphalerite +
chalcopyrite covered with a banded jasper-chert carapace.

In the bimodal mafic-felsic setting, the stockwork frequently
shows a complex zoned mineralogy that grades outward from
pyrrhotite + pyrite + chalcopyrite through quartz + chlorite
and chlorite + sulfide to sercite + chlorite. The main sulfide
ores grade outward from massive pyrite + pyrrhotite + chal-
copyrite to massive pyrite + sphalerite + chalcopyrite. In the
bimodal felsic setting, the massive ore commonly grades out-
ward from chalcopyrite + pyrrhotite + pyrite through pyrite +
sphalerite + chalcopyrite, pyrite + sphalerite + galena to pyrite
+ sphalerite + galena + tetrahedrite + Ag + Au. In the felsic-
siliciclastic setting, the stockwork zone is highly siliceous and
associated with chlorite + pyrrhotite + pyrite + chalcopyrite
and may also be Au-bearing, as observed at several of the
Mount Read deposits. The massive ores are commonly pyrite
+ pyrrhotite + chalcopyrite with some Au mineralization grad-
ing outward to layered pyrite + sphalerite + galena + Au + Ag.



Thus, zone refining provides an efficient way for upgrad-
ing the base metal and precious metal grades of VMS deposits
(Shwarz-Schampera and Herzig, 2002). In settings dominated
by felsic volcanics, the base metal association of Fe-Zn-Pb-Cu
dominates and these deposits frequently contain high-graded,
economic amounts of Au, Ag, Sn, Sb, Bi, Co, and In, such as
in deposits found at Kidd Creek. Such deposits commonly
have a Cu-rich base and a Zn + Pb carapace. In addition, there
exists a temperature-dependent element fractionation. First, a
high-temperature suite forms involving the limited solubility
of Cu, Co, Se, In + Ni. Second, a low-temperature suite forms,
determined by a combination of solubility and volatility,
involving Zn, Ag, Au, Pb, Hg, Cd, Bi, Sn, Sb, As, Ga, Hg, =
T1+ W. These high-graded metals may be present as complex
sulfides, such as roquesite (CulnS), amalgams, selenides, and
sulfosalts.

Fluid-Inclusion Thermometry and
Geochemistry

Unlike modern VMS systems where hydrothermal fluids
can be sampled directly, no such luxury applies in ancient
VMS systems where the chemistry of hydrothermal (and
metamorphic) fluids can only be sampled in fluid inclusions.
Minuscule volumes of trapped fluids occur in a variety of
gangue and ore minerals, but in most cases, studies are limited
to inclusions encased in either gangue quartz or low-Fe sphal-
erite ore. Fluid inclusions most frequently have been used to
measure temperatures of entrapment and fluid salinity utiliz-
ing microthermometry and, in rare cases, attempts have been
made to directly measure gas content (CO,, CH,, N,, SO,,
H,S), major cation concentrations (Na, K, Ca, Mg), trace cat-
ion concentrations (ore elements: Fe, Cu, Zn, Pb, Ba; gangue
elements: B, Li, Sr, Rb), and major anions (Cl, S, Br). The
several techniques that are used in the study of fluid inclusions
have been discussed in detail by Shepherd and Rankin (1998)
and Brown (1998).

Fluid inclusions provide an opportunity to understand
various aspects of ore deposition processes, including varia-
tions in temperature and salinity as a function of ore deposi-
tion evolution, fluid mixing and phase separation, and sources
of fluids (and hence sources of metals and anions). Table 14-2
illustrates the wide variety of hydrothermal fluid tempera-
tures and salinities observed in gangue and ore minerals
involved in the formation of VMS deposits. Most studies of
fluid inclusions in VMS deposits have recognized salinities
close to seawater values and enhanced salinities in fluids that
are generally interpreted as modified seawater. In the latter
case, salinity may be increased during hydration reactions
with rock minerals along the hydrothermal fluid pathways.

In some cases, very high salinities are encountered that may
be interpreted as the result of fluid boiling to produce a brine
and low-salinity vapor, phase separation at depth, a magmatic
fluid, or fluid interactions with evaporates. The fluid salinity
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is important because it largely determines fluid density, which
in turn determines if the hydrothermal fluid acts as a buoy-

ant liquid when mixed with seawater and cooled or lacks
buoyancy and ponds at the seafloor/seawater interface. In the
case of buoyant hydrothermal plumes (as observed in modern
black and white smoker systems), probably >95 percent of the
entrained metals are lost from the immediate site of venting. In
the case of stagnant hydrothermal fluids, probably >95 percent
of the metals are retained at the site of fluid venting.

A number of studies of the siliciclastic-felsic associated
deposits of the Iberian Pyrite Belt deposits have been carried
out. These include studies at Neves Corvo and Salgadinho
in Portugal and Tharsis, Concepcion, San Miguel, Aguas
Teiidas, San Telmo, Rio Tinto, and Aznalcdllar in Spain. At
Aznalcollar, the fluids increase in temperature and salinity
with depth and toward the central, highly altered stockwork
across a range of 200—400 °C. In addition, a low temperature,
low salinity fluid also has been trapped that can be interpreted
as either cooling upon mixing with a meteoric fluid or the
presence of a cooled condensed vapor phase subsequent to
fluid boiling (Almodovar and others, 1998). At Rio Tinto, high
temperature fluid inclusions have not been found; the majority
lies within a narrow temperature range of 130-230 °C with
salinities between 2 and 10 percent NaCl equivalent (Nehlig
and others, 1998). Evidence for postmineralization redistribu-
tion of metals has been found in metamorphic fluids trapped in
inclusions at the Tharsis deposits (Marignac and others, 2003)
and the Salgadinho deposit (Inverno and others, 2000). The
former study is particularly interesting in demonstrating that
metamorphic fluids peaked in temperature at 430 °C at 300
MPa pressure and then dropped to 170 °C at 40 MPa, a differ-
ence that the authors attributed to a change from lithostatic to
hydrostatic conditions.

A detailed fluid inclusion study was carried out by Hou
and others (2001) on the Gacun bimodal-felsic deposit in
Sichuan, China. They demonstrated an increase in tempera-
ture and salinity with depth within the stringer zone involving
very high salinity fluids (17-21 percent NaCl equivalent) of
unknown origin. Overall, the fluid salinities varied from 4 to
21 percent, the lower values associated with late-stage, low-
temperature barites.

There have been surprisingly few fluid inclusion studies
of the siliciclastic-felsic associated VMS deposits of Japan,
the major contribution being Pisutha-Arnond and Ohmoto
(1983). In the Hokuroku District, they demonstrated variations
in temperature from 200 to 380 °C but very small variations
in fluid salinity (3—6 percent NaCl equivalent). The greatest
temperature range was observed in the black ore minerals
(200-330 °C), whereas the yellow ore minerals had a limited
range (330£50 °C).

At the siliciclastic-felsic Hellyer deposit, Tasma-
nia, Zaw and others (1996) identified three phases of vein
development associated with mineralization. Fluid inclusion
from these three phases (2A, 2B, 2C) and a postmineraliza-
tion vein system provided both temperature and salinity
information. Phase 2A inclusions in quartz and sphalerite
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Table 14-2. Fluid inclusion thermometry and chemical compositions for selected volcanogenic massive
sulfide deposits.

[Ca, calcium; Cl, chlorine; Cu, copper; Fe, iron; K, potassium; Mg, magnesium; Mn, manganese; Na, sodium; Pb, lead; Zn, zinc;
TH, temperature; °C, degree Celcius; mmol, millimols; ppm, parts per million; eq, equivalents; temp, temperature; ass.,

associated]
. . n  Salinity Na K Ca Mg Mn
Deposit Mineral o NaCl
C . mmol mmol mmol mmol mmol
equivalent
Hokuroku District, Japan

Uwamuki 2 Chalcopyrite  200-400 220-310 9-38

Quartz 200-500 76 7 6
Uchinotai West Pyrite 200-400 280-470

Quartz 300-500
Fukazawa Pyrite 200400 63-720 48-130 47-100 1-14

Sphalerite 200400 260-380 56 8
Furutobe Sphalerite 200400 410 5
Matsumine Quartz 200-500 75-120 27-37 37-48 13
Shakanai Pyrite 200400 390 26

Quartz 200-500 150-730 3-50 3-30 2

Gacun, China

Barite 99-125 2.1-13.2

Sphalerite 125-221 6.1-14.5

Quartz 150-310 4.2-10.4

Barite 196217 6.4-9.3

Sphalerite 213-258 5.7-12.9

Quartz 150-350 6-20.5

Sphalerite 185-260 5.1-7.8

Quartz 299-319 17.1-21.3

Barite 208-357 5.9-16.8

Iberian Pyrite Belt, Spain and Portugal

Rio Tinto Quartz 109-330 2-10
Salgadinho Quartz 225-235 4.2-5.7
Aznalcollar Quartz 139-214 0.4-7.2

Quartz 203-299 1.2-8.3

Quartz 306-384 4.3-12.4
Neves Corvo Quartz 230-260 2-8 0.008-0.019*

280-370 ~30

Tharsis Quartz 170-430 52-95
Northern Iberian Pyrite Belt ~ ? 130-280 6-14

? 82-110 1624

Quartz 120-270 ~4

Matagami, Quebec
Bell Allard Quartz 212+34 15.8+4.7
Isle Dieu Quartz 191£18 17.7+4.9
Orchan West Quartz 178+10 18.2+2.7
Mattagami Lake Quartz 23349 15.5+3
Bell River Complex Quartz 373+44 38.2+1.9
Eskay Creek, British Columbia
Quartz 109-210 471-1,741%*%  43-3360**
Sphalerite 96-200 537-2,650**  231-3,829**
Hellyer, Tamania

Quartz 170-220 6.6-14.8 1,030-11,900# 913-10,300# 92-1,320#

Quartz 165-322 2,910-43,900# 992-8,700# 140-493#

Quartz 190-256

Quartz 1,280-1,220#  473-1,920# 94-335#
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Fluid inclusion thermometry and chemical compositions for selected volcanogenic massive sulfide

[Ca, calcium; Cl, chlorine; Cu, copper; Fe, iron; K, potassium; Mg, magnesium; Mn, manganese; Na, sodium; Pb, lead; Zn, zinc; TH,
temperature; °C, degree Celcius; mmol, millimols; ppm, parts per million; eq, equivalents; temp, temperature; ass.,

associated]

. cl S0 co CH Cu Pb Zn Fe
Deposit 4 2 4
mmol mmol mmol mmol ppm ppm ppm ppm
Hokuroku District, Japan
Uwamuki 2 130430 10-140
73
Uchinotai West 5-480 350
240
Fukazawa 22-270 210
20-580 150
Furutobe 460
Matsumine 290 130 60-250
Shakanai 88
92-750 40-210 310 0-4.4 0-25 0-2.1 0-5.6
Gacun, China
Iberian Pyrite Belt, Spain and Portugal
Rio Tinto
Salgadinho
Aznalcollar
Neves Corvo 0.008-0.019* 20-96* 3-80%*
Tharsis 3-25% 0.02-1
Northern Iberian Pyrite Belt
Matagami, Quebec
Bell Allard
Isle Dieu
Orchan West
Mattagami Lake
Bell River Complex
Eskay Creek, British Columbia
565—1,839** 0.02-0.99* 0.07-1.39*
700-1,780%** 0.1-2.64* 0.35-1.17*
Hellyer, Tamania
9,070-99,800# 153-170 105-889  235-13,300
2,910-43,900# 237-12,800 373-6,660 858-27,200

2,670-63,300#

61 99-286 50-591
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Table 14-2. Fluid inclusion thermometry and chemical compositions for selected volcanogenic massive sulfide

deposits.—Continued

[Ca, calcium; Cl, chlorine; Cu, copper; Fe, iron; K, potassium; Mg, magnesium; Mn, manganese; Na, sodium; Pb, lead; Zn, zinc; TH, temperature; °C,

degree Celcius; mmol, millimols; ppm, parts per million; eq, equivalents; temp, temperature; ass., associated]

Total
Deposit salts K/Na Ca/Na Mg/Na Na/Cl Comments Reference
wt. %
Hokuroku District, Japan
Black ore minerals TH = 200-300°C
Uwamuki 2 1.3-2.1 0.04-0.12 0.72—1.7 Yellow ore minerals TH = 330+50°C Pisutha-Arnond and
Ohmoto (1983)
0.08 0.08 33 Little change in salinity: 3.5-6 % NaCl eq
Uchinotai West 2.7 1.0
Fukazawa 1.4-52 0.08-0.18 0.12-0.14 0.004-0.03 0.85-11
1.5-2.6 0.15 0.03 0.65-2.6
Furutobe 2.4 0.01 0.90
Matsumine 1.0 0.31 0.15-0.31 0.02 1.2
Shakanai 2.5 0.07 4.5
0.9-4.6 0.02-0.07 0.02-0.06 0.01 1-1.6
Gacun, China
Upper massive ore Hou and others (2001)
Upper massive ore
Upper massive ore
Middle stringer zone
Middle stringer zone
Middle stringer zone
Lower stringer zone
Lower stringer zone
Mound
Iberian Pyrite Belt, Spain and Portugal
Rio Tinto 90% of inclusion have TH=130-230°C Nehlig and others (1998)
Salgadinho Inverno and others (2000)
Aznalcollar High-T inclusions associated with central Almodovar and others (1998)
stockwork
Temp and salinity increase with depth
Temp and salinity increase toward stockwork
Neves Corvo Low salinity, low T fluids are most common ~ Moura (2005)
High T, high salinity fluids rare
Tharsis Fluids are from metamorphic overprint Marignac and others (2003)
Northern Iberian Most inclusions in this range Sanchez-Espana and others
Pyrite Belt (2000)
Minor population due to local boiling and
cooling
Regional metamorphic fluids
Matagami, Quebec
Toannou and others (2007)
Bell Allard Low T fluids at all deposits carried Zn but
low Cu
Isle Dieu
Orchan West
Mattagami Lake
Bell River Complex Fluid in zone of hydrothermal cracking,

original T = 650-670°C

Eskay Creek, British Columbia

Most inclusions <140°C
Most inclusions <150°C

Sherlock and others (1999)

Hellyer, Tamania

Stage 2A quartz ass. with mineralization

Stage 2B quartz ass. with mineralization

Stage 2C quartz ass. with mineralization

Stage 4 quartz, post-mineralization
metamorphic veins

Zaw and others (1996)

* mole %; ** mmol/L; # ppm



had homogenization temperatures of 170-220 °C, phase 2B
inclusions were trapped at 165-320 °C, and phase 2C inclu-
sions were trapped at 190-256 °C. The variations in salinity
were relatively small (8—11 percent NaCl equivalent), and the
temperature variations at each stage of vein formation were
interpreted as reflecting the waxing and waning of a hydro-
thermal system.

In summary, fluid inclusions in gangue and ore minerals
provide important information on the variability of fluid tem-
perature and composition during periods of mineralization and
on the involvement of meteoric waters and magmatic fluids.
Often, the salinity data alone cannot be uniquely interpreted
because involvement of magmatic fluids, boiling, mixing,
and phase separation can all produce large variations in fluid
salinity. More constrained interpretations are possible if fluid
inclusion data are combined with other information, such as
stable isotope composition of gangue minerals.

Stable Isotope Geochemistry

Recent reviews of traditional stable isotopes (6D, 8'3C,
8"%0, 6*S) are provided by Huston (1999) and Ohmoto (1986)
for ancient VMS deposits and by Shanks (2001) for modern
seafloor hydrothermal VMS systems. Reviews of nontradi-
tional stable isotopes (B, Fe, Cu, Zn, Mo) are provided by
Johnson and Bullen (2004), Beard and Johnson (2004), and
Albarede (2004). In ore deposit studies, stable isotopes have
been used to establish the sources of ore fluids (H, C, O, S),
temperatures of ore deposition (S), and silicate alteration
(O). In VMS deposits, stable isotopes also have been used to
establish pathways of fluid movement (O), fluid origin (H, O,
S), redox variations (C, S), and fluid phase separation (O, H).
Nontraditional stable isotopes have been used to develop the
overall isotopic variability in VMS deposits, to better under-
stand the causes of isotopic fractionations, and to fingerprint
sources of metals.

6'®0 and 6D

In several studies of whole rock %0 in the footwall
(stockwork) and some hanging-wall sections of VMS deposits,
there is a systematic variation in 6'30 as a function of altera-
tion intensity. The lowest 8'*0 values are found where the sili-
cate alteration is most intense, which usually corresponds to
the central zone of sericitic alteration, for example, Fukazawa,
Japan (Green and others, 1983), Hercules, Tasmania (Green
and Taheri, 1992), and Feitais-Estacao, Portugal (Barriga and
Kerrich, 1984). Where the deposits can be spatially associated
with shallow, subvolcanic stocks, the region of low 8'*0O
values forms a carapace above the intrusion from which nar-
row zones of low- 680 alteration extend upward into stringer
zones beneath individual deposits. In some cases, there is a
progressive increase in 3'0 upwards through the subvolca-
nic sequence (Holk and others, 2008) that probably reflects

Stable Isotope Geochemistry 215

the upward decrease in temperature from the magmatic heat
source toward the surface. The low- 8'*O zones correspond to
regions of focused high-temperature fluid flow surrounded by
zones of higher 6'%0 alteration that correspond to lower grade
alteration mineralogies, such as montmorillonite and zeolite
zones.

The final alteration 6'*0 value is determined by a number
of variables. Taylor (1977) and Green and others (1983)
provide similar equations for integrating these variables
(water/rock ratio, temperature of reaction, alteration miner-
alogy, initial bulk rock 8'*0 value, fluid 6'*0) into a single
function. For VMS deposits, some of these variables can be
measured or approximated. For instance, fluid 'O values
have been measured in active seafloor hydrothermal systems
(mean 0.91+0.37 per mil, 122 measurements; Shanks, 2001),
in fluid inclusions in gangue quartz in ancient VMS deposits
(-0.7£1.75 per mil), and in mineral pairs in which tempera-
ture is assumed. The fractionation of §'*0 between fluid and
rock (A™O, ) as a function of temperature is approximated
for felsic systems by using either the measured value for
oligoclase-water, and for mafic systems by the measured value
for bytownite-water, or by thermodynamic reaction path cal-
culations. Given these constraints, Huston (1999) calculated
altered rock 6'%0 values as a function of water/rock (W/R)
ratio and temperature. They showed that substantive negative
changes in 8'*0 relative to original fresh rock values (in this
case, 8 per mil) can only be achieved at high W/R ratios and at
high temperatures, whereas relative positive changes in 'O
can only be achieved at high W/R ratios and low temperatures.
This conclusion is fully consistent with the distribution of 3'30
in altered gangue assemblages described above. That is, hot
hydrothermal fluids moving through silicate assemblages with
high fracture porosity/permeability causes focused flow to
produce alteration assemblages with low 6'%0 values, whereas
distal fluid flow at lower temperatures produces alteration
assemblages with higher §'*0 values.

An important, but contentious, question concerns the
origin of fluids for VMS deposits and, consequently, the origin
of metals in VMS deposits (see Beaty and others, 1988, for a
review). The stable isotopes of oxygen and hydrogen provide
important, although somewhat ambiguous, information in this
regard because the competing fluid sources (seawater and late-
stage magmatic fluid) have quite different 'O and 6D values
(approx. 0 per mil for seawater 6'30 and 8D, 5 to 10 per mil
8"%0 and -35 to -50 per mil 6D for magmatic fluids). Huston
and Taylor (1999) and Taylor and Huston (1999) provide
useful appraisals as to the shifts away from either seawater or
magmatic fluid compositions of 3'*0 and 6D compositions in
ore fluids. Some processes, such as evaporation and fluid/rock
interactions, cannot reasonably produce the observed ore
fluid isotopic variations, whereas mixing of magmatic fluid
and seawater and (or) isoenthalpic boiling are both possible
mechanisms.
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%S

Useful reviews of sulfur isotope geochemistry in VMS
deposits are given by Ohmoto (1986) and Huston (1999) and
in modern seafloor massive sulfides by Shanks (2001). Given
that sulfur is the major metalloid in VMS deposits, there are
consequently many hundreds of sulfur isotope analyses avail-
able. The most comprehensive list is given by Huston (1999).

There is a significantly wider range of 3**S in Phanero-
zoic sulfides compared to Archean and Proterozoic sulfides.
Although the dichotomy is probably real, it also may reflect
fewer determinations in Archean and Proterozoic deposits.
Sangster (1968) was the first to recognize that the trend of
&*S variation in Proterozoic and Phanerozoic VMS deposits
closely paralleled the ancient seawater curve but was offset
to lighter 6*S values by about 18 per mil. Subsequent stud-
ies have confirmed the general notion that seawater sulfate
provides a source of reduced sulfur for VMS deposits—a
conclusion that is consistent with detailed studies of modern
seafloor hydrothermal sulfide systems (Shanks, 2001; Rouxel
and others, 2004a) in open ocean settings.

In modern island-arc and back-arc settings, 6*S vari-
ability is more evident, with a greater proportion of vent fluids
having light 8**S. The reasons for these shifts are not evident
but may indicate a source of reduced sulfur in addition to
seawater, such as a sulfur source from the disproportionation
of magmatic sulfate (SO, + 2H,0 — H,S + SO, + 2H").

In modern systems, the dominant role of seawater is also
indicated by the 8**S of anhydrite sulfate being almost identi-
cal to modern seawater sulfate. There are also other potential
sources of reduced sulfur for Phanerozoic deposits, these
being magmatic degassed H,S (and possible SO,) and sulfide
leached from volcanic rock by circulating seawater. Because
magmatic H,S and sulfides in volcanics have overlapping
values (05 per mil), it is not possible to directly differentiate
between these two sources. Either source would act to offset
seawater sulfide to lighter values. The reduction of seawater
sulfate could occur through either abiotic or biotic processes.
Abiotic processes involve redox reactions between sulfate and
cations present in reduced form, (such as carbon, iron, and
copper). Biotically-mediated reactions involve disproportion-
ation reactions involving sulfate reducing bacteria (McCollom
and Shock, 1997).

Most 6**S studies involve either whole-rock determina-
tions or analyses of mineral separates. However, the ability to
now measure in situ relatively precise and accurate 3**S values
on single sulfide mineral grains demonstrates added complex-
ity in interpreting sulfur isotope compositions of ancient VMS
deposits. Slack and others (2008) analyzed pyrite, sphalerite,
galena, chalcopyrite, and tetrahedrite from the Late Devonian—
Early Mississippian Dry Creek deposit in east-central Alaska
and demonstrated a range of 8**S values from -48 to 23 per
mil. They interpreted the isotopic data to reflect a two-stage
mineralizing process. The first stage involved initial hydro-
thermal activity and mineralization in a local basin that was
open to seawater sulfate. Sulfide 3**S values reflected variable

mixing of light anoxic pore fluid H,S with oxic seawater sul-
fate to produce sulfides with §*S values between -40 and -10
per mil. Later sulfides formed in a Red Sea-type brine pool,
producing 6**S values of -10 to 9 per mil. Second, subsequent
precipitation of sulfides (15-23 per mil) from anoxic bottom
waters (10—60 per mil) formed when the basin became closed
to oxic seawater. This type of highly detailed study is possible
because the 6**S data could be correlated both with mineral
paragenesis and host lithology.

Unlike Phanerozoic deposits, VMS deposits of Pro-
terozoic and Archean age have a much more limited range
of 6*S values, with a mean of about 0 per mil. If these data
are truly representative, then different environmental condi-
tions are implied. Although the seawater **S curve cannot be
extended into the Proterozoic and earlier (largely because of
the lack of sulfate minerals associated with VMS deposits),
the consistency of VMS 6*S values (about 0 per mil) over 3
billion years of Earth history could only be achieved if: (a)
the seawater sulfate value was close to the modern seawater
value (approx. 21 per mil), and (b) ancient VMS deposits
formed in the same way as Phanerozoic deposits. Both of
these requirements may be correct, but there is no way to
evaluate either criterion. Alternately, the geochemistry of
Proterozoic and Archean oceans may have been fundamentally
different because of a more anoxic atmosphere that limited the
development of seawater sulfate (a layered ocean with only
upper level sulfate) and limited the ocean bottom solubility of
reduced sulfur under anoxic, alkaline conditions.

0"B, 6%Cu, 6°Zn, 6°Fe, 6%Se

The first study of boron isotopes in modern VMS systems
was by Spivack and Edmond (1987) for bare-ridge settings.
They determined B concentrations and isotope values in vent
fluids at 13°N and 21°N, concluding that boron was leached
from basalts without resolvable fractionation and that such
data can be used to fingerprint fluid/rock ratios and the global
flux of B into the oceans. Other B isotope studies of vent
fluids were carried out by James and others (1995) at Broken
Spur and by Palmer (1996) at TAG and MARK (Mid-Atlantic
Ridge at the Kane Fracture Zone) at the MAR and at the EPR.
These studies demonstrated that the low-temperature removal
of boron was a function of spreading rate.

Experimental studies by Spivack and others (1990)
showed that B isotope systematics primarily reflected the pro-
portions of B from seawater and crustal sources, and Seyfried
and Shanks (2004) highlighted the usefulness of boron iso-
topes in constraining seafloor alteration and water/rock ratios.

The first B isotope study of ancient VMS deposits by
Palmer and Slack (1989) reported data for tourmaline from
14 deposits of Archean to Ordovician age and showed a 3''B
value range from -15.7 to -1.5 per mil. They suggested six
likely controls: (1) composition of the B source, (2) postore
regional metamorphism (heavier, not lighter, isotope fraction-
ates into the fluid phase, hence metamorphically recrystallized



tourmaline becomes isotopically lighter), (3) water/rock ratios,
(4) seawater entrainment, (5) formational temperature, and

(6) secular variations in seawater 8''B. The most important
control was inferred to be the composition of the B source in
footwall lithologies. Two topical studies have been reported
for tourmaline associated with VMS deposits. Bandyopadhyay
and others (1993) analyzed six tourmaline samples from small
VMS deposits of Proterozoic age in India that showed a 3''B
range from -13.8 to -13.0 per mil, consistent with a B source
dominantly from footwall pelitic schists and also possibly fel-
sic volcanic rocks. Deb and others (1997) analyzed tourmaline
from the large Deri VMS deposit in India (also Proterozoic)
and reported 6''B data for two tourmaline samples not from
the ore zone of -16.4 and -15.5 per mil, which were interpreted
to reflect leaching of felsic volcanic and argillaceous sedimen-
tary rocks in the footwall sequence.

A detailed study by Taylor and Huston (1999) on 15
tourmalines in the feeder zone (mainly) and massive sulfide
from the giant Kidd Creek deposit (Archean) reported 6''B
values from -13.6 to -7.8 per mil. Combined with data for O
and H isotopes in the same tourmalines, they suggested that
three fluids were involved in formation of the tourmalines (and
by inference, the sulfides): (1) slightly modified seawater, (2)
greatly modified seawater via previous subseafloor boiling,
and (3) high-T supercritical fluid; the B isotope data in part
imply fluid reaction with rocks that were previously altered at
low temperatures.

Maréchel and others (1999) and Zhu and others (2000)
first demonstrated the utility of transition metal isotopes as
geochemical tracers. Transition metal isotopes have been
applied to a variety of deposit types, including porphyry cop-
per deposits (Larson and others, 2003; Graham and others,
2008; Markl and others, 2006; Mathur and others, 2009) and
MVT (Mississippi Valley-type) deposits (Wilkinson and oth-
ers, 2005), and have been examined experimentally (Ehrlich
and others, 2004; Mathur and others, 2005). The application of
nontraditional stable isotopes to VMS deposits is a relatively
new enterprise that holds the promise of a deeper understand-
ing of the source of metals to VMS systems and the various
metal fractionations that might occur during the movement of
hydrothermal fluids and the precipitation of sulfide minerals.
In the environs of VMS deposits, the fractionation of transition
metal isotopes is likely to be narrow at elevated temperatures
and broader in situations that involve abiotic redox reactions
and biotic reactions. Iron isotope behavior has been reviewed
by Beard and others (2003), Beard and Johnson (2004),
Johnson and others (2004); copper and zinc isotope behavior
by Albarede (2004); and selenium isotopes by Johnson and
Bullen (2004). Specific Fe isotope studies are found in Rouxel
and others (2004a; 2008). Specific Cu isotope studies are
found in Rouxel and others (2004b) and Mason and others
(2005). Zinc isotope studies are found in Mason and others
(2005), Wilkinson and others (2005) (MVT study) and John
and others (2008). Table 14-3 shows ranges in transition metal
isotopes that have been measured for modern and ancient
VMS deposits.
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Rouxel and others (2004a) have demonstrated that in
modern hydrothermal sulfide systems both Fe and Se display
mass-dependent fractionation. Se and S have very similar
geochemistry. The usefulness of Se isotopes is that the Se/S
ratio of seawater (6.3x10®) is very different than the mantle
(MORB) values (1.5x10*), so that a combination of trace ele-
ment analysis and isotopic determinations has the potential for
recognizing different sources in hydrothermal systems. The Se
isotopic composition (6%*Se) of modern seafloor hydrothermal
sulfides varies by about 7 per mil and could result from a com-
bination of redox reactions (selenate and selenide in seawater),
biological reactions, and water/rock reactions. Rouxel and
others (2002) indirectly measured the composition of modern
seawater 6*2Se by assuming that the value was reflected in the
isotopic composition of Mn-nodules (approx. -1.5 per mil).
This value is thus indistinguishable from the mantle value
so that the large variation of 6*Se in sulfides could not be
ascribed to mixing of volcanic Se with seawater Se. In addi-
tion, the Se/S ratio and Se concentration in seawater are so low
that even partial reduction of oxidized forms of Se would have
little effect on the 8*2Se of seafloor sulfides if seawater and
hydrothermal fluid were mixed directly. However, redox reac-
tions are the only known mechanism for producing very light
Se, and there may be an unseen reservoir of light Se resulting
from seawater redox reactions in the subsurface.

Rouxel and others (2004a) were the first investigators to
take a multi-isotope (S-Se-Fe) approach to seafloor hydrother-
mal sulfide. The important contribution was the recognition
of venting of pristine hydrothermal fluids that precipitated
sulfides with Fe and Se isotopic values close to magmatic
(about 0 per mil) accompanied by 6*S values (approx. 1.5 per
mil) that showed minimal involvement of seawater S. They
also demonstrated other sulfide systematics that were consis-
tent with substantial mixing of hydrothermal fluid and heated
seawater and the necessity for a deep (subsurface) reservoir of
light isotopic Se.

The 6°"Fe values of modern sulfide minerals appears
to be a function of the environment in which the minerals
either grew and (or) post-precipitation reworking, according
to Rouxel and others (2008). These authors demonstrated a
strong kinetic effect in the precipitation of iron sulfide miner-
als (pyrite, marcasite) during growth of active sulfide chim-
neys so that the $°’Fe values were demonstrably different from
vent fluid values. However, in inactive chimneys, the 8°°Fe
values were essentially identical to vent fluid values, a result
of postdepositional annealing.

There are relatively few studies of Cu and Zn isotopes
in VMS deposits in modern and ancient settings. As a general
conclusion, the isotopic fractionation of Zn (6°Zn) is rela-
tively small compared to copper (3%°Cu), largely as a reflec-
tion of its monovalent behavior. Mason and others (2005)
report little variation in the 6Cu values of primary sulfides
in the stockwork and massive sulfide zones of the Alexan-
drinka VMS deposit, but they report measurable differences
in 6%Zn variations between primary chalcopyrite and primary
sphalerite, the former being lighter by about 0.4 per mil. They
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Table 14-3. Some transitional metal isotope ratios in volcanogenic massive sulfide deposits and related rocks.

[Cu, copper; Fe, iron; Se, selenium; Zn, zinc; EPR, East Pacific Rise; MAR, Mid-Atlantic Ridge; ODP, Ocean Drilling Program; TAG, Trans-Atlantic
Geothermal; U.S. Geological Survey geochemical reference materials: BCR, Basalt, Columbia River; BHVO, Basalt, Hawaiian Volcanic Observatory; BIR,

Icelandic Basalt]

. Analysis 564Cu 566Zn &57Fe 582Se
Deposit . . . . Comments Reference
type per mil per mil per mil per mil
BCR-1 Whole rock 0.08+0.1
Standard
BIR-1 Whole rock 0.01
Standard
BHVO-1 Whole rock 0.22+0.13
Standard
ODP Site Altered basalt 0.12t0 0.23 Fe isotope variations up
801C to 4 per mil could be
abiotic and (or) biotic
Deep-sea -0.07 t0 0.23
sediments
Chemical -25t0 1.0
sediments
Chert -2.5
Fe-oxyhy- -0.52t0 0.39
droxide
sediments
Celadonite 1.86
Lucky Chalcopyrite 1.7 to 4.6, avg. 3.4 -0.12+0.48 -3.224+1.52 Variation in Cu isotopic Rouxel and
Strike, composition due to others
MAR sulfide oxidation (20044, b)
Atacamite 0.5to 1.2, avg. 1.0
Pyrite/marca- -237+0.46 -3.52+1.15 Se-poor chalcopyrite
site has 57Fe -1 to -3 per
mil. Se-rich chalcopy-
rite has 57Fe ~ 0 per
mil. Abiotic fraction-
ation of Fe isotopes
during sulfide precipi-
tation
Logachev, Chalcopyrite -1.0t0 0.7, avg. Variation in isotopic Rouxel and
MAR 0.14 composition due to others
sulfide oxidation (2004a, b)
Atacamite 0.4t04.7, avg. 2.6
Bornite/ -0.7t0 2.7, avg. 2.1 Variation in isotopic
covellite composition due to

sulfide oxidation
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Table 14-3. Some transitional metal isotope ratios in volcanogenic massive sulfide deposits and related rocks.—Continued

[Cu, copper; Fe, iron; Se, selenium; Zn, zinc; EPR, East Pacific Rise; MAR, Mid-Atlantic Ridge; ODP, Ocean Drilling Program; TAG, Trans-Atlantic
Geothermal; U.S. Geological Survey geochemical reference materials: BCR, Basalt, Columbia River; BHVO, Basalt, Hawaiian Volcanic Observatory; BIR,

Icelandic Basalt]

. Analysis 564Cu 566Zn 857Fe 582Se
Deposit . . . . Comments Reference
type per mil per mil per mil per mil
Rainbow, Chalcopyrite/ 0.11 Rouxel and
MAR isocubanite others
(2004a, b)
Bornite/ 33
covellite
EPR 210N Vent fluids 0.31+£0.19 Fluid temperatures: John and
273-3850C others
(2008)
EPR 90N Vent fluids 0.56£0.56  -0.54+0.58 Fluid temperatures: Rouxel and
203-3830C others
(2008)
Chalcopyrite 0.16£0.07 -0.23£0.09
Pyrite/ 0.92+0.28 -0.69+0.02
sphalerite/
galena
Pyrite/sphal- 0.40+042 -0.88+0.34
erite
Pyrite -0.85+0.50
TAG, MAR  Vent fluids 0.25+0.15 Fluid temperatures:
290-3600C
Alexandrin-  Stockwork 0.12t0 0.30 0.45 t0 0.05 Chalcopyrite, sphalerite, Mason and
ka, Urals galena others
(2005)
Main ore 0.28 t0 0.32 -0.02 to Sphalerite

0.21
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interpret this difference in terms of an equilibrium fraction-
ation between the two phases, although this conclusion is at
odds with the measurements made by John and others (2008)
at modern hydrothermal sulfide settings. The observable
differences in 6°°Cu values were associated with epigenetic
versus supergene Cu phases, the latter being up to 0.6 per mil
lighter as a result of isotopic fractionation associated with the
reduction of Cu(II) to Cu(I) during supergene enrichment.
Rouxel and others (2004a, b) observed 6*Cu variations of up
to 3 per mil in modern hydrothermal sulfide systems that they
associated with seafloor oxidation of copper-bearing miner-
als. However, the 6%°Cu values became heavier in sulfides that
had been subjected to seafloor weathering, and the isotopically
heavy Cu was subsequently remobilized during further periods
of high-T fluid flow and either redeposited at the periphery of
the deposit or lost into the hydrothermal fluid.

Radiogenic Isotope Geochemistry

In base metal deposits, radiogenic isotopes are restricted
to the study of lead isotopes in primarily galena and, more
recently, rhenium-osmium (Re-Os) studies of a variety of
sulfide phases. Reviews of Pb isotopes in a variety of ores,
including a few VMS deposits, are provided by Gulson (1986)
and Sangster and others (2000).

MVT and SEDEX deposits are the major global sources
of Pb; there has been a proportionately large number of Pb iso-
tope ratios measured for these two deposit types. VMS depos-
its do not constitute a major Pb source, and there is a limited
literature dealing with their Pb isotopic signatures. However,
Mortensen and others (2006) present an extensive compilation
of lead isotopic compositions of sulfide samples from VMS
deposits and occurrences in the northern North American
Cordillera. Lead isotopes in galena, or other ore containing
Pb and negligible U and Th, have the advantage that no age
correction has to be made for the growth of radiogenic Pb.
Consequently, the Pb isotopic composition reflects principally
the age of the ore deposit (older deposits carry less radiogenic
Pb) and secondarily the geochemistry (U/Th ratio) of the Pb
source. Of the Pb isotope values for 151 deposits compiled by
Sangster and others (2000), only 5 percent are for VMS depos-
its (Hellyer, Rosebery, Que River [Australia]; Verviers district
[Belgium]; Bathurst district, Buchans, Buttle Lake [Canada];
Ambaji-Sendra belt [India]; Kuroko district [Japan]), of which
only the Bathurst and Kuroko districts have been significant
producers of Pb.

A new compilation of Pb isotope data that includes the
previous compilation of Gulson (1986) for sulfides from a
variety of VMS deposits is shown in table 14—4. Of particular
note are the following: (1) the Pb isotope data for individual
districts tend to be homogeneous, showing a maximum
variation of about 2 percent; (2) the Pb isotope signature is
the isotopic signature of the protolith, suggesting that either
the individual protoliths are isotopically homogeneous or the
hydrothermal systems are able to homogenize the Pb isoto-
pic composition of heterogeneous protoliths; and (3) the Pb
isotopic composition of ore galena has been used to define the
lead crustal evolution (growth curves), so it follows that the
calculated model ages should be close to the deposit ages.
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Table 14-4. Lead (Pb) isotopic composition of selected volcanogenic massive sulfide deposits.

[Ba, barium; Cu, copper; Zn, zinc]

Deposit/district Mineral Age 28ph/2Ph 27ph/2Ph 25ph/2Ph Data source

Tasmania, Australia

Mount Read Cambrian

Rosebery-Hercules Galena 38.064 15.598 18.271 Sangster and others (2000)
38.083 15.609 18.273
38.081 15.606 18.272
38.041 15.594 18.266
38.068 15.603 18.279
38.041 15.594 18.273
38.053 15.583 18.277
38.053 15.595 18.272
38.138 15.611 18.286
38.093 15.608 18.276
38.047 15.597 18.268

Que River Galena 38.191 15.618 18.348 Sangster and others (2000)
38.196 15.628 18.321
38.187 15.622 18.332
38.162 15.614 18.311
38.174 15.619 18.318
38.182 15.622 18.323
38.231 15.629 18.369
38.15 15.619 18.328
38.114 15.602 18.317
38.22 15.638 18.346
38.128 15.614 18.328
38.143 15.613 18.331
38.166 15.621 18.328
38.253 15.644 18.359
38.233 15.637 18.355

Hellyer Galena 38.219 15.624 18.372 Sangster and others (2000)
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15. Petrology of Associated Igneous Rocks

By W. lan Ridley

Importance of Igneous Rocks to
Deposit Genesis

Volcanogenic massive sulfide deposits, by definition,
are either hosted within or closely spatially associated with
volcanic and subvolcanic intrusive rocks. Consequently, there
is a well-documented genetic association between magmatism
and development of VMS deposits (Lydon, 1988; Lowell and
others, 1995, 2008; Franklin and others, 2005). Magmatism is
a prerequisite in the following ways:

1. Asa heat engine to drive deep hydrothermal flow systems
(Maclennan, 2008), highlighted in modern systems by the
association of melt-rich crustal regions of modern ridge
systems and seafloor hydrothermal activity (Singh and
others, 1999, 2006).

2. As a focus of hydrothermal circulation (Lowell and oth-
ers, 2008). Subvolcanic intrusions act as “pinpoint” heat
sources that focus descending fluids from recharge areas
into narrow upflow and discharge zones. Models of heat
and mass transport suggest that the hydrothermal flow
system has an aspect ratio of approximately one. Focused
flow is required to produce an ore deposit at the seafloor
and subseafloor (Hannington and others, 2005) and is
consistent with the alteration patterns observed in ancient
VMS deposits (Large and others, 2001c¢).

3. Asasource of chemical components to hydrothermal
systems (Seyfried and others, 1999; Openholzner and
others, 2003; Yang and Scott, 2006). Although it is
generally accepted that metals are sourced from hydro-
thermal fluid/rock interactions along the fluid-flow path,
metals may also be added from magmatic fluids and gases
associated with the late stages of magmatic crystallization,
as inferred in the current mineralizing system on Papua
New Guinea (Gemmell and others, 2004).

Rock Names

Rock names and rock associations that are commonly
found with VMS deposits can be found in Le Maitre (2002)
and the various figures therein.

Rock Associations

The lithogeochemistry of volcanic rock associations
generally can be applied to specific tectonic settings. Here,
the rock associations are classified as mafic, bimodal-mafic,
siliciclastic-mafic, bimodal-felsic, and siliciclastic-felsic. The
identification of specific tectonic settings for VMS deposits
is referenced to the lithogeochemistry of volcanics in modern
tectonic settings (Pearce and Cann, 1973; Pearce, 1995; Pearce
and Peate, 1995; Piercey, 2009). It is common to observe
more than one lithologic association in large VMS districts;
for instance, the giant Bathurst district contains deposits that
are associated with bimodal-mafic and siliciclastic-felsic
associations (Goodfellow and others, 2003). Although these
associations form a reasonable descriptive system, gradations
between associations are common depending upon the scale of
description (regional versus local). Mapping of VMS deposits
often identifies felsic lava flows and subvolcanic felsic intru-
sions as the local-scale igneous associations (Large and others,
2001a, c; Monecke and others, 2006). The details of volcanic
architecture and their volcanologic implications can be found
in Chapter 5 (Morgan and Schulz, this volume); they have also
been discussed in detail by Cas (1992). Rock associations are
important features of VMS deposits because: (1) at the local
scale, they identify sources of heat that drive hydrothermal
circulation and local sources of magmatic metals and acidity;
(2) at the more regional scale, they provide information on
sources of metals that may give a VMS deposit its specific
metal signature (Large, 1992; Stolz and Large, 1992); and (3)
they provide a mechanism for the rapid burial of a massive
sulfide deposit, for example, the geologically instantaneous
emplacement of volcanoclastic turbidites.

Mafic-Ultramafic Association

The mafic-ultramafic association represents VMS depos-
its that are spatially connected with lithologies dominated by
basaltic and (or) ultramafic rocks. The latter are rare occur-
rences in the rock record, for example, Greens Creek (Duke
and others, in press), and their genetic relationship to ore is
unclear. In Archean greenstone belts, VMS deposits may be
associated with komatiite lavas. The VMS mafic-ultramafic
associations dominated by basaltic rocks are found in the
upper parts of obducted ophiolite complexes, for example,
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Oman, Troodos, and Turner-Albright. In the modern oceans,
the mafic association is found in two specific settings: mid-
ocean ridges and mature back-arc basins. Hydrothermal
activity spatially associated with ultramafic rocks, usually
serpentinites, has been observed at several localities proximal
to the Mid-Atlantic Ridge, for example, Lost City (Kelley and
others, 2007), Logachev (Krasnov and others, 1995a), and

the Gakkel Ridge (Edmonds and others, 2003). These hydro-
thermal systems are associated with oceanic core complexes
formed during attenuation of the ocean crust at magma starved
ridges. Although serpentinization is an exothermic process,
which may be a significant source of heat in low-temperature
(<100 °C) hydrothermal systems, it is likely the heat engine
for high-temperature (350-450 °C) hydrothermal circulation is
driven by subjacent gabbroic intrusives (Alt and Shanks, 2003;
Allen and Seyfried, 2004; Alt and others, 2008). Further, Allen
and Seyfried (2004) have argued that the geochemistry of the
vent fluids at the Lost City low-temperature hydrothermal
system indicates they are spent and cooled higher temperature
fluids.

Olivine tholeiites are the common volcanic rock type
found at mid-ocean ridges (MORs) and are collectively known
as mid-ocean ridge basalts (MORBSs). They are further divided
into DMORB (depleted), NMORB (normal), TMORB (transi-
tional), and EMORB (enriched) depending principally on their
K/Ti ratios and incompatible element compositions. Many
sites of active and extinct hydrothermal sulfide accumulation
have been discovered along the mid-ocean ridge system, espe-
cially along the northern East Pacific Rise, but almost all have
grades and tonnages that would be uneconomic if preserved
in the rock record. An exception is the 3.9-Mt TAG deposit
on the Mid-Atlantic Ridge (Hannington and others, 1998),
but deposits with grades and tonnages equivalent to the larger
VMS deposits have yet to be found at either mid-ocean ridge
or back-arc basin sites.

It should also be noted that at some MOR sites that are
regionally dominated by mafic lithologies, there exist more
localized but still volumetrically substantial accumulations
of basaltic andesite, andesite, dacite, and rhyolite. Examples
include the overlapping spreading center at 9 °N on the
East Pacific Rise (Wanless and others, 2010), the Galapagos
spreading center (Embley and others, 1988; Perfit and others,
1999), and the southern Juan de Fuca Ridge (Cotsonika and
others, 2005). In these environments, the more evolved igne-
ous rock types are associated with hydrothermal activity and
are the product of fractional crystallization of MORB and
assimilation due to anatexis of shallow, hydrated basaltic crust.
Consequently, in the absence of other information, the pres-
ence of more evolved rocks in an otherwise mafic association
does not eliminate the possibility of an open-ocean setting.

The presence of the mafic-ultramafic association in back-
arc basins is a function of proximity to the seaward island arc
and is most clearly observed in mature back-arc basins that
have well-organized spreading, for instance, east Scotia Sea,
Lau Basin, and the Mariana Trough. The chemistry of basalts
associated with island-arc systems is a complex function of

mantle chemistry and interactions between the mantle and
fluids/melts ascending from the subducting slab (fig. 15-1).

In these settings, the hydrothermal systems are distinct
from mid-ocean ridge systems in having much higher vola-
tile contents that reflect the general, although not universal,
volatile-rich nature of the associated volcanics and presumed
subvolcanic intrusions (Gamo and others, 2006). The higher
volatile contents also result in hydrothermal fluids that have
pH values as low as 2, substantially less than found in mid-
ocean ridge hydrothermal fluids and probably related to
disproportionation of dissolved SO,. A variety of basalts have
been identified in back-arc basins, including MORBs that are
chemically indistinguishable from those observed in open-
ocean settings, and they range in composition from DMORB
(central Lau Basin) to EMORB (north Fiji Basin). Importantly,
a basalt type unique to the back-arc setting has been recog-
nized and termed back-arc basin basalt (BABB). The latter has
unique trace element signatures, particularly depletion in high
field strength elements reflecting the subduction environment,
and includes both depleted and enriched varieties (Pearce and
Stern, 2006).

Siliciclastic-Mafic Association

This association is defined as subequal volumes of silici-
clastic, sometimes pelitic, sediments and mafic, occasionally
ultramafic, volcanic rocks. The mafic component is largely
composed of volcanics with MORB-like affinities. The depos-
its of the Besshi district are the classic examples, but other
examples include Windy Craggy and the small Hart River and
Ice deposits in Canada and Greens Creek in the United States.
Modern analogs include open-ocean spreading ridges with
active hydrothermal systems that are sufficiently proximal to
continents to receive significant volumes of sediment, such as
observed at Escanaba Trough on the Gorda Ridge, Middle Val-
ley on the northern Juan de Fuca Ridge, and Guaymas Basin
in the Gulf of California. The relationship of the siliciliclastic
component to generation of VMS deposits is tenuous. Most
VMS deposits form in relatively deep water (>1 km), which
many workers propose inhibits exsolution of volatiles and
formation of fragmental rocks, other than autobreccias, and
results in a proximal volcanic stratigraphy that is dominated
by lava flows. However, this interpretation of a nonfragmen-
tal requirement is controversial. Most silicic volcanoclastics
appear to be redeposited lithologies (Monecke and others,
2006) sourced at shallow depths and emplaced in turbidity
currents.

Bimodal-Mafic Association

This association is defined as VMS deposits that are
principally correlated with mafic lithologies, but with up to 25
percent felsic rocks. Examples include the giant Kidd Creek,
Flin Flon, Ruttan, and Bathurst deposits in Canada; the small
Sumdum and Bald Mountain deposits in the United States
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Figure 15-1.

Schematic diagram showing the principal components and processes involved in the

production of island-arc and back-arc volcanics that are major lithostratigraphic units associated
with volcanogenic massive sulfide deposits. Subduction input includes (1) fluids released at shallow
depths due to dehydration reactions, and (2) silicate melts released during partial melting at greater
depths. These two processes metasomatize the overlaying mantle, adding distinct trace-element
assemblages. Movement of the asthenosphere is in response to the subduction process and may
involve arc-parallel and arc-oblique movement. Two different mantle domains have been recognized in
the western Pacific arcs—"Indian” and “Pacific”—based on isotopic systematics (Klein and others,
1988). Mantle melt extraction at shallow levels and subsequent mixing and fractionation produces

a wide variety of volcanics at the surface, most of which are characterized by their hydrous nature.
Island-arc volcanics are fundamentally different from back-arc volcanics because of the different
inputs from the subducting oceanic crust. Modified from Pearce and Stern (2006).

(Schultz and Ayuso, 2003); and the Eulaminna deposit in
Australia. The important criterion is that the felsic rocks com-
monly host the deposits (Barrie and Hannington, 1999; Galley
and others, 2007). The mafic component may include MORB-
type basalts, BABB-type basalts, and boninites that are associ-
ated with rhyolites. The tectonic setting is either:

a. formed in a back-arc basin that is proximal to an island
arc, for instance, the East Lau spreading center, north
and south Mariana Trough, and the Kermadec Arc.
The volcanics have a strong subduction component
and (or) include felsic volcanics formed by partial
melting of the root zones of a mature arc;

b. formed in a fore-arc setting where the initiation of the
volcanic front is dominated by basalts with minor
components of more fractionated felsic volcanics
(Jakes and White, 1971); or

c. formed in an epicontinental arc setting in which the
felsic components are sourced within the continental
crust.

Bimodal-Felsic Association

This association is defined as VMS deposits that are prin-
cipally correlated with felsic volcanics with a minor compo-
nent of mafic volcanics. Examples include the deposits of the
Kuroko and the Buchans districts. The minor mafic component
may include MORB-like basalts, often with EMORB chemi-
cal signatures, and alkalic basalts that have ocean-island basalt
(OIB) signatures and may also include shoshonites. This
association is frequently associated with epicontinental arc
environments. The felsic component may include andesites,
dacites, and rhyolites but is often dominated by rhyolite that
often has calc-alkaline affinities, for example, Mount Read
deposits, Tasmania.

In modern arc settings, the bimodality is often developed
at the mature stage of volcanism, such as with the Aleutian and
Melanesian arcs, and the abundant rhyolites are considered to
form by partial melting of the deeper, basaltic parts of the vol-
canic superstructure. The presence of highly alkalic magmas,
particularly the eruption of shoshonites, is usually associated
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with late-stage, low-volume volcanism, as observed in New
Guinea. Bimodal felsic associations also may form during the
incipient stages of back-arc basin development, where volca-
nics with arclike affinities are associated with alkalic magmas
produced by lithospheric melting with a progression toward
MORB-like magmas as the crust becomes attenuated.

Siliciclastic-Felsic Association

This association has a minor component of mafic volca-
nics, which may be as little as 20 percent, as observed in some
of the Bathurst district deposits. The geochemistry of felsic
volcanics, which include submarine pyroclastic and epiclastic
flows (turbidites), crystal tuffs of dacitic, and rhyolitic compo-
sition, indicates a source by incorporation of variable amounts
of continental crust with the heat sources being basaltic to
gabbroic magmas that were ponded at a density barrier within
the thick crust. This association also hosts major VMS depos-
its, such as the Iberian Pyrite Belt and parts of the Bathurst
district. In the United States, VMS deposits at Crandon, Red
Ledge, and Iron Mountain have this lithologic association.

Mineralogy

The primary mineralogy of volcanic rocks reflects
crystallization during magmatic cooling over a temperature
interval from approximately 1,300 to 900 °C. However, during
interaction with hydrothermal fluids at much lower tem-
peratures (450-350 °C and lower), the primary minerals and
volcanic glass are destabilized. Consequently, rocks that com-
pose the volcanic stratigraphy associated with VMS deposits,
particularly in the footwall, are invariably, and pervasively,
altered. In addition, secondary phases may be produced during
postore metamorphic reactions. The primary magmatic miner-
als provide a feedstock and a sink of major, minor, and trace
elements to circulating hydrothermal fluids. The major-ele-
ment compositions of the principal primary minerals and the
more common mineral-fluid ion exchanges involving major,
minor, and trace elements are shown in table 15-1.

The pristine rocks also may contain glass, varying in
amount from an interstitial component to a major constituent.
The glass can be highly variable in composition, from ultra-
mafic through basaltic to rhyolitic, with a wide suite of incom-
patible trace elements. Glass is highly unstable and is usually
the first primary phase to be altered under hydrothermal condi-
tions. In lithologies dominated by basaltic and andesitic rocks,
glass is likely to be a minor component and contribute only a
minor amount of trace elements to circulating fluids. However,
more felsic rocks, such as dacites and rhyolites, may have a
major glassy component.

Textures and Structures

The primary volcanic textures of igneous rocks associ-
ated with VMS deposits are usually overprinted during fluid/
rock interactions. However, textures play an important role,
along with fluid chemistry and temperature, in determining
the rate at which the various primary phases are destabilized.
Based on examination of volcanics associated with modern
marine sulfide deposits, there exists a wide range of crystal-
linities from entirely crystalline (holocrystalline) through
intermediate crystallinities (hypocrystalline or hypohyaline) to
entirely glassy (holohyaline). Some common volcanic textures
are described in table 15-2.

The structures of volcanic rocks associated with VMS
deposits are highly variable and are a function of composition
and submarine structural setting. Most volcanic successions
are emplaced in rift settings that are dominated by island-arc
or continental-margin-arc environments and may involve
back-arc and intra-arc rifting. Siliciclastic-mafic-type depos-
its have a large component of clastic sediments mixed with
basaltic dikes and sills and form on rifted open-ocean ridges
proximal to a continental source of sediment. Modern settings
include Middle Valley, Escanaba Trough, and Guaymas Basin.
Particularly important is the relationship between composi-
tion, viscosity, and dissolved gas contents, which determine
the explosive potential of magma. Apart from VMS deposits
formed in shallow (<500 m) submarine settings, the volcanic
architecture is dominated by flows and related autobreccias
with spatially associated volcanoclastic rocks being derived
from shallow, distal environments that may be either sub-
marine or subaerial. In mafic-associated VMS deposits, the
basalts are usually thin lava flows (pillows, sheet flows, and
hummocky flows) with a large aspect ratio, excepting cases
where ponding against neovolcanic faults produces thick-
ened lava lakes. In VMS deposits associated principally with
felsic volcanics, the latter are dominantly lava flows with flow
domes, small aspect ratios, peperites, and autoclastic brec-
cias. As described above, pumice-rich breccias, hyaloclastites,
lapilli tuffs, crystal tuffs, vitric tuffs, ash fall deposits, and ash
flows (ignimbrites) generally have distal, shallow sources. In
stacked VMS deposits, intercalated volcanoclastics provide
enhanced porosity and permeability resulting in diffuse fluid
flow, whereas more focused flow may be related to fracture
porosity provided by flows and flow domes. In some cases,
subvolcanic intrusions may be exposed and are usually quartz-
feldspar porphyries. The variations and types of structures that
develop depend largely on the specific volcanic environment
of deposition. Caldera settings have been proposed for some
Kuroko deposits (Ohmoto and Takahashi, 1983), although
these cannot be formed by explosive release of subvolcanic
magma in the classic sense of central volcano collapse, and
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massive sulfides in a variety of settings.
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Major and trace element composition of major minerals observed in igneous rocks associated with modern seafloor

[PGE, platinum group elements; REE, rare earth elements; Ag, silver; Al, aluminum; As, arsenic; Au, gold; Ba, barium; Be, beryllium; Ca, calcium; Cl,
chlorine; Co, cobalt; Cr, chromium; Cu, copper; Eu, europium; F, fluorine; Fe, iron; In, indium; K, potassium; Li, lithium; Mg, magnesium; Mn, manganese;
Na, sodium; Ni, nickel; Pb, lead; Rb, rubidium; S, sulfur; Sc, scandium; Si, silicon; Sr, strontium; Ti, titanium; V, vanadium; Zn, zinc]

Minerals Major elements Trace elements

Plagioclase CaAl,Si,0, (anorthite) — NaAlSi,O, (albite) solid solution Na+, Al+++, Cat+, Sr++, Ba++, Eut+

K-Feldspar KAISi,O, (orthoclase, sanidine) Lit+, Al+++, K+, Rb+, Bat++, REE

Olivine Mg, SiO, (forsterite) — Fe2Si0O4 (fayalite) solid solution Mg++, Fet++, Cot++, Ni++

Clinopyroxene  CaSiO, (wollastonite) — MgSiO, (enstatite) — FeSiO, Mg++, Al+++, Cat++, Sc++, Tit+++, Cr+++, Mnt++,
(ferrosilite) solid solution Fe++, REE

Orthopyroxene ~ MgSiO, (enstatite) — FeSiO, (ferrosilite) solid solution Mg++, Al+++, Mn++, Fet+, Co++, Znt+

Amphibole (Ca, Na)(Ca, Fe,+, Mg, Na),(Al, Fe*+, Fe*', Mg), (Al, Si, F-, Cl-, Na+, Mg++, Al+++, Cat+, Tit+++, V+++,
Ti),0,,(OH, F, Cl), (general formula) Crt++, Mn++, Fet++, Fet+++, Cot++, Nit++, Znt++

Mica K(FE*),(Al, Fe’)Si,0,(OH, F, Cl), (biotite) — Bet++,F-, Mg++, Al+++, Cl-, K+, Fet++, Fet+++, V+++,
KMg, AlSi,O, (OH, F, Cl), (phlogopite) solid solution Znt++

White mica KAL(Si,ADO, (OH, F, Cl), (muscovite) Li+, Bet++, F-, Al+++, Cl-, K+

Spinel Fe*'Fe,*'O, (magnetite) — MgFe O, (magnesioferrite) — Mg+, Al+++, Tit+++, V+++, Crt++, Mnt++, Mn+++,
Fe**Cr,0, (chromite) — MgAl O, (spinel) solid solution Fe++, Fe+++, Co++, Ni++

Oxide FeTiO, (ilmenite) — MgTiO, (geikielite) solid solution Mg++, Sit++++, Tit+++, Mnt++, Fet++

Sulfide (Fe, Ni)S (monosulfide solid solution). (Fe, Ni, Cu)S (interme-  S--, Fe++, Co++, Ni++, Cut++, Zn++, As---, In+++,
diate solid solution). FeS, (pyrite). Fe,_S (pyrrhotite) Ag+, Aut++, rare metals, PGE, Pb++

Notes: Silicates are also a major source of silica to solution. Metals

may be carried as either chloride or bisulfide complexes.

well-defined caldera structures have not been mapped. More
detailed descriptions of volcanic architecture can be found in
Chapter 5.

Petrochemistry

Many different schemes for the classification of igneous
rocks have been proposed (Philpotts, 1990). Two that are com-
monly used and quoted are shown in figure 15-2.

Major-Element Geochemistry

The major-element chemistry of volcanic rocks associ-
ated with VMS deposits is determined by a combination of
source composition, temperature and pressure (mantle and
crustal regimes), and subsequent fractional crystallization
and (or) assimilation. Generally, the major basaltic series are
divided into tholeiitic (MORB, BABB), calc-alkalic (island-
arc basalt [[AB]), and alkalic (OIB), but island-arc settings
also include the boninite and shoshonite series. The major-ele-
ment compositions of different types of basaltic rocks associ-
ated with VMS deposits are found in table 15-3 and more
evolved rocks in table 15—4.

The major-element composition of altered volcanics
reflects the degree of alteration and alteration mineralogy and

is a useful guide to the proximity of ore. For instance, Offler
and Whitford (1992) show that the alteration halo around the
Que River deposit, Tasmania, can be mapped using major-
element compositions and associated mineral chemistry. Large
and others (2001b) developed the “alteration box plot” that
employs two major element alteration indices: the Ishikawa
alteration index:
100K, 0+MgO)/(K,0+MgO+Na,O+Ca0),
and a chlorite-carbonate-pyrite index or CCPI:
100(MgO+FeO)/(MgO+FeO+Na,O+K,0),
which they modify from Lentz (1999). This scheme: (1) can
generally be used to distinguish alteration effects from sub-
sequent metamorphic overprint; (2) cannot recognize quartz
gangue mineralization; (3) is mainly useful for felsic versus
mafic volcanics; and (4) cannot be used for altered clastic
sedimentary rocks.

Trace-Element Geochemistry

An overview of the lithogeochemistry, including trace-
element geochemistry, of volcanic rocks associated with VMS
deposits can be found in Piercey (2009). Trace elements have
played a fundamental role in the classification of igneous
rocks from a wide variety of tectonic settings, and their geo-
chemical behavior has been used extensively to identify and
separate the geologic processes active in the production of the
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Table 15-2. Common textures observed in pristine igneous rocks associated with modern seafloor massive sulfides.

Name

Desciption

Hyaline

Hypocrystalline

Holocrystalline

Cavity textures

Note:

A completely glassy rock that may contain minor quenched crystals (crystallites). Commonly observed in submarine
volcanics as quenched surfaces in basalts, basaltic andesites and andesites. Glass may make up a large volume of
submarine and terrestrial evolved volcanics (dacites, rhyolites) if the melts are relatively dry. These latter volca-
nics often display distinct banding due to differences in: (a) crystallite abundances and orientations; (b) degree of
devitrification; (c) degree of spherulite formation. Glass may also be the main product of submarine and terrestrial
fire fountaining and welded and unwelded rhyolite tuffs. In the case of rhyolitic tuffs the texture is unwelded if the
glass fragments are not welded together and are commonly found in a matrix of very fine grained glass (ash). In the
case of welded tuffs the rock often has a laminated appearance due to extreme compaction and welding of original
pumice fragments. The regular alignment of flattened pumice produces a texture known as eutaxitic.

A partly crystalline rock that shows distinct differences in granularity due to presence of both crystals and glass. These
rocks are often called vitrophyres or pitchstones with the modifying terms of the main phenocryst phases, for ex-
ample, plagioclase-augite vitrophyre. In some cases the glass may have severely devitrified if it contains substantial
dissolved water

A completely crystalline rock that may be equigranular or porphyritic. Equigranular rocks may be cryptocrystalline
(individual crystals are submicroscopic) or microcrystalline (individual crystals are microscopic) or phaneritic
(individual crystals can be discerned by eye). Equigranular rocks may be: (a) intersertal (hyalophitic,subophitic,
ophitic), in which plagioclase is partly or completely surrounded by pyroxene and (or) olivine; (b) intergranular, in
which one mineral phase dominates and other phases fill in the spaces between this phase; (c) trachytic, in which
small feldspar crystals are aligned in a distinct flow texture. A variety is trachytoidal in which the feldspar crystals
are larger yet still aligned in a flow pattern. Despite the name, these flow textures can be observed in rocks from
basaltic to rhyolitic.

A variety of cavity textures may also exist that include vesicular textures due to presence of irregular holes (vesicles)
due to exsolution of a gas phase during magmatic cooling, amygdaloidal textures in which former vesicles are filled
by late-magmatic or post-magmatic minerals (commonly carbonates, zeolites, quartz). In some coarser rocks the
irregular-shaped gas cavities may be filled with late-magmatic, euhedral crystals and the texture is termed miaro-
litic.

The various textures of igneous rocks are important in determining the extent to which individual minerals react with
percolating hydrotherm fluids. In turn, this determines the interchange of metals and other elements between the
rock and the fluid.




Na,0 +K,0, in weight percent

A
i Phonolite ]
i . Trachyyte ]
L Tiphrl} q < 20%) i
L phonolite Trachydacite |
| Foidite (a>20%) 1
- andesite Rhyolite b
(0<10%)
i Basanite T
L (ol > 10%) |
Dacite
Andesite
| Picro- |
basalt
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
37 | 45 49 53 57 61 65 69 73 7
Si0,, in weight percent
Ultabasic 45 Basic 52 Intermediate 63 Acidic

Further subdivisions Basaltic .
for the following: Trachybasalt trachyandesite Trachyandesite

Na,0-2.0>K,0 Hawaiite Mugearite Benmoreite

Na,0 -2.0<K,0 Potassic trachybasalt Shoshonite Latite
B

Subalkaline rocks Alkaline rocks
Tholeiitic basalt

rocks

Tholeiitic
picrite-basalt

Olivine
tholeiite

quartz
tholeiite

Tholeiitic
andesite,
icelandite

High-alumina
Tholeiite, basalt

Alkali olivine
basalt series Nephelinic, leucitic,
Alkalic and analcitic rocks

picrite-basalt,
ankaramite

Nephelinite,
melilite

Calc-alkali series nephelinite

Alkali
olivine basalt,
basanite

Sodic series

High-alumina Leucitite,
andesite, Hawaiite wyomingite
andesite

nepheline
hawaiite

Mugearite,
nepheline
mugearite

Peralkaline
rocks

Pantellerite,
comendite

Tristanite,
Leucite
tristanite

Benmoreite,

nepheline K-rich trachyte,
benmoreite leucite
phonolite

Trachyte,
phonoalite
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Table 15-3. Average major element composition of basaltic rocks associated with volcanogenic massive sulfide deposits.

[DMORB, depleted mid-ocean ridge basalt; NMORB, normal mid-ocean ridge basalt; TMORB, transitional mid-ocean ridge basalt; EMORB, enriched
mid-ocean ridge basalt; BABB, back-arc basin basalt; IAB, island-arc basin basalt. K/Ti = K,0*100/TiO,; Mg# = molar MgO/[MgO + FeO (Total)]. Data
sources: IAB, Shoshonite from Jakes and White (1971); MORB data from northern East Pacific Rise; BABB data from Fiji and Lau Basins; Data from PetDB,

Petrologic Database of the Ocean Floor (www.petdb.org)]

DMORB' NMORB? TMORB®* EMORB* BABB® BABB?® BABB’ BABB? IAB Shoshonite

Sio, 50.32 50.17 50.34 50.56 49.09 49.15 49.04 50.40 50.59 53.74
TiO, 1.17 1.19 1.22 1.24 1.29 1.16 0.99 0.99 1.05 1.05
AlLO, 15.47 15.79 16.02 15.40 16.83 16.30 16.55 16.52 16.29 15.84
FeO (Total) 9.09 8.28 8.69 8.45 9.59 9.32 8.14 8.78 8.37 7.77
MnO 0.18 0.16 0.15 0.16 0.11 0.14 0.15 0.17 0.17 0.11
MgO 9.14 8.33 8.12 8.58 891 8.85 8.70 8.42 8.96 6.36
CaO 11.54 12.07 11.99 11.83 12.46 12.37 12.88 11.08 9.50 7.90
Na,O 243 2.45 2.44 241 2.61 2.37 2.36 2.94 2.89 2.38
K20 0.05 0.10 0.18 0.38 0.05 0.09 0.14 0.21 1.07 2.57
P,O; 0.12 0.11 0.13 0.16 0.16 0.14 0.08 0.13 0.21 0.54
K/Ti 3.7 8.1 15.0 29.7 4.0 7.4 14.1 21.1 20.0 51.4

Mg# 63.7 62.4 63.5 64.1 62.6 63.0 65.7 63.0 65.8 60.0

! DMORB: K/Ti <5; Mg# >60

2NMORB: K/Ti 5-11.5; Mg# >60
3 TMORB: K/Ti 11.5-20; Mg# >60

“ EMORB: K/Ti > 20; Mg# >60

> BABB with K/Ti < 5; Mg# >60

®* BABB with K/Ti 5-11.5; Mg# >60
"BABB with K/Ti 11.5-20; Mg# >60
8 BABB with K/Ti >20; Mg# >60
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Table 15-4. Major element compositions of various volcanic rock series associated with volcanogenic massive sulfide deposits.

[MORB, Mid-ocean ridge basalt, NMORB, normal mid-ocean ridge basalt; n.d., no data; Al, aluminum]

Boninite series' MORB series? Calc-alkaline series®

Boninite  Andesite Dacite Rhyolite NMORB  Andesite  Dacite AIH l;g:;l ¢ Andesite Dacite Rhyolite
SiO, 56.45 59.50 66.88 66.88 50.17 56.82 65.08 50.59 59.64 66.80 70.70
TiO, 0.10 0.20 0.20 0.20 1.19 1.71 0.83 1.05 0.76 0.23 0.30
ALO, 13.59 13.91 10.64 10.64 15.79 13.64 12.91 16.29 17.38 18.24 13.40
FeO (total) 7.82 7.72 4.54 4.54 8.28 10.13 6.81 8.37 5.00 2.14 3.50
MnO 0.10 0.11 0.07 0.07 0.16 0.19 0.12 0.17 0.09 0.06 0.30
MgO 5.40 3.04 0.43 0.43 8.33 3.09 0.8 8.96 3.95 1.50 0.05
CaO 9.19 7.63 3.04 3.04 12.07 6.55 3.16 9.50 5.93 3.17 2.80
Na,0 2.09 2.57 3.39 3.39 2.45 4.12 4.81 2.89 4.40 4.97 4.90
K,0 0.52 0.56 0.97 0.97 0.10 0.68 1.34 1.07 2.04 1.92 2.00
PO, n.d. n.d. n.d. n.d. 0.11 0.23 0.19 0.21 0.28 0.09 0.01
K/Ti 544.44 273.40 483.75 506.25 8.11 39.72 161.45  101.90 268.42 834.78 666.67
Mgt 55.10 41.22 14.22 14.22 62.40 35.47 17.45 65.83 58.71 55.79 2.51

! Dobson and others (2006)

2 V.D. Wanless, Woods Hole Oceanographic Institution, unpublished data (2009)
3 Jakes and White (1971); Baker (1982)

4 Ridley (1970); Chester and others (1985)

Table 15-4. Major element compositions of various volcanic rock series associated with volcanogenic
massive sulfide deposits.—Continued

[MORB, Mid-ocean ridge basalt; NMORB, normal mid-ocean ridge basalt; n.d., no data; Al, aluminum]

Shoshonite series® Ocean island series*
Alkali
Shoshonite  Latite Basanite  olivine  Hawaiite Mugearite Benmorite Phonolite
basalt
Sio, 53.74 59.27 44.22 48.04 47.21 56.36 60.95 62.08
TiO, 1.05 0.56 12.74 1.47 1.62 1.71 1.44 0.98
AlLO, 15.84 15.90 2.93 15.35 16.50 15.37 17.62 16.32
FeO (total) 7.77 5.18 11.70 9.26 10.43 9.24 4.69 3.68
MnO 0.11 0.10 0.14 0.18 0.21 0.16 0.14 0.10
MgO 6.36 545 11.85 9.74 6.23 3.07 1.19 0.49
CaO 7.90 5.90 10.86 9.52 11.06 6.36 3.92 1.21
Na,0 2.38 2.67 3.05 3.80 3.20 4.18 5.66 7.11
K0 2.57 2.68 1.01 0.65 1.76 2.11 2.77 5.45
P,0; 0.54 0.41 0.61 0.37 0.51 0.69 0.41 0.13
K/Ti 24476 478.57 7.93 44.22 108.64 123.39 192.36 556.12

Mg# 59.57 65.44 64.58 65.44 51.81 37.42 31.35 19.33
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various rock series that are associated with VMS deposits. One
group of trace elements is particularly useful; the incompatible
or lithophile trace elements that have a strong affinity for the
melt phase during partial melting and fractional crystalliza-
tion. Some of these elements also show chalcophilic (sulfur-
seeking) behavior. The group includes the elements Li, Be,

B, Sc, V, Cr, Rb, Sr, Cs, Ba, Nb, W, Pb, U, and Th. Some litho-
phile trace elements, such as Rb, Cs, and U, are mobile during
post-emplacement weathering, diagenesis, metasomatism, and
metamorphism. They may exhibit open system behavior and
be selectively redistributed within the volcanic stratigraphy or
lost completely.

It is common to separate out two subsets of incompat-
ible elements: the high field strength elements (HFSE) and the
rare earth elements (REE). The HFSE include Y, Zr, Hf, Nb,
Ta, and the major element Ti. They are characterized by very
similar geochemical behavior, are highly insoluble in aqueous
fluids, and hence tend to be very immobile. The REE are the
elemental series between La and Lu, and, except for Eu and in
some cases Ce, behave as a coherent group of elements that is
also substantially insoluble in aqueous fluids, excepting car-
bonate waters where they can form soluble and, hence, mobile
carbonate species. The HFSE and REE are particularly useful
because their immobility and fluid-insoluble nature results in:
(1) a tendency to retain protolith geochemical characteristics
that may prove useful to determine tectonic setting
(fig. 15-2) (Dusel-Bacon and others, 2004; Piercey, 2009);
and (2) a method to separate mantle processes from subduc-
tion slab processes. Many VMS studies use HFSE and REE
to identify protolith provenance, for example, Whitford and
Ashley (1992).

A useful graphical representation of trace-element abun-
dances is the use of the so-called binary “spider diagram,” an
extension of the familiar REE-normalized abundance diagram.
Each individual pattern is called a “spidergram” and is con-
structed by plotting an array of trace elements on the X-axis in
order of decreasing incompatibility against elemental abun-
dances on the Y-axis. The latter can be adjusted to a variety
of normalizing values, depending upon the problem at hand,
for example, primordial mantle, chondrites, MORB, average
upper crust, North American shale (fig. 15-4).

Piercey (2009) has extended the spidergram to include
the compatible elements Al, V, and Sc that may also be rela-
tively immobile during alteration. Pearce and Stern (2006)
have shown that normalization to MORB abundances and
then renormalizing, so that YB, = 1, is particularly useful
in describing volcanic rocks in the various tectonic settings
that host VMS deposits, especially those settings that involve
suprasubduction and back-arc settings (fig. 15-4). Pearce and
Stern (2006) have used trace elements to show that back-arc
basins actually contain not only BABB volcanics, but also
basalts that closely resemble the spectrum of compositions
found at ocean-ridge systems, that is, DMORB to EMORB.
These basalts must have depleted mantle sources that are
geochemically similar to mantle underlying mid-ocean ridge

magmatic systems. In contrast, spidergrams for BABB show
much more element-to-element variability due to the influence
of the subducting slab, for example, anomalous abundances of
K, Ba, and Pb.

Spidergrams are useful in separating out the effects of
mantle geochemistry, for instance, use of the Nb/Yb ratio
(fig. 15-3). Discussions regarding trace-element behavior can
be quite nuanced (Langmuir and others, 2006; Pearce and
Stern, 2006), but some generalizations can be made. The geo-
chemistry of back-arc basin basalts (BABB) is primarily deter-
mined by chemical interactions between mantle and fluids and
(or) melts generated within the subducting slab. These interac-
tions tend to decrease as a function of distance of the back-arc
spreading system from the island-arc system. Secondarily, the
geochemistry is determined by fractional crystallization and
by assimilation, the latter being also a function of distance
from the arc or an extending continental margin.

Besides their usefulness in petrogenetic studies, trace
elements in VMS protoliths are an important source of cations
and anions to circulating hydrothermal fluid. In particular,
metals are efficiently leached from volcanic rocks at tem-
peratures in excess of 300 °C (Seyfried and others, 1999, see
Chapter 13, this report).

Transition element (Cr, V, Ni, Co, Cu) abundances
decrease as a function of increasing silica content in all
magma series (alkalic, tholeiitic, and calc-alkaline), whereas
Pb concentrations increase. Generally, the concentration of
transition metals in IAB (average 105 ppm Cu, 74 ppm Zn)
and MORB (average 71 ppm Cu, 84 ppm Zn) is substantial
(fig. 15-5) (Stanton, 1994). The dilution as a function of silica
content is a reflection of the compatible nature of transition
metals all having a bulk K substantially greater than one
(Perfit and others, 1999). The decrease in transition metal
abundances during fractional crystallization is principally
a function of the precipitation of olivine, Fe-Ti oxides, and
immiscible sulfides. The crystallization of Fe-Ti oxides is
largely governed by the melt redox state. In IAB melts, high
pO, results in the early crystallization of Fe-Ti oxides and the
transitional elements are depleted at an early stage of crystalli-
zation. In MORB melts, the low pO, results in build up of FeO
and TiO, in the melt phase during fractional crystallization and
the Fe-Ti oxides are a late phase to crystallize. Consequently,
the transition metals are depleted at a slower rate in MORB
relative to IAB melts.

In principal, the separation of an immiscible sulfide phase
should have a dramatic effect on the melt concentrations of
transition metals, particularly Ni and Cu. However, sulfur
solubility systematics, which control the saturation of sul-
fides in silicate melts, are complicated by the dissolution of a
gaseous sulfur phase. Nonetheless, the systematic behavior of
Cu and Zn relative to S suggests that sulfide precipitation is an
important process during fractional crystallization in moderat-
ing the concentrations of some transition metals. In basalts,
the concentrations of S are as high as 1,500 ppm and increase
to approx. 2,500 ppm at the andesite stage of crystallization,
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is represented by trace-element concentrations and ratios that partly reflect
sediment-derived fluids. Modified from Pearce and Stern (2006). [Ba, barium; Ce,
cerium; Dy, dysprosium; Er, erbium; Eu, europium; Gd, gadolinium; Hf, hafnium; Ho,
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Figure 15-4. Trace-element patterns for several types of volcanics
from modern tectonic environments that are commonly associated
with volcanogenic massive sulfide (VMS) deposits. These

patterns can be compared to those in Piercey (2009) from ancient
VMS lithostratigraphic associations. The Nb/Yb ratio is a useful
discriminant between enriched and depleted (A) mid-ocean ridge
basalt (MORB) and (B) back-arc basin basalt (BABB). Note that the
patterns for BABB are quite distinct from the MORB patterns. The
latter reflect degrees of melting of depleted (and perhaps slightly
enriched) mantle. The former reflect the additional complexities

of subduction dehydration and melting. Modified from Pearce and
Stern (2006). [Ba, barium; Ce, cerium; Dy, dysprosium; Er, erbium; Eu,
europium; Gd, gadolinium; Hf, hafnium; Ho, holmium; K, potassium;
La, lanthanum; Nb, niobium; Nd, neodymium; P, phosphorus; Pb,
lead; Pr, praseodymium; Rb, rubidium; Sr, strontium; Sm, samarium;
Ta, tantalum; Tb, terbium; Th, thorium; Ti, titanium; Tm, thulium; U,
uranium; Y, yttrium; Yb, ytterbium; Zr, zirconium]

after which the abundances steadily decrease. Thus, it
is evident that the protoliths to VMS deposits are a rich
source of S for hydrothermal fluids.

Isotope Geochemistry

Isotope geochemistry of fresh volcanic rocks is
divided into two principal discussions, the radiogenic
isotopes (Sr, Nd, Pb) and the stable isotopes. The latter
are further divided into the traditional stable isotopes (H,
O, S) and the nontraditional isotopes (B, Fe, Cu, Zn).
Rubidium and to a lesser degree Sr are alteration mobile
elements and may exchange with percolating fluids dur-
ing hydrothermal alteration (Ridley and others, 1994).
Volcanic lithologies associated with VMS deposits may
retain some of their isotopic signatures depending upon
the degree of alteration, either during hydrothermal
flow associated with the formation of VMS deposits or
through later metamorphism. It is therefore useful to
initially discuss the isotopic signatures of fresh volcanics.

In modern seafloor hydrothermal systems, stable
isotopes may be used to examine fluid-flow pathways
in exposed stockworks, and this approach also has been
used to map paleohydrothermal systems in ancient VMS
deposits (Holk and others, 2008).

Radiogenic Isotopes

MORB, 0IB, BABB, IAB, and Related
Volcanics

Strontium, Neodymium, Lead

Strontium, Nd and Pb isotopic composition of
basalts erupted at mid-ocean ridges (Ito and others, 1987)
shows a negative correlation between Sr/%Sr versus
3Nd/"Nd and a positive correlation between ¥Sr/*¢Sr
and Pb isotopes (fig. 15-6).

Probably the most extensively studied of the ocean-
based island-arc systems is the Isu-Bonin-Marianas
system (Stern and others, 2003). Strontium, Nd and Pb
isotopic relationships between IAB volcanics and BABB
volcanics are shown in figure 15—7. Back-arc basins
include both MORB-type volcanics and back-arc basin
volcanics (BABB, ss). Although BABB in back-arc
basins covers a wide variety of trace-element composi-
tions, the radiogenic and stable isotope compositions are
much more restricted and similar to values in MORB
from open-ocean settings. BABB volcanics have similar
87Sr/%Sr to MORB but have lower *Nd/'"*Nd and higher
values for 2°°Pb, 2’Pb and 2**Pb/?**Pb.

Island-arc volcanics carry more radiogenic Sr and
Pb and less radiogenic Nd relative to MORB (fig.15-7),
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Figure 15-5. Frequency distributions of copper (Cu) in various
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consistent with their higher Rb/Sr ratios and more
fractionated REE patterns. These characteristics indi-
cate that the IJAB mantle sources are more enriched
in lithophile trace elements than the MORB mantle,
but also may reflect crustal assimilation and complex
crustal mixing processes. This is also consistent with
the addition of slab components to the IAB mantle.
These components include fluids from dehydra-
tion of seawater-altered oceanic crust at shallow
subduction levels and partial melts of oceanic crust
at deeper levels. Volcanic rocks (andesites, dacites,
rhyolites) associated with continental arcs are more
radiogenic with regard to Sr, Nd, and Pb compared to
island-arc volcanic rocks because of the involvement
of highly radiogenic upper continental crust.
Commonly, volcanic rocks show some degree
of exchange of Sr with seawater at shallow crustal
levels during hydrothermal alteration because
seawater contains significant concentrations of Sr
(approx. 8 ppm). In modern systems, this is manifest
by an overprint of more radiogenic Sr because of the
isotopic composition of seawater (0.7091). In ancient
VMS deposits, similar alteration processes are likely
to occur, except the isotopic composition of seawater
is variable in the geologic past (Veizer and oth-
ers, 1999). In the rock record, if Rb is lost from the
system during hydrothermal alteration and exchange
with fluids is limited, then the isotopic composition
of the original rock may be preserved. However,
this is a rare occurrence and most volcanics show
Sr exchange with a fluid, either seawater or altered
seawater. The latter may have radiogenic Sr inher-
ited from radiogenic continental crust (Whitford and
others, 1992). Neodymium isotopes are more robust
during hydrothermal alteration because Nd is immo-
bile during alteration, and exchange with seawater is
limited by the very low concentrations of Nd in the
latter. Lead isotopes are also quite robust; Pb is rela-
tively immobile compared to either U or Th, so the
original Pb isotopic composition may be preserved.

Traditional Stable Isotopes

Deuterium/Hydrogen

Because of the large difference in mass between
hydrogen and deuterium, D/H fractionations in
nature can be very substantial. The hydrogen and
oxygen compositions of a variety of waters are
shown in figure 15-8.

The hydrogen isotope composition of ancient
seawater, based on sediment values, does not appear
to have changed much over the past 3 billion years
(Sheppard, 1986), and modern ocean water has a
canonical value of 0 per mil. Hydrothermal vent
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Figure 15-6. Relationships between strontium

(Sr), neodymium (Nd), and lead (Pb) isotopes in

a variety of mid-ocean ridge basalts (MORB) and
oceanic island basalts (0IB). The MORB radiogenic
isotopes reflect the nonradiogenic nature of depleted
asthenosphere beneath mid-ocean ridges that has
been depleted in the Proterozoic. The field of OIB
extends to substantially more radiogenic compositions
and reflects more radiogenic asthenospheric mantle
sources that may have undergone periods of trace-
element metasomatism and (or) that include radiogenic
plume components. In some cases, the radiogenic 0IB
also involves a component of lithospheric mantle due
to lithospheric thining above an ascending plume head.
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Figure 15-7. Strontium (Sr), neodymium (Nd),
and lead (Pb) isotopic variability in island-arc
basalt (IAB) volcanics (lzu-Bonin, Marianas
arcs, shoshonite province) and back-arc basin
basalt (BABB) volcanics (Mariana Trough). The
majority of the BABB volcanics have Srisotope
values <0.7032 and ¢Nd values >9 and, thus, are
distinct from most IAB volcanics, but similar

to mid-ocean ridge basalt (VIORB). The IAB
volcanics are uniformly more radiogenic than
MORB but overlap the field of OIBs. The field of
shoshonite volcanics (late-stage IAB volcanism)
has the most radiogenic Sr compositions.
Although it is reasonable to assume that the
radiogenic isotope composition of IAB volcanics
reflects variable input of radiogenic isotopes
from the subducting slab, the data alone

cannot preclude the possibility that the IAB

and OIB mantles are similar. [NHRL, Northern
Hemisphere Reference Line]
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fluids have 8D values close to seawater (3 to -2 per mil) as a
result of fluid/rock reactions under variable water/rock ratios,
phase separation in some cases, and addition of small amounts
of magmatic water (Shanks and others, 1995). Most magmatic
waters have 6D values between -50 and -85 per mil, within the
range found in MORB and OIB volcanics. Magmatic waters
associated with mafic magmas range from -60 to -80 per mil,
whereas those associated with felsic magmas range from

-85 to -18 per mil. Oceanic basalts (MORB and OIB) show
arange in 0D values from -20 to -100 per mil with an aver-
age value of -80 per mil (Bell and Thinger, 2000, and refer-
ences therein). A part of this variation may result from loss of
hydrogen during eruption by outgassing of H,O and, in limited
cases, outgassing of CH, and H,, which all cause isotopic
fractionation. Kyser and O’Neil (1984) and Poreda and others
(1986) suggest that the primary dD values for MORB and OIB
volcanics are indistinguishable at -80+5 per mil, similar to
values for continental lithosphere (-63 to -70 for phlogopites
in kimberlites; Boettcher and O’Neal, 1980). This value is dis-
tinct from the values observed in hydrous mantle minerals (-20
to -140 per mil) and in nominally anhydrous mantle minerals
(-90 to -120 per mil). These large ranges in 8D values suggest
either perturbation of the “mantle value” by interactions with

surface and near-surface fluids and (or) an upper mantle that is
heterogeneous with regard to hydrogen isotopic composition.

Back-arc basin basalts have been measured from Lau
Basin and Mariana Trough (Poreda, 1985) and from Okinawa
Trough (Honma and others, 1991). The Lau samples and
Okinawa Trough samples have 6D values that are MORB-
like (-63 to -70 per mil) and do not require a mantle source
with a subduction-related component. This is consistent with
other radiogenic isotope and trace element data that indicate
MORB-type mantle beneath the Lau Basin. In contrast, BABB
samples from the Mariana Trough and Okinawa Trough are
isotopically heavier (Mariana: -32 to -46 per mil; Okinawa:
-50 per mil), indicating a mantle component of water (about
-25 per mil) from the subducting slab.

Crystal fractionation in magmatic systems extends the
range of hydrogen isotope compositions to lighter values, and
dD values of -140 have been measured in rhyolites that have
magmatic 3'*0 values and thus have not been contaminated
by assimilation of meteoric water. Frequently, the hydrogen
isotope composition is correlated with water content; 6D
decreases with decreasing wt% H,O, suggesting that the range
of isotopic compositions is related to magmatic degassing.

Deep drilling in the modern oceans provides a perspec-
tive on the changes in hydrogen isotopic composition of
altered oceanic crust caused by deep hydrothermal circulation.
The 2.5-km-deep core from ODP Hole 504B shows that the
pillow basalts of Layer 2A have variable 6D values (-60 to
-110 per mil), whereas the sheeted dike section of Layer 2B
has more uniform 8D values (about -40 per mil) (Alt and oth-
ers, 1996). The latter values are consistent with exchange of
hydrogen between evolved seawater (1-2 per mil) and pristine
volcanics at high temperatures (350 °C to >400 °C), whereas
the variability of the former reflect fluid/rock reactions
between altered seawater, pristine seawater, and volcanics at a
range of lower temperatures (Shanks, 2001).

Huston (1999) provides a synopsis of D/H data for ore
fluids associated with VMS deposits. Table 15-5 incorpo-
rates these data with temperature information from fluid/
mineral 6'%0 equilibria. Table 15-5 also provides informa-
tion on 6D values for whole rocks and minerals. A general
consensus of this information, when combined with 8'%0, is
that the ore-forming fluids for VMS deposits and rock altera-
tion fluids have seawater or altered seawater compositions and
circulated at a wide variety of temperatures from <125 °C to
>350 °C. In some deposits there is an increase in 6D toward
ore and increasing grade of alteration (West Shasta, Troodos,
some Kuroko deposits) but at others (Ducktown, Kidd Creek)
postmineralization/postalteration metamorphism has acted to
homogenize 8D (Huston, 1999).

180/160

A useful overview of the oxygen isotopic composition
of volcanic rocks is provided by Eiler (2001). The oxygen
isotope composition (expressed in 8'*0 notation) of fresh
MORB is almost invariant at 5-6 per mil (Eiler, 2001). This



Table 15-5. Hydrogen isotope compositions of ore and alteration fluids, whole rocks, and minerals for selected volcanogenic massive sulfide deposits. Modified from Huston

(1999), with additions.

[D, deuterium; O, oxygen; T, temperature]

District/ Association Temperature oD oD oD 0"0 Comment Reference
deposit (°C) (mineral) (rock) (fluid) (fluid)
Modern seafloor mafic 200410 °C —60 to —120 1+3 0.4to2.1 Layer 2A lavas Shanks (2001)
—20 to —60 Layer 2B dikes
Kuroko-type siliciclasic-
felsic
Hokuroku, Japan 230-270 —10to -30 —2.3t00.9  Fluid inclusion Ohmoto and Rye (1974);
analysis Hattori and Sakai (1979)
Kosaka, Japan 220-230 15t0-30 —1.0t03.0  Fluid inclusion Hattori and Muehlenbachs
analysis (1980); Pisutha-Armond
and Ohmoto (1983)
Iwami, Japan 230-270 -35to 55 -3.4to—1.6 Fluid inclusion Hattori and Sakai (1979)
analysis
Inarizami, Japan —24 to 32 Kaolin minerals Marumo (1989)
Minamishiraoi, Kaolin minerals Marumo (1989)
Japan
Troodos, Cyprus mafic ~ 350 —43 to —78 (least altered); —33 S5to-5 —0.5t0 1.5  Assumed temperature Heaton and Sheppard
to —41 (altered) (1977)
Josephine, USA mafic 150-250 -38 to 54 0to—7 8'%0 mineral-fluid Harper and
equilibria for T others (1988)
250450 37 to -50 0to—7 8"*0 mineral-fluid
equilibria for T
450-600 —45 to -59 0to—7 8"*0 mineral-fluid
equilibria for T
>600 -35 0to—7 8'30 mineral-fluid
equilibria for T
Buchans, Canada 240-370 -6 to—10 —1.5t04.5 &'30 mineral-fluid Kowalik and others (1981)
equilibria for T
Iberian siliciclastic-
Pyrite Belt felsic
Aljustrel 200-270 —32to 40 0to 15 1.3t0 5.1 8'*0 mineral-fluid Munha and others (1986)
(stockwork) (chlorite) equilibria for T
160-175 Oto 15 8"*0 mineral-fluid
(ore zone) equilibria for T
120 (hanging 0to 15 8'30 mineral-fluid
wall) equilibria for T
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Table 15-5. Hydrogen isotope compositions of ore and alteration fluids, whole rocks, and minerals for selected volcanogenic massive sulfide deposits. Modified from Huston
(1999), with additions.—Continued

[D, deuterium; O, oxygen; T, temperature]

District/ Association Temperature oD oD 3D 5180 Comment Reference
deposit (°C) (mineral) (rock) (fluid) (fluid)
Feitas- 200-270 —32 to 40 0to 15 8'%0 mineral-fluid Munha and others (1986)
Estagdo (stockwork) (chlorite) equilibria for T
160-175 0to 15 8'%0 mineral-fluid
(ore zone) equilibria for T
120 (hanging 0to 15 80 mineral-fluid
wall) equilibria for T
Rio Tinto 210-230 —40 to 45 —5to+8 O0to 1.4 8'%0 mineral-fluid Munha and others (1986)
(chlorite) equilibria for T
Chanca 220 —40 to —45 ~10to 0 0.9 8'%0 mineral-fluid Munha and others (1986)
(chlorite) equilibria for T
Salgadinho 230 —30 (muscovite) -10to 0 4.0 8'%0 mineral-fluid Munha and others (1986)
equilibria for T
Crandon, siliciclastic- 210-290 —50 to —52 -2to—-12 -1.7t0 0.1 Munha and others (1986)
USA felsic (distal footwall)
—55 (footwall)
—50 to 52
(hanging wall)
West Shasta, siliciclastic- 200-300 —45 to —73 (basalt to 0 (assumed) Assumed temperature Casey and Taylor (1982);
USA felsic dacite) Taylor and South
(1985)
—50 to —65 (trond-
hjemite)
Blue Hill, bimodal- 240-350 —54 to —65(mus-
USA mafic covite),
—60 to —68 —20to 38 50t07.0 8'%0 mineral-fluid Munha and
(chlorite) equilibria for T others (1986)
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Table 15-5. Hydrogen isotope compositions of ore and alteration fluids, whole rocks, and minerals for selected volcanogenic massive sulfide deposits. Modified from Huston
(1999), with additions.—Continued

[D, deuterium; O, oxygen; T, temperature]

District/ Association Temperature oD oD )] 3180 Comment Reference
deposit (°C) (mineral) (rock) (fluid) (fluid)
Ducktown, siliciclastic- 450-580 —69 to —76 (country —33to-36 (local 5.4t07.0 8'*0 mineral-fluid Addy and Ypma
USA felsic rock biotite); —59 alteration), —31 equilibria for T (1977)
to =50 (country to —32 (re-
rock muscovite); gional)
—68 to —77 (ore
zone biotite); 51
to —54 (ore zone
muscovite); —62
to —69 (ore zone
chlorite)
Bruce, USA siliciclastic- 250-300 1.1to 2.1 Assumed Larson (1984)
felsic temperature
Mattgami bimodalmafic 240-350 0.5t02.0 Fluid inclusions; Costa and
Lake, mineral equilibria others (1983)
Canada
Noranda
Horne bimodal-mafic 250-350 -30 to —40 1.5t0 4.5 8'*0 mineral-fluid MacLean and Hoy
equilibria for T (1991); Hoy
(1993)
Mobrun bimodal-mafic 150-250 0to 4.0 8'%0 mineral-fluid Hoy (1993)
equilibria for T
Norbec bimodal-mafic 200-300 -1.0to0 3.0 8'%0 mineral-fluid Hoy (1993)
equilibria for T
Amulet bimodal-mafic 250-350 -0.5t02.0 8'%0 mineral-fluid Hoy (1993)
equilibria for T
Ansil bimodal-mafic 200-350 -2.0to 1.0 8'*0 mineral-fluid Hoy (1993)
equilibria for T
Corbet bimodal-mafic 250-300 —4.0to 0 Hoy (1993)

Ansiwayaonag

6t¢



Table 15-5. Hydrogen isotope compositions of ore and alteration fluids, whole rocks, and minerals for selected volcanogenic massive sulfide deposits. Modified from Huston
(1999), with additions.—Continued

[D, deuterium; O, oxygen; T, temperature]

District/ Association Temperature oD oD )] 3180 Comment Reference
deposit (°C) (mineral) (rock) (fluid) (fluid)
Kidd Creek,  bimodal-mafic 300-350 Local Huston and Taylor
Canada (1999)
—25 to —50 (qz por- -13to -3 33t04.3 8"%0 mineral-fluid
phyry) equilibria for T
—25to =70 (ore host
rhyolite)
—25 to —70 (footwall
rhyolite)
Regional Taylor and Huston
(1999)
—25 to —60 (mafics) +20 4 8'*0 mineral-fluid
equilibria for T

—25 to —65 (ultramafics
—15 to —45 (felsics)

South Bay, bimodal-felsic 300 2.1t04.5 5'%0 mineral-fluid Urabe and Scott
Canada equilibria for T (1983)
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is also the value for fresh mantle peridotites, so is assumed

to be the mantle value. Ito and others (1987) could not find
isotopic variations related to geographic setting or MORB
type (DMORB to EMORB). However, high precision oxygen
isotope data (Eiler and others, 2000) reveal subtle variations
that systematically relate to incompatible element concen-
trations and ratios and are interpreted in terms of fractional
crystallization and subtle variations in the isotopic composi-
tion of mantle sources. Ocean-island basalt shows a slightly
extended range of oxygen isotope values (4.6—6.1 per mil)
compared to MORB samples, which reflect the more complex
mantle source reservoirs of OIB. Lower isotopic values may
reflect the involvement of ancient lower oceanic crust whereas
higher values may reflect a component of pelagic sediment
(fig. 15-8).

Back-arc basin basalt shows a relatively restricted
range of oxygen isotope compositions. Sixteen basalts from
the Lau Basin vary between 5.6 and 6.4 per mil, and seven
basalts from the Mariana Trough vary from 5.5 to 5.7 per mil.
Island-arc basalts and related volcanics show a wider range
of oxygen isotope compositions compared to MORB, OIB, or
BABB volcanics. In TAB mafic volcanics, the range is small
(4.8-5.8 per mil) but is larger if more evolved felsic volcanics
are included, as high as 14 per mil. Only part of this varia-
tion can be related to crystal fractionation, which is expected
to increase the isotopic composition by only about 1-2 per
mil. The 30 values of IAB magmas and their derivatives are
complicated by the potential for mixing and assimilation if
magma erupts through thick sequences of sediment and (or)
continental crust. The higher §'*0 values for IABs, relative to
MORB, almost certainly reflect some type of contamination,
probably from pelagic sediment. Recent measurements (Eiler,
2001) suggest that the range of uncontaminated volcanics is
5+1 per mil, identical to the MORB values, but that there may
be subtle indications of the effects of material added to the
mantle from the subducted slab.

In modern seafloor hydrothermal systems, perturbation of
the pristine oxygen isotope compositions of volcanics occurs
by alteration of the oceanic crust by seawater (3'*0 = 0 per
mil) or evolved seawater, that is, vent fluids (6'*0 = 0.5-2 per
mil), a process that is a function of depth (a proxy for tem-
perature) and spreading rate. The oxygen isotopic composi-
tion of seawater is perturbed because of water/rock reactions
that cause isotopic exchange between circulating fluids and
primary minerals, resulting in isotopic equilibria between fluid
and secondary minerals (Shanks, 2001).

At intermediate- and slow-spreading ridges, the tectonic
disruption of the oceanic crust results in increased perme-
ability and fracture porosity, allowing for deep penetration
of seawater, cooling of the crust and alteration assemblages
formed at low temperatures. Under these circumstances, the
overall fluid pathway is increased in length, allowing for
greater extents of fluid/rock interaction (Bach and Humpbhris,
1999). At fast-spreading ridges, the crustal structure is less
tectonically disturbed, and lower porosity and permeability
allow circulating fluids to maintain higher temperatures (Alt
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and Teagle, 2003). At slow-spreading ridges such as the Costa
Rica rift (spreading rate 5 cm/yr), the hydrothermal circulation
extends to the base of Layer 2B (sheeted dike complex) where
depleted oxygen isotope compositions, as low as 4 per mil (Alt
and others, 1996; Shanks, 2001), are observed. Hydrothermal
fluids that penetrate into the upper homogeneous gabbros of
Layer 3 also show a range of 'O values from 2 to 7.5 per

mil (Shanks, 2001). In the upper parts of Layer 2B, enriched
oxygen isotope compositions are observed, 8 per mil or higher,
and elevated values are found in Layer 2A (fig. 15-9).

Clastic sediments Opaline oozes

e Carbonates

‘ Pillow basalts \ Pelagic clays

Dikes

Fresh NMORBs

T~

Gabbros

"~ Fresh peridotites

6180Whule rock

Figure 15-9. Oxygen isotopic composition of various
lithologic units relative to mid-ocean ridge basalt (MORB).

The sequence of peridotite—gabbro—dikes—pillow basalts
represents a sequence through oceanic crust typically
observed in ophiolites. The isotopic variability in this sequence
reflects hydrothermal exchange with hydrothermal fluids and
seawater. Modified from Eiler (2001).

Taylor (1974) demonstrated the utility of oxygen isotopes
in ore deposit studies and Heaton and Sheppard (1977) first
demonstrated, at Troodos, systematic variations in 6'80 of vol-
canic rocks hosting VMS deposits. Taylor (1990) recognized
three types of fossil hydrothermal systems, based on tem-
poral factors, temperatures, and water/rock ratios. Although
applicable to a wide range of ore deposits, from epithermal to
mesothermal, the classification does have relevance to VMS
deposits. The three types, which are not mutually exclusive in
space and time, are (Hoefs, 2004):

* Type [—Epizonal systems with a variety of 3'*0 values
and extreme isotopic disequilibria between coexist-
ing mineral phases. These systems have temperatures
between 200 and 600 °C and lifetimes of <10° years.
Type I systems are most applicable to VMS systems
that form at <3—4 km depth and involve the totality of
hydrothermal flow from surface to the proximal parts
of subsurface intrusions.

» Type I[I—Deeper-seated and (or) longer lived systems,
also with a range of whole-rock 5'*0 values but with
equilibrium between coexisting mineral phases. These
systems have temperatures between 400 and 700 °C
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and life times of >10° years. Some of the deeper parts
of large VMS systems may be included in this cat-

egory.

* Type IlI—Equilibrated systems with uniform 80 in
all lithologies. These systems require large water/rock
ratios and high temperatures (500-800 °C) and long
life times (about 5x10° years).

Subsequent to these studies, there have been many studies
that deal with various aspects of oxygen isotope variability in
volcanic rocks that host VMS deposits (table 15-6). Volcanics
associated with VMS deposits invariably show some degree of
exchange of oxygen during hydrothermal alteration. Wherever
detailed studies have been performed, the isotopic composi-
tion of altered volcanics can be correlated with specific zones
of alteration that may be conformable or crosscut local and
regional lithologies. These correlations are a function of altera-
tion temperatures and fluid/rock ratios that produce alteration
zones from zeolite facies through upper greenschist facies. In
some cases, these alteration zones may be overprinted by later
amphibolite facies assemblages. In many cases, these fluid
systems are of regional extent, extending laterally for several
kilometers outside of the immediate domains of ore deposits.
They also may extend vertically for hundreds of meters into
the footwall lithologies and into hanging wall lithologies.
Table 15-7 provides a synopsis of the range of 5'*0O values
observed in volcanic rocks associated with VMS deposits.

S

The mantle value for 6*S varies from -7 to 7 per mil.
High-S peridotites have values from about 0 to -5 per mil,
whereas low-S peridotites have values from about 0 to +5 per
mil (Tonov and others, 1992). Most fresh MORB samples have
&*S values of 0+2 per mil (Sakai and others, 1984). How-
ever, hydrothermally altered MORB has significantly heavier
8%S values that generally correlate with ¥Sr/**Sr because of
interaction with modern seawater (6*S approx. 21 per mil).
The principal sulfur gas in equilibrium with mafic melts at low
pressure and high temperature is SO,. With decreasing tem-
perature and (or) increasing fH,O, H,S becomes more stable.

Modern volcanic gases associated with basaltic volcanism
have 3*S of about 1£1.5 per mil (Sakai and others, 1982;
Allard, 1983), whereas gases associated with felsic volcanism
have heavier 8*S values (up to 5 per mil; Poorter and others,
1991).

Alteration of volcanics associated with VMS deposits
results in changes in bulk 6*S due to precipitation of sulfide
and (or) sulfate minerals.

Depth of Emplacement

The location of heat that drives hydrothermal circulation
is uncertain in most modern VMS settings. In ancient VMS
settings, a systematic relationship between hydrothermal
alteration and the location of a specific intrusive body may
also provide depth information, but the common dismember-
ment of VMS deposits makes this criterion difficult to apply.
In modern MOR settings, small melt lenses have been seismi-
cally imaged beneath several segments of the East Pacific
Rise, along the Juan de Fuca Ridge, and at the Mid-Atlantic
Ridge. The melt lenses frequently are associated with sur-
face hydrothermal venting. They are assumed to be the heat
source that drives the hydrothermal circulation and lie close
to the base of Layer 2B that is at approximately 2 km beneath
the ocean floor at fast spreading ridges (Singh and others,
1999) and up to 3 km at slow spreading ridges (Sinha and
others, 1998). These depths are expected to be appropriate for
VMS deposits with mafic-ultramafic volcanic associations.
However, at MOR and back-arc settings, the high-level melt
lenses are underlain with a substantial (several kilometers)
crystal-melt mush that also must contribute to the thermal
energy required to drive hydrothermal circulation. The com-
mon association of VMS deposits with felsic volcanics, even
in mafic-dominated environments, suggests that felsic plutons
provided the required heat. The presence of felsic volcanics at
the surface presumably implies the presence of felsic intru-
sions at depth, although little is known as to the exact depth.
Generally, in modern environments, individual high-level
intrusions are ephemeral in their ability to supply heat to drive
hydrothermal circulation.
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Table 15-6. Selected oxygen isotope studies of volcanic rocks hosting volcanogenic massive sulfide (VMS) deposits.

Deposit Age Application Reference
General Taylor: Seminal study of §180 variations in Taylor (1974); Huston (1999)
lithostratigraphic successions associated with a wide
variety of ore deposits, including VMS deposits of
western Cascades. Huston: An in-depth review of
stable isotope geochemistry applied to VMS deposits
Kidd Creek, Ontario Archean Isotope composition of hanging wall and footwall Beaty and others (1988); Huston and
rhyolites and mafic volcanics (bimodal mafic others (1995); Huston and Taylor
association). Regional isotope mapping recognizes (1999)
isotopic shifts due to hydrothermal alteration and
regional greenschist facies metamorphism.
Sturgeon Lake, Ontario Archean Local and regional scale isotope studies of caldera King and others (2000); Holk and
complex (bimodal felsic association). Identified syn- others
and post-mineralization fluids of hydrothermal (2008)
(modified seawater) and seawater origin and fluid
temperatures.
Noranda, Quebec Archean Local and regional scale isotope mapping of Beaty and Taylor (1982); Cathles
volcanic sequences (bimodal mafic association) to (1993); Hoy (1993); Paradis and
understand fluid flow and nature of hydrothermal others (1993)
fluids.
Mattagami Lake, Quebec ~ Archean Origin of hydrothermal fluids in shallow brine pool =~ Costa and others (1983)
Hercules, Tasmania Cambrian Use of stable isotopes for regional exploration Green and Taheri (1992)
Samail, Oman Cretaceous Regional isotope study of classical "Penrose" Gregory and Taylor (1981); Stakes and
ophiolite (mafic association). Pillow lavas and Taylor (1992)
sheeted dikes are isotopically enriched, gabbros and
peridotites are depleted due to interactions with
seawater at shallow levels and altered seawater at
deeper levels. Hydrothermal fluids penetrated to
Moho in off-axis sections
Josephine, United States Jurassic Regional study of ophiolite complex, mainly Harper and others (1988)
extrusive sequence and sheeted dikes (mafic
association). Isotopic compositions allow
recognition of discharge and recharge zones
West Shasta, United States Devonian Regional scale study of mining district (siliciclastc Casey and Taylor (1982); Taylor and
felsic association) to identify fluid sources and South (1985)
temperatures of alteration.
Iberian Pyrite Belt, Spain ~ Carboniferous Regional isotopic study (siliciclastic-felsic associ Munha and Kerrich (1980); Munha
and Portugal tion) to understand nature of ore fluids, some being  and others (1986); Tornos and others
basinal brines. (2008)
Crandon, United States Proterozoic Local and regional isotope study to evaluate fluid Munha and others (1986)
compositions and temperatures.
Kuroko, Japan Miocene Regional (district-wide)and local (mine scale) Ohmoto and Rye (1974); Green and

studies of lithostratigraphic units (siliciclastic-felsic
association) to identify isotopic variations as
function of alteration grade and establish exploration
strategies.

others (1983); Pisutha-Arnond and Rye
(1983); Watanabe and Sakai (1983);
Marumo (1989)
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Table 15-7. Whole rock &0 values for lithostratigraphic units associated with volcanogenic massive sulfide deposits (selected
studies). Modified from Huston (1999), with additions.

[O, oxygen; alb, albite; amph, amphibole; carb, carbonate; chl, chlorite; epi, epidote; fuch, fuchsite; kaol, kaolinite; mont, montmarillonite; qz, quartz; ser,

sericite; sil, sillimanite; zeol, zeolite]

50 510 Al .
Deposit Association Age (least altered (most altered ter_a tion zones/ References
. . . . lithology
lithologies) lithologies)
Fukazawa, Siliciclastic- Miocene 11.6-22.4 zeol Green and others
Japan felsic (1983)
6.5-16.8 mont
4.6-10.5 ser-chl
Uwamuki, Siliciclastic- Miocene 8.8-10.4 kaol-qz-ser+chl+alb Urabe and others
Japan felsic (1983)
7.3-10.9 alb-ser-chl-qz Hattori and
Muehlenbachs
(1980)
8.2-9.6 clay-ser-chl-qz (1980)
7.0-9.2 ser-chl-qz
6.7-8.6 qz-ser
8.1-8.3 sil
Troodos, Mafic Cretaceous 11.8-16.0 Upper pillow lavas
Cyprus
1.4-4.1 Stockwork
Samail, Mafic Cretaceous 2.0-7.0 Gabbro Stakes and Taylor
Oman (1992)
5.0-9.0 epi-chl sheeted dikes
6.0-9.0 epi-chl pillow lavas
Seneca, Jurassic 10.7-11.6 Felsic breccia Urabe and others
Canada (1983)
6.9-8.7 Sil felsic breccia
Freitas-Estacdo, Siliciclastic-  Carboniferous 15.7-18.1 Volcanoclastic rhyolites Barriga and Kerrich
Portugal felsic (1984)
13.9-14.4 Stockwork-peripheral
11.6-12.5 Stockwork
Hercules, Siliciclastic- Cambrian 11.2-15.5 Rhyolitic flows Green and Taheri
Tasmania felsic (1992)
6.8-10.0  gz-chl-ser
Hellyer, Siliciclastic- Cambrian 10.4-12.2 Footwall andesite Green and Teheri
Tasmania felsic (1992)
8.0-11.6 ser-qz stringer (distal)
7.0-9.6 chl-ser stringer (proximal)
9.6-14.0 Hanging wall basalt
9.4-11.8 fuch-carb hanging wall basalt
Ducktown, Siliciclastic- Proterozoic 8.6-10.8 Country rock Addy and Ypma
United States felsic? (1977)
10.2-11.5 qz (counrty rock)
8.3-9.7 qz (altered rock)
8.1-10.3 qz (ore zone)
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Table 15-7. Whole rock &0 values for lithostratigraphic units associated with volcanogenic massive sulfide deposits (selected
studies). Modified from Huston (1999), with additions.—Continued

[O, oxygen; alb, albite; amph, amphibole; carb, carbonate; chl, chlorite; epi, epidote; fuch, fuchsite; kaol, kaolinite; mont, montmarillonite; qz, quartz; ser,
sericite; sil, sillimanite; zeol, zeolite]

50 510 Al .
Deposit Association Age (least altered (most altered ter_a tion zones/ References
. . . . lithology
lithologies) lithologies)
Bruce, United Siliciclastic- Proterozoic 6.0-7.6 andesite
States felsic
2.4-5.6 chl
Mattagami Bimodal- Archean 8.5-9.2 rhyolite Costa and others
Lake, mafic (1983)
Canada
2.0-7.6 rhyolite
1.8-4.9 chl altered footwall
Horne, Canada  Bimodal- Archean 7.0-9.0 rhyolite Hoy (1993)
mafic
6.6-11.6 qz-ser-chl rhyolite
3.9-44 chl-rich rhyolite
Mobrun, Bimodal- Archean 6.0-14.0 qz-ser rhyolite Hoy (1993)
Canada mafic
Norbec, Canada Bimodal- Archean 3.0-7.0 dalm below ore Hoy (1993)
mafic
qz-ser rhyolite
Amulet, Bimodal- Archean 6.3-6.4 andesite Beaty and Taylor
Canada mafic (1982)
4.0-4.8 grid fractured zone (stock-
work?)
3.6-3.8 dalm
Ansil, Canada  Bimodal- Archean 4.0-6.0 rhyolite, andesite Hoy (1993)
mafic
2.0-4.0 qz-ser altered rhyolite,
andesite
Corbet, Canada Bimodal- Archean 6.0-9.8 andesite Urabe and others
mafic (1983)
2342 ore zone
Kidd Creek, Bimodal- Archean 12.0-15.8 rhyolite Beaty and others
Canada mafic (1988)
9.7-14.9 rhyolite (ore host) Huston and Taylor
(1999); Beaty and
others (1988)
9.1-13.6 hanging wall porphyry Huston and Taylor
(1999)

9.0-12.3 cherty breccia
4.3-7.8 chloritite
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Table 15-7. Whole rock &0 values for lithostratigraphic units associated with volcanogenic massive sulfide deposits (selected

studies). Modified from Huston (1999), with additions.—Continued

[O, oxygen; alb, albite; amph, amphibole; carb, carbonate; chl, chlorite; epi, epidote; fuch, fuchsite; kaol, kaolinite; mont, montmarillonite; qz, quartz; ser,

sericite; sil, sillimanite; zeol, zeolite]

50 50 Al .
Deposit Association Age (least altered (most altered ter_a tion zones/ References
. . . . lithology
lithologies) lithologies)
Sturgeon Lake, Bimodal- Archean 7.2-7.9 gabbro, tonalite King and others
Canada felsic (2000);
7.0-7.4 chl-epi-amph (intrusives) Holk and others
(2008)
12.3-14.3 epi-chl-ser
9.00-15.0 il
8.34-13.3  rhyolite (ore host)
11.05-14.3  andesite
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16. Petrology of Sedimentary Rocks Associated with
Volcanogenic Massive Sulfide Deposits

By Cynthia Dusel-Bacon

Importance of Sedimentary Rocks to
Deposit Genesis

The importance and percentage of sedimentary rocks
associated with VMS deposits differ among the various
deposit types, defined by their lithologic settings. Sedimen-
tary rocks are a negligible component in bimodal-mafic type
deposits, make up a minor component in mafic-ultramafic
type deposits, but are an important component in siliciclastic-
mafic, bimodal-felsic, and siliciclastic-felsic type deposits
(Franklin and others, 2005). In spite of the differing relative
proportions of sedimentary rocks to mafic and felsic volcanic
rocks, associated sedimentary lithofacies in the majority of the
above VMS settings are all dominated by terrigenous clastic
sedimentary rocks, primarily wacke, sandstone, siltstone,
mudstone, and carbonaceous mudstone, with lesser amounts of
chert, carbonate, marl, and iron-formation (Franklin and oth-
ers, 2005). The absence of certain sedimentary facies also can
provide important paleogeographic constraints. For example,
the lack of unconformities or thick epiclastic sedimentary suc-
cessions between or within the Archean volcanic formations of
the Blake River Group that hosts the bimodal-mafic-type VMS
deposits of the Noranda district suggests that volcanism was
distal from subaerial or above storm-wave-base landmasses
(Gibson and Galley, 2007).

The major- and trace-element compositions of sedi-
mentary rocks associated with VMS deposits can reflect the
distinct provenance types and tectonic settings of the associ-
ated sedimentary basins (Bhatia, 1983; Bhatia and Crook,
1986). Most of the sedimentary rocks were deposited in
extensional basins. However, the VMS deposits themselves
generally formed within volcanic centers that were located
in smaller graben structures within a larger sediment-filled
extensional basin (for example, Bathurst; Goodfellow and
McCutcheon, 2003; Franklin and others, 2005). Trace-element
data for VMS-associated volcanic rocks indicate that most
VMS deposits formed during various stages of rifting associ-
ated with intra-arc and back-arc development (for example,
Lentz, 1998; Piercey and others, 2001; Piercey, 2009). The
distribution and thickening of sedimentary strata associated

with volcanic and volcaniclastic rocks can reveal the presence
of synvolcanic growth faults that formed during rifting. These
faults are a key tectonic element in the formation of hydrother-
mal convection systems that discharged metal-bearing fluids
onto the seafloor or into permeable strata immediately below
the seafloor to form the VMS deposits (for example, Franklin
and others, 2005).

Clastic sedimentary strata, typically carbonaceous argil-
lite, immature epiclastic volcanic wacke, and carbonate units,
most commonly occur within the hanging wall succession
of VMS deposits (for example, Bergslagen district, Sweden;
Allen and others, 1997). Volcaniclastic deposits, defined by
Fisher and Schmincke (1984, p. 89) to include “all clastic
volcanic materials formed by any process of fragmentation,
dispersed by any transporting agent, deposited in any environ-
ment or mixed in any significant portion with non-volcanic
fragments,” are an important component in most VMS depos-
its and include both pyroclastic deposits and reworked and
redeposited volcanic material that may be intercalated with
terrigenous sediment (Franklin and others, 2005). Differentiat-
ing between primary volcanic textures and reworked epiclastic
textures in such rocks can be difficult.

Sedimentary rocks, including redeposited felsic volcani-
clastic strata associated with the felsic volcanic host rocks, can
help elucidate the mode of deposition of the felsic volcanic
rocks (subaerial or submarine), water depth at the time of the
submarine volcanic eruptions and VMS formation, and the
stages of extension and subsidence in a continental-margin
incipient rift. For example, sedimentary facies associations
at the strongly deformed Zn-Cu massive sulfide deposits at
Benambra, Australia, indicate that mineralization occurred in
the center of an ensialic back-arc or intra-arc basin following
fault-controlled subsidence in a mixed subaerial and subaque-
ous environment with active rhyolitic volcanism, through
a marine shelf environment with limestone-volcaniclastic
sedimentation, to a moderate- to deep-water environment with
mudstone and turbidite sedimentation and rhyolite to basal-
tic volcanism (Allen, 1992). The massive sulfides formed in
siltstone within a proximal (near-vent) facies association of
a mainly nonexplosive, moderate- to deep-water submarine
volcano composed of turbiditic sediments interleaved with
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rhyolitic to basaltic sills, lavas, and associated hyaloclastites
during the advanced stage of extension and subsidence (Allen,
1992).

Interpreting the mode of emplacement of deep-marine
silicic volcanic rocks, especially those that have undergone
significant alteration, metamorphism, and deformation, is
controversial, however, and debates regarding the possibility
of deep-marine, explosive silicic volcanism have continued for
decades. Some studies proposed that ignimbrites in subaque-
ous environments are confined to shallow-water, near-shore
environments at water depths of tens of meters or less because
higher confining pressures under deeper water conditions
would impede vesiculation and hence explosive eruption (for
example, Cas and Wright, 1987; Allen, 1988). Others con-
cluded, however, that considerable volumes of pumiceous
tephra were deposited directly into the marine environment at
significant depths (>1.4 km) (for example, Fiske and Mat-
suda, 1964; Busby-Spera, 1984; Cashman and Fiske, 1991;
Fiske and others, 2001; Busby and others, 2003). Depositional
features of sedimentary rocks, especially volcaniclastic rocks,
will play an important role in resolving this controversy for
ancient VMS deposits.

Footwall sedimentary, as well as volcanic, strata can be
important source rocks for VMS mineralization. For example,
in the siliciclastic-felsic setting of the Bathurst district, the
hydrothermal convective system that was responsible for
forming the deposits extended into the prevolcanic, rift-related
terrigenous sedimentary strata that disconformably underlie
the volcanic sequence and VMS deposits (van Staal and oth-
ers, 2003). The primary permeability and porosity of footwall
lithofacies affect the movement of hydrothermal fluids and,
thus, the distribution and development of semiconformable
alteration zones. Regional semiconformable alteration assem-
blages are pervasive and widespread in permeable volcani-
clastic and siliciclastic sedimentary facies of VMS deposits
(Gifkins and Allen, 2001).

Differences in the primary permeability and porosity of
volcanic and sedimentary lithofacies of VMS host rocks affect
the morphology of their footwall alteration zones (Morton and
Franklin, 1987; Gibson and others, 1999; Franklin and others,
2005). In VMS settings in which synvolcanic faults cut strata
composed of unconsolidated volcaniclastic or siliciclastic
rocks with high permeability and porosity, ascending hydro-
thermal fluids may defuse laterally away from the fault and
discharge over a large area. If an aquaclude (such as subsur-
face, precipitated silica, clay, and minor sulfide minerals;
fine-grained argillite; carbonaceous argillite; chert; and flows,
sills, and cryptodomes within the volcaniclastic succession)
develops within the footwall sequence, the initially poorly-
focused discharge may become localized along structural
conduits or may form discordant, broad, and locally stratiform
footwall alteration zones (Franklin and others, 2005).

Porosity and grain size of sediments play an important
role in the prevention of metal-bearing fluids dissipating
onto the seafloor. Subseafloor accumulation and replacement
provide an efficient mechanism to trap metals and may be
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responsible for forming large, tabular VMS deposits. Some
components of the circulating hydrothermal fluid become
trapped in hanging-wall sediments and seafloor precipitates,
and elements such as Si (as chert) and conserved elements
(Mn, Eu, P, Tl, and base and precious metals) accumulate

in these sediments, forming useful vectors to potential ore
(Franklin and others, 2005). The subseafloor VMS deposits
form as sulfide minerals are precipitated within the preexist-
ing pore spaces and fractures of volcanic or sedimentary rocks
or as a result of the replacement of volcanic or sedimentary
constituents in a chemically reactive host, such as carbonate
(Doyle and Allen, 2003, and references therein). The most
favorable sedimentary rocks for such subseafloor deposits are
deep-marine, terrigenous clastic rocks such as sandstone and
wacke; subseafloor deposition within mudstone lithofacies is
uncommon. Therefore, VMS deposits hosted by volcanic suc-
cessions that are dominated by volcaniclastic and (or) silici-
clastic lithofacies are preferred targets (Franklin and others,
2005).

Rock Names

Bimodal-mafic-type VMS deposits (for example,
Noranda, Canada; Gibson and Kerr, 1993) are associated with
terrigenous sedimentary rocks that are dominated by immature
wacke, sandstone, and argillite, with local debris flows; hydro-
thermal chert is also common in the immediate hanging wall
to some deposits. Mafic-ultramafic type VMS deposits (for
example, Troodos, Cyprus; Constantinou and Govett, 1973)
generally contain <10 percent sedimentary rocks consisting
primarily of sulfidic, reduced, or hematitic-oxidized argillite,
chert, and (or) tuff (Franklin and others, 2005).

Siliciclastic-mafic-type VMS deposits occur in mature,
oceanic, back-arc successions in which thick marine sequences
of clastic sedimentary rocks and intercalated basalt are
present in subequal or pelite-dominated proportions (Slack,
1993). Examples are in the Besshi and Shimoakawa districts
of Japan (Banno and others, 1970; Mariko, 1988) and the
Windy Craggy deposit of British Columbia, Canada (Peter
and Scott, 1999). Sedimentary rocks characteristic of a pelitic
lithofacies include argillite, carbonaceous argillite, subordi-
nate siltstone, marl, and carbonate (bioclastic and chemical)
(Franklin and others, 2005). Other associated clastic rocks
may include arenite, arenite conglomerate, and turbiditic slate
and sandstone. Metachert, magnetite iron-formation, coticule
(fine-grained quartz-spessartine rock), and tourmalinite occur
in or near many metamorphosed Besshi-type deposits and may
have originated as a result of premetamorphic hydrothermal
alteration or chemical precipitation synchronous with massive
sulfide deposition (Slack, 1993).

Bimodal-felsic type deposits, such as those in the Paleo-
proterozoic Skellefte district, Sweden (Allen and others, 1997)
and the mid-Paleozoic Finlayson Lake district, Canada (Mur-
phy and others, 2006; Peter and others, 2007), formed within
incipiently-rifted, continental-margin arcs and related back



arcs and contain only about 10 percent terrigenous sedimen-
tary strata (Franklin and others, 2005). Felsic volcanic rocks
constitute the dominant lithology (35—70 percent of volcanic
strata) with basalt making up 20-50 percent (Franklin and oth-
ers, 2005). Submarine felsic volcaniclastic rocks are common
in these districts and many of the felsic volcanic deposits were
reworked by sedimentary processes. Common sedimentary
rock types (or in many cases, the inferred sedimentary proto-
liths of metasedimentary rocks) intercalated with the volcanic
rocks include rhyolitic tuffaceous siltstone and sandstone,
carbonaceous siltstone and mudstone, feldspathic and quartzo-
feldspathic turbidite, sandstone, volcanic breccia-conglomer-
ate, and volcaniclastic rocks with a lime matrix; limestone is
rare by comparison.

Siliciclastic strata constitute up to 80 percent of the rocks
associated with siliciclastic-felsic-type deposits, which form in
a mature epicontinental back-arc setting, examples being the
Iberian Pyrite Belt, Spain and Portugal (Carvahlo and others,
1999; Tornos, 2006), and Bathurst, Canada (Goodfellow and
others, 2003). Franklin and others (2005) define a siliciclastic
sedimentary lithofacies as one consisting predominantly of
wacke, sandstone, argillite, siltstone, and locally iron-forma-
tion or Fe-Mn-rich argillite. Associated lithologies include
felsic volcaniclastic rocks and minor flows, domes, and their
intrusive equivalents (about 25 percent) and mafic flows, sills,
and minor volcaniclastic rocks (about 10 percent). Argilla-
ceous and carbonaceous sedimentary rocks and their phyllitic
or schistose equivalents, as well as Fe-, Mn-, Ca-, and Ba-
rich chemical sedimentary rocks, are common in the hanging
wall of this deposit type (Franklin and others, 2005). Typical
sedimentary rock types in the Iberian Pyrite Belt are shale
(black, dark gray, green, and purple) graywacke, quartzwacke,
impure quartzite, siliceous chemical sedimentary rocks (jasper
or chert), and radiolarite; minor limestone occurs as lenses and
nodules (Carvahlo and others, 1999).

Mineralogy

Given that the vast majority of VMS deposits and their
host rocks have been metamorphosed, the mineralogy of
(meta)sedimentary rocks associated with the various deposit
types rarely preserves the primary clay-SiO,-feldspar + horn-
blende + pyroxene mineralogy of the sediments and will vary
according to metamorphic grade, as discussed in Chapter 17 of
this report. Common detrital or matrix minerals present in the
sedimentary rocks include quartz, phyllosilicates (for example,
illite, kaolinite, chlorite, sericite, biotite, and muscovite,
sequentially developed with increasing metamorphic grade),
plagioclase, K-feldspar, carbonate minerals, detrital olivine,
pyroxene and amphibole, and the metamorphic minerals that
replace them (for example, epidote, titanite, ilmenite), and
pyrite and (or) organic material/graphite. Magnetite, coticule,
and tourmaline are characteristic minerals in chemically-pre-
cipitated sedimentary rocks in siliciclastic-mafic-type deposits.
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Textures

Textures in sedimentary rocks associated with VMS
deposits, where not subsequently modified by dynamothermal
metamorphism, include soft-sediment deformation structures,
rhythmic turbidite layering, graded beds, crossbedding, thin-
ning or thickening of beds associated with synvolcanic fault-
ing, thythmic fine-scale banding of carbonaceous and volcanic
laminae, bimodal size distribution of reworked volcaniclastic
rocks (particularly those containing quartz phenocrysts), and
poorly-sorted sedimentary breccias and conglomerates. Clastic
textures are also present in the massive sulfide deposits. For
example, in the Iberian Pyrite Belt, sedimentary structures
such as graded bedding, crossbedding, sedimentary breccias,
and slump structures are common in massive, laminated ores
(Carvalho and others, 1999).

Grain Size

Grain sizes of the sedimentary rocks intercalated with
VMS deposits or those present in the nearby submarine
depositional environment range from submillimeter particles
in fine-grained mudstones to clasts tens of centimeters in
diameter in volcanic and sedimentary breccias/conglomerates
within rift basins. Bimodal grain size distributions, particu-
larly of quartz and feldspar, are common in epiclastic rocks
derived from the remobilization of crystal tuffs or subvolcanic
porphyry intrusions. Metamorphic recrystallization generally
results in an increase in grain size, but this increase can be
countered by comminution of grains during penetrative defor-
mation and shearing. High-grade, postore regional or contact
metamorphism can produce coarse-grained garnet, andalu-
site, cordierite, hornblende, or other minerals in originally
fine-grained sedimentary rocks. Clastic sulfides eroded from
chimneys and mounds generally consist of sand- to silt-sized
grains in bedded deposits, and cobble- to boulder-sized clasts
of massive sulfides occur rarely in debris-flow channel depos-
its, as discussed in Chapter 4 of this report.

Environment of Deposition

Sedimentary rocks associated with bimodal-mafic type
VMS deposits were deposited within an incipiently rifted
bimodal volcanic arc above an intraoceanic subduction zone.
Sedimentary rocks in mafic-ultramafic type VMS deposits
accumulated in a mature, intraoceanic, back-arc and related
transform-fault setting or, less commonly, in an oceanic island
or late-stage continental back-arc seamount environment
(Franklin and others, 2005).

The geologic features of siliciclastic-mafic type deposits
suggest that the best modern analogues are pyrrhotite-rich sul-
fide accumulations on and within thick sedimentary sequences
overlying oceanic spreading ridges in the northeast Pacific,
such as Guaymas Basin, Escanaba Trough, and Middle Valley
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(Koski, 1990). In all of these modern-day analogues, eroded
material from nearby continental landmasses provides a major
component of the clastic sediment. Sedimentary fill in these
modern analogues consists of turbidite muds, which may be
intercalated with diatomaceous ooze, silt, arkosic sand, and
local carbonaceous sediment (Slack, 1993, and references
therein). Oceanic basalt and related mafic dikes and sills of
MORB composition occur along the spreading ridges and are
an important heat source for the hydrothermal circulation.
Several tectonic settings contain the above elements: intrac-
ontinental rifts, rifted continental margins, oceanic spreading
ridges near continental landmasses, back-arc basins, and a
spreading ridge that is being consumed by a subduction zone
(Koski, 1990; Slack, 1993). Sheet-like metalliferous sediments
in the Red Sea also have been suggested as possible modern
analogues of the siliciclastic-mafic type deposits (for example,
Degens and Ross, 1969; Shanks and Bischoff, 1980; Pottorf
and Barnes, 1983). There, hot metal-rich brines and the metal-
liferous sediments overlie tholeiitic basalt and evaporites and
shales; current sedimentation consists mainly of calcareous
mud (Shanks and Bischoff, 1980).

Sedimentary rocks associated with bimodal-felsic type
deposits accumulated in incipiently-rifted continental margin
arc and back-arc settings. The Paleoproterozoic Skellefte
district, Sweden, exemplifies the complex and variable paleo-
geography in which magmatism, base-metal mineralization,
and sedimentation have been documented for this deposit type
(Allen and others, 1997). Changes in the intensity and location
of marine volcanism resulted in subregional disconformities
and differential uplift and subsidence that resulted in a com-
plex system of horsts and grabens. Sedimentation in this horst
and graben system varied in time and space and included pro-
grading fluvial-deltaic sediments and mudstone and sandstone
turbidites. Consequently, the massive sulfides in the Skellefte
district are thought to have spanned a range in ore deposit
styles from deep-water seafloor precipitation to subseafloor
replacements, to shallow water and possibly subaerial synvol-
canic replacements (Allen and others, 1997).

Siliciclastic-felsic type VMS deposits formed in a mature
continental or epicontinental back-arc setting. Sedimentary
rocks associated with this deposit type accumulated in an
extending, submarine, fault-controlled basin with restricted
circulation and reduced oxidation. Pre- or synvolcanic faults
and their intersection with other regional structures played
important roles in determining sites of volcanic centers and
associated hydrothermal activity within the basins.

Cashman and Fiske (1991) conducted experiments on
water-saturated pumice and rock fragments (lithics) and
showed that particles settling to the seafloor at terminal veloci-
ties will display conspicuous bimodality of particle diameters:
pieces of pumice can be five to ten times as large as co-depos-
ited lithic fragments. They also showed that similar material
that is erupted into the air and deposited on land has much less
well-developed size bimodality, with pumice diameters being
generally only two to three times as large as the associated
lithics. As pointed out by Cashman and Fiske (1991), these
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textural differences may be used to infer a subaqueous origin
for some of the great thicknesses of non-fossiliferous volcanic
deposits in ancient volcanic terranes whose environment of
deposition has been uncertain.

Constraints on the water depths of sedimentation associ-
ated with VMS deposits can be provided by sedimentologic
features of stratigraphic sections above and below the depos-
its, by fossil assemblages, and by studies of fluid inclusions in
the associated massive sulfide minerals. At the bimodal-mafic
Bald Mountain deposit in northern Maine, for example, deep-
water depositional conditions are suggested by a sedimentary
sequence that lacks any wave-generated sedimentary struc-
tures; any in situ shallow-marine fauna and even any resedi-
mented shallow-marine fauna; and any evidence for subaerial
exposure, erosion, or fluvial sedimentation (Busby and others,
2003). Additional evidence cited by Busby and others for a
deep-water environment at Bald Mountain is the presence of
carbonaceous mudstones that occur throughout the section,
which, typically, although not exclusively, form in deep-water
environments >200 m deep (Pickering and others, 1989).
These deep-water sedimentologic features are confirmed by
fluid inclusion analyses of primary hydrothermal quartz in the
Bald Mountain deposit that indicate a hydrostatic pressure cor-
responding to a paleowater depth of >1.45 km (Foley, 2003).

In contrast, stratigraphic evidence from the Mount
Chalmers siliciclastic-felsic type VMS deposit—a mas-
sive sulfide plus footwall stockwork Cu-Au orebody in
Queensland, Australia—indicates a shallow-water depositional
setting at the time of mineralization (Sainty, 1992). Fossils
identified from the Permian Chalmers sedimentary section
consist of brachiopods, gastropods, bivalves, and bryozo-
ans that show limited reworking and trace fossils typical of
the Cruziana ichnofacies. These fossil assemblages indicate
deposition below the effective wave base and suggest sea-
water depths of 200-300 m during deposition of the massive
sulfides (Sainty, 1992). This shallow depth determination
has important implications for the interplay between water
depth, boiling of hydrothermal fluids, and the formation of
VMS deposits. Ohmoto and Takahashi (1983) proposed that
a marine environment with a minimum depth of 1,000 m was
necessary to prevent the boiling of ascending hydrothermal
fluids that would induce sulfide precipitation and the produc-
tion of disseminated or vein-type deposits rather than the
formation of massive stratiform ores. However, Sainty (1992)
suggested that the sedimentologic evidence for a shallow-
water depth allows for the possibility that ore-forming fluids
may have boiled prior to reaching the seafloor, especially
if there had existed constrictions or self-sealing of the fluid
channelways, and that boiling may have resulted in the Cu-
rich footwall stringer zone and the elevated salinities in fluid
inclusions at Mount Chalmers (Large and Both, 1980). Sainty
(1992) pointed out that, in spite of likely boiling of hydrother-
mal fluids at the Chalmers deposit, two massive sulfide lenses
were formed, and that this interpretation is consistent with
examples from modern massive sulfide systems in which boil-
ing at greater seawater depths, such as at the Explorer Ridge



(1,850 m) and Axial seamount (1,540 m), is accompanied by
the deposition of massive sulfides (Kappel and Franklin, 1989;
Jonasson and others, 1990).

Carbonaceous shale is a common constituent of most
VMS deposits, for example, in the Archean Kidd Creek
deposit (Hannington and others, 1999), in the early Paleozoic
Bathurst camp (Goodfellow and McCutcheon, 2003), and in
the mid-Paleozoic Finlayson Lake district (Peter and others,
2007), the Bonnifield district (Dusel-Bacon and others, 2004),
and the Iberian Pyrite Belt (Tornos, 2006). The presence of
carbonaceous sediments is important in indicating—in most
cases—anoxic, generally deep water conditions. The large
tonnage, shale-hosted orebodies of the southern part of the
Iberian Pyrite Belt are interpreted to have formed in suboxic
to anoxic third-order basins in which upwelling, sulfur-
depleted fluids mixed with modified seawater that was rich
in biogenically reduced sulfur, leading to the precipitation of
massive sulfides on the seafloor (Tornos, 2006). Evidence for
this exhalative origin includes a stratiform morphology, an
absence of major metal refining, an abundance of sedimen-
tary structures, a lack of sulfates, and a common presence of
siderite-rich facies (Tornos, 2006). Carbonaceous units within
volcanic piles represent a hiatus in volcanism that is typi-
cally characterized by low-temperature hydrothermal activ-
ity that was favorable for the generation of massive sulfides.
For example, in the Archean bimodal-mafic-type Kidd Creek
deposit, carbonaceous sediments occur as interflow deposits
throughout the Kidd Creek volcanic complex; carbon isotope
data indicate that hydrothermal activity most likely occurred
concurrently in several isolated subbasins within a much
larger, graben-like setting (Wellmer and others, 1999). Studies
of hydrothermal activity at Guaymas Basin, a modern ana-
logue of a siliciclastic-mafic deposit, showed that the presence
of abundant sedimentary organic matter (2—4 wt%) in basin
sediments strongly influenced mineralogical alteration and the
extent of chemical exchange within the oceanic crust, and that
abundant C and S species in hydrothermal fluids and mineral
deposits at sediment-covered spreading centers also strongly
influenced pH, redox, and complexing reactions, which in turn
directly constrained metal transport and depositional processes
(Seewald and others, 1994, and references therein).
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17. Petrology of Metamorphic Rocks Associated with
Volcanogenic Massive Sulfide Deposits

By Cynthia Dusel-Bacon

Importance of Metamorphic Rocks to
Deposit Genesis

Metamorphic rocks associated with VMS deposits are
described in terms of their metamorphic rock names, meta-
morphic mineral assemblages, and metamorphic facies. A
succinct definition of a metamorphic facies, provided by
Turner (1981, p. 54), states it to be “a set of metamorphic
mineral assemblages, repeatedly associated in space and time,
such that there is a constant and therefore predictable relation
between mineral composition and bulk rock chemical com-
position.” Table 17—1 shows relationships among the various
metamorphic facies and characteristic metamorphic mineral
assemblages that develop in four principal bulk compositions
during conditions of a given metamorphic facies. Locations
of the most common metamorphic facies in pressure (P) and
temperature (T) space are shown in figure 17-1.

The majority of ancient VMS deposits have been affected
by regional metamorphism and deformation. Analysis of
metamorphic grades reported by Mosier and others (2009) for
1,090 VMS deposits from throughout the world indicates that
of the 819 deposits for which data were available, only 3 per-
cent were reported as being unmetamorphosed. The rest were
metamorphosed under the conditions of the following meta-
morphic facies (in decreasing frequency of occurrence): 62
percent greenschist facies; 13 percent contact metamorphism;
11 percent amphibolite facies; 7 percent sub-greenschist,
prehnite-pumpellyite, or pumpellyite-actinolite facies; 2 per-
cent blueschist- or eclogite-facies; 1.5 percent zeolite facies;
and 0.5 percent granulite facies.

Coarse-grained suites of distinctive, upper greenschist-
to amphibolite-facies minerals, including chloritoid, garnet,
staurolite, kyanite, andalusite, phlogopite, and gahnite (zincian
spinel), and upper amphibolite- to granulite-facies minerals
such as sillimanite, cordierite, orthopyroxene, and orthoam-
phibole can define VMS hydrothermal alteration zones (for
example, Morton and Franklin, 1987; Bonnet and Corriveau,
2007, and references therein). Aluminous minerals (garnet,
chloritoid, staurolite, or the AL SiO, polymorphs kyanite,
andalusite, and sillimanite) commonly occur close to high-
temperature alteration pipes (Carpenter and Allard, 1982;

Sillitoe and others, 1996; Galley and others, 2007), reflecting
residual enrichment of alumina during premetamorphic hydro-
thermal leaching of alkalis under high fluid/rock conditions.
Using visual identification of distinctive metamorphic miner-
als and their modal abundances, and determining the unaltered
composition of the precursor rock, alteration vectors can be
constructed on major-element ternary diagrams that identify
the configuration of the fossil hydrothermal alteration zones

in VMS systems (Bonnet and Corriveau, 2007). Immobile
major and trace-element whole-rock data can indicate whether
the aluminous metamorphic minerals resulted from premeta-
morphic seafloor alteration/metasomatism of the protolith or
from primary protolith composition (for example, Barrett and
MacLean, 1999). The mineral chemistry of some alteration-
associated metamorphic minerals, such as the Fe/Zn ratio of
staurolite, also can serve as a vector to ore (Spry and Scott,
1986a). Because many of these metamorphic minerals are
refractory during sedimentation, they have the potential to
occur in heavy mineral separates collected in till-covered areas
and, consequently, are valuable exploration aids for VMS
districts (for example, Averill, 2001).

Estimation of pressure and temperature (P/T) conditions
calculated from silicate, carbonate, and sulfide mineral assem-
blages in a given deposit can help determine the relationship
between base-metal mineralization and metamorphism, spe-
cifically whether metamorphism pre- or postdated ore genesis.
The pyrrhotite (sphalerite-pyrite) thermometer of Froese and
Berman (1994) has been used by some workers to estimate
peak metamorphic temperatures of sulfide assemblages, but
Currie and others (2003) found that their results using this
thermometer were unsatisfactory and speculated that partial
inversion of pyrrhotite from hexagonal to monoclinic form had
disturbed the distribution of FeS. The sphalerite geothermom-
eter, based on the FeS content of sphalerite coexisting with
pyrite and pyrrhotite, was used in the 1950s through the 1970s,
but it is not reliable. However, the FeS content of sphalerite
in pyrrhotite-sphalerite-pyrite assemblages can be useful for
constraining pressure during metamorphism, with the caveat
that care must be taken in order to characterize sphalerite
paragenesis and identify sphalerite compositions that record
peak metamorphic conditions and not later retrograde effects
(Toulmin and others, 1991).
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Table 17-1.
others (2006).

[Al, aluminum; Ca, calcium; Mg, magnesium]
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Characteristic minerals for principal rock composition types in the various metamorphic facies. Modified from Blatt and

Facies

Mafic rocks

Ultramafic rocks

Pelitic rocks

Calcareous rocks

Zeolite

Prehnite-pumpellyite

Greenschist

Epidote-amphibolite

Amphibolite

Granulite

Blueschist

Eclogite

Albite-epidote

Hornblende hornfels

Pyroxene hornfels

Sanidinite

Analcime, Ca-zeolites,
zoisite, albite

Chlorite, prehnite, albite,
pumpellyite, epidote

Chlorite, actinolite,
epidote or zoisite, albite

Hornblende, actinolite,
epidote or zoisite,
plagioclase, sphene

Hornblende, plagioclase,
sphene, ilmenite

Hornblende, augite,
orthopyroxene,
plagioclase, ilmenite

Glaucophane, lawsonite,
albite, aragonite,
chlorite, zoisite

Mg-rich garnet, omph
cite, kyanite, rutile
Albite, quartz, tremolite,
actinolite, chlorite

Hornblende, plagioclase,
orthopyroxene, garnet

Orthopyroxene, augite,
plagioclase, garnet

Orthopyroxene, augite,
plagioclase, garnet

Serpentine, brucite,
chlorite, dolomite,
magnesite

Serpentine, talc, forsterite,
tremolite, chlorite

Serpentine, talc, tremolite,
brucite, diopside, chlorite,
magnetite

Forsterite, tremolite, talc,
serpentine, chlorite,
magnetite

Forsterite, tremolite, talc,
anthophyllite, chlorite, o
thopyroxene, magnetite

Forsterite, orthopyroxene,
augite, hornblende, garnet,
Al-spinel

Forsterite, serpentine,
diopside

Forsterite, orthopyroxene,
augite, garnet

Serpentine, talc, epidote or
zoisite, chlorite

Forsterite, orthopyroxene,
hornblende, chlorite, Al
spinel, magnetite
Forsterite, orthopyroxene,
augite, plagioclase,
Alspinel

Forsterite, orthopyroxene,
augite, plagioclase

Quartz, clays, illite, albite,
chlorite

Quartz, illite, muscovite,
albite, chlorite, stilp-
nomelane

Quartz, plagioclase, chlo-
rite, muscovite, biotite, gar-
net, pyrophyllite, graphite
Quartz, plagioclase,
chlorite, muscovite, biotite,
graphite

Quartz, plagioclase,
chlorite, muscovite, biotite,
garnet, staurolite, kyanite,
sillimanite, andalusite,
graphite, ilmenite

Quartz, plagioclase,
orthoclase, biotite, garnet,
cordierite, sillimanite,
orthopyroxene

Quartz, plagioclase,
muscovite, carpholite, talc,
kyanite, chloritoid

Quartz, albite, phengite,
talc, kyanite, garnet

Quartz, plagioclase, tremo-
lite, cordierite

Quartz, plagioclase, mus-
covite, biotite, cordierite,
andalusite

Quartz, plagioclase,
orthoclase, andalusite,
sillimanite, cordierite,
orthopyroxene

Quartz, plagioclase,
sillimanite, cordierite,
orthopyroxene, sapphirine,
Al-spinel

Calcite, dolomite, quartz,
talc, clays

Calcite, dolomite, quartz,
clays, talc, muscovite

Calcite, dolomite, quartz,
muscovite, biotite

Calcite, dolomite, quartz,
muscovite, biotite, tremolite

Calcite, dolomite, quartz,
biotite, tremolite, forsterite,
diopside, plagioclase

Calcite, quartz, forsterite,
diopside, wollastonite,
humite-chondrodite, Ca-
garnet, plagioclase

Calcite, aragonite, quartz,
forsterite, diopside, tremo-
lite

Calcite, aragonite, quartz,
forsterite, diopside

Calcite, dolomite, epidote,
muscovite, chlorite, talc,
forsterite

Calcite, dolomite, quartz,
tremolite, diopside, fors-
terite

Calcite, quartz, diopside,
forsterite, wollastonite

Calcite, quartz, diopside,
forsterite, wollastonite.
monticellite, akermanite
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Figure 17-1. Pressure/temperature diagram showing the
principal eight metamorphic facies; the Al,SiO, polymorphs
kyanite (Ky), andalusite (And), and sillimanite (Sil) (after
Holdaway, 1971); and the three major types of pressure/
temperature facies series (after Spear, 1993).

Another important piece of information that can be
gleaned from the study of metamorphic rocks associated with
VMS deposits is the identification of metamorphic protoliths
(parent rock types). In many instances, it is difficult to see
through the metamorphic overprint of the deposits and host
rocks, but knowledge of the protolith assemblages is essential
to reconstruction of the lithologic association at the time of
mineralization and, in turn, the tectonic setting of the deposit.
Trace elements and rare earth elements (REE) known to be
immobile during low- to moderate-grade metamorphism
(below upper amphibolite- to granulite-facies conditions)
include Nb, Ta, Zr, Ti, Cr, and Y. These immobile elements are
especially useful for identifying the magmatic compositions of
metamorphosed igneous rocks associated with VMS deposits
and for providing important information on the heat flow and
tectonic environment of VMS formation (see Lentz, 1998;
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Barrett and MacLean, 1999; Piercey and others, 2001; Piercey,
2009).

Finally, exploration of VMS ores within regionally
metamorphosed and deformed sequences can be financially
advantageous for the following reasons: (1) metamorphic
recrystallization and concomitant increase in grain size and
purity of the sulfide minerals (and in some cases nonmetallic
minerals, such as kyanite within alteration zones) make their
liberation and concentration easier and less costly; (2) ores
typically are thicker in the hinge zones of folds, thus facilitat-
ing mining methods; and (3) selective mobilization during
metamorphism can result in local enrichment of metal grades
(Vokes, 1969, 2000; Marshall and others, 2000; Gauthier and
Chartrand, 2005).

Rock Names

Depending on metamorphic grade, common rock types
associated with VMS deposits that were derived by the meta-
morphism of mafic rocks are greenschist (chlorite-rich schist),
greenstone, metagabbro, metadiabase, and amphibolite. Rocks
derived by the metamorphism of sedimentary rocks include
argillite, slate, phyllite, quartz-mica schist, metagraywacke,
metaconglomerate, quartzite, limestone, marble, and calc-sil-
icate. Quartzofeldspathic or mafic gneiss can be derived from
either sedimentary or igneous protoliths.

Wall rocks (host rocks) typically associated with silici-
clastic-mafic-type VMS deposits contain the most distinctive
lithologies, which may include metachert, magnetite iron-for-
mation, sericite- and chlorite-rich schist, coticule (fine-grained
quartz-spessartine rock), tourmalinite, albitite, and rarely
marble. Chlorite- and muscovite-rich rocks, albitite, and mag-
netite iron-formation commonly form stratabound lenses or
envelopes around the massive sulfide ores and can extend to as
much as 10 m into the adjacent country rock. Thin, stratiform
layers of coticule, tourmalinite, and metachert can extend for
some distance into the stratigraphic hanging wall or laterally
for hundreds of meters beyond the massive sulfide deposits
(Slack, 1993). Characteristic country rock associated with, but
spatially more distal to, the siliciclastic-mafic type massive
sulfide deposits and their adjacent wall rocks typically include
pelitic schist, metagraywacke, and greenstone or amphibolite,
depending on the degree of postore metamorphism.

Mineralogy and Mineral Assemblages

Many of the mineral assemblages that developed during
seafloor hydrothermal alteration associated with the formation
of VMS deposits are similar to those that may form during
postore, regional, low-grade (zeolite, prehnite-pumpellyite,
and greenschist facies) metamorphism (Franklin and others,
2005). Syngenetic alteration zones are generally semiconform-
able to the deposits and can extend up to tens of kilometers
along strike and below the paleoseafloor to the depths of
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subvolcanic intrusions. Semiconformable alteration has been
documented in bimodal-mafic successions (for example,
Noranda: Gibson and others, 1983), mafic-ultramafic domi-
nated successions (for example, Oman: Koski and others,
2003), and bimodal-felsic successions (for example, Kuroko:
Ohmoto and others, 1983) but is poorly documented in felsic-
siliciclastic- and siliciclastic-mafic successions (Franklin

and others, 2005). Metamorphic minerals developed at low
metamorphic grades include chlorite, quartz, epidote, zoisite,
clinozoisite, sericite, albite, titanite, and carbonate, depend-
ing on protolith composition. In addition to these common,
low-temperature minerals, zeolite minerals (for example,
analcime, laumontite, celadonite, and heulandite) typically
form in the cavities or vesicles of volcanic rocks at zeolite-
facies metamorphic grade, generally at temperatures less than
about 250 °C. Prehnite-pumpellyite facies conditions are
transitional between those of the lower grade zeolite facies
and the higher grade greenschist facies and generally occur
in temperature and pressure ranges of about 250-350 °C and
2-7 kbar, respectively. Characteristic mineral assemblages of
the prehnite-pumpellyite facies that developed in mafic and
ultramafic igneous rocks and in pelitic (mud-rich) and calcare-
ous sedimentary rocks are shown in table 17-1.

The distribution of the mineralogical and geochemical
characteristics of the low-grade assemblages can be used to
identify large-scale, zoned hydrothermal alteration systems
around VMS deposits and to differentiate them from super-
imposed, low-grade, postore regional metamorphic assem-
blages. Typically, broad zones of semiconformable alteration
will show increases in Ca-Si (epidotization-silicification),
Ca-Si-Fe (actinolite-clinozoisite-magnetite), Na (spilitiza-
tion), or K-Mg (mixed chlorite-sericite + K-feldspar) (Galley
and others, 2007). In a simple system, alteration assemblages

are distributed with depth from near-surface diagenetic and
zeolite assemblages to a spilitic greenschist-facies assemblage,
and eventually to an epidote-quartz assemblage. However, in
a long-lived, convective hydrothermal system, overprinting

of alteration assemblages during progressive alteration and
burial occurs (Franklin and others, 2005), complicating the
interpretation of alteration or metamorphic textures. Regard-
less of these complexities, the distribution and relationship of
chlorite-rich schists and sericite-rich schists in the wall rocks
to VMS deposits can indicate the presence of primary altera-
tion zones that developed during submarine mineralization.
For example, Slater and others (1985) suggested that chlorite
schists in the Ducktown VMS deposits were metamorphosed
chloritic feeder pipes in the footwall to the deposits, and that
the sericite-rich schists formed by the metamorphism of altera-
tion zones analogous to those that are common in the hanging
wall of Kuroko deposits. Identification of alteration zoning
patterns can be difficult, however, given that the alteration
pipes may extend beyond the ore deposit and merge laterally
and (or) vertically with semiconformable alteration zones,

and that the metamorphosed feeder pipes and semiconform-
able alteration zones can include similar metamorphic mineral
assemblages (Franklin, 1984; Morton and Franklin, 1987.)
Chloritoid- and staurolite-bearing assemblages can result from
greenschist- to amphibolite-facies metamorphism of Al-Fe-
Mg-rich alteration pipes or semiconformable alteration zones
(Morton and Franklin, 1987; Spear, 1993).

Fossil hydrothermal zones are also recognizable by
diagnostic mineral assemblages developed in VMS districts
that have been metamorphosed under upper amphibolite-
and granulite-facies conditions (Morton and Franklin, 1987;
Bonnet and Corriveau, 2007). Diagnostic greenschist- and
granulite-facies mineral assemblages developed in different

Table 17-2. Diagnostic mineralogy and major-element geochemistry of greenschist- and granulite-grade metamorphosed alteration
products associated with volcanogenic massive sulfide deposits. From Bonnet and Corriveau (2007).

[Fe, iron; Mg, magnesium]

Alteration Diagnostic minerals: Diagnostic minerals: granulite Diagnostic Similar rocks
type greenschist facies facies composition (at granulite facies)
Advanced argillic Kaolinite, pyrophyllite, Sillimanite, kyanite, quartz ALO,, SiO, Laterite
andalusite, corundum,
topaz
Argillic Sericite, illite, pyrophyllite  Sillimanite, kyanite, quartz, AlLO,, Si0,, K0, Pelite
biotite, cordierite, garnet Fe,0,, MgO
Sericitic Sericite, illite, quartz Biotite, K-feldspar, sillimanite, K,0,Al203,Fe O,,+ Pelite
kyanite, quartz, cordierite, garnet MgO, + SiO,
Chloritic Chlorite, quartz, sericite Cordierite, orthopyroxene, Fe,0,, MgO, £AL0,, Pelite
orthoamphibole, phlogopite, +Si0,
sillimanite, kyanite
Carbonate propylitic ~ Carbonate (Fe, Mg), Carbonate, grossular, epidote, Fe,0,, CaO Calc-silicate rock of

epidote, chlorite, sericite,
feldspar

hornblende, diopside,
orthopyroxene

sedimentary origin,
marble or mafic rock




hydrothermal alteration types, as well as in unaltered proto-
liths, are given in table 17-2. Bonnet and Corriveau (2007)
caution that recognition of sericitic, argillic, and advanced
argillic hydrothermal alteration zones in granulite-facies
gneissic terranes is severely hampered by the resemblance of
their metamorphic mineral assemblages to those developed

in unmineralized sedimentary rocks and paleosoils that were
metamorphosed under granulite-facies conditions (table 17-2);
they accordingly recommend that identification of VMS-type
hydrothermal alteration be based not only on distinctive meta-
morphic mineral assemblages, but also on field observations of
relict primary volcanic structures and textures and field indica-
tors of hydrothermal activity, such as the presence of meta-
exhalites, stockworks, or sulfide mineralization. Recognition
of metamorphosed chlorite in footwall alteration pipes is more
straightforward and it is commonly expressed as cordierite,
orthopyroxene, and orthoamphibole (anthophyllite or gedrite)
in the inner alteration zone, where the chlorite may be more
Mg-rich, and by talc, phlogopite, or one of the Al SiO, poly-
morphs, in the outer, locally Fe-rich chlorite alteration zone
(Morton and Franklin, 1987; Bonnet and Corriveau, 2007).

Most of the upper amphibolite- and granulite-facies,
polydeformed alteration systems have been identified in Pro-
terozoic and Archean gneissic terranes (Morton and Frank-
lin, 1987; Roberts and others, 2003; Bonnet and Corriveau,
2007). The Archean Geco deposit, a bimodal-mafic-type VMS
deposit in the Superior province in Canada, is an example of
a polydeformed, upper amphibolite-facies deposit in which
syngenetic hydrothermal alteration is indicated by zones of
abundant sillimanite, anthophyllite, garnet, and cordierite. All
of the volcanicrocks in the Geco deposit are metamorphosed
to schist and gneiss, and felsic metavolcanic rocks that host the
ore consist predominantly of muscovite + quartz+ sillimanite
schist, interpreted as metamorphosed sericitic alteration zones
(Friesen and others, 1982; Zaleski and Peterson, 1995). In
addition to the development of Al-, Fe-, and Mg-rich assem-
blages during the metamorphism of alteration zones, plagio-
clase-rich rocks associated with some of the orebodies in the
siliciclastic-mafic-type Ducktown and Gossan Lead VMS
districts have been interpreted as metamorphosed sodic altera-
tion zones (Nesbitt, 1979; Gair and Slack, 1984). Mapping
of the intensity and distribution of anthophyllite, cordierite,
sillimanite, garnet, quartz, muscovite, and staurolite also led
to identification of footwall alteration zones and the discovery
of the bimodal-mafic Archean Winston Lake deposit, Ontario
(Severin and others, 1984; Morton and Franklin, 1987;
Thomas, 1991; Bonnet and Corriveau, 2007).

Metamorphic mineral assemblages indicate not only relict
VMS-type hydrothermal systems and T and P conditions dur-
ing metamorphism, but also the thermal gradient and, hence,
the crustal environment in which metamorphism occurred
(fig. 17-1). A low geothermal gradient characterizes meta-
morphism in subduction zones with high-pressure, blueschist-
facies metamorphism (glaucophane + lawsonite or epidote
+ albite + chlorite) at low temperatures, and eclogite-facies
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metamorphism (garnet + omphacitic pyroxene) at high tem-
peratures. Glaucophane-bearing, blueschist-facies assemblages
have overprinted the Devonian-Mississippian Arctic deposit in
northern Alaska (Hitzman and others, 1986) and the Jurassic—
Lower Cretaceous VMS deposits in Cuba (Russell and others,
2000). An example of the high-temperature end of this high-
pressure facies series is the amphibolite- to eclogite-facies
metamorphism that overprinted the Paleoproterozoic rocks of
the Sylarna deposit in Sweden (Grenne and others, 1999).

An intermediate geothermal gradient characterizes
metamorphism in continental collisions and orogenic belts
(fig. 17-1). Barrovian metamorphic zones, formed under
these conditions, are defined by the sequential appearance in
pelitic rocks, with increasing metamorphic grade, of chlorite,
biotite, garnet, staurolite, kyanite, sillimanite, and sillimanite
+ K-feldspar. The Ducktown mining district, Tennessee, a
siliciclastic-mafic-type VMS deposit in the Blue Ridge meta-
morphic province, was metamorphosed under greenschist- to
amphibolite-facies conditions in a Barrovian metamorphic
series. The known sulfide deposits of this district are restricted
to the staurolite-kyanite zones (Nesbitt and Essene, 1982;
Slater and others, 1985). Metamorphism occurred during the
Taconic (450—480 Ma) orogeny and conditions ranged from
chlorite grade in the west to staurolite (-kyanite) grade in
the east (Slater and others, 1985). Pyrrhotite, the dominant
sulfide, is present as stringers parallel to metamorphic cleav-
ages and appears to have formed from pyrite during regional
metamorphism; coarse euhedral pyrite porphyroblasts as
much as 30 cm in diameter within the pyrrhotitic ore reflect
prolonged growth during metamorphism (Brooker and others,
1987). Textural features and variations of sulfides present in
the country rocks with increasing metamorphic grade have
been interpreted to record significant remobilization of the
sulfide constituents during regional metamorphism (Runyon
and Misra, 1981; Slater and others, 1985). The bimodal-mafic,
Archaen Izok Lake deposit in Northwest Territories, Canada,
is an example of a deposit metamorphosed under granulite-
facies conditions—the high-temperature end of an intermedi-
ate thermal gradient (Franklin and others, 2005).

A steep geothermal gradient characterizes metamorphism
in island arcs, ocean ridges, and contact aureoles (fig. 17-1).
Characteristic minerals formed in pelitic rocks in this low P/T
setting define Buchan metamorphic zones in which biotite
— cordierite — andalusite — sillimanite. Synmetamorphic
intrusions, including those in extensional settings, are com-
monly heat sources for Buchan-type metamorphism. More
localized metamorphism in the vicinity of an igneous intrusion
can result in a contact aureole of mineral zones around the
heat source; minerals developed during contact metamorphism
(hornfels) may include the same minerals that formed during
regional Buchan metamorphism but, depending on the degree
of synplutonic deformation, contact metamorphic minerals
may be texturally distinct in lacking a preferred orientation.
However, the division between Buchan and contact metamor-
phism is artificial in some settings, such as in Maine, where
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metamorphic isograds are subparallel to the margins of plutons
and metamorphism is best described as regional contact meta-
morphism (for example, Guidotti, 1989). Mosier and others
(2009) list numerous deposits in Kazakhstan (for example,
Kusmurun), Uzbekistan (for example, Kuldara), and China
(for example, Bieluwutu) that experienced postore recrystal-
lization during contact metamorphism.

In addition to deciphering thermal conditions from
metamorphic minerals in host rocks, certain sulfide minerals
preferentially recrystallize with increasing metamorphic grade.
For example, zincian spinel ((Zn,Fe,Mg)AL0,) can form from
either metamorphism of Zn-oxide phases, desulfidation of
sphalerite, or the breakdown of Zn-bearing silicates such as
staurolite (Heimann and others, 2005, and references therein);
pyrrhotite (Fe, S) can form from higher temperature recrystal-
lization of pyrite (FeS,). The composition of zincian spinel has
been shown to be an effective exploration guide to metamor-
phosed massive sulfide deposits (Spry and Scott, 1986b; Hei-
mann and others, 2005). However, Heimann and others (2005)
demonstrated that the composition of the host rocks and the
alteration types present in a given deposit should be consid-
ered when choosing the spinel compositions to be used as an
exploration guide, especially where the rocks are magnesian.

Deformation and Textures

Basaltic rocks affected by low-grade, seafloor metamor-
phism generally preserve relict igneous textures, whereas
those recrystallized during subsequent regional dynamo-
thermal metamorphism show variable degrees of mineral
alignment into planar fabrics. In sedimentary rocks, it may
be difficult to differentiate between primary soft sediment
deformation on the seafloor and postore regional deformation
and folding. The presence of brittle deformational features in
a deposit is one indication of postore chilling of the hydro-
thermal system prior to deformation and, consequently, would
argue against deformation being synchronous with deposition
of the VMS deposit. Textures, such as aluminous nodules in
high-grade quartzofeldspathic gneiss and lapilli or larger block
fragments in associated aluminous gneiss adjacent to clearly
recognizable metamorphosed lapillistone units with similar
sized fragments, are fairly reliable evidence of prior VMS-
type hydrothermal alteration (Bonnet and Corriveau, 2007).
Detailed thermochronology of the igneous crystallization ages
of metaigneous host rocks associated with VMS deposits is
required in order to differentiate between host rocks to VMS
submarine mineralization and tectonically-juxtaposed litholo-
gies that originated distant from the site of mineralization.
Determination of metamorphic cooling ages for various host
rock minerals that have a range of blocking temperatures also
plays a crucial role in constraining the postore thermal and
deformational history of VMS deposits.
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Most VMS districts have been affected by fold-and-
thrust-belt style deformation because the mineral belts formed
in short-lived extensional basins near plate margins, which
became inverted and deformed during subsequent basin
closure (Allen and others, 2002; Tornos and others, 2002).
Examples of folded, faulted, and sheared VMS deposits are
given in the section of this report covering physical descrip-
tions of the deposits. As mentioned above, one result of
folding, which has the potential to be of great significance for
mining operations, is that an originally relatively thin layer of
ore can be thickened to economically viable dimensions. The
most common explanation for thickening of the sulfide mass is
flow of sulfides into fold hinges during deformation. How-
ever, some workers have pointed out the controlling effect
that could be exerted on fold localization by a mass of sulfides
already present in the rocks being deformed (Vokes, 2000).

A discussion of the deformational and metamorphic
fabrics and textures developed in sulfide assemblages present
in VMS deposits is beyond the scope and focus of this chapter,
but excellent overviews are given in numerous publications
(for example, Stanton, 1960; Craig and Vokes, 1993; Vokes,
1969, 2000; Marshall and Gilligan, 1993; Marshall and others,
2000).

Grain Size

The grain size of metamorphic rocks associated with
VMS deposits generally increases with metamorphic grade
and also is dependent on the metamorphic protolith. Likewise,
the grain size of associated sulfides in a deposit varies as a
function of the primary mineralogy and the extent of metamor-
phic recrystallization. Primary sulfide minerals of most Zn-Pb-
Cu deposits are fine grained and intergrown, whereas those of
the majority of Cu-Zn deposits are generally coarser grained
(Franklin, 1993). The form and grain size that sulfide miner-
als take during metamorphic recrystallization depends on the
pressure and temperature conditions during metamorphism,
the nature of the fluid phase, and the deformational proper-
ties of the minerals (for example, Stanton, 1960; Craig and
Vokes, 1993). In general, progressive regional metamorphism
appears to cause an increase in the grain size of sulfide ores,
provided deformation has not been too intense (Vokes, 1969).
Very coarse (3—7 cm diameter) garnets are present in a distinc-
tive schist unit at the Elizabeth mine, Vermont. Although the
garnets formed as a result of heat supplied during the postore,
regional Acadian (Early Devonian) metamorphism, the bulk
composition required to produce them came about as a result
of pre-Acadian subseafloor metasomatism (Slack, 1999; Slack
and others, 2001). Large hornblende crystals, as much as
10 cm long, also are present at the Elizabeth mine (Slack and
others, 2001).



Examples of Information Gained
from Study of Metamorphic Rocks
Associated with Volcanogenic
Massive Sulfide Deposits

In their study of the siliciclastic-mafic type massive
sulfide deposits of the Vermont Copper Belt, Slack and others
(2001) obtained major, minor, and trace-element geochemi-
cal data for mineralogically unusual amphibolite-facies wall
rocks located within 80 m of the Elizabeth mine orebodies and
compared those data to compositions of unaltered metasedi-
mentary and metabasaltic (amphibolite) wall rocks in the
district. Bulk-rock contents of immobile elements indicated an
exhalative origin for coticule, metachert, and iron-formation.
Geochemical data for the other unusual lithologies in the
district—quartz-muscovite-carbonate-staurolite-corundum
schist and quartz-tourmaline-albite rock—suggested that these
rocks are tholeiitic basalts that underwent extensive seafloor
alteration and metasomatism prior to Acadian metamorphism
(Slack, 1999). Evidence for their basaltic origin consists of
high Cr contents and chondrite-normalized REE patterns
that are broadly similar to those of unaltered metabasalt from
the wall rocks. In addition to high Cr, some rocks are highly
enriched in alumina, which Slack and others (2001) attributed
to mass loss of other components during extreme premetamor-
phic hydrothermal alteration. Because the massive sulfides in
the Vermont Copper Belt also have very low contents of rela-
tively immobile elements such as Cr, Zr, and REE, Slack and
others (2001) concluded that the sulfide bodies lack significant
sedimentary or basaltic components and therefore did not
form by subseafloor replacement of clastic sediments or mafic
volcanics. Instead, they concluded that the massive sulfides
originally precipitated by syngenetic-exhalative processes on
the seafloor during Silurian and Early Devonian times.

Immoble trace-element and REE whole-rock data have
successfully identified the metamorphic protoliths of rocks
associated with several other siliciclastic-mafic type VMS
deposits. Precursors of chlorite schists and granoblastic
albitites from the Gossan Lead deposits, Virginia, were shown
to be similar to those of the adjacent unaltered metasedimen-
tary schists, suggesting that the chlorite schists and albitites
were derived by hydrothermal metasomatism of clastic marine
sediments and not from syngenetic precipitation of chemical
exhalites (Gair and Slack, 1984). A clastic marine sedimentary
origin was also indicated by trace element and REE ratios for
chlorite schists, biotite schists, muscovite schists, and albitites
adjacent to sulfide ores of the Ducktown deposits, Tennessee
(Gair, 1988; Robinson and Gair, 1992). Geochemical data for
chlorite- and biotite-rich schist from wall rocks to the Match-
less deposit, Namibia, suggested that these rocks originated as
tholeiitic basalt that was subsequently metasomatized (Klemd
and others, 1989). Although the majority of the metabasaltic
rocks associated with siliciclastic-mafic-type VMS depos-
its have chemical compositions of oceanic tholeiites, some

References Cited 285

greenstones and amphibolites associated with these deposits,
including those in the Sambagawa belt of Japan and Windy
Craggy, Canada, have trace-element signatures indicative

of alkalic, within-plate basalt (Slack, 1993, and references
therein).

Thermobarometry of host rocks and sulfides, together
with structural studies, have yielded important information
regarding the timing of metamorphism, deformation, and for-
mation of sulfide deposits. In a detailed study of the conditions
of metamorphism of sulfide deposits and associated host rocks
in the Bathurst mining camp, New Brunswick, Currie and
others (2003) documented that greenschist-facies metamorphic
conditions for the silicate assemblages occurring within, and
in the host rocks of, the deposit were identical to those of the
sulfide assemblages. This congruence of P/T conditions shows
that the deposits formed prior to peak metamorphism during
the first metamorphic episode, consistent with a syngenetic
origin for the Bathurst deposits. Sphalerite barometry, applied
to the appropriate sphalerite-pyrite-hexagonal pyrrhotite
assemblages, gave consistent pressures between various
structural nappes. Peak metamorphic temperatures, provided
by arsenopyrite and chlorite-phengite thermometry, also were
consistent between the Bathurst deposits and the structural
nappes in which they occur. The narrow range of P/T condi-
tions determined for the Bathurst deposits supports indepen-
dent structural observations and suggests that the nappes were
assembled and internally deformed prior to the first metamor-
phic episode (Currie and others, 2003, and references therein).
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18. Theory of Deposit Formation

By W.C. Pat Shanks Il

Ore Deposit Types

The unifying characteristics of the volcanogenic massive
sulfide deposit type are (1) association with volcanics, and (2)
mineralization by hydrothermal solutions at or near the sea-
floor. Early papers referred to these deposits as stratiform and
stratabound deposits, or exhalative deposits. Deposits in vol-
canic, clastic sedimentary, marine carbonate, and metamorphic
terranes were lumped together. This meant that all massive
sulfide deposits, including those strictly in volcanic terranes
(VMS), those in shale basins (SEDEX), and those in carbonate
strata (MVT), were grouped based on some gross similarities
(base-metal deposits, massive sulfide ores, low-to-moderate
temperature hydrothermal processes).

These early attempts at classification indicate that there is
a more or less continuous spectrum of massive sulfide deposit
types, and that classifications are sometimes difficult to apply
even today because of the gradational nature of the deposit
characteristics. The key distinction among VMS deposits is
that they formed as seafloor massive sulfides from hydrother-
mal fluids that are driven by magmatic heat. This mineral-
izing process may involve convecting seawater that evolves
by water/rock interaction into a slightly acidic metalliferous
fluid, which may contain a significant component of magmatic
volatiles. In some settings, volcanic or intrusive rocks are only
present in the footwall sequence or are peripheral to the actual
sulfide deposit, and in these cases a genetic link must be estab-
lished using geology and geochemistry.

Volcanogenic massive sulfide deposits have clear system
affinities to, and are transitional to, sedimentary-exhalative
(SEDEX) deposits. Most SEDEX deposits occur in shale
basins with little or no exposure of igneous rocks. In contrast
to most (but not all) VMS deposits, they tend to be Zn-rich,
commonly display fluid-inclusion evidence for formation
from concentrated (basinal) brines, form at low to moderate
temperatures (50-200 °C), and typically show evidence of
sulfide derivation from local sources at the site of deposition
(bacterial sulfide in pore-waters or dissolved H,S in an anoxic
water column).

However, there is accumulating fluid inclusion evidence
that some VMS deposits, especially those in felsic-siliciclastic
settings like the Tasmanian deposits in the Mt. Reed volcanics,
the Bathurst deposits (New Brunswick), and the Iberian Pyrite
Belt deposits in Spain and Portugal (Solomon and others,

2004; Solomon, 2008; Tornos and others, 2008), formed from
saline fluids in brine pools on the seafloor. These deposits
consist of sheet-like massive sulfide bodies due to deposition
in areally extensive brine pools, similar to those of the modern
Red Sea deposits (6x14 km, 20 m thick; fig. 3-2). Mafic-
siliciclastic deposits like the Besshi deposits probably also
formed from dense brine pools, but fluid inclusion evidence is
not attainable from most Besshi deposits because of signifi-
cant postore deformation. The Windy Craggy deposit, British
Columbia, has well-preserved fluid inclusions that indicate
formation from moderately saline fluids (9—17 wt% NaCl
equivalent; Peter and Scott, 1999) that could have formed
negatively buoyant brine-pools on the seafloor.

Finally, VMS deposits have some system affinities
with high-sulfidation epithermal precious-metal deposits in
marine volcanic rocks, volcanogenic manganese deposits, and
Algoma-type iron-formations.

Sources of Metals and Other Ore
Components

Despite thousands of published papers on VMS depos-
its resulting from intensive study over the past 50 years, and
despite the incredible opportunities to observe and sample
actively-forming deposits on the seafloor, there is continued
debate about the fluids that form economic VMS ore deposits.
In fact, the argument has not evolved much. For example,
the debate in the 1850s about what we now know to be VMS
deposits (Stanton, 1984, p. 1432—1433) can be distilled as
follows:

....the Norwegians considered the replacing ore
materials to have come from intrusive granitoid
masses, whereas the Americans saw them as derived
from the surrounding country, and segregated into
the favorable beds by lateral secretion.

This debate was renewed in the 1960s with the discovery
of widespread metalliferous sediment deposits on the seafloor
(Bostrom and others, 1969) spatially associated (fig. 3—1) with
the mid-ocean ridges (MORs). Corliss (1971) focused atten-
tion on the possibility of leaching incompatible elements from
basaltic pillow interiors as seawater penetrates through cracks
in the lavas. The discovery that heat flow on the flanks of
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divergent plate boundaries is not nearly as high as expected for
conductive heat loss (Anderson and others, 1977) implicated
convective heat loss due to seawater circulation. Muehlen-
bachs and Clayton (1971, 1972, 1976) used 8'%0 studies of
greenstones and other metamorphosed volcanic rocks dredged
from the seafloor to demonstrate that subseafloor metamor-
phism was due to high-temperature reactions of seawater with
oceanic crust, which suggested convective seawater circula-
tion could be a common process that significantly alters the
oceanic crust. Hydrothermal experiments between seawater
and basalt at 200-500 °C (Bischoff and Dickson, 1975; Sey-
fried and Bischoff, 1977; Mottl and Holland, 1978) showed
strong Mg-removal due to the formation of secondary sheet
silicates, producing acidic solutions capable of transporting
ore-forming metals (Fe, Cu, Zn, Pb). Thus, the “lateral secre-
tion” model of the past has become the water/rock interaction
model of the present.

Research on ore genesis in VMS deposits and modern
seafloor analogs over the last 30 years has focused mostly on
water/rock interaction models, with direct magmatic con-
tributions usually relegated to a minor or insignificant role
(Bischoff and Dickson, 1975; Large, 1977; Ohmoto and oth-
ers, 1983; Shanks, 2001; Seyfried and Shanks, 2004). Experi-
mental studies of basalt/seawater interaction at temperatures
up to 425 °C have shown that water/rock interaction, without
the presence of magmatic volatiles, can account for the com-
plete spectrum of observed metal contents of hydrothermal
vent fluids that have been analyzed from the mid-ocean ridges
(Seyfried and others, 2002, 2004; Seyfried and Shanks, 2004).

However, it is well established that magmatic degassing
adds He (helium), CO,, CH,, and H,S or SO, to convective
hydrothermal systems (Lilley and others, 1982; Kadko and
others, 1995; Glasby and others, 2008). A few researchers
have consistently advocated for an important, perhaps pivotal,
role for metal supply by magmatic fluids (Sawkins and Kowa-
lik, 1981; Urabe and Marumo, 1991; de Ronde, 1995; Lydon,
1996; Yang and Scott, 1996, 2002, 2003, 2006). In particular,
Yang and Scott (2002) have shown that in Manus Basin the
compositions of metallic precipitates found in vesicles of melt
inclusions and matrix glass progressively change from Ni +
Cu + Zn + Fe in basalt and basaltic andesite, to Cu+ Zn + Fe
in andesite, to Cu + Fe in dacite, to Fe in rhyodacite, and to Fe
+ Zn (+ Pb?) in rhyolite. Williams-Jones and Heinrich (2005)
provided further evidence from experimental studies and laser
ICP-MS analyses of individual vapor-rich fluid inclusions
that Cu and Au, together with As and Sb, are preferentially
concentrated in magmatic vapor at concentrations that are
much higher than those in Cl-rich brines. These observa-
tions, combined with studies that show the Cu, Au, As, and
Sb enrichments in the seafloor massive sulfide deposits from
rhyolitic and rhyodacitic settings in the eastern Manus Basin,
suggest that pulses of magmatic fluids injected into seawater
convective systems may be important metal contributors in

felsic environments, and that water/rock interaction may domi-
nate metal supply in mafic settings. An alternative view is that
magmatic volatile-rich fluids add acid to convective hydro-
thermal systems and the resulting very acidic fluids

(pH <1) are able to leach additional metals (Craddock and
others, 2007).

Sources of Ligands Involved in Ore
Component Transport

The principal anion in seawater is Cl, with a remarkably
constant concentration of 543 millimoles per liter (mM/L) or
19,277 milligrams per liter (mg/L). The next most important
anion is SO, at 2,600 mg/L or 27 mM/L, followed by HCO,
(140 mg/L), Br (65 mg/L), and H,BO, (24 mg/L). Knowledge
of the Cl content of fluids involved in the formation of VMS
deposits comes from studies of fluid inclusions and from direct
sampling of active hydrothermal systems on the modern sea-
floor. Fluid inclusion compositional variations are summarized
in Chapter 14 of this report; fluid inclusions from most ancient
VMS deposits have CI concentrations close to that of seawater
(3—6 wt% NaCl), but many have much higher Cl contents.
Studies of active systems (Von Damm, 1995; Von Damm and
others, 1995, 1997, 2003) have shown that the principal cause
of salinity variation at mid-oceanic ridges is phase separa-
tion into low- and high-chloride fluid phases. Chlorine values
in sampled vent fluids display a smaller range than in VMS
fluid inclusions, ranging from 10 to 200 percent of seawater
values (0.3—7 wt% NaCl). The Red Sea brine pools represent
a unique modern case where convective seawater has reacted
with subsurface evaporate minerals to achieve Cl contents
about 8 times that of seawater (25 wt% NacCl), close to NaCl
saturation (Zierenberg and Shanks, 1986).

Hydrogen sulfide is the other anion that can be an impor-
tant metal complexing agent, participating in reactions such
as:

Au(s) + H,S(aq) = AuHS(aq) + 0.5H.(g)
or

Cu’ + 2HS = Cu(HS),".
Hydrogen sulfide can be supplied to circulating hydrothermal
fluids by (1) hydrothermal or bacterial reduction of seawater
sulfate, (2) hydrolysis reactions with volcanic glass or sulfide
phases in host rocks, or (3) direct injection of magmatic
volatiles. Sulfur dioxide is unstable in aqueous environments
and disproportionates to SO, and H.S, or to SO, and native S
(Holland, 1965; Symonds and others, 2001) by the following
reactions:
450 (g) + 4H,0(aq) = H,S(aq) + 3H,SO,(aq)

350,(g) + 2H,0(aq) = S(s) + 2H,SO,(aq)
Thus, SO, disproportionation reactions also strongly contrib-
ute to the acidity of hydrothermal fluids.



Sources of Fluids Involved in Ore
Component Transport

The vast majority of chemical and isotopic studies of
fluid compositions in modern and ancient VMS deposits indi-
cate that seawater or evolved seawater is the dominant miner-
alizing fluid (see Chapter 14, this report). Seawater circulation
in VMS deposits is driven by magmatic heat. The resulting
convection system produces compositionally evolved seawater
following reactions with host rocks along the flow path and
fluid temperatures up to about 400 °C in the upflow zone and
the hydrothermal vent site on the seafloor.

Other potentially important contributors to the ore-
transport process are magmatic water and related volatiles.
Typically, magmatic gases are about 90 mol percent H,O, with
5-10 mol percent CO,, 1-2 mol percent sulfur species such
as SO, and (or) H,S, and lesser amounts of H,, HCI, and HF.
HCl is an especially important magmatic volatile in island-arc
and back-arc settings (Taran and others, 1995). All of these
gas species can be directly absorbed into convecting seawater
hydrothermal systems, and a substantial addition of the mag-
matic component would result in dilution of CI by addition of
H,0, CO,, S, and F (fluorine) and a decrease in pH.

The magmatic fluid may contribute significant amounts
of carbon and sulfur components, and potentially appreciable
metallic components. Some fluid-inclusion and experimental
evidence indicates that magmatic vapors can carry exception-
ally high metal contents (Williams-Jones and Heinrich, 2005),
thus raising the possibility that a short-term, limited-volume,
magmatic flux could be very important in providing metals to
the system.

Magmatic water from a variety of igneous environments
has 8D of -40 to -80 per mil and 8'*0 of 6 to 8 per mil (Rye,
1993), and these values can be applied to MOR systems. Arc
and back-arc systems are somewhat different because of water
contributed by dehydration of the descending slab; arc-related
magmatic waters are estimated to have dD values of about -25
per mil (Giggenbach, 1992; Shaw and others, 2008). Thus,
even small contributions of magmatic water should be distin-
guishable by negative 8D values in hydrothermal fluids.

Shanks and others (1995) discovered vent fluids from the
1991 MOR volcanic eruption area at 9°45-52°’N EPR with dD
values as low as -2 per mil. These values, which are the only
negative OD values found for vent fluids from MOR sites,
could result from either a small component of magmatic water
or an open system, isobaric phase-separation process (Berndt
and others, 1996). Seawater convection is the process that
cools axial magma chambers and mines heat from the oceanic
crust. Seawater cannot quench magma without experienc-
ing phase separation. Magmatic water mixing, together with
fluid-basalt reactions that shift 6O, to higher values, could
explain the isotope systematics of the D-depleted vents at
9—-10°N. However, mid-ocean ridge basalts (MORBSs) tend to
be quite “dry,” with only about 0.2 wt% water (Dixon and
others, 1988); studies of Hawaiian glasses have shown that
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they never reach saturation with respect to water at eruption
depths of more than a few hundred meters (Dixon and others,
1991). That is, seafloor basaltic lavas do not exsolve water at
depths greater than a few hundred meters simply by freezing
to form glass. However, complete crystallization of a MOR
basalt dike containing only anhydrous phases could release
magmatic water. In summary, the negative 0D values from the
9—-10°N EPR site do not provide conclusive proof of magmatic
water in the convectively venting system there. Similarly,
stable isotope and fluid inclusion evidence from VMS depos-
its for a magmatic water component is generally equivocal
(Huston, 1999).

In a back-arc tectonic setting, vent fluids with negative
OD values (-8.1 per mil) have been analyzed from the DES-
MOS vent field in Manus Basin (Gamo and others, 1997).
This hydrothermal field is hosted by andesitic to rhyodacitic
rocks, and the magmas that produce them are significantly
more water-rich than MORB. Recent work (Craddock and
others, 2007; Bach and others, 2007; Reeves and others, 2011)
indicates that vent fluids from the eastern Manus Basin sites
have fluid chemistries consistent with a mixture of two-thirds
seawater and one-third magmatic water-rich volatiles.

Hydrogen sulfide also may be added to hydrothermal
systems by magmatic degassing, but evidence of this process
is ambiguous for MOR systems because H,S is produced
in abundance by leaching of igneous sulfides from basaltic
rocks during water/rock interactions (Seyfried and Bischoff,
1981). Studies of 6**S,,; in MOR black smoker vent fluids
has indicated consistently that some seawater-derived sulfate
is incorporated via sulfate-reduction reactions (Shanks, 2001;
Ono and others, 2007), which produces the slightly positive
8*S values observed in samples of vent fluid H,S and massive
sulfide.

Felsic magmas tend to be more oxidizing, relative to
mafic magmas, so SO, is expected to be the dominant mag-
matic sulfur gas. Various investigators have invoked SO, dis-
proportionation reactions (to H,S and SO,) to explain negative
8*S values (-3 to -18 per mil) of H,S and sulfide minerals and
lower-than-seawater 6*S_ , values (10—17 per mil) in associ-
ated SO, or sulfate minerals (McMurtry and others, 1993;
Gamo and others, 1997; Alt and others, 1998; Herzig and oth-
ers, 1998; Resing and others, 2007). The chemical and sulfur
isotopic data provide an explanation for the negative 8**S
values of sulfides related to arc and back-arc volcanic-hosted
VMS systems and strongly suggest derivation of the sulfur
species from magmatic SO, vapor.

Chemical Transport and Transfer
Processes

The ligands of most importance in ore-forming metallic
element transport are Cl and HS, based on the current state of
knowledge of aqueous complexes in hydrothermal solutions as
summarized in databases like SUPCRT (Johnson and others,
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1992) and SOLTHERM (Reed and Palandri, 2006). It has been
known for many years, thanks to the seminal work of Harold
Helgeson, that ClI is an important complexing agent that signif-
icantly increases the solubility of base metals (Fe, Cu, Pb, Zn)
in hydrothermal solutions (Helgeson, 1969). Recent studies
have suggested that sulfide complexing (MeHS) is important
in increasing solubility of some metals (Me), especially Cu
and Au (Mountain and Seward, 2003; Stefannson and Seward,
2004).

Geochemical reaction calculations that consider all pos-
sible aqueous species and their affect on mineral solubilities
(Shanks and Bischoft, 1977; Reed, 1982; Janecky and Sey-
fried, 1984; Bowers and Taylor, 1985; Janecky and Shanks,
1988; Reed and Palandri, 2006) have clearly shown that fluids
having seawater or higher salinity are capable of transport-
ing metals and sulfide at temperatures above 200°C, and that
deposition from VMS ore fluids is mainly due to temperature
change as the hydrothermal fluids mix with cold, ambient
bottom waters. Janecky and Seyfried (1984) predicted the
sequence of sulfide, sulfate, and silicate minerals (fig. 18-1)
that form as a result of mixing of 350°C fluid from 21°N EPR
with cold, ambient, bottom seawater and showed that cooling
is the most important factor.

Fluid Drive Including Thermal,
Pressure, and Geodynamic
Mechanisms

Fluid circulation in subseafloor hydrothermal systems is
driven by buoyancy forces related to the heat of subvolcanic

intrusives (see Lowell and others, 2008). Inferred convective
hydrothermal flow paths are shown in figures 4-2, 4-6, and
4-7 for fast and slow spreading ridges and submarine cal-
dera settings, respectively. However, these relatively simple
inferred pathways for hydrothermal circulation are difficult to
constrain with any degree of certainty. Active seafloor systems
provide only limited exposure, and technical difficulties have
limited the amount of drilling into the roots of modern hydro-
thermal systems. For deposits exposed on the continents, there
is generally better exposure of faults and alteration zones (see
Chapters 4 and 11) that allow reconstruction of the hydro-
thermal systems, but unraveling long, complicated histories

is difficult because of limited exposure and later tectonic and
metamorphic events.

Fluid flow models have been used since the earliest
studies of VMS deposits and MOR hydrothermal systems
(Spooner, 1977; Turner and Gustafson, 1978; Fehn and Cath-
les, 1979; Lowell and Rona, 1985) and are very helpful in
placing constraints on the overall nature of hydrothermal sys-
tems. In general, fluid flow models are limited by insufficient
knowledge of lithologies and associated porosity/permeabil-
ity, faulting and fracturing, and depth and nature of the heat
source. In addition, flow models with capability for incorporat-
ing multi-phase fluid flow, phase-separation, magmatic volatile
degassing, and permeability change due to mineral precipita-
tion/dissolution are still being developed and improved.

The current state of VMS fluid flow models is sum-
marized nicely by Lowell and others (2008) and Schardt
and Large (2009). In principle, the nature of fluid and mass
transport in subseafloor hydrothermal systems (Kelley and
others, 2002) can be conceptualized as a simple problem
(fig. 18-2). Convection is driven by magmatic heat, so there is
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Figure 18-1. Reaction progress
diagram showing mineral stabilities
and amounts formed as 350°C East
Pacific Rise hot spring water (right
side) mixes progressively with cold
(2°C) bottom seawater (toward the
left side of the diagram). Abundant
mineral precipitation occurs despite
the dilution of the hydrothermal fluid,
and cooling is the cause of pyrite,
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precipitation. Anhydrite, talc, and
barite precipitate because of mixing
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Figure 18-2. Schematic cross section of typical mid-ocean ridge crustal architecture. A, Cross
section showing pillow lavas and pillow ridges, sheeted dikes, gabbros (including a convecting
axial magma chamber), and ultramafic rocks. B, Closer view showing the magmatic heat source,
brittle-ductile transition zone, and inferred hydrothermal fluid circulation patterns, including
multiple downflow zones and a focused upflow zone beneath the ridge axis and black smoker
vents on the seafloor within the axial rift zone. Modified from Kelley and others (2002).
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a symmetrical down-flow zone where cold seawater recharges
the system and a more focused upflow zone where heated fluid
ascends buoyantly and rapidly to the seafloor. The systems

of interest are typically dominated by one or two rock types
and a single fluid, seawater. In practice, though, the process is
very complicated. Lowell and others (2008) described recent
modeling advances that consider dynamics related to dike
injection, heat transfer from the magma chamber to the hydro-
thermal system, and convection and magma replenishment
within the chamber. Lowell and others (2008) also presented
new modeling approaches that allow realistic approximation
of two-phase flow in the NaCl-H,O system. This modeling
allows simulation of different chemical and physical and trans-
port processes in low-salinity vapor and high-salinity brine
phases. These models are leading to a better understanding

of the temporal evolution of seafloor hydrothermal systems
and of the fate of brines produced in the subsurface by phase
separation.

Schardt and Large (2009) summarized many fluid flow
modeling studies of ancient and modern VMS systems and
used coupled reactive transport models and fracture perme-
ability models to gain understanding of the conditions nec-
essary to form a large VMS deposit. They concluded that
average-size VMS deposits (approx. 1.2 Mt total Zn and Cu)
require 5,000 yrs to form and that supergiant deposits (>12 Mt
Zn or 24 Mt Cu total metal; Singer, 1995) either require much
longer (>35,000 yrs) or much higher metal contents in the
fluid (>100 ppm).

Character of Conduits/Pathways that
Focus Ore-Forming Fluids

Numerous studies of active hydrothermal vents on the
seafloor show that focused, high-velocity flow (1-2 m/s) typi-
cally occurs in the highest temperature black smoker fluids.
These flow rates require open fluid conduits, but there is little
direct information on these in modern systems. However,
stringer or feeder zones are observed in a number of cases
on the modern seafloor or in drilling beneath seafloor mas-
sive sulfide deposits (Ridley and others, 1994; Humphris
and others, 1995; Zierenberg and others, 1998). By analogy,
stockwork zones, which are common in ancient VMS deposits,
represent feeder zones below massive sulfide bodies.

Deeper portions of the upflow systems are even less well
known. One area of proposed deep vigorous upflow is in the
Solea graben, Cyprus, where massive epidote-quartz alteration
developed in Cretaceous lavas reflects high water/rock reac-
tions caused by high-temperature hydrothermal fluids (Betti-
son-Varga and others, 1992). Similar fossil upflow zones have
been observed above subvolcanic intrusions in other ophiolitic
VMS systems (Galley and Koski, 1999).

Recharge zones are more difficult to characterize because
these flow systems are more diffuse and the resulting alteration

is less intense. Footwall alteration is extensive and in some
cases semiconformable, suggesting low to moderate tempera-
tures over a broad recharge zone. However, promising studies
are underway on the seafloor, using microearthquakes to track
near-surface fluid flow. These studies have shown predomi-
nantly along-axis fluid flow at 9°50°N on the EPR (Tolstoy
and others, 2008), but much more work needs to be done in
order to understand such recharge systems.

Nature of Traps and Wallrock
Interaction that Trigger Ore
Precipitation

In VMS systems, cooling at the seafloor is regarded as
the principal cause of sulfide precipitation, and wall rock
alteration is largely considered less significant to ore precipita-
tion. However, observations of rapid oxidation of sulfides on
the seafloor have led to suggestions of various mechanisms
that preserved ancient deposits. These include anoxic (includ-
ing sulfidic) bottom waters, capping lava flows, or chemical
precipitates of silica or sulfate minerals that cap and isolate the
system from oxidizing bottom waters (Barriga and Fyfe, 1988;
Hannington and others, 2005; Schardt and Large, 2009).

Structure and Composition of Residual
Fluid Qutflow Zones

Hanging wall alteration is common in VMS deposits
(Galley and others, 2007) and provides the best evidence of
residual fluid outflow, probably because of continued fluid
convection due to continued cooling of underlying plutons fol-
lowing the ore forming period.
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19. Exploration-Resource Assessment Guides

By John F. Slack

Geological

A variety of geological guides may be used in mineral
exploration and resource assessments for VMS deposits.
Detailed geological maps clearly provide the critical frame-
work. For regions lacking known deposits, a first-order guide
is the age of the volcanosedimentary sequence relative to the
ages of sequences elsewhere in the world that contain signifi-
cant VMS mineralization. The database of Franklin and others
(2005) shows time periods in the geologic record during which
appreciable tonnages of VMS deposits formed (fig. 4—4).
Using these age-based data, globally in the Precambrian major
VMS mineralization took place 2.75-2.65 Ga, 2.05-1.85 Ga,
and 1.00—0.65 Ga (see also Huston and others, 2010). Volca-
nosedimentary terranes with ages outside of these time peri-
ods, including >3.25 Ga, 2.65-2.00 Ga, and 1.85-1.00 Ga, are
less likely to contain large (>30 Mt) deposits. Such gaps in the
secular distribution of Precambrian VMS deposits, if not arti-
facts of erosion or inadequate age control, reflect the evolution
of fundamental crustal processes on Earth, especially plate tec-
tonics and related assembly of major continental land masses
(see Groves and others, 2005; Condie and others, 2009;
Huston and others, 2010). During the Phanerozoic, the greatest
tonnages of VMS deposits formed mainly 500-300 Ma (Late
Cambrian—Late Carboniferous); no lengthy periods (>50 m.y.)
are known that lack significant VMS deposits. Few deposits
less than 15 Ma (Middle Miocene) occur on land (Franklin
and others, 2005; Mosier and others, 2009), a result of limited
obduction of younger marine volcanosedimentary sequences
onto the continents.

Within sequences that contain known deposits, key
guides are (1) favorable marine volcanosedimentary units
including felsic or mafic lavas or tuffs, coarse breccias, and
rhyolite domes that host mineralization within the same belt
(Lydon, 1996); (2) VMS-type prospects or occurrences includ-
ing stratabound sulfides and discordant veins; (3) exhalites,
especially those containing barite and (or) high concentrations
of Cu, Zn, or Pb (Spry and others, 2000); (4) synvolcanic
structures such as growth faults, calderas, and fault intersec-
tions, which may have focused fluid flow and localized sulfide
mineralization; (5) local fine-grained, highly carbonaceous or
graphitic sedimentary rocks that record breaks in volcanism
and in most cases indicate coeval anoxic or sulfidic bottom

waters that prevented seafloor weathering and oxidation of
sulfides (Goodfellow and others, 2003); (6) large synvolcanic
sills and (or) dikes, which typically occur in the stratigraphic
footwall of the deposits, having served as sources of heat to
drive the hydrothermal systems (Galley, 1993); (7) abundant
chlorite or white mica and their metamorphosed equivalents
(including Al-rich minerals), as evidence of VMS-type altera-
tion (for example, Galley and others, 2007); and (8) abundant
tourmaline and (or) gahnite (Slack, 1982; Spry and Scott,
1986; Huston and Patterson, 1995). Bonnet and Corriveau
(2007) described the diagnostic mineralogy of metamorphosed
alteration zones of VMS deposits, highlighting differences

in greenschist-facies versus granulite-facies terranes. In the
latter settings, which are dominated by gneisses, diagnostic
minerals—where not affected by retrograde metamorphism—
may include cordierite, diopside, orthopyroxene, garnet,
K-feldspar, biotite, and Al-silicates especially kyanite and
sillimanite.

Geochemical

Geochemically-based guides for VMS exploration and
assessment can be divided into categories that focus on the fol-
lowing sample media: (1) rocks, (2) minerals, (3) stream sedi-
ments and heavy mineral concentrates, (4) glacial till, (5) lake
sediments, (6) waters, and (7) soils and soil gases. The greatest
effort probably has been directed towards rock geochemistry,
involving searches for elevated contents of base and precious
metals and for favorable indicators of VMS-type hydrothermal
alteration. Igneous rocks within prospective belts typically
have geochemical signatures that reflect formation in diverse
geodynamic settings, including oceanic spreading ridges,
rifted arcs and back-arcs, and rifted continental margins. Dom-
inant is tholeiitic to transitional bimodal magmatism; alkaline
and peralkaline volcanic rocks are rare by comparison (for
example, Piercey, 2007). Within Precambrian terranes, favor-
able settings for VMS deposits include, but are not limited to,
high-temperature rhyolites that have diagnostic compositions
including high Zr (>300 ppm), Y/Zr ratios <7, negative Eu
anomalies (chondrite-normalized basis [CN]), (La/Yb) ratios
<7, and (Gd/Yb),, ratios <2 (Galley and others, 2007, and
references therein). In Phanerozoic terranes, compositions of
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felsic (and mafic) igneous rocks associated with VMS deposits
vary greatly, depending on whether the setting is petrologically
primitive or evolved, and relative to Precambrian terranes are
not as definitive (see Piercey, 2009).

Many studies have focused on compositional variations
of the sulfide deposits, altered wall rocks, and associated
exhalites as possible exploration guides to ore. The metal ratio
100 Zn/(Zn + Pb) was used by Huston and Large (1987) in the
Mount Read volcanics of Tasmania to distinguish VMS depos-
its and occurrences from sulfide concentrations produced by
other types of mineralization. Geochemical vectors proposed
for wall rocks surrounding deposits include the “alteration
box plot” of Large and others (2001a), which combines the
Ishikawa alteration index, 100 (K,O +MgO)/(K,0 + MgO +
Na O + Ca0), with the chlorite-carbonate-pyrite index, 100
(MgO + FeO)/(MgO + FeO + K,0); increasing values of both
parameters reflect the intensity of alteration in which sericite,
chlorite, carbonate, and pyrite replace sodic feldspar and glass
in volcanic rocks. This scheme may have advantages over pre-
vious approaches, such as those based on chemical gains and
losses during alteration (for example, Barrett and MacLean,
1994; Leitch and Lentz, 1994), and is best applied to felsic
volcanic rocks in concert with mineralogical and textural data
on the analyzed samples. More recently, Piché and Jébrak
(2004) devised a normative mineral alteration index that is
less-sensitive to lithological variations among samples and
better identifies ore-related hydrothermal mineral assemblages.

On a regional scale, hydrothermal fluid flow related to
VMS mineralization may form distinctive mineral assem-
blages and mineral compositions that differ from those
produced by greenschist-facies metamorphism, in which
hydrothermally altered volcanic rocks preferentially contain
abundant Fe-rich chlorite, ferroactinolite, and coarse-grained
clinozoisite (Hannington and others, 2003). The loss of Na,O
during VMS alteration is a hallmark of this deposit type,
occurring mainly in footwall zones, and by itself may be an
effective guide to ore (for example, Hashiguchi and others,
1983; Lydon, 1996; Piercey, 2009). Other proposed vec-
tors for altered wall rocks include increases of T1, Sb, Ba/

Sr, %S values of sulfides, and Mn contents of carbonate
towards ore (Large and others, 2001b, and references therein).
Lentz (2005) summarized the use of Hg as an exploration
guide. Another possible vector is variations in mineralogy
and mineral chemistry in wall rocks caused by sulfide-oxide-
silicate equilibria produced during metamorphism of the
deposits. This process and its exploration applications were
first described in detail by Nesbitt and Kelley (1980) and later
amplified by Spry (2000), who highlighted the haloes and pro-
portions of Mg- and (or) Zn-rich silicates and Zn-rich oxides
that typically increase in intensity with proximity to ore.
Compositions of minerals that formed during VMS and later
superimposed metamorphic processes have been the focus of
many topical studies, including tourmaline (Taylor and Slack,
1984; Griffin and others, 1996), Zn-rich staurolite (Heimann
and others, 2005, and references therein), rutile (Clark and
Williams-Jones, 2004), and magnetite (Beaudoin and others,

2007;). The presence of high gold concentrations in some
deposits was studied by Hannington and Scott (1989) and
Hannington and others (1999), resulting in the recognition of
low-Fe sphalerite and certain sulfidation equilibria as guides to
Au-rich systems. Some terranes, particularly those dominated
by mafic volcanic rocks, may provide an enriched source rock
control on the formation of Au-rich VMS deposits (Stolz and
Large, 1992).

In some terranes the bulk geochemistry of VMS-related
exhalites can be used as vectors to massive sulfide deposits.
This approach is best used for exhalites that are exposed in
outcrops and (or) drill cores, such that a stratigraphic conti-
nuity can be inferred and applied to sampling programs and
interpretations of data. In most cases, however, exhalites can-
not be traced along strike with confidence, thus limiting their
usefulness as direct vectors to VMS deposits. In the Bathurst
district of New Brunswick, Canada, exhalites are well exposed
at two main stratigraphic levels, both of which have been
intersected in numerous drill cores. These exhalites, consist-
ing of different facies of iron formation (sulfide, carbonate,
silicate, oxide), served as the focus of detailed mineralogical
and geochemical studies of both the Brunswick and Heath
Steele belts (Peter and Goodfellow, 1996, 2003; Peter and
others, 2003a, b). These studies have produced the most com-
plete databases known for laterally extensive exhalites related
to ancient VMS mineralization, and they provide the best
framework for evaluating the use of exhalite geochemistry in
targeting high-temperature hydrothermal centers and, by infer-
ence, massive sulfide orebodies. Based on data for the Heath
Steele exhalites, Peter and Goodfellow (2003) constructed a
composite diagram showing idealized mineralogical and com-
positional zonations for proximal to distal settings relative to
a single VMS source deposit. Among many identified parame-
ters, some proposed as diagnostic of proximal exhalites (<500
m from massive sulfide) are the presence of chalcopyrite,
sphalerite, and (or) galena; high concentrations of Cu, Pb, Zn,
Ag, As, Au, Bi, Cd, Hg, In, Sb, Sn, and TI; and high Fe/Ti, Ba/
Ti, and Eu/Eu* ratios where Eu/Eu* is the magnitude of the
Eu anomaly. Peter and Goodfellow (2003) used these compo-
sitional parameters, together with others (for example, P/Ti),
to define a hydrothermal sediment index, which shows the
consistently highest values at and near the three largest VMS
deposits in the Heath Steele belt. Exhalative jasper related to
VMS mineralization in the Lokken district of Norway, which
can be traced along strike for 4-6 km, show a pattern in which
As/Fe and Sb/Fe ratios increase towards the massive sulfide
deposit (Grenne and Slack, 2005). In other terranes where
exhalites may not be laterally extensive, favorable indica-
tors of proximity to VMS deposits include the presence of
base-metal sulfides (chalcopyrite, sphalerite, galena), elevated
contents of trace metals such as Cu, Zn, Pb, and TI, and posi-
tive Eu anomalies (Gale and others, 1997; Peter, 2003). Miller
and others (2001) reported on the discovery of the West 45
deposit in Queensland, Australia, which was found in part by
identifying a large positive Eu anomaly in a sample of exhala-
tive jasper.



Other sample media have been used with varying suc-
cess in VMS exploration. Stream sediments constitute parts
of many regional-scale exploration and assessment programs,
based on the delineation of geochemical anomalies that reflect
erosion of sulfide-bearing rock from known deposits (for
example, Slack and others, 1990; Telmer and others, 2002;
Leybourne and others, 2003). Heavy mineral concentrates
have been used less frequently, in part because of the much
longer time required to obtain a sample (by panning), and
because some sulfides like sphalerite are not mechanically
strong and thus rarely survive as large grains for recovery
in panned concentrate surveys. Heavy indicator minerals
nevertheless may be useful in programs that focus on glacial
dispersion trains (Averill, 2001) or on gahnite, spessartine
garnet, or other resistant minerals that are common recorders
of VMS-type mineralization (Spry and others, 2000). Bulk till
geochemistry has been used in exploration programs for over
50 years, being most effective when integrated with surficial
geology, especially till stratigraphy and ice flow patterns (for
example, McMartin and McClenaghan, 2001); interpretations
are constrained by the typically great dilution of deposit-
related geochemical signatures by glacial materials and by
occurrences of multiple till sheets. Lake sediments have been
used in some regional geochemical surveys (McClenaghan
and others, 1997); aqueous geochemical methods and applica-
tions are summarized by Leybourne (2007). Soil geochemi-
cal surveys (for example, Cameron and others, 2004) are
generally limited in scope to localized targets that already are
delineated by favorable geological features or geophysical
anomalies. Comparative studies of conventional bulk versus
selective leach methods suggest that the former technique is
superior (Hall and others, 2003). Reconnaissance soil surveys
have not been as widely used, although some large, unexposed
VMS deposits have been found by this approach, such as Bald
Mountain in northern Maine (Cummings, 1988). Soil gases
have also proven useful because of their mobility in the vadose
zone and glacial overburden (McCarthy and others, 1986; Kel-
ley and others, 2006).

Isotopic

Among numerous stable and radiogenic isotopic systems,
oxygen isotopes hold the greatest promise for direct appli-
cation to mineral exploration and resource assessments for
VMS deposits (for example, Miller and others, 2001). Oxygen
isotope haloes have been delineated around many deposits.

In one of the earliest studies, Green and others (1983) docu-
mented systematic oxygen isotope variations in part of the
Hokuroku district of Japan, finding an overall pattern in which
whole-rock 80 values correlate with alteration assemblage,
irrespective of precursor lithology; in the footwall of the
Fukazawa deposit, the values show a progressive increase

of approximately 8 per mil from the outer zeolite zone to

the inner chlorite-sericite zone. A similar regionally-based
zonation was identified in the West Shasta VMS district of
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California by Taylor and South (1985), including the vicin-

ity of a synvolcanic pluton that likely was the heat source

that drove the seafloor-hydrothermal system. Comparable
results were obtained in regional oxygen isotope studies of
the Noranda district in Quebec (Paradis and others, 1993), the
Panorama district in Western Australia (Brauhart and others,
2000), the Iberian Pyrite Belt of Spain (Lerouge and others,
2001), and the Sturgeon Lake region of Ontario (Holk and oth-
ers, 2008). An exception is the Palmeiropolis deposit in Brazil,
which lacks an oxygen isotope contrast between hydrother-
mally altered wall rocks and unaltered host rocks, possibly
due to isotopic homogenization during pervasive metamorphic
fluid flow (Araujo and others, 1996). Detailed studies of indi-
vidual feeder zones have confimed the characteristic patterns
described above, such as at the Bruce deposit in Arizona (Lar-
son, 1984) and the Kidd Creek and Geco deposits in Ontario
(Huston and others, 1995; Araujo and others, 1996). From
exploration and assessment perspectives, detailed whole-rock
oxygen isotope studies can define zones of hydrothermal
downflow and upflow within a volcanic pile and use the latter
upflow zones as a guide to undiscovered deposits in the region
(Holk and others, 2008).

Geophysical

A diverse suite of geophysical methods has been used in
VMS exploration both on regional and local scales. Ford and
others (2007) highlighted the most effective methods, which
are electromagnetic, magnetic, electrical, and gravimetric.

In regional programs and in areas lacking detailed geologic
maps, airborne surveys that combine electromagnetic and
magnetic measurements can yield valuable information on
geological features that are permissive for the occurrence of
VMS deposits, including structures, intrusive bodies, and
alteration zones (for example, Keating and others, 2003).
Major contrasts in density, magnetism, and electrical conduc-
tivity of VMS deposits, relative to their volcanosedimentary
host rocks, provide the foundation for these surveys. Many
deposits have been discovered during airborne or ground elec-
tromagnetic surveys, some of the most notable being the giant
Kidd Creek orebody in Ontario (Bleeker and Hester, 1999),
the large Heath Steele and Brunswick No. 6 orebodies in New
Brunswick (Keating and others, 2003), and the large Crandon
deposit in Wisconsin (May and Schmidt, 1982). However, the
electromagnetic (EM) method has two major drawbacks: First,
that distinct anomalies may also be produced by unmineral-
ized features including sulfide-free carbonaceous or graphitic
sedimentary rocks and water-saturated overburden. A second
limitation is the difficulty of delineating electromagnetically a
Zn-rich deposit because of the poor conductivity of sphalerite
relative to other sulfide minerals (Bishop and Emerson, 1999).
If not deeply buried, deposits that contain appreciable magne-
tite or pyrrhotite generate distinctive magnetic anomalies, both
from airborne and ground surveys. Magnetic data also can

be useful for delineating large subvolcanic intrusions and, by
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inference, the locations of undiscovered VMS deposits, based
on the premise that such intrusions provide the heat sources
that drive stratigraphically higher hydrothermal systems (Gal-
ley, 2003; Galley and others, 2007).

Disseminated sulfides such as those in footwall feeder
zones can be delineated by induced polarization, which targets
sulfide grains that are not electrically connected (Ford and oth-
ers, 2007). Gravity surveys are especially useful for identify-
ing high-density units such as barite-rich exhalites or Zn-rich
massive sulfide that otherwise are poor geophysical targets.
Radiometric surveys, typically employed in airborne sur-
veys together with magnetic and EM measurements, involve
gamma-ray spectroscopy for K, U, and Th that can improve
knowledge of basic geology and delineate K-rich altera-
tion zones that surround many deposits (Chung and Keating,
2002). Geophysical techniques that are less widely used in
VMS exploration include electrochemical (Cameron and oth-
ers, 2004), seismic and high-resolution seismic (Milkereit and
others, 1996; Adam and others, 2000), oxidation-reduction
and spontaneous potential (Hamilton and others, 2004), and
various remote sensing methods (for example, Herrmann and
others, 2001).

Attributes Required for Inclusion in
Permissive Tracts at Various Scales

A permissive tract in mineral resource assessments is
defined as an area where geologic features permit the occur-
rence of one or more deposit types (for example, Singer,
1993). Favorable geology is the most important attribute for
identifying a permissive tract. In assessments for VMS depos-
its, key geologic criteria include:

 presence of a submarine volcanosedimentary sequence
having an age that falls within a time period containing
numerous VMS deposits with large aggregate tonnages
and base metal contents (fig. 4—4);

* evidence of an extensional geodynamic setting and
synvolcanic faulting as reflected in distinctive compo-
sitions of volcanic and synvolcanic intrusive rocks;

* presence of coarse volcanic breccias or felsic domes
indicating proximity to a volcanic center;

* occurrence of exhalites, especially those containing
base-metal sulfides or large positive Eu anomalies;

 evidence of VMS-type alteration zones represented
by abundant chlorite or white mica, or their metamor-
phosed equivalents; and

* occurrence of large subvocanic sills as heat sources for
the hydrothermal systems.

Also critical in tract delineation are locations of known depos-
its and prospects, if clearly of VMS affinity. Other positive

criteria are anomalously high contents of base metals in stream
sediments, presence of abundant indicator minerals such as
gahnite or spessartine garnet in panned concentrates, and
geophysical data that suggest the occurrence of hydrothermal
alteration zones or continuity of favorable units under cover.
Previous mineral-resource assessments that use the concept of
permissive tracts include those by the U.S. Geological Survey
(for example, Cox, 1993; Raines and Mihalasky, 2002) and
the British Columbia Geological Survey (Grunsky and others,
1994). Integration of geologic, mineral-occurrence, geo-
chemical, and geophysical data using geographic information
systems (GIS) and similar spatial analysis methods provides

a robust foundation for assessments (Bonham-Carter and oth-
ers, 1993; Chung, 2003; Fallara and others, 2006; Nykanen
and Ojala, 2007). The importance of mineral prospectivity
mapping is discussed by Carranza and Sadeghi (2010), by
which the spatial distribution of known VMS deposits in the
Skellefte district of Sweden was compared to spatially related
geological features, in order to outline recognition criteria for
regional-scale VMS prospectivity.

Different map scales can have major influences on the
shape and size of permissive tracts. Singer (1993) highlighted
the problem of using large-scale geologic maps, which can
result in generalization of a given tract, or of arbitrarily
enlarging a tract in order to include deposit types that occur
in restricted settings. A more detailed analysis of the problem
was done by Singer and Menzie (2008), who found that use
of more generalized maps tends to favor inclusion of geologic
settings that are not permissive for a given deposit type, or of
unreported cover sequences with permissive tracts thus pro-
ducing a misleading appearance of clustered deposits. Singer
and Menzie (2008) quantified this problem of map scale by
Poisson distribution analysis, showing that, by comparison,

a geologic map having twice the detail of a more generalized
map will decrease the area of a permissive VMS tract by
50 percent.

Factors Influencing Undiscovered
Deposit Estimates (Deposit Size and
Density)

Estimates of the size and density of undiscovered mineral
deposits are affected by several factors. In one of the earliest
studies, Sangster (1980) noted that VMS deposits are charac-
teristically found in clusters, and that for Canadian districts 47
percent of deposits occur in only six clusters (districts). Pos-
sible explanations for these clusters of VMS deposits, cover-
ing areas averaging 32 km in diameter, include the presence
of abundant felsic volcanic rocks and related volcanic cen-
ters, and preferential occurrences within inferred submarine
calderas (Sangster, 1980). This clustering of deposits was also
highlighted by Galley and others (2007), who proposed that
the diameter of each group of clustered deposits reflects the
extent of regional-scale hydrothermal alteration systems; the



distribution of deposits within each cluster relates to synvolca-
nic fault distribution above subvolcanic intrusions. In the case
of the Noranda district, the areal distribution of VMS deposits
corresponds closely to the outlines of hydrothermally altered
rocks and the Noranda cauldron (Gibson and Galley, 2007).
Caution must be used in applying this caldera-based approach
to highly deformed terranes, however, because of deforma-
tional effects on original geometry (Hollister, 1980) and,
hence, on the related density of undiscovered deposits.

In modern settings, average densities of hydrothermal
vent fields range from 1.9 to 6.6 sites per 100-km length (Mas-
soth and others, 2007). This range of densities includes data
for the back-arc Valu Fa Ridge, the Tonga and Kermadec arcs,
and mid-ocean ridges in the eastern Pacific Ocean. The largest
deposits on mid-ocean ridges tend to occur where the spread-
ing rate is slow to intermediate and on the shallowest parts of
the ridges; calculations based on heat flux suggest the pres-
ence, theoretically, of at least one black smoker vent for every
1 km of ridge length, but their distribution is not uniform and
large clusters of black smoker vents occur at much greater
spacings of about 50—-100 km (Hannington and others, 2005).
In ancient settings, deposit spacings are related to a variety of
processes, yielding an estimated 5-km diameter for the scale of
proximal hydrothermal alteration around each deposit (Galley
and others, 2007).

A detailed statistical analysis by Mosier and others (2007)
provides the most robust foundation for evaluating the density
of undiscovered VMS deposits for a mineral-resource assess-
ment. Their study used frequency distributions of deposit
densities for 38 well-explored control areas worldwide. Mosier
and others (2007) determined that 90 percent of the control
areas have more than 100 VMS deposits per 100,000 km? and
that both map scales and sizes of the control areas are predic-
tors of deposit density. Map scales used to delineate permis-
sive tracts also must be considered because they directly
affect the spatial and frequency distribution of deposits and
thus deposit densities (Singer, 2008; Singer and Menzie,
2008). For mineral-resource assessments, the most detailed
geologic maps therefore should be used in order to maximize
the knowledge base for VMS experts when estimating the
numbers of undiscovered deposits in a given tract.

Estimates of the sizes of undiscovered mineral deposits
rely mainly on statistical data for grades and tonnages for a
given deposit type (for example, Cox and Singer, 1986). The
largest resources of metals typically are contained in a few
giant orebodies, hence very small or low-grade deposits do not
greatly affect grade-tonnage distributions. Differences in cut-
off grades and other economic factors are not significant, hav-
ing minimal or at most minor influences on these parameters
(Singer, 1993). Detailed statistical studies have documented
several key relationships among major types of mineral depos-
its, including VMS: (1) the distribution of tonnages is approxi-
mately lognormal, (2) deposit size is inversely correlated with
deposit density, (3) the size of the permissive tract and the size
of contained deposits is correlated, and (4) the total amount
of mineralized rock is proportional to the size of the median
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deposit (Singer, 1993, 2008). Relationships derived from
statistical studies, including those between sizes of permis-
sive areas and deposit density, can thus be used together with
grade-tonnage models as predictors of the number of undis-
covered deposits and the total amount of undiscovered metal
(Singer, 2008). Also important are craton- and terrane-scale
features that likely determine metal endowment, including
the occurrence and location of giant and super-giant deposits
(Jaireth and Huston, 2010).
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20. Geoenvironmental Features

By Robert R. Seal Il and Nadine Piatak

Weathering Processes

Modern weathering processes associated with mine
wastes from massive sulfide deposits are similar, in many
respects, to those operating in the supergene environment
after the initial formation of the mineral deposit. Nevertheless,
some important differences exist. Acid-mine drainage is one of
the most significant challenges associated with these deposits
due to the abundance of pyrite, pyrrhotite, or both iron sulfides
and the general lack of any significant neutralizing potential
or alkalinity. The geochemistry of acid-mine drainage has
been reviewed by Nordstrom and Alpers (1999a), and addi-
tional aspects of the weathering of a variety of ore and gangue
minerals were discussed by Plumlee (1999). Seal and others
(2001a), Seal and Hammarstrom (2003), and Seal (2004) have
reviewed the geoenvironmental characteristics of volcanic-
hosted massive sulfide deposits.

Geochemical aspects of the formation of acid-mine drain-
age and its burden of metals and other elements of concern
can be divided into three broad topics: (1) sulfide oxidation,
acid generation, and acid neutralization processes; (2) metal
cycling associated with secondary efflorescent sulfate salts;
and (3) secondary precipitation of hydroxides and hydroxysul-
fates and associated sorption of metals.

Sulfide Oxidation, Acid Generation,
and Acid Neutralization Processes

The abundance of pyrite and pyrrhotite in massive sulfide
deposits dominates most aspects of the environmental behav-
ior of these deposits and their mine wastes. The acid generated
by their oxidative weathering can aggressively attack other ore
and gangue minerals, thereby liberating a variety of potentially
toxic elements including aluminum and manganese, which are
not part of the “typical” ore assemblage of metals but instead
are found in silicate and carbonate gangue minerals. These
acidic, metal-laden acid-sulfate waters can adversely affect the
surrounding surface- and groundwaters. Within the hydro-
logic system of mine workings or mine wastes, minerals and
other compounds, such as lime used in flotation circuits, and
even monosulfide minerals, such as sphalerite, can neutralize

acid generated by the oxidative weathering of sulfide miner-
als. Thus, the chemistry of drainage from a mine site is the
result of the competing processes of acid generation and acid
neutralization.

The oxidation of pyrite or pyrrhotite and other sulfide
minerals proceeds with either dissolved oxygen (O,) or dis-
solved ferric iron (Fe*") as the oxidizing agent. Dissolved oxy-
gen is the most important oxidant at pH values above approxi-
mately 4, whereas ferric iron dominates below approximately
4 (Williamson and others, 2006). The aqueous oxidation of
pyrite by dissolved oxygen is described by reaction 1:

FeS,+7/20,+H,0 — Fe* +2 S0,> + 2 H' (1)

The aqueous oxidation of pyrrhotite by dissolved oxygen is
described by reaction 2:

Fe S+ (2-x/2) O, +x H,0 — (1-x) Fe* +
SO +2x H' )

where x ranges from 0.000 to 0.125. Both reactions 1 and 2
actually represent the mass action of numerous intermediate
reactions. In the oxidative weathering of pyrrhotite, a common
initial reaction is the oxidation of pyrrhotite to either pyrite or
marcasite as described by the reaction:

2 Fe, S+ (1/2-x) O, + (2-4x) H'—> FeS, +
(1-2x) Fe?' + (1-2x) H,O 3)

Textural evidence of marcasite replacement of pyrrhotite is
common in pyrrhotitic mine wastes (Jambor, 1994, 2003;
Hammarstrom and others, 2001).

The aqueous oxidation of pyrite by ferric iron is
described by reaction 4:

FeS,+ 14 Fe* + 8 H,0 — 15Fe* +2S0,> + 16 H*  (4)

The aqueous oxidation of pyrrhotite by ferric iron is described
by reaction 5:

Fe, S+ (8-2x) Fe + 4 H O — (9-3x) Fe*' +
SO+ 8 H* (5)
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For reactions 4 and 5, where ferric iron is the oxidant, ferrous
iron must be oxidized to ferric iron to perpetuate the reaction
as described by the reaction:

Fe* + % 0, + H'— Fe*" + % H,0 (6)

The rate of the oxidation of ferrous iron to ferric iron is greatly
enhanced by the iron oxidizing bacterium Acidithiobacil-

lus ferrooxidans. Singer and Stumm (1970) observed that A.
ferrooxidans increased the rate of oxidation of ferrous iron to
ferric iron by a factor of 100,000 compared to the abiotic rate.
In the case of both sets of reactions for pyrite and pyrrhotite,
additional acid is generated by the oxidation and hydrolysis of
the aqueous ferrous iron as described by the reaction:

Fe* + % O, + 5/2 H,0 — Fe(OH), + 2 H' )

which also produces the orange and brown precipitates that
typify acid-mine drainage.

Pyrrhotite and other monosulfides, such as sphalerite, can
also undergo non-oxidative dissolution under anoxic condi-
tions when exposed to acid, as described by the respective
reactions:

Fe, S+ (2-2x) H" +x H, — (1-x) Fe* + H,S (8)
ZnS +2 H'— Zn*" + st 9)

which, in the case of pyrrhotite, effectively decouples iron and
sulfur oxidation. Both of these reactions consume acid.

Ore minerals such as sphalerite, galena, and chalcopyrite
react by similar reactions, with dissolved oxygen and fer-
ric iron serving as oxidants. Zinc and copper tend to go into
solution, but lead commonly forms secondary phases such as
anglesite (PbSO,) or cerussite (PbCO,), depending upon the
concentrations of sulfate and carbonate in solution.

Gangue minerals in the host rocks generally react to con-
sume the acid generated by the oxidation of sulfides. Carbon-
ate minerals, such as calcite, consume acid as described by
reaction:

CaCO, + H" — Ca’* + HCO; (10)
Under anoxic conditions, siderite will neutralize acid. How-
ever, the oxidation and hydrolysis of the resulting ferrous iron
will offset the alkalinity produced. Aluminosilicate minerals
such as plagioclase can consume acid, even though they are
not as reactive as carbonate minerals (Plumlee, 1999; Jambor
and others, 2002). The reaction of these minerals typically
adds dissolved constitutes such as aluminum to the water and
produces secondary phases.

Metal Cycling Associated with
Efflorescent Sulfate Salts

Evaporative concentration of sulfate-rich mine drainage
can produce a series of highly soluble secondary sulfate salts.

Evaporative processes can operate during hot arid conditions,
within mine workings or other sheltered areas, or in tailings
piles beneath snow packs. Common secondary sulfate salts in
mining environments include melanterite, rozenite, halotrich-
ite, alunogen, copiapite, goslarite, and chalcanthite, among
numerous others (Jambor, 1994; Jambor and others, 2000;
Hammarstrom and others, 2001). Gypsum is another common
secondary sulfate that can contribute dissolved solids to drain-
age but does not store acidity or metals. Metal-sulfate salts
offer a means of temporarily sequestering acidity and metals
for later dissolution during rain events or snowmelt (Jambor,
2003; Jambor and others, 2000; Hammarstrom and others,
2001). The effects of salt dissolution events can be dramatic,
cycling through a watershed in a matter of hours.

Secondary Precipitation of Hydroxides
and Hydroxysulfates

The oxidation of dissolved ferrous iron and neutralization
of mine drainage produces a wide variety of secondary Fe or
Al hydroxides and hydroxysulfates that are significantly less
soluble than efflorescent sulfate salts. These phases range from
compounds that are nearly amorphous to those that are well
crystalline. Important Fe minerals include ferrihydrite (nomi-
nally Fe HO,-4H,0), schwertmannite, jarosite, and goethite
(a-FeO(OH)). Important Al phases include amorphous Al
hydroxide (AI(OH),), gibbsite (y-Al(OH),), and basaluminite
(Al,(SO,)(OH),,-4H,0). In mine-drainage environments,
neutralization and hydrolysis are the main processes leading
to the precipitation of the aluminum phases, whereas oxida-
tion is additionally important for the precipitation of the iron
phases. Jarosite tends to form in low-pH (1.5-3.0), high-sul-
fate (>3,000 mg/L) environments, schwertmannite in moder-
ately acidic (pH of 3.0—4.0), moderate-sulfate (1,000-3,000
mg/L) environments, and ferrihydrite in near-neutral (pH >
5.0) environments (Bigham, 1994; Bigham and Nordstrom
2000; Stoffregen and others, 2000). Aluminum-bearing phases
commonly precipitate at pH values above 4.5 (Nordstrom and
Alpers, 1999a). An important aspect of the secondary iron
hydroxides is their ability to sorb significant quantities of trace
metals and remove them from solution. Sorption behavior is
pH-dependent. Metal cations such as Pb*", Cu?**, Zn*", and Cd*
generally sorb to a greater extent with increasing pH, whereas
most oxyanions, such as arsenate (AsO,)* and selenate
(Se0,)*, sorb to a greater extent with decreasing pH (Smith,
1999). Thus, secondary ferric hydroxides and hydroxysulfates
can effectively remove metals from solution.

Pre-Mining Baseline Signatures in
Soil, Sediment, and Water

Mine permitting and remediation require an estimate
of pre-mining natural background conditions, particularly in



regulated media such as groundwater and surface water, soil,
and sediment, to serve as a goal for post-mining reclamation.
Detailed baseline geochemical characterization prior to the
onset of mining is essential. However, for many abandoned
mines, baseline characterization was not done prior to min-
ing. Thus, a variety of methods have been used to estimate
pre-mining backgrounds for abandoned mines (Runnells and
others, 1992, 1998; Alpers and others, 1999b; Alpers and
Nordstrom, 2000). Baseline data from undisturbed mineral
deposits are useful for comparing and contrasting geochemical
signatures among different types of massive sulfide deposits.
These comparisons illustrate the importance of using a geo-
chemically based classification of massive sulfide deposits

in selecting an appropriate baseline. Mafic-siliciclastic type
deposits are typically hosted by sulfide-rich black shales that
are enriched in subeconomic concentrations of heavy metals
and which formed through many of the same geochemical
processes responsible for massive sulfide mineralization.
Thus, drainage from watersheds underlain by these black shale
units provides useful background data for mafic-siliciclastic
type deposits (Seal and others, 1998b). Available background
geochemical data include soil and stream-sediment data from
a variety of deposits in Alaska, groundwater and surface-water
chemistry in and around unmined bimodal-mafic type and
bimodal-siliciclastic type deposits, and surface-water chem-
istry from watersheds underlain by sulfidic black shale host
rocks for which mafic-siliciclastic type deposits are located in
adjacent watersheds.

Pre-mining soil and stream sediment signatures may be
useful for establishing pre-mining backgrounds. Also, soils
around abandoned mine sites represent a significant sink for
metals. The elemental suite and magnitude of geochemical
anomalies in soil and sediment collected from undisturbed
massive sulfide deposits depend upon a number of factors,
including deposit type, extent of ore outcrop or overburden,
climate, and topography, among others. Stream-sediment
samples collected downstream from bimodal-felsic type
deposits in temperate rain forest on Admiralty Island, Alaska,
contain 5-10 wt% iron, as much as 10,000 mg/kg barium,
hundreds to several thousand milligram per kilogram zinc,
hundreds of milligram per kilogram lead, tens to hundreds of
milligram per kilogram arsenic, copper, and nickel, as well as
0-20 mg/kg silver, bismuth, cadmium, mercury, molybdenum,
and antimony (Kelley, 1990; Rowan and others, 1990; Taylor
and others, 1992). Stream sediment geochemical signatures
associated with undisturbed to variably disturbed mafic-
ultramafic and mafic-siliciclastic type deposits in the Prince
William Sound, Alaska, are similar to those just described.
They contain 10-40 wt% iron, several hundred milligram per
kilogram barium, hundreds of milligram per kilogram arsenic
and zinc, tens to hundreds of milligram per kilogram lead,
hundreds to thousands of milligram per kilogram copper, and
0-20 mg/kg silver, bismuth, mercury, molybdenum, and anti-
mony (Goldfarb and others, 1995).

The available data for water associated undisturbed mas-
sive sulfide deposits span a range in pH from approximately
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3 to 10 and a range of concentrations of dissolved Fe, a
dominant cation, from approximately <0.02 to 300 mg/L.
The availability of atmospheric oxygen and the position of
the groundwater table are two of the most important factors
in determining the natural weathering behavior of massive
sulfide terranes. Surface waters around exposed deposits
generally are more acidic and carry more dissolved Fe than
those draining buried deposits (fig. 20—14). The Alaskan
sedimentary-exhalative deposits, Red Dog, Lik, and Drench-
water, and the black shales that host the Fontana and Hazel
Creek mafic-siliciclastic type deposits in North Carolina are
exposed at the surface, whereas the Bald Mountain (bimodal-
mafic type) deposit and the Restigouche and Halfmile Lake
(felsic-siliciclastic type) deposits are buried beneath glacial
overburden or unmineralized rock.

The natural weathering of these host rocks can cause
elements of concern for ecosystem health, such as Cu and
Zn, to reach concentrations in excess of generic water-quality
guidelines for the protection of aquatic life. In the Great
Smoky Mountains National Park (North Carolina and Ten-
nessee), watersheds underlain by the Anakeesta Formation, a
sulfidic schist that hosts two mafic-siliciclastic type massive
sulfide deposits, have dissolved concentrations of Cu and Zn
that exceed generic acute toxicity water-quality guidelines
(Seal and others, 1998b). Here, the biota in the ecosystem
exists despite the concentrations of metals. Similarly, ele-
ments of concern for human health, such as As, also can
exhibit anomalous background concentrations in groundwaters
around unmined deposits. Concentrations of dissolved As
reach 430 pg/L, which significantly exceed the drinking-water
standards in the United States (10 pg/L), in the vicinity of the
undisturbed Bald Mountain bimodal-mafic type deposit in
northern Maine (Seal and others, 1998a) and near the undis-
turbed felsic-siliciclastic deposits in the Bathurst mining camp,
New Brunswick (fig. 20—1B) (Leybourne and others, 1998).
In the compiled dataset, many of the natural background
waters have higher As concentrations than mine drainage; the
low-pH, high-As waters from Iron Mountain (bimodal-mafic
type), California, are an exception (fig. 20—1B). The higher
concentrations of As in natural background waters compared
to those of mine drainage are likely related to a combination of
two factors. First, the near-neutral, low-Fe background waters
generally remain undersaturated with respect to hydrous ferric
oxide, which can sorb significant amounts of As; second, As is
an oxyanion, which sorbs to greater extents at lower pH values
rather than at higher values (Smith, 1999).

Past and Future Mining Methods and
Ore Treatment

Mining methods and ore-beneficiation techniques signifi-
cantly influence the potential environmental impacts of mas-
sive sulfide deposits. Both open-pit and underground methods
have been used to mine massive sulfide deposits in historical
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Figure 20-1. Geochemical data for waters associated with unmined massive sulfide deposits. A, Dissolved iron
(Fe) versus pH. Dashed field indicates data from buried deposits, and solid field indicates data from deposits
exposed at the surface, highlighting the importance of the availability of oxygen as a control on environmental
signatures. B, Variation of the concentration of dissolved arsenic (As) with pH for mine drainage. Dashed field
indicates natural background waters (unmined deposits), and solid field indicates mine drainage. For reference,
MCL (maximum contaminant limit) is the current U.S. Environmental Protection Agency drinking-water limit.
[ug/L, micrograms per liter]



and modern operations. The hydrologic differences between

underground and open-pit mines are significant, especially at
abandoned mines. Evaporative concentration is prominent in
open pits, particularly those in semiarid to arid settings.

Mineral processing causes a number of physical and
chemical changes to the ore from which the metal concentrates
are produced. Most massive sulfide deposits contain a large
excess of iron-sulfide minerals relative to valuable base-metal
sulfide minerals. The nature of ore processing and the method
of disposal of the sulfide-mineral-rich tailings and waste rocks
are critical parameters that influence the scope of environmen-
tal impacts associated with mining massive sulfide deposits.
Some modern mines discharge fine-grained, sulfide-rich tail-
ings into tailings ponds underlain by impermeable linings, but
historical tailings impoundments lack impermeable barriers at
the base. Thus, many historical mining operations discharged
tailings in a manner that has resulted in significant contamina-
tion of surface water and shallow groundwater.

Base-metal sulfide minerals are typically separated by
froth flotation. Early flotation circuits generally produced
copper concentrates and discharged both sphalerite and iron
sulfides to tailings ponds. Some surfactants used in the process
are toxic, but most are recycled and only relatively minor
amounts are discharged to tailings facilities. The flotation
properties of various sulfide minerals are affected by pH.
Thus, base addition, typically in the form of lime (CaO) or
sodium carbonate (Na,CO,), is a common practice to pro-
duce various sulfide-mineral concentrates; other additives to
flotation circuits include potassium amyl xanthate, alcohols,
ethers, pine oil, sodium cyanide (NaCN), and cupric sulfate
(CuSO, 'nH,0), all of which affect the flotation properties
of various minerals (Biswas and Davenport, 1976). Most of
these chemicals leave the sites as the tailings piles dewater;
however, some may remain and continue to influence drainage
chemistry. Other wastes from mineral processing can also be
deposited with mill tailings. At the Kidd Creek mine, tail-
ings from the mill are co-disposed with natrojarosite residues
that are produced by the zinc processing plant (Al and others,
1994).

The fine grain size, the typically large size of tailings
piles, and the addition of a variety of chemicals establish
distinct geochemical environments in tailings piles. The fine
grain size enhances the reactivity of the sulfide and gangue
minerals by increasing surface area, but it also facilitates the
formation of hardpan layers that can act as semipermeable to
impermeable barriers to oxygen diffusion, thus limiting sulfide
oxidation (Blowes and others 1991, 2003). Numerous studies
of tailings from a variety of mineral-deposit types indicate that
the pH of pore waters in the unsaturated and saturated zones
of tailings piles is generally buffered by a predictable series
of solid phases. Commonly, pore waters show a step-decrease
in pH from 6.5-7.5, to 4.8-6.3, to 4.0—4.3, and finally to <3.5,
which corresponds to buffering by calcite, siderite, AI(OH),,
and Fe(OH),, respectively (Blowes and Ptacek, 1994; Jurjovec
and others, 2002; Blowes and others, 2003). Thus, despite
being a minor component of many of these mineralized
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systems, carbonate minerals exert an important control on the
geochemistry of anoxic pore waters in tailing piles.

Some historical massive sulfide deposits were mined
for their sulfur content. Therefore, much of the sulfide waste
has had major to minor amounts of the pyrite or pyrrhotite
removed. Roasting of pyrite or pyrrhotite ores for the manu-
facture of sulfuric acid produces a hematitic calcine waste;
the calcine in the Copper Basin, Tennessee, contains variable
amounts of sulfate and can generate acid drainage (Moyer and
others, 2002). Smelter slag is another important type of mine
waste, and the reactivity of slags is significant (Parsons and
others, 2001; Piatak and others, 2004). Leaching studies dem-
onstrated that the suite of metals in leachates varies according
to the compositional character of the ore (Piatak and others,
2004).

Volume of Mine Waste and Tailings

For all classes of massive sulfide deposits, mined deposits
are historically in the 1 to 5 million tonnes range, but indi-
vidual deposits can approach 500 million tonnes (Singer,
1986a, b; Singer and Mosier, 1986). Development of new
deposits from all classes in frontier areas likely requires at
least 10 million tonnes of reasonably high grade ore. Most
mafic-ultramafic type deposits contain less than 15 million
tonnes of ore. Most mafic-siliciclastic type deposits are also
fairly small; notable exceptions include the >300 million tonne
Windy Craggy, British Columbia, deposit. Bimodal-felsic type
deposits, especially those of Precambrian age, can be very
large, such as the world class Kidd Creek, Ontario, deposit.
Because ore grades typically reach several percent at most, the
tonnage of tailings is similar to the tonnage of ore. However,
the amount of waste rock will vary mostly on the basis of
mining method. Open-pit mines may need to strip significant
amounts of subeconomic, but potentially problematic, waste
rock, whereas the amount of waste rock generated by under-
ground mines is typically less.

Mine Waste Characteristics

Mineralogy

Seafloor massive sulfide deposits are collectively defined
by the fact that they formed syngenetically on or near the
ancient seafloor through hot spring activity as lenslike or
tabular bodies of stratiform sulfide minerals, dominantly pyrite
or pyrrhotite. By definition, the deposits contain massive
zones of sulfide minerals, many with sulfide mineral contents
exceeding 90 vol%. Most deposits also contain extensive
zones of semimassive sulfide rock (25-50 vol%) that con-
tain economically exploitable ore. Quartz- or carbonate-rich
stringer ore zones in the footwall of the massive sulfides
typically contain 5-20 vol% sulfide minerals, hosted in quartz
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veins and disseminated in chloritic wallrocks. The primary ore
mineralogy defines the suite of heavy metals that may cause
potential environmental problems. In addition to pyrite and
pyrrhotite, the ore minerals chalcopyrite (CuFeS,), sphalerite
(ZnS), and galena (PbS) are commonly major constituents in
these deposits and are the principal sources of elevated con-
centrations of Cu, Zn, and Pb in mine drainage.

Trace-element concentrations of ore minerals and acces-
sory minerals also contribute to environmental impacts of
massive sulfide deposits, even though many of these elements
do not occur as distinct mineral species. For example, elevated
dissolved concentrations of cadmium typically are correlated
with its substitution into sphalerite. Cadmium rarely forms a
discrete mineral in these types of deposits. Mercury can also
be an important solid-solution component of sphalerite and
tetrahedrite. Schwartz (1997) observed that sphalerite has
higher Hg concentrations (4—4,680 mg/kg) in Proterozoic
massive sulfide deposits than in Phanerozoic massive sulfide
deposits (0.3-548 mg/kg). Arsenic commonly substitutes into
pyrite in concentrations up to several weight percent, and arse-
nopyrite is also a common accessory mineral in some deposit
types; both minerals constitute a significant source of As in
some deposits. Cobalt probably resides in pyrrhotite or pyrite
(Craig and Vaughan, 1990) but also occurs locally as cobaltite
(CoAsS), glaucodot ((Co,Fe)AsS), or carrollite (CuCo,S)).
Nickel can also be an important component of pyrite and pyr-
rhotite. The primary mineralogical characteristics of massive
sulfide deposits and associated heavy elements are summa-
rized in table 20-1.

Various carbonate minerals, most of which contribute
neutralizing potential, are associated locally with primary
alteration assemblages of some of these deposit types. Calcite
and ankerite (Ca(Fe,Mg)CO,) dominate the carbonate min-
eralogy. Sedimentary-exhalative deposits may have dolo-
mitic shales in their host rocks and siderite, which has no net
neutralizing potential, in their alteration assemblages. Post-
mineralization deformation can introduce late calcite veinlets
into the rock units surrounding these deposits, such as at the
Big Mike mafic-ultramafic type deposit in Nevada, where pit
waters have neutral pH.

The secondary mineralogy associated with the weather-
ing of a deposit or its mine wastes tends to sequester metals
and (or) acidity on either a long-term or short-term basis.
Hydrated ferric oxides can sorb metals on a somewhat refrac-
tory substrate, whereas efflorescent metal sulfate salts, such
as melanterite, serve as a means of stored metals and acidity
during dry periods. These salts readily dissolve during rain
storm or spring melt of snow and deliver their metals and
acidity to the surrounding watershed. Secondary minerals also
have important implications for acid-base accounting. General
secondary mineralogical features of massive sulfide deposits
are summarized in table 20-1.

Secondary minerals formed in temperate climates include
goethite, crystalline and amorphous silica, jarosite, a vari-
ety of metal-bearing hydroxysulfate minerals (beudantite,
plumbojarosite, argentojarosite, woodhouseite, beaverite,

meta-aluminite, hinsdalite, and brochantite), scorodite, native
gold, native silver, native bismuth, barite, anglesite, litharge,
covellite, chalcocite, digenite, enargite, luzonite, and acanthite
(Taylor and others, 1995). Anglesite and cerussite are the most
abundant secondary lead minerals but coronadite, mimetite,
nadorite, pyromorphite, and lanarkite have also been reported
(Kelley and others, 1995). Secondary zinc minerals are rare,
with the exception of goslarite.

Acid-Base Accounting

The primary and secondary mineralogy of the ores, their
solid mine wastes, and associated rock types can affect the
acid-base accounting (ABA) calculations. A series of static-
test methods has been developed to predict the acid-generating
potential of mine wastes as a tool to assist in waste disposal.
These tests are known as acid-base accounting or ABA (Sobek
and others, 1978; White and others, 1999), which is discussed
in detail by Jambor (2003). Acid-base accounting is based on
the stoichiometric reaction:

FeS, +2CaCO, +3.75 O, + 1.5H,0 — Fe(OH), +
280, +2Ca* +2C0,(g) (11)
which is simply the sum of reactions 1 and 10 to eliminate
H* as a constituent. It describes acid generation through the
oxidation of pyrite and subsequent neutralization by calcite
(Sobek and others, 1978). In the case of mafic-siliciclastic type
and some sedimentary-exhalative massive sulfide deposits,
pyrrhotite (Fe, S; where x ranges from 0.000 to 0.106) is the
dominant sulfide mineral. For pyrrhotite, acid-base accounting
can be approximated by the simplified stoichiometric reaction:

FeS + CaCO, +2.25 O, + 1.5 H,O — Fe(OH), +

SO,> + Ca* + CO,(g) (12)
The net result of the proportion of CaCO, per unit of total S is
the same as in reaction 11, but the total S per unit of solid will
be lower because pyrrhotite has approximately half of the S of
pyrite.

From an ABA perspective, the various types of massive
sulfide deposits can differ significantly with regard to the spe-
ciation of sulfur in primary ores, host rocks, and mine wastes
(table 20-1). Sulfide minerals such as pyrite, pyrrhotite,
chalcopyrite, and sphalerite dominate the primary ore mineral-
ogy of these deposits and contribute to the maximum potential
acidity. Secondary metal-sulfate salts that commonly accu-
mulate as intermediate products of sulfide oxidation also will
contribute acidity (Alpers and others, 1994a; Cravotta, 1994;
Hammarstrom and others, 2001). For example, melanterite
(FeSO,-7H,0), rozenite (FeSO,-4H,0), copiapite (Fe*Fe i*
(SO,),(OH),-20H,0), and halotrichite (Fe**Al(SO,),-22H,0),
among others, are common and highly soluble; less solu-
ble sulfate minerals such as jarosite and schwertmannite
(Fe,0,(50,)(OH),) also are common in mining environments
(table 20—1). In contrast, the alkaline-earth sulfate minerals,
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Table 20-1. Selected common mineralogical characteristics of volcanogenic massive sulfide deposits with a comparison to
sedimentary-exhalative deposits.

[X, major; X, minor]

Mafic- Bimodal- Bimodal- Mafic- Felsic- Sedimentary-
ultramafic mafic felsic siliciclastic siliciclastic exhalative

Primary sulfide minerals

Pyrite X X X X, x X X
Pyrrhotite X X, x X X X X, x
Chalcopyrite X X X X X
Sphalerite X X X X X X
Galena X X X X X X
Arsenopyrite X X X
Tetrahedrite-tennantite X X X
Cinnabar X
Primary sulfate minerals
Anhydrite X X
Barite X X X X
Primary carbonate minerals
Calcite X X X X X X
Dolomite X X X
Ankerite X X X X
Siderite X X X X
Primary oxide minerals
Magnetite X X X X X
Hematite X X X
Secondary sulfide minerals
Marcasite X X X X
Covellite X X X
Chalcocite X X X
Enargite X X
Secondary sulfate minerals
Gypsum X X X X
Barite X X
Melanterite/rozenite X X X X X
Copiapite X X X
Halotrichite X X X X
Alunogen X X
Epsomite X X
Chalcanthite X X
Goslarite X X X X X
Anglesite X X X
Secondary carbonate minerals
Siderite

Cerussite X
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Table 20-1.
sedimentary-exhalative deposits.—Continued

[X, major; X, minor]

Selected common mineralogical characteristics of volcanogenic massive sulfide deposits with a comparison to

Mafic- Bimodal- Bimodal- Mafic- Felsic- Sedimentary-
ultramafic mafic felsic siliciclastic siliciclastic exhalative
Secondary oxyhydroxide minerals
Ferrihydrite X X X X
Goethite X X X X
Schwertmannite X X X
Jarosite X X
Amorphous Al(OH)3
Basaluminite X
Jurbanite

such as barite, anhydrite, and gypsum, also are common as
both primary and secondary minerals (table 20-2), but they
do not contribute acidity even though their sulfur content
will be reported in determinations of total sulfur. The most
prominent differences in secondary sulfate-mineral speciation
among mine wastes from the different types of massive sulfide
deposits are in their jarosite and metal-sulfate salts, particu-
larly in the presence or absence of chalcanthite (CuSO,-5H,0),
goslarite (ZnSO,-7H,0), Cu-Mg melanterite ((Fe,Cu,Mg)
SO, -7H,0), and alunogen (AL,(S0O,),"17H,0), among oth-
ers. Modifications to the original ABA procedures attempt to
accommodate these problems (White and others, 1999).

Net neutralization potentials for both bimodal-felsic
and mafic-siliciclastic type tailings are generally net
acid. Bimodal-felsic type tailings range from -142.0 to
17.2 kilograms calcium carbonate per ton (kg CaCOs/t) (Seal
and others, 2009). Net neutralization potentials for two sam-
ples of mafic-siliciclastic type deposits are -324.0 kg CaCOs/t
for coarse tailings and -282.5 kg CaCOs/t for fine tailings (Seal
and others, 2009).

Element Mobility Related to Mining in
Groundwater and Surface Water

The quality of mine drainage is controlled by the geo-
logical characteristics of the mineral deposit modified by
the combined effects of the mineralogy, the mining and
ore-beneficiation methods used, the hydrologic setting of the
mine workings and waste piles, and climate. Fewer pub-
lished geochemical data for mine drainage are available for
mafic-ultramafic and felsic-siliciclasic type deposits than
for bimodal-felsic, mafic-siliciclastic, bimodal-mafic, and sedi-
mentary-exhalative type deposits, for which data are available
from several deposits in different climatic settings.

Mine drainage associated with massive sulfide deposits
shows a general negative correlation between dissolved metals
and pH for most metals, such as Fe, Al, Cu, Zn, Ni, Co, Cd,

and Pb, and sulfate (figs. 20-2, 20-3). Iron is typically the
dominant cation, and sulfate is the dominant anion. The cor-
relations among pH, metals, and sulfate reflect acid genera-
tion dominantly through the aqueous, oxidative weathering of
pyrite, pyrrhotite, and associated ore sulfides. For the divalent
metals and for Fe and Al, mine-drainage compositions overlap
significantly with natural background compositions but extend
to higher metal concentrations and lower pH values. Increases
in total dissolved base metals and iron in mine drainage gener-
ally correlate with increases in pyrite content, decreases in
acid neutralizing capacity, and increases in base-metal content
of deposits (Plumlee, 1999). However, the presence of anoxic
conditions in tailings and other waste piles may result in seep-
age waters that have high concentrations of Fe at near-neutral
pH values because the iron is dominantly in the more soluble
ferrous state than in the less soluble ferric state (Seal and
others, 2001b).

The geochemistry of mine drainage from massive sulfide
deposits shows clear evidence of primary controls based on
deposit type, as well as mineralogical controls for individual
metals. In terms of dissolved Cu and Zn, the data correlate
positively, with individual deposit types falling at distinct
ranges of Zn:Cu ratios, which are directly related to the
primary character of the ores (fig. 20-44). The Zn:Cu ratios
(mass basis) for waters associated with the Cu-rich mafic-
ultramafic type deposits range from approximately 1:10 to
10:1, whereas those associated with Cu>Zn mafic-siliciclastic
type deposits range from approximately 1:10 to more than
100:1, and those associated with Zn>Cu bimodal-felsic type
deposits are the highest, ranging from 1:1 to 10,000:1. Cor-
relations between Cu and Pb are less distinct, presumably due
to the saturation of Pb with respect to anglesite. Unlike Cu and
Zn, the systematics of dissolved Cd and Zn are different; the
fields for all massive sulfide types overlap in a range of Zn:Cd
ratios (mass basis) that scatter about 100:1 (fig. 20-4B). The
overlap reflects the fact that Cd occurs primarily in all massive
sulfide deposits as a minor solid-solution element in sphalerite.
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[mg/kg, milligram per killigram; mg/L, milligram per liter]
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Environmental guidelines relevant to mineral deposits.

Human health

Aquatic ecosystem

Element Residential soil' Industrial soil' Drinking water' Drinking water? Acute toxicity’ Chronic toxicity'
mg/kg mg/kg mg/L mg/L mg/L mg/L
Aluminum (Al) 77,000 990,000 200 750 87
Arsenic (As) 23 160 10 10 340 150
Cadmium (Cd) 70 810 5 3 2% 0.25%
Chromium (Cr) 280 1,400 100 50 570%* 74%
Copper (Cu) 3,100 41,000 1,300 2,000 13%* 11*
Iron (Fe) 55,000 720,000 300 1,000
Mercury (Hg) 6.7 28 2 6 1.4 0.77
Manganese (Mn) 1,800 23,000 50 400
Molybdenum (Mo) 390 5,100 70
Nickel (Ni) 1,600 20,000 70 470%* 52%
Lead (Pb) 400 800 15 10 65%* 2.5%
Selenium (Se) 390 5,100 50 10 5
Uranium (U) 230 3,100 15
Zinc (Zn) 23,000 310,000 5,000 120%* 120%*

“Hardness-dependent water-quality standards; value is based on a hardness of 100 mg/L CaCO3.

!'U.S. Environmental Protection Agency (2006)
2 World Health Organization (2008)

Cobalt also can be an important trace element in drainage
from mafic-siliciclastic type mines and mine wastes. Elevated
concentrations of Co (up to 7.2 mg/L) in drainage at the Eliza-
beth and Ely deposits are probably derived from the weather-
ing of pyrrhotite and Co sulfides (Seal and others, 2001b).

The hydrologic setting, especially relative to the water
table, is another key variable in determining the magnitude of
mine drainage problems. The extent of mineralized outcrop
and (or) mine-related excavations exposed to the atmosphere
or oxygen-rich groundwater and the position relative to the
water table are hydrologic factors that can influence signifi-
cantly the intensity and scale of environmental problems
related to massive sulfide deposits. Availability of dissolved
oxygen is a controlling factor for the acid-generating potential
of massive sulfide deposits and their wastes.

A comparison of mine drainage from pyritic ores at [ron
Mountain (bimodal-mafic type) and the Penn mine (bimodal-
felsic type) in California emphasizes the importance of the
location of the deposit relative to the water table. Although
both deposits are in similar climatic settings, Iron Mountain is
mostly located above the water table; the Penn deposit, how-
ever, is mostly below the water table, but waste piles above
the water table contribute to water-quality degradation (Alpers
and others, 1994b, 1999a). At Iron Mountain, pH values are as
low as -3.4 and concentrations of total dissolved solids exceed
100,000 mg/L (Alpers and others, 1994b; Nordstrom and
Alpers, 1999b; Nordstrom and others, 2000). In contrast, pH

values of mine waters from the Penn mine vary to a low of 3.1
and total dissolved solids reach a maximum of approximately
5,500 mg/L (Alpers and others, 1999a). Mine drainage from
the pyrrhotitic Elizabeth mine also emphasizes the importance
of hydrologic setting. Two dominant mine-waste hydrologic
settings are present at Elizabeth: one dominated by surface
flow over mine wastes, and the other dominated by groundwa-
ter flow through tailings piles. In these two environments, the
relationship of dissolved Fe to pH varies significantly. Sur-
face waters show a general negative correlation of dissolved
Fe, Al, Cu, and Zn, among other metals, and pH. In contrast,
waters emerging from the base of the tailings piles are anoxic
and near-neutral to slightly acidic (pH of 6.1-6.9) but carry
amounts of dissolved Fe (14.0-904.0 mg/L) and sulfate
(1,300-3,800 mg/L) that are comparable to those in the sur-
face waters. However, dissolved concentrations of Al (<0.001—
0.5 mg/L), Cu (<0.5-20 pg/L), and Zn (5.0-100.0 pg/L) are
comparatively low (Seal and others, 2001b). The geochemical
differences between these two environments can be related

to several factors. The low concentrations of aluminum are

a reflection of the near-neutral pH and the low solubility of
aluminum under these conditions. In contrast, the copper
concentrations are well below their theoretical maximum solu-
bilities under these conditions, which attest to the efficiency
of the ore-beneficiation technique or to the role of sorption at
the oxic/anoxic interface near the top of the tailings. Oxida-
tive weathering of pyrrhotite involving dissolved oxygen, as
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Figure 20-2. Geochemical data for major constituents in mine drainage associated with massive
sulfide deposits. A, Iron (Fe) versus pH. B, Sulfate (SO,) versus pH. C, Aluminum (Al) versus pH.
Note the general negative correlation between pH and dissolved constituents. [pg/L, micrograms
per liter; mg/L, milligrams per liter]
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Figure 20-3.

Cadmium (Cd) versus pH. B, Cobalt (Co) versus pH. C, Copper (Cu) versus pH. D, Nickel (Ni) versus pH. E, Lead (Pb) versus pH.
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Geochemical data for minor constituents in mine drainage associated with massive sulfide deposits. A,
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Figure 20-4. Geochemical data for dissolved metals in drainage associated with
massive sulfide deposits. A, Copper (Cu) versus zinc (Zn). B, Cadmium (Cd) versus

zinc. [pg/L, micrograms per liter]

described by reaction 2, develops minor acid in an oxygen-
limited environment such as the subsurface of the tailings pile.
The presence of minor amounts of carbonate minerals in the
host rock and the addition of lime in mineral-processing cir-
cuits prior to disposal may also contribute to the near-neutral
pH of groundwaters emerging from the tailings pile. Like-
wise, under anoxic conditions, pyrrhotite can consume acid to
produce ferrous iron and H,S (reaction 8). High concentrations
of iron can be attributed to the high solubility of ferrous iron.
Because of the near-neutral pH, the groundwaters flowing
through the tailings do not have elevated concentrations of
metals such as Al, Cu, Zn, and Cd. Sorption of divalent metals
on hydrated ferric oxides in the oxidized, upper portions of the
tailings pile may explain the lower concentrations of Cu, Zn,
and Cd. High flotation recoveries of the ore minerals may also
explain the lower concentrations of Cu. Upon emerging from
the base of the tailings pile, ferrous iron in the groundwaters

undergoes rapid oxidation to Fe*, followed by hydrolysis
and a concomitant drop in pH. In contrast, under oxygen-
ated conditions, such as in the surface waters at Elizabeth,
the iron commonly occurs in both valence states. Under these
conditions, acidic pH values are required to carry significant
concentrations of iron in the drainage.

Pit Lakes

Studies of pit lakes associated with volcanic-hosted
massive sulfide deposits are limited. A small pit lake at the
abandoned Elizabeth mine, a mafic-siliciclastic type deposit,
in Vermont has moderately low pH and moderate total dis-
solved solids (Seal and others, 2006). The ephemeral pit lake
at the Big Mike mine, a mafic-ultramafic type deposit, has
slightly alkaline pH and low total dissolved solids (Shevenell
and others, 1999).



Ecosystem Issues

Ecosystem threats are dominantly produced by acid mine
drainage, which targets aquatic environments. The oxidative
weathering of pyrite (FeS,) and pyrrhotite (Fe, S), is described
by reactions 1 to 5. The lower pH values generated by the
oxidation of pyrite and pyrrhotite enhance the solubility of
base metals such as Cu, Zn, Cd, Co, Ni, and Pb and the ability
to attack silicate-gangue minerals, thus liberating Al, Mn, and
other elements. Most metals show greater solubility at lower
pH values; however, aluminum and ferric iron have solubility
minimums at circumneutral pH values, with greater solubility
at both lower and higher pH. Once liberated, the metals and
acidity can affect downstream aquatic ecosystems. Down-
stream effects can be localized or can extend at least 100 km
from mine sites. Metal contamination can also be dispersed
downstream by the erosion and transport of tailings, which
subsequently release metals to the water column.

The toxicity of the metals Cd, Cr, Cu, Pb, Ni, Ag, and Zn
to aquatic ecosystems is dependent on water hardness; higher
concentrations of metals are needed to exceed toxicity limits
at higher hardness values (U.S. Environmental Protection
Agency, 2006). Hardness is a measure of the concentrations
of Ca and Mg. The concentration of hardness is expressed
in terms of an equivalent concentration of CaCO,, typically
in milligrams per liter. The U.S. Environmental Protection
Agency (USEPA) has presented hardness-dependent expres-
sions for both acute (one-hour exposure) and chronic (four-
day exposure) toxicity and limits independent of hardness
for cyanide, Al, As, Sb, Fe, Hg, Se, and TI (table 20-2) (U.S.
Environmental Protection Agency, 2006).

Human Health Issues

Human-health impacts of massive sulfide deposits are
generally associated with either the inhalation or the ingestion
of metals. Ingestion may be in the form of drinking water or as
particulates. The USEPA has set primary maximum contami-
nant levels (MCLs) for cyanide, Sb, As, Cu, Cd, Cr, Hg, and
Ni, among other compounds, for drinking water (table 20-2)
(U.S. Environmental Protection Agency, 2009). Groundwaters
around mineral deposits, both from undisturbed and disturbed
settings, can exceed drinking-water standards. For example,
the concentration of dissolved As in groundwaters around the
unmined Bald Mountain massive sulfide deposit in northern
Maine reaches a maximum of 430 pg/L, whereas the USEPA
drinking water standard is 10 pg/L (fig. 20-1B) (Seal and oth-
ers, 1998a). The unmined deposit contains minor amounts of
both primary arsenopyrite and secondary enargite. Likewise, a
shallow groundwater well near the abandoned Elizabeth mine
in Vermont has high concentrations of Cu and Cd (Hathaway
and others, 2001).

Risks are generally related to ingestion of Pb-rich mine
waste through incidental contact. Studies have demonstrated
that the relative bioavailability of Pb in the digestive tract
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varies according to mineralogy. Lead in galena and anglesite
(PbSO,) is considered to be less bioavailable than Pb in cerus-
site (PbCO,) (U.S. Environmental Protection Agency, 1999).
At the Valzinco mine in central Virginia, fine-grained flotation
tailings exposed to wind and water contain up to 4,000 mg/kg
Pb, well in excess of USEPA residential and industrial soil cri-
teria (400 and 750 mg/kg Pb, respectively). For bimodal-felsic
type massive sulfide deposits such as Valzinco, Pb is present as
galena and its weathering product, anglesite. Thus, because of
the geochemical character of the bimodal-felsic type massive
sulfide deposits, Pb remains speciated in solid forms that are
less bioavailable. For all Pb-bearing deposits, the fine grind-
ing required for concentration by flotation increases the risk
of inhalation because of the airborne transport of Pb-bearing
dust. This phenomenon is most likely to occur in semiarid to
arid regions in which strong winds prevail.

Mercury risks are generally related to the consumption of
Hg-contaminated fish and the contamination of drinking water.
Mercury occurs as several aqueous species, with methylmer-
cury the one of greatest environmental concern. Methylmer-
cury is a potent neurotoxin that bioaccumulates with increas-
ing trophic level in aquatic and terrestrial ecosystems (Gehrke
and others, 2011). The primary pathway for human-health
impacts is through the consumption of fish and other higher
organisms in Hg-contaminated environments. The United
States Food and Drug Administration issues fish-consumption
advisories for Hg concentrations in fish tissue above 1,000
ng/g (wet basis). Thus, Hg derived either from past amalgama-
tion use or from solid solution in minerals, such as sphalerite,
may affect human and other animals if it becomes methylated
and enters the foodweb.

In semiarid to arid areas, the human-health risks associ-
ated with Hg are more likely related to drinking-water supplies
that are obtained from shallow groundwaters. The surficial
weathering of mine wastes, especially during the rainy season,
may liberate metals to the local groundwater. In the case of
sedimentary-exhalative ores, the most likely metals of concern
in drinking water are Pb, Zn, Cd, As, and TI in addition to Hg
(table 20-2).

Climate Effects on Geoenvironmental
Signatures

Climate plays an especially important role in the poten-
tial environmental impact from mines that exploit massive
sulfide deposits (Nordstrom, 2009). However, its effect is
difficult to quantify systematically because insufficient data
are available for a given deposit type in a wide spectrum of
climatic settings. Nevertheless, temperature and humidity are
the prime variables that control evaporation. Evaporation can
be expected to limit the amount of water in semiarid to arid
climates. Evaporation can concentrate solutes in all climates.
Acidity and total metal concentrations in mine drainage in arid
environments are typically several orders of magnitude greater
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than in more temperate climates because of the concentrating
effects of the evaporation of mine effluent and the resulting
“storage” of metals and acidity in highly soluble metal-sulfate
salt minerals. Minimal surface-water flow in these areas
inhibits generation of significant volumes of highly acidic,
metal-enriched drainage. Concentrated release of these stored
contaminants to local watersheds may be initiated by precipi-
tation following a dry spell. In wet climates, high water tables
may reduce exposure of abandoned orebodies to oxidation
and may continually flush existing tailings and mine dumps.
Although metal-laden acidic mine water does form, it may be
diluted to benign metal abundances within several hundred
meters of mixing with a higher order stream.

The importance of climate as a variable can also be
demonstrated by comparing seasonal variations in the chem-
istry of effluent from two abandoned mines that exploited
massive sulfide deposits in the eastern United States—one
with a winter-long snow pack, the Elizabeth mine in Vermont,
and one without a winter-long snow pack, the Valzinco mine
in Virginia. At Elizabeth, concentrations of dissolved Cu in
surface waters peak during spring melt and are interpreted
to reflect the dissolution and flushing of efflorescent salts or
brines formed in the subsurface of the tailings pile during
the winter. In contrast, concentrations of dissolved Cu in the
drainage from the Valzinco mine reach a peak in the summer
as the flow approaches base conditions, possibly with some
evaporative concentration. The absolute differences in the
peak concentrations of Cu between the Elizabeth and Valzinco
mines reflect the Cu-rich character of the Elizabeth ores and
the Zn-rich character of the Valzinco ores. In both settings dur-
ing the summer, the concentrations of Cu and other dissolved
constituents can spike because of the dissolution of efflores-
cent salts during rain storms.
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Chapter 21. Knowledge Gaps and Future Research

Directions

This review of the state of knowledge of VMS deposits
has revealed a number of areas that merit additional research.
Following is a simple list of topics that deserve further
attention.

Supergiant Deposit Formation
Processes

* Volumes of source rock or magma required for mag-
matic hydrothermal and lateral secretion models of
metal sources;

» Geochemical discrimination of unique igneous ore-
related magmas;

* Single fluid inclusion compositions in VMS ore miner-
als by new techniques to define metal concentrations
during ore formation and to understand magmatic
vapor rather than magmatic brine transport of metals;
and

» Longevity of hydrothermal systems (need for improved
geochronology).

Mapping at Regional and Quadrangle
Scales
» Relationships of heat and magmatic volatile producing
igneous bodies to VMS deposits;
 Localization of mineralization—vertical and lateral;
* Post-ore plutons and gold rich VMS deposits;
 Ultramafic associations (komatiites); and

* Physical volcanology and facies architecture of volca-
nic belts.

New Modeling of Fluid Flow and
Mineralization

New programs with new capabilities—
HYDROTHERM, FISHES, TOUGHREACT, GWB,
GASWORKS;

Duration and mass transport of hydrothermal systems;

Reactive transport and solubility change due to dissolu-
tion/precipitation;

Effect of magmatic volatile pulses into convective
systems; and

Fluid flow into hanging wall systems.

Causes of Temporal and Spatial
Localization and Preservation of
Deposits

Anoxia,

Eruption,

Landslides,

Subseafloor mineralization, and

Silica or mudstone/argillite caprock.

New Methods of Prospection for
Concealed Deposits

Heavy minerals;

Geochemistry, new isotope systems (Fe, Cu, Zn, **S),
laser and ion microprobe analyses;

Distal, cryptic alteration; and

New geophysical techniques.
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