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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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pyrite

Log moles minerals

sphalerite j \m

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,
chalcopyrite, sphalerite, and quartz
precipitation. Anhydrite, talc, and
barite precipitate because of mixing
and addition of sulfate and magnesium
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Fluid Drive Including Thermal, Pressure, and Geodynamic Mechanisms

Basalts:
200-800 meters thick

Dikes

Gabbro

Peridotite

Melt lens:
\ 10s of meters thick
\

\

Partially molten
low-velocity zone

Brittle-ductile boundary

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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