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Abstract
Hydrothermal fluids on themodern seafloor are important carriers of base and preciousmetals in awide range of volcanic and tectonic
settings. The concentrations and distribution, especially of gold and silver, in associated seafloor massive sulfide (SMS) deposits are
strongly influenced by variable source rocks, fluid chemistry, and precipitationmechanisms. Compositional data of 130 SMS deposits
around the world show a large range of gold and silver grades, in part reflecting strong buffering of the hydrothermal fluids by their
host rocks. Geochemical reaction-path modeling shows that in most cases the investigated hydrothermal fluids are undersaturated
with gold and silver, and solubilities can be orders of magnitude higher than the Au and Ag concentrations measured in the
corresponding fluids. Precipitation of gold during conductive cooling of mid-ocean ridge black smoker (MOR) fluids occurs at
low temperatures but can be very rapid, with > 90% of the gold deposited in the first 25 °C of cooling below ~ 150 °C. The result is a
Zn–Au polymetallic assemblage with Au and Ag deposited at the same time together with Pb and sulfosalts. In ultramafic-dominated
(UM) systems, the strongly reduced hydrothermal fluids promote the deposition of gold at higher temperatures and explain the
correlation between gold and copper in these deposits. In this case, the lower stability of the AuHS° complex at low ƒO2 (buffered by
fayalite, magnetite, and quartz) results in gold deposition at > 250 °C with early bornite and chalcopyrite and before sphalerite and
silver, producing a high-temperature Cu–Au assemblage. In sediment-hosted (SED) systems, the much higher pH stabilizes
Au(HS)2

− and keeps gold in solution to very low temperatures, after the precipitation of chalcopyrite, sphalerite, and galena, resulting
in Au-poor polymetallic sulfides and very late-stage deposition of gold, commonly with amorphous silica. In arc-related (ARC)
systems, gold deposition occurs at somewhat higher temperatures than in the MOR case, in part because the fluids start with higher
gold concentrations. This can be explained by probable direct magmatic contributions, and the high ƒO2 of the fluids, which promotes
the solubility of gold at the source. During cooling, gold precipitates at about 160 °C with sphalerite, tennantite, silver, and galena,
resulting in an Au-rich polymetallic sulfide assemblage. The mixing of hydrothermal fluids with seawater generally causes oxidation
and eventually a decrease in the pH at a mixing ratio of 1:1, causing an initial increase in the solubility of gold and silver. This can
delay gold deposition from aqueous species to very low temperatures. These complex systematics make prediction of Au and Ag
grades difficult. However, important new data are coming to light on the actual concentrations of the precious metals in hydrothermal
fluids. In particular, the input of magmatic volatiles and leaching of pre-existing gold can lead to significant increases in the Au and
Ag concentrations of the venting fluids and earlier deposition. In several cases, it appears that at least part of the gold load is present as
nanoparticles in suspension, allowing bulk gold concentrations that may be far in excess of liquid saturation. Boiling at the seafloor is
now widely observed, even at great water depths close to the critical point of seawater. Model calculations of phase separation during
boiling show the competing effects on gold solubility of H2, H2S, and CO2 partitioning into the vapor, which can result in highly
variable gold-to-base metal ratios in the deposits. Flashing of the vent fluids into steam at high temperatures is also commonly
observed and can lead to spectacular Au grades, with a strong Cu–Au association in the deepest and hottest vents.
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Introduction

The controls on the gold enrichment in volcanogenic massive
sulfide (VMS) deposits have been a persistent theme in ore
deposits research for more than 30 years. A major motivation
is that gold production frommassive sulfide deposits accounts
for a significant portion of their metal value; some deposits are
world-class gold mines containing more than 100 t Au
(Mercier-Langevin et al. 2011). The main geological charac-
teristics of gold-rich VMS deposits have been extensively
reviewed (Hannington et al. 1986, 1999; Hannington and
Scott 1989a, b; Large et al. 1989; Large 1992; Poulsen and
Hannington 1996; Sillitoe et al. 1996; Huston 2000; Dubé
et al. 2007; Mercier-Langevin et al. 2011). From these studies,
it is clear that highly variable amounts of Au may be found in
different systems, both in terms of grade and total Au content.
Some resemble hybrid VMS-epithermal systems (e.g., Eskay
Creek), whereas others are characterized by alteration and/or
sulfide mineral assemblages that indicate a direct magmatic
contribution to the hydrothermal fluids (e.g., Boliden).
Typically, when gold is present, a plausible explanation for
the enrichment can be advanced. However, it is important to
note that many deposits contain virtually no detectable gold at
all, the absence of which is often difficult to explain when
similar deposits nearby are well-endowed. Highly variable
grades are the expression of the intricate system dynamics
affecting the hydrothermal fluids, including conductive
cooling, subsurface entrainment of seawater, leaching of pre-
existing Au, phase separation, and inputs of magmatic vola-
tiles (Hannington et al. 1995, 2017). Several or even all of
these factors may contribute to gold enrichment at a variety
of different scales, from an individual sulfide chimney to an
entire VMS district.

Since the discovery of the first hydrothermal vents at the
Galapagos Rift in 1977 (Lonsdale 1977) and black smokers at
East Pacific Rise a few years later (Francheteau et al. 1979;
Spiess et al. 1980; Hekinian et al. 1983), more than 600 active
and inactive hydrothermal sites have been found in the world’s
oceans. More than 300 are associated with significant base
metal–sulfide mineralization (Baker and German 2004;
Hannington et al. 2005, 2010; Beaulieu et al. 2013;
Monecke et al. 2016). Bulk analyses of recovered massive
sulfide samples (n = 3885) have average grades of 4.3 wt%
Cu, 10.6 wt% Zn, 0.1 wt% Pb, 1.7 ppm Au, and 107 ppm Ag,
which are comparable to massive sulfide deposits mined on
land (Franklin et al. 2005; Hannington et al. 2010). High Au
and Ag grades have been documented in samples from de-
posits in a wide range of geological settings. Early studies
(Hannington and Scott 1989a; Huston and Large 1989)
showed that cooling of high-temperature hydrothermal fluids

and mixing with seawater are fundamental controls on the
precipitation of gold and associated silver. At high tempera-
tures (e.g., ~ 350 °C in black smoker vents), substantial
amounts of the dissolved Au were thought to be carried out
of the system and lost to hydrothermal plumes (Hannington
and Scott 1989a; Herzig and Hannington 1995). Initially, the
strong Cu–Au association observed in many ancient massive
sulfide deposits (Huston et al. 2011) was not recognized in
black smokers. However, continuing efforts to document dif-
ferent types of seafloor hydrothermal have provided new clues
to the causes of Au enrichment, with important implications
for exploration in ancient VMS systems.

In this study, we explore how different source rocks and
buffer assemblages can account for significant variability in
the geochemical behavior of Au in various settings.
Geochemical reaction-path modeling is used to assess Au en-
richment in (i) basalt-hosted systems at mid-ocean ridges, (ii)
ultramafic rock-hosted systems, (iii) sediment-dominated sys-
tems, and (iv) arc-related systems including at intraoceanic arc
volcanoes and transitional arcs and back-arc spreading cen-
ters. We compare a comprehensive geochemical dataset of
seafloor massive sulfide (SMS) deposits around the world
with the physicochemical conditions of hydrothermal trans-
port and deposition of precious metals in each of these
settings.

Gold and silver concentrations in seafloor
massive sulfides deposits

Median grades of Au and Ag in 130 occurrences of seafloor
massive sulfides worldwide are listed in Table 1. The database
derives from an extensive compilation originally published in
2004 (Hannington et al. 2004) and updated with results from
57 additional publications (references cited in ESM 1). The
locations of the deposits and the ranges of Au and Ag grades
are shown in Fig. 1a, b. The different types of deposits are
classified according to their volcanic substrates, including
mid-ocean ridge basalt, ultramafic intrusive rocks, and more
evolved volcanic suites in both oceanic and continental crust.
These differences have been reviewed comprehensively in
Hannington et al. (2005) and are summarized below. The
range of Au and Ag concentrations in the deposits (Fig. 2)
reflects a number of different factors, but it is clear that the
geological setting and volcanic substrate are major underlying
controls in all cases.

Basalt-hosted deposits on the mid-ocean ridges are mainly
discriminated on the basis of spreading rate, which varies in
response to regional tectonic stresses and rates of magma sup-
ply. Fast-spreading ridges (full spreading rates of 6–14 cm/
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year) occur in relatively thin oceanic crust and are character-
ized by abundant volcanic eruptions; intermediate-rate (4–
6 cm/year) and slow-spreading (2–4 cm/year) ridges occur
in relatively thick crust and are characterized by only intermit-
tent volcanism between long periods of tectonic extension
and/or intrusive activity. Most ridges are dominated by normal
mid-ocean ridge basalt (N-MORB), but some intermediate
spreading centers have more evolved magma compositions
(ferrobasalt and andesite), which may be related to magma
mixing, fractional crystallization at shallow to intermediate
crustal depths, or assimilation of hydrated crust (Perfit et al.
1999). At slow-spreading ridges, which have a low melt sup-
ply, the crust is composed mainly of gabbroic intrusions, and
locally, ultramafic rocks are exposed. These differences in
volcanic substrate have a subtle but important influence on
the compositions of the hydrothermal fluids and the behavior
of Au. The presence of sediments also has a large effect on the
compositions of the vent fluids.

Subduction-related hydrothermal systems are of two main
types: vents found in the summit calderas of submarine volca-
noes at the volcanic fronts of arcs and those associated with arc
rifting and back-arc spreading. The volcanic arcs include both
intraoceanic and Btransitional^ or island arcs. Intraoceanic arcs

are developed mainly on a basement of oceanic crust, and the
volcanism is typically basaltic, becoming more andesitic and
calc-alkaline as the arc crust thickens. The magmas are mainly
products of partial melting caused by the addition of H2O and
other volatiles to the subarc mantle from subducted sediments
and hydrated oceanic crust. Typical island-arc basalt (IAB)
differs from MORB by having higher H2O and CO2 contents,
higher Fe2O3/FeO, and enrichments in certain elements, nota-
bly large-ion-lithophile elements, such as Ca, Ba, Cs, K, Rb,
and Sr. Vent fluid compositions are broadly similar to those at
mid-ocean ridges, but the arc magmas supply a number of
different components to the hydrothermal fluids, including
possibly the precious metals. Transitional arcs are developed
on older arc crust and, in some cases, on young continental
crust, which can also provide additional metals. Felsic volcanic
rocks are common in these settings, resulting from partial melt-
ing and/or fractional crystallization of magmas trapped in the
thickened arc crust or continental crust. The majority of the
known high-temperature vents in the western Pacific occur at
intraoceanic back-arc spreading centers, which develop after a
prolonged episode of arc rifting, caused by trenchward migra-
tion and sinking of the subducting plate, followed by passive
upwelling of mantle material. Back-arc basin basalts, or

Table 1 Details of seafloor massive sulfide deposits shown in Fig. 1
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Table 1 (continued)

This compilation of geochemical analyses of marine massive sulfide samples is an update from a version originally created for the International Seabed
Authority by the Geological Survey of Canada by Hannington et al. (2004). A detailed reference list for this version is provided in ESM 1
1 The rates of seafloor spreading are calculated based on MORVEL56 (DeMets et al. 2010) and categorized as ultra-slow (< 20 mm/year), slow (20–
40 mm/year), intermediate (40–60 mm/year), fast (60–140 mm/year), and ultra-fast (> 140 mm/year)
2 Estimated sizes of SMS deposits are taken from Hannington et al. (2010)
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a

b

Fig. 1 Locations for a Au- and b Ag-rich SMS deposits in the world’s
oceans. The color-coded symbols reflect the metal grades. The numbers
refer to the deposits listed in Table 1 and the coordinates for all SMS
deposits are from Petersen et al. (2016). The Au and Ag concentrations

are taken from an updated compilation of geochemical analyses originally
published by Hannington et al. (2004); a detailed description and
reference list are provided in Table 1 and in ESM 1, respectively
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BABB, like arc magmas, are enriched in volatiles and incom-
patible elements but are transitional between MORB and arc
basalt. BABB is generated by the extension (depressurization)-
induced partial melting of a mantle wedge, which has been
previously metasomatized by volatiles from a subduction slab
(e.g., Pearce et al. 1995). Intracontinental rifts are also impor-
tant settings for ancient VMS (Hannington et al. 2005), but
only one seafloor hydrothermal system is known in an
intracontinental rift setting, in the Atlantis II Deep of the Red
Sea (Table 1 and Fig. 1).

Gold and Ag concentrations in samples from these dif-
ferent settings span several orders of magnitude, from
0.001 to 43 g/t Au and 0.4 to 4900 g/t Ag. Basalt-
hosted and ultramafic rock-hosted massive sulfide de-
posits located at mid-ocean ridges (e.g., Mid-Atlantic
Ridge, East-Pacific Rise, Galapagos Rift) have Au and
Ag grades with median values of 0.29 and 2.78, respec-
tively, with some exceptions where they reach grades that
exceed 8 g/t Au and 90 g/t Ag (Fig. 2). Deposits at
sediment-covered mid-ocean ridges have low grades, gen-
erally less than 0.1 g/t Au and 8 g/t Ag. In contrast, SMS
located in arc-related rift systems, including the oceanic
arcs, transitional arcs, and mature back-arc basins, are
characterized by much higher grades. The richest deposits

have median grades that exceed 10 g/t Au (in the 10th
percentile: Fig. 3a) and are all found in transitional arc
and back-arc settings (Table 1 and Fig. 1a). These de-
posits are located on the Izu-Bonin arc (43 g/t Au at the
Suiyo Seamount), in the Mariana back-arc (13.3 g/t Au at
the Forecast vent field), in the Manus Basin (15.2 g/t Au
at Solwara 9; 12.8 g/t and 10.4 g/t Au at Solwara 6 and 8,
respectively; 10 g/t Au at the Pacmanus Site; 10.6 g/t Au
and 31 g/t Au, respectively, at Solwara 2 and 3 in the
Vienna Woods Area), in the Western Woodlark Basin
(12.4 g/t Au at Franklin Seamount), and in the Lau
Basin (16.3 g/t Au at Fonualei Rift, FRSC-2; 13.9 g/t
Au at the MTJ Caldera site; 12.9 g/t Au at Tahi Moana-
4; 14.2 g/t Au at Tahi Moana-5). Deposits with median
Ag grades in the top 10% (more than 280 g/t Ag: Fig. 3b)
are also in arc and back-arc settings: on the Izu-Bonin arc
(322 g/t Ag at the Suiyo Seamount), in the Manus Basin
(370 g/t Ag at Solwara 2, 1115 g/t Ag at Solwara 3,
284 g/t Ag at Solwara 9, and 452 g/t Ag at Solwara 12),
on the Mariana arc (282 g/t Ag at the Forecast vent field),
and in the Lau Basin (504 g/t Ag at Fonualei Rift, FRSC-
2; 509 g/t Ag and 646 g/t Ag at Tahi Moana-4 and Tahi
Moana-5, respectively). The highest Ag grades are found
in deposits underlain by continental crust in the Okinawa
Trough (4900 g/t Ag at Hakurei; 600 g/t Ag at JADE;
500 g/t Ag at North Knoll).

Caution is needed when interpreting the reported Au and
Ag grades because of the highly variable sample populations,
which range from dredged samples with poorly constrained
locations, multiple samples from the same location (e.g., an
individual chimney complex), and comprehensive sample col-
lections of entire areas or deposits, including active and inac-
tive parts (e.g., Petersen et al. 2016). The majority of the
analyses are of dredged samples from sulfide mounds, debris,
and especially active chimneys collected during sampling of
high-temperature fluids. Evidence of a sampling bias is seen in
a number of examples. For example, the spectacular Ag
grades reported for the Hakurei deposit in the Okinawa
Trough (4900 ppm Ag) are the result of analyses of multiple
subsamples from a single Ag-rich chimney, while most of the
other chimneys recovered from the deposit have grades of
only a few hundred parts per million (Table 1). Data from
drilling of the TAG, Snakepit, Middle Valley (Bent Hill and
ODP mound) and Solwara 1 deposits (Table 2) also shows
significant variability in grades between the interior of a de-
posit and samples from the surface. All of the drilled deposits
show similar trends of Au and Ag enrichments at or near the
surface and depletion in the interior. Thus, reported grades
from most seafloor deposits that have not been drilled cannot
be compared with reserves and resources reported for well-
characterized land-based mineral deposits. Only two largeAu-
rich deposits, in terms of size and tonnage, are presently
known among the volcanic-hosted SMS occurrences: the

Fig. 2 Box-and-whisker plots of Au (a) and Ag (b) concentrations of 130
seafloor massive sulfide deposits according to tectonic/geological
settings. The boxes represent the first (25%) to the third (75%) quartile,
the horizontal line within the boxes is the median (second quartile), and
the white squares are the mean values. The whiskers indicate the
minimum and maximum values for the range of 1 to 99% of the data.
Abbreviations: N = number of samples, MOR = mid-ocean ridge, UM =
ultramafic rock-hosted mid-ocean ridge, SED = sediment-covered mid-
ocean ridge, ARC = arc-rift related environment
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Solwara 1 deposit in the EasternManus Basin and the Hakurei
deposit in the Okinawa Trough, which could contain between
10 and 15 t Au, respectively (Nautilus Minerals Inc. 2012;
JOGMEC 2016). The largest accumulation of Au on the mod-
ern seafloor is in the metalliferous muds of the Atlantis II
Deep, which are estimated to contain ~ 45 t of Au (Laurila
et al. 2015). In most cases, however, it is not possible to make
direct comparisons of metal content with land-based deposits
owing to the nature of the sampling and the methods of
reporting mine production.

Precious metal associations and processes
of enrichment

Gold and silver are associated with a wide range of different
sulfide mineral assemblages in SMS deposits in both mid-
ocean ridge systems and arc or back-arc systems. They in-
clude Cu–Au-rich chimneys in the calderas of arc-front vol-
canoes (Sunrise, Brothers); large Cu–Zn deposits in early-
stage arc rifts (Solwara 1 deposit in the Eastern Manus
Basin); polymetallic Zn-Cu-Pb deposits at rifted continental
margins (Hakurei deposit in the Okinawa Trough); ultramafic
rock-hosted Cu–Au mineralization at slow-spreading mid-
ocean ridges (Logatchev, Semyenov, Ashadze deposits on
the Mid-Atlantic Ridge); deposits that have been strongly
enriched by zone refinement (TAG, MIR, and Alvin zones at
the Mid-Atlantic Ridge); in relatively shallow submarine hy-
drothermal systems affected by boiling (including both Cu-
and Zn-rich chimneys: Axial Seamount on the Juan de Fuca
Ridge); and in at least one large-tonnage, low grade brine-pool
deposit in Atlantis II Deep of the Red Sea (Table 3)
(Hannington et al. 1986, 1991a; Hannington and Scott 1988,
1989a, b; Herzig and Hannington 1990; Petersen et al. 2002).
The different styles of mineralization reflect very different
conditions and processes of Au and Ag enrichment. The two
principal geochemical associations recognized in ancient mas-
sive sulfide deposits, Cu–Au and Zn–Au (Huston et al. 2011),
are also evident in the global data for SMS (Fig. 4a). The data
for Ag are shown in Fig. 4b. Inmany deposits, a strong Zn–Au
association has been attributed to mixing and cooling of the
hydrothermal fluids causing deposition of gold at low temper-
atures (e.g., < 250 °C), typical of white smoker chimneys
(Hannington and Scott 1989a). However, temperature, which
is the main influence on Cu-rich versus Zn-rich mineraliza-
tion, cannot be the only control on Au enrichment, because
high concentrations of Au are found in both assemblages. This
distinctly bimodal distribution is illustrated in Fig. 5, which
shows the wide range of Au concentrations in different Cu-
rich and Zn-rich sulfides from deposits in the Eastern Manus
Basin. In this case, there is no correlation between the absolute
Au grade and the particular Cu–Au or Zn–Au association.
Another major influence on the distribution of precious metals
is the process of hydrothermal reworking or Bzone-refining,^
originally described by Barton Jr (1978) and adapted to the
Kuroko deposits by Eldridge et al. (1983). It involves the
continuous dissolution and reprecipitation of early-formed
minerals by the flow of high-temperature fluids through the
deposit, resulting in the common enrichment of Au and Ag
with Zn at the cooler outer margins (Hannington et al. 1998).
These Zn–Au assemblages also commonly have anomalous
trace element geochemistry, including co-enrichments of the
epithermal suite (Ag, As, Sb, Hg).

A number of different processes have been advanced to
explain the Cu–Au association. Notable co-enrichment of

Fig. 3 Cumulative frequency plot of the median aAu and bAg grades in
the collected surface samples of 130 SMS deposits. The gray dashed lines
indicate the 10th, 50th, and 90th percentile of the data. Data sources are
provided in ESM 1
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Cu and Au has been found in black smoker chimneys from
volcanic arcs, such as 10–20 g/t Au in Cu-rich chimneys from
Suiyo Seamount on the Izu-Bonin arc and in the deposits in
the eastern Manus Basin (Tsunogai et al. 1994; Watanabe and
Kajimura 1994; Moss and Scott 2001). The concentrations of
Au are orders of magnitude higher than in similarly Cu-rich
black smokers from the mid-ocean ridges, suggesting that Au
concentrations in the vent fluids must be much higher. The
most common interpretation is that the Au is sourced from
magmatic volatiles and deposited mostly in high-temperature
Cu-rich chimneys, but there may be relatively little accumu-
lation of massive sulfide (Dekov and Savelli 2004; Törmänen
and Koski 2005; Melekestseva et al. 2010, 2017;
Berkenbosch et al. 2012; Iizasa et al. 2018). Other trace ele-
ments, such as Bi and Te, show covariations with Au

enrichment in these chimneys, reaching concentrations of up
to 200 ppm Bi and 150 ppm Te (Watanabe and Kajimura
1994; Moss and Scott 2001). The Cu–Au–Bi–Te association
may reflect a felsic magmatic source for the metals, similar to
that observed in subaerial magmatic hydrothermal systems
(Hannington et al. 2005). Discrete Bi telluride minerals also
have been documented in massive sulfides at Brothers,
Palinuro Seamount, and in deposits on the Izu-Bonin arc
(Dekov and Savelli 2004; Törmänen and Koski 2005;
Melekestseva et al. 2010, 2017; Berkenbosch et al. 2012;
Iizasa et al. 2018). The most Au-rich samples also include
complex mineral assemblages including abundant bornite,
tennantite, or other sulfosalts. The latter commonly include
distinctive high-sulfidation minerals, such as the enargite–
luzonite in the Eastern Manus Basin (Petersen et al. 2002;

Table 2 Comparison of average bulk composition surface samples with drill core samples from selected seafloor massive sulfide deposits

Location N Cu (wt%) Zn (wt%) Pb (wt%) Au (ppm) Ag (ppm)

TAG (Mid-Atlantic Ridge)

Surface samples 172 5.3 8.4 0.03 2.7 171

Core samples 311 2.5 0.47 < 0.01 0.35 5.0

Snakepit (Mid-Atlantic Ridge)

Surface samples 93 9.0 4.6 0.03 1.8 62

Core samples 14 10 4.7 0.03 0.6 16

Middle Valley (Bent Hill)

Surface samples 166 0.73 2.8 0.03 0.42 17

Core samples 87 1.2 1.5 0.02 0.08 4.0

Middle Valley (ODP mound)

Surface samples – – – – –

Core samples 17 3.1 14.2 < 0.01 – 8.0

Solwara 1 (Manus Basin)

Surface samples 250 9.7 5.4 1.1 15 174

Core samples 984 5.2 0.51 0.10 4.3 24

Palinuro Seamount (Tyrrhenian Sea)

Surface samples 20 0.38 13 6.5 2.6 202

Core samples 36 1.6 2.8 1.9 0.4 130

Modified from Hannington et al. (2010) and Petersen et al. (2014)

Table 3 Tectonic settings, metal associations, and styles of mineralization of Au-rich seafloor hydrothermal systems

Deposit type/setting Metal association Source of Au enrichment Examples1

Arc volcano Cu–Au Magmatic–hydrothermal Sunrise, Brothers

Arc–back-arc rift Au-rich polymetallic Magmatic–hydrothermal Solwara 1

Rifted continental margin Au-rich polymetallic Enriched continental crust Okinawa Trough

MOR (deep) Zn–Au Zone-refining TAG, MIR, Alvin

MOR (shallow) Zn–Au, Cu–Au Boiling Axial Seamount

Ultramafic-hosted Cu–Au Ultramafic (mantle) sources Logatchev, Ashadze

Brine pool Au–pyrite Sediment (diagenetic) Atlantis II Deep

1 See text for description
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Dekov and Savelli 2004; Törmänen and Koski 2005;
Melekestseva et al. 2010, 2017; Berkenbosch et al. 2012;
Iizasa et al. 2018). However, normal mid-ocean ridge black
smokers, which can also be Au-rich, typically do not show
any of these trace element enrichments or high-sulfidation
minerals, implying that other processes may also account for
the Cu–Au association.

The different trace element associations with Au and Ag
reflect a combination of the conditions of mineralization and
the source rocks. In particular, hydrothermal fluids in mafic-
or ultramafic rock-dominated settings are enriched in metals

such as Cu, Fe, Co, Se, and Ni, whereas volcanic arc and back-
arc settings are enriched metals such as Pb, As, Sb, and Ag
(Hannington et al. 2005). Spearman’s rank correlation coeffi-
cient (ρ) calculated for these elements (Fig. 1 in ESM 2) show
two groups that are positively correlated with Au: (1) highly
mobile epithermal elements (Ag, As, Sb, Hg, Tl, Cd) typical
of low-temperature Zn-rich assemblages and (2) other trace
elements (In, Ga, Ge) that are found in higher-temperature Cu-
rich assemblages. The range of concentrations of a number of
these elements in samples from deposits in different settings is
illustrated in Fig. 6. The source rocks control, possible direct

Fig. 4 Ternary plots of Cu, Zn,
and Pb concentrations in surface
samples of 130 SMS deposits.
The number of analyses for each
deposit is shown in Table 1. The
color code corresponds to the Au
(a) and Ag (b) concentrations of
the corresponding samples, with
symbols for high metal
concentrations plotted on top of
symbols with low metal
concentrations to show where the
highest grades occur. Data
sources are provided in ESM 1
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magmatic contributions, and temperature-dependent solubil-
ities that influence the transport and deposition of the trace
elements have been reviewed by Monecke et al. (2016).

Precious metal mineralogy

Although exceptional Au and Ag concentrations can be found
in many deposits, discrete gold and silver minerals or their
alloys are rarely observed (reported in only 18 deposits:
Table 4). In a few case where native gold and silver are ob-
served, a close paragenetic relationship exists between As-
and Sb-bearing sulfosalts and the native gold has been noted
(e.g., Hannington et al. 1991b, 1995; Petersen et al. 2002),
which has been attributed by previous workers to co-
precipitation at relatively low temperatures. Tennantite [(Cu,
Ag, Zn, Fe)12As4S13] and tetrahedrite [(Cu, Fe, Ag,
Zn)12Sb4S13] are the most common sulfosalts (e.g.,
Monecke et al. 2016). Native gold (commonly of high purity)
and Ag-poor electrum are found in some deposits at mid-
ocean ridges, including sites with mainly ultramafic footwalls,
but native Ag is rarely observed. Most Ag is present in Ag-
bearing sulfosalts, such as tetrahedrite. In the ultramafic-
hosted Logatchev deposit, native gold has been found in as-
sociation with chalcopyrite, bornite, and covellite (Murphy
and Meyer 1998; Moss and Scott 2001), whereas in the
Beebe hydrothermal field, native gold has been found with
pyrrhotite and iron oxides but rarely with chalcopyrite
(Webber et al. 2017). Native gold has also been reported in

opaline silica from the basalt-hosted Semyenov-2 hydrother-
mal field (Melekestseva et al. 2010, 2017). Abundant Au-rich
electrum has been found in hydrothermally reworked sulfides
from the TAG hydrothermal field from the Mid-Atlantic
Ridge (Hannington et al. 1995). Grain coarsening appears to
be an important process during hydrothermal reworking, as
suggested by Hannington et al. (1995), explaining the large
grain sizes (up to 10 μm) and the high-fineness of the gold in
sphalerite veins cutting the massive sulfides. Some native gold
in the TAG deposit is interpreted to be enriched together with
Cu in secondary digenite, covellite, and bornite by supergene
alteration processes (Hannington et al. 1988).

Native gold, electrum (> 20 wt.% Ag) and Ag-bearing
sulfosalts are more common in arc and back-arc settings
(seven deposits, Table 4). These have been reported in
sphalerite-rich massive sulfides from the Lau Basin (Herzig
et al. 1993), in Cu-rich sulfides in chalcopyrite and bornite in
the Manus Basin (Moss and Scott 2001; Ihle et al. 2005), Ba–
Zn–Pb-rich sulfides from the Okinawa Trough (Halbach et al.
1993), and in the barite–silica chimneys at Franklin Seamount
in the Woodlark Basin (Binns et al. 1997). Chalcopyrite from
a chimney interior sampled at the Brothers volcano contains
distinct bands, ~ 50–200 μm wide, that have Au contents ex-
ceeding 300 ppm, and in a single spot (~ 50 μm2) up to
1.55 wt% (Berkenbosch et al. 2012). Elsewhere, Ag-rich elec-
trum and Ag-bearing sulfosalts have been found in siliceous
vein networks resembling epithermal-style mineralization,
such as at Conical Seamount, an alkaline volcano offshore
from the giant Ladolam gold deposit on Lihir Island, PNG
(Petersen et al. 2002). In the Higashi-Aogashima hydrother-
mal field, unusually large gold crystals (up the 150 μm length)
have been identified in amorphous silica, and smaller gold
particles have been found in sulfidic sediments, which were
interpreted as Bfallout^ from hydrothermal plumes (Iizasa
et al. 2018).

A number of different mechanisms have been proposed
for the direct precipitation of gold in sulfide chimneys.
Hannington et al. 1986, Hannington and Scott 1989a,
Hannington et al. 1991b) recognized the importance of
direct precipitation of gold in diffuse hydrothermal vents,
in which mixing with seawater played an important role in
the cooling and oxidation of the fluids. More recently,
Webber et al. (2017) proposed entrapment of gold nano-
particles by diffuse flow through black smoker Bbeehive
chimneys^ in the Beebe hydrothermal field. Craddock
(2009) suggested a similar mechanism for gold deposition
in low-temperature, white smoker Bdiffusers^ in the
Eastern Manus Basin. In both cases, the large surface area
of the minerals in the beehive-type chimneys was consid-
ered to be crucial for the trapping of gold particles. Yang
and Scott (2006) suggested a process of direct precipitation
of gold in massive sulfide chimneys at the Pacmanus site
from magmatic volatiles that degassed through submarine
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Fig. 5 Gold grade distribution in massive sulfide deposits of the Eastern
Manus Basin (data from eight deposits, including Solwara 1: sources are
provided in ESM 1). The dataset was chosen specifically because the
sample collection is well sorted between Cu-rich and Zn-rich samples.
The plot shows that high gold grades can occur in both sample types.
However, there is no correlation between the absolute Au grade and the
particular Cu–Au or Zn–Au association
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Fig. 6 Bivariate plots for the element pairs aAu–Ag, bAu–As, cAu–Sb,
dAu–In, eAu–Hg, fAu–Se, gAu–Ni, and hAu–Co. The plotted data are
for individual surface samples from 130 SMS deposits. The number of
analyses for each deposit is shown in Table 1. The color and shape of the
data points indicate the geological/tectonic environment of the

corresponding deposits. Note: In cases where element concentrations
reported in the literature are at or below detection (N < 5%), the plotted
values are half the detection limit. These can be recognized in the plots as
horizontal or vertical arrays of data points at low concentrations
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Table 4 Occurrences of gold- and silver-bearing phases, associated ore mineralogy, and textural features of Au-rich seafloor massive sulfide deposits

Deposit Region Geological
setting

Precious metal mineralogy Ore mineralogy Textural features

49.6° (Longqi) Southwest
Indian Ridge

MOR Native Au Pyrite, marcasite, and
isocubanite; Zn-rich
assemblages with sphalerite,
marcasite, and isocubanite

Native Au occurs in Zn-rich
assemblages in cavities or as
inclusions in sphalerite. Some
grains present as inclusions in
pyrite or interstices between
pyrite and sphalerite

Beebe Cayman
Trough

MOR Native Au, electrum
(≤ 13 wt% Ag); minor
Au–Sb alloys

Pyrrhotite, chalcopyrite,
sphalerite, bornite, chalcocite,
amorphous silica, iron oxides,
and anhydrite

Native Au and electrum as
inclusions within and at grain
boundaries between
pyrrhotite, iron oxides, and
rarely chalcopyrite

Edmond Field Central Indian
Ridge

MOR Native Au, native Ag,
electrum;
argentotennantite,
pearceite and/or acanthite,
Ag nanoparticles

Pyrite, chalcopyrite, marcasite,
sphalerite,
tennantite-tetrahedrite,
amorphous silica, anhydrite
and Fe-oxyhydroxides

Native Au is associated with
sphalerite and anhydrite or
barite. Electrum and acanthite
as inclusions and at grain
boundaries chalcopyrite and
sphalerite. Nanoparticles of
native Ag in tennantite,
sphalerite, and chalcopyrite

MIR Mound Mid-Atlantic
Ridge

MOR Native Au (≤ 5.9 wt% Ag) Massive and recrystallized
chalcopyrite, pyrite, and
sphalerite

Native Au in the interstices or in
voids in recrystallized
chalcopyrite and pyrite.

Snakepit Mid-Atlantic
Ridge

MOR Native Au Chalcopyrite and pyrite in core
zone; isocubanite in
stockwork zone; sphalerite,
pyrrhotite, and isocubanite in
the uppermost zone

Native Au inclusions in
digenite, bornite and
opal/goethite in altered,
oxidized Cu-rich chimneys

TAG mound Mid-Atlantic
Ridge

MOR Native Au Pyrite, sphalerite, chalcopyrite,
marcasite, bornite,
amorphous silica, and
secondary sulfides

Native Au in fine-grained
secondary digenite on the
margins of altered
chalcopyrite

Ashadze-1 Mid-Atlantic
Ridge

UM Native Au, native Ag,
electrum, acanthite

Chalcopyrite-,
pyrrhotite–isocubanite-, and
sphalerite-dominated
chimneys; minor bornite,
pyrite, marcasite, wurtzite,
digenite, chalcocite, and
covellite

Native Au in observed
isocubanite–chalcopyrite
aggregates; electrum is
associated with chalcopyrite,
sphalerite, and isocubanite;
native Ag with sphalerite

Logatchev (1 + 2) Mid-Atlantic
Ridge

UM Native Au (≤ 6 wt% Ag),
electrum

Sphalerite, chalcopyrite,
isocubanite, pyrite and
marcasite, minor barite, and
clays

Native Au inclusions in primary
chalcopyrite, in bands of
bornite replacing
chalcopyrite, in covellite
replacing bornite and
chalcopyrite; electrum as
inclusions within sphalerite
(Logatchev 2 many gold
grains are also associated with
am. silica)

Rainbow Mid-Atlantic
Ridge

UM Native Au Pyrrhotite, isocubanite,
chalcopyrite and sphalerite,
very pentlandite, millerite,
and linnaeite/

Native Au associated with
Bi-rich melonite (NiTe2) in
the core of active Cu-rich
chimneys

Semyenov-2 Mid-Atlantic
Ridge

UM Native Au and electrum
(≤ 23 wt% Ag), native Ag,
stutzite (Ag5 - xTe3)

Chalcopyrite, isocubanite, opal,
sphalerite, wurtzite,
marcasite, pyrite and
covellite, minor atacamite,
galena, pyrrhotite, barite, and
aragonite

Native Au with am. silica and
rarely with isocubanite,
chalcopyrite and sphalerite;
Ag occurs in aragonite
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Table 4 (continued)

Deposit Region Geological
setting

Precious metal mineralogy Ore mineralogy Textural features

Escanaba Trough Gorda Ridge SED Native Au and electrum
(≤ 33 wt%Ag), maldonite,
unknown Au-bearing
mineral (AuBi5S4)

Pyrrhotite, isocubanite,
chalcopyrite, sphalerite,
pyrite, marcasite and barite,
minor sulfarsenides,
arsenides, Bi-bearing
minerals, and galena

Native Au, electrum, maldonite
and unknown Au–Bi sulfides
as inclusions/overgrowths on
arsenopyrite, glaucodot,
cobaltite, loellinggite,
safflorite, native bismuth,
Bi–tellurides, and Bi–Te
sulfides; secondary Au
observed in interstice of
altered pyrrhotite and
intergrown with native sulfur

Brothers Kermadec Arc I-ARC Calaverite (AuTe2, ≤ 40 wt%
Au), Au–Bi-bearing
tellurides

Chalcopyrite, sphalerite,
bornite, barite, minor pyrite,
chalcocite, covellite,
sulfosalts, sphalerite, and iron
oxides in Cu- and Zn-rich
chimneys

Au–(Bi)–tellurides in
chalcopyrite

Higashi-Aogashima Izu-Ogasawara
arc

I-ARC Native Au (≤ 18.2 wt% Ag),
hessite (Ag2Te)

Sphalerite, chalcopyrite,
tennantite, jordanite, pyrite,
barite, and amorphous silica

Native Au associated with
sphalerite, chalcopyrite,
pyrite, tennantite, hessite,
galena, amorphous silica, and
barite (in sulfides and
metalliferous sediments)

PACMANUS and
Susu Knolls

Manus Basin T-ARC Native Au (≤ 4 wt% Ag) Sphalerite, chalcopyrite and
barite, minor tennantite,
Pb-sulfosalts, bornite,
covellite, digenite, pyrite,
marcasite, and silica

Native Au in high- and
low-temperature sulfide
assemblages, incl.
chalcopyrite, tennantite,
sphalerite, bornite, covellite,
and am. silica

JADE Okinawa
Trough

T-ARC Native Au, native Ag, jalpaite
(Ag3CuS2) and
Ag-bearing
tennantite/tetrahedrite
(≤ 2.5 wt% Ag),
Ag-bearing galena (up to
69 wt% Ag)

Chalcopyrite, pyrrhotite, pyrite,
sphalerite, galena, marcasite,
realgar, orpiment,
tennantite/tetrahedrite, barite,
and amorphous silica

Native Au- and Ag-bearing
phases associated with
low-temperature barite and
sulfide minerals

Franklin Seamount Woodlark
Basin

BAB-IO Native Ag, electrum,
pyrargyrite (Ag3SbS3),
unknown Ag–Sb–Pb
sulfosalt phase

Pyrite, sphalerite, galena, and
chalcopyrite, minor
amorphous silica, and
cerrusite

Electrum in interstices of pyrite,
am. silica and barite;
pyrargyrite in growth zones
and unknown Ag-phase as
inclusions within pyrite

Valu Fa Ridge (incl.
White Church,
Vai Lili & Hine
Hina)

Lau Basin BAB-IO Native Au Sphalerite, minor barite,
chalcopyrite, bornite,
tennantite, galena, pyrite,
Pb–As sulfosalts, and
amorphous silica

Native Au as inclusions or
linings in/around sphalerite,
chalcopyrite, and tennantite

Conical Seamount
(epithermal
veins)

Near Lihir
island

Alkaline
ARC

Native Au, electrum
(≤ 31 wt% Ag),
Ag-bearing tetrahedrite
(≤ 18 wt% Ag)

Sphalerite, chalcopyrite,
tennantite–tetrahedrite,
galena, pyrite–marcasite, and
Pb–sulfosalts

Native Au and electrum as
intergrowths or in cavities
fills of sphalerite, galena,
rarely with chalcopyrite,
pyrite, and amorphous silica

References: Hannington et al. (1988), Halbach et al. (1993), Fouquet et al. (1993), Herzig et al. (1993), Hannington et al. (1995), Binns et al. (1997),
Murphy and Meyer (1998), Moss and Scott (2001), Petersen et al. (2002), Lein et al. (2003), Ihle et al. (2005), Törmänen and Koski (2005), Mozgova
et al. (2008), Melekestseva et al. (2010), Berkenbosch et al. (2012), Ye et al. (2012), Fouquet et al. (2013), Firstova et al. (2016), Wu et al. (2016),
Melekestseva et al. (2017), Webber et al. (2017) and Iizasa et al. (2018)
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volcanic eruptions and/or mixed into the seafloor hydro-
thermal systems. Others have suggested that precious met-
al deposition may be bacterially mediated (Zierenberg and
Schiffman 1990). And, in the metalliferous muds of the
Atlantis II Deep, gold is thought to occur mainly in ultra-
fine arsenian pyrite, as well as adsorbed onto clay minerals
from Au-enriched pore fluids (Laurila et al. 2015).

Tellurides that contain Au and Ag, such as calaverite
and hessite, and especially Bi–tellurides and sulfides in
association with gold, have been reported from deposits
in the summit calderas of several arc volcanoes (e.g.,
Monecke et al. 2016). The occurrence of specular hema-
tite and Au– and Bi–tellurides in chalcopyrite from the
Brothers volcano are consistent with direct magmatic con-
tributions at this site (Berkenbosch et al. 2012). However,
discrete Bi and Te minerals also have been documented in
Au-bearing massive sulfides at Semyenov-2 and in the
Escanaba Trough, indicating that co-enrichments of Au,
Bi, and Te are not exclusively associated with felsic
magmatic sources as previously noted by many authors.
Törmänen and Koski (2005) proposed that traces of Au in
the sulfide chimneys at Escanaba Trough were deposited
because of their strong affinity to Bi metal, forming the
Au–Bi alloy, maldonite.

Gold and Ag are widely reported as trace constituents of
sulfide minerals, either as solid solution in the host crystals or
as submicroscopic inclusions, especially in chalcopyrite, py-
rite, isocubanite, sphalerite, chalcocite, and covellite
(Melekestseva et al. 2014, 2017; Wohlgemuth-Ueberwasser
et al. 2015; Keith et al. 2016; Wang et al. 2017).

Sources of gold and gold-bearing
hydrothermal fluids

Leaching of primary sulfides and the destruction of ferro-
magnesian minerals in basalt are the major sources of
metals and sulfur in mid-ocean ridge hydrothermal sys-
tems (Hannington et al. 2005). Black smoker fluids at
mid-ocean ridges have in situ pH values from of 4 to 5,
salinities of < 1 to 8 wt% NaCl equivalent (avg. 3.5, close
to seawater), CO2 concentrations of < 5 to 285 mmol
(avg. 40), H2S concentrations of < 0.1 to 41 mmol (avg.
7.3), H2 concentrations of < 0.1 to 1.8 mmol (avg. 0.2),
and total metal contents of < 10 to 1300 ppm (avg. 290)
(Hannington et al. 2005). The narrow range of H2 and
H2S concentrations reflects equilibrium with a buffer as-
semblage including immiscible sulfides and Fe-bearing
olivine in the most reduced systems and a greenschist
alteration assemblage of pyrite–magnetite–anhydrite–cal-
cic plagioclase–epidote in the most oxidized systems
(Seyfried Jr et al. 1991; Seyfried Jr and Ding 1995).
Dissolved sulfur concentrations are almost always in

excess of dissolved metals. In ultramafic rocks, a number
of different reactions can lead to low pH and metal-rich
fluids, or alternatively high-pH and metal-depleted fluids
over a wide range of temperatures (Wetzel and Shock
2000; Allen and Seyfried Jr 2003). High concentrations
of H2 that can reach up to 16 mmol are produced by
serpentinization reactions through oxidation of ferrous
iron in olivine:

15Mg2SiO4 þ 3Fe2SiO4 þ 23H2O

¼ 9Mg3Si2O5 OHð Þ4 þ 3Mg OHð Þ2 þ 2Fe3O4 þ 2H2 ð1Þ

Abundant CH4 is also produced during serpentinization,
through a series of Fisher–Tropsch-like reactions that con-
vert carbon dioxide to CH4 (Kelley and Früh-Green 1999;
Früh-Green et al. 2004). In sediment-dominated environ-
ments, the fluids are often depleted in metals and enriched
in the alkalies, ammonia, and organic-derived hydrocar-
bons relative to seawater–basalt systems. Chemical buffer-
ing by the sediment results in generally higher pH and
more reduced hydrothermal fluids. Pyrrhotite tends to be
the dominant Fe-sulfide phase, and other minerals formed
at low ƒO2 (e.g., Fe-rich sphalerite: Barton and Toulmin
1966) are commonly present. The lower venting tempera-
tures compared to sediment-free mid-ocean ridges (e.g.,
317 °C in the Guaymas Basin; 276 °C at Middle Valley;
217 °C in the Escanaba Trough) and the higher pH account
for the lower metal concentrations at the sea floor.

The major controls on vent fluid compositions in arc
and back-arc settings are the same as those at mid-ocean
ridges, but there is evidence that magmatic volatiles sup-
ply a number of components, including metals, to the
hydrothermal fluids (Hannington et al. 1995). End-
member fluids commonly have higher concentrations of
K and other alkali elements, reflecting the composition of
the volcanic rocks, and they tend to be more oxidized
because of the lower abundance of FeO-bearing minerals.
Early observations of Au enrichment in the associated
deposits could not be accounted for by differences in the
Au contents of the source rocks and were mainly
interpreted to reflect the oxidation state of the fluids
(Herzig et al. 1993; Herzig and Hannington 1995).
However, the role of magmatic volatiles in the enrichment
of Au is now generally accepted, and the presence of
isotopically distinct fluids in some anomalously Au-rich
systems provides positive evidence for a direct magmatic
contribution. For example, high concentrations of Cu, Fe,
and Zn chlorides in a fluid phase co-existing with melt
inclusions in andesite from the Eastern Manus Basin sup-
port the suggestion that metals may be contributed direct-
ly from the magma (Yang and Scott 1996; Kamenetsky
et al. 2001; Yang and Scott 2002).
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Sampling black smoker fluids has produced a large
dataset of several hundreds of analyses (German and
Von Damm 2004). Yet, after more than three decades,
only a few analyses of Au have been reported from just
10 locations, mostly within the last 6 years. This is partly
because of the difficulty analyzing trace quantities of Au
in the fluids, requiring difficult preconcentration tech-
niques, but these difficulties have mostly been overcome.
Early estimates based on analyses of the quenched prod-
ucts of high-temperature black smokers indicated Au con-
centrations in the end-member fluids of 0.05 to 0.2 ppb
(Hannington and Scott 1989a; Hannington et al. 1991a).
Average value of 0.08 ppb Au used in this study is based
on six references from mid-ocean ridge vents: 0.2 ppb Au
from 21N EPR black smoker fluids (Campbell et al.
1987), 0.1 ppb Au from the combined analysis of vent
fluids and filtered particulates at Southern Explorer
Ridge (Hall et al. 1988), 0.06 and 0.1 ppb Au from anal-
yses of quenched products of high-temperature vents from
21N and 11N EPR (Hannington and Scott 1989a;
Hannington et al. 1991a), and 0.05 ppb and 0.0074 ppb
Au in two samples from the Hanging Gardens vent at 21N
EPR (Falkner and Edmond 1990). The numbers were so
low that many researchers considered it not worth the
effort to pursue additional analyses. Then, gold concen-
trations in vent fluids from the Eastern Manus Basin and
the Tonga arc were measured in the range of 0.6 to 1 ppb
(Table 5) a factor of 5× to 10× the MOR values
(Craddock 2009; Gartman et al. 2018). These results
seemed consistent with a probable felsic magmatic contri-
bution to the hydrothermal fluids and were close to the
reported concentrations of Au in land-based magmatic–
hydrothermal systems, such as Broadlands and White
Island (Simmons et al. 2016). But, the measured values
were still much lower than in Au-rich magmatic fluids
found in deep dril l holes, for example, at Lihir
(Simmons and Brown (2006): Table 5). In 2007,
Hardardóttir et al. (2009) sampled the deep fluids at
Reykjanes on Iceland, a seawater-dominated, basalt-
hosted geothermal system on the Mid-Atlantic Ridge.
Au concentrations in fluids collected below the boiling
zone, at depths of 1500 m, averaged 3 ppb (up to
6 ppb). That experiment was repeated 7 years later, and
Au concentrations in the same wells to 1650 m depth
averaged 14.3 ppb Au (up to 21 ppb: Hannington et al.
(2016)), more than 2 orders of magnitude higher than the
value for mid-ocean ridge black smoker fluids.

Considerable effort has gone into detecting parts per
billion-level (and even sub-ppb) variations in the host rocks
to try to explain the enrichment of Au in some systems.
However, the reported range of Au concentrations in
MORB, both bulk rock and glasses, is less than 1 up to
5 ppb (Table 6). Ultramafic rocks have somewhat higher

concentrations up to 8 ppb (Table 6), and immiscible sulfides
andmafic minerals could be an important source of Cu and Au
for deposits in these settings (Pitcairn 2013; German et al.
2016). However, these differences do not appear to be large
enough to account for the 2 to 3 orders of magnitude variation
in the Au contents of the deposits. Webber et al. (2013) argued
that substantial gold enrichment of oceanic crust during ridge–
plume interaction could be a source for Au-rich SMS deposits.
However, there are too few examples of deposits occurring
where plumes impinge on MOR settings (Axial, Lucky
Strike, Menez Gwen: Table 1) to say anything about the pos-
sibility that increased mantle melting at these locations has
contributed to gold enrichment. High concentrations of Au
have been reported in unaltered volcanic glass and glassy
volcanic rocks from the Eastern Manus Basin, from < 1 to
15 ppb with an average of 6 ppb (Moss and Scott 2001).
Similar concentrations have been found in volcanic rocks
from the arc front (Jenner et al. 2012; Park et al. 2015;
Portnyagin et al. 2015: Table 6).

The low Au concentrations of sulfide deposits on
sedimented ridges suggest generally low Au concentrations
in the hydrothermal fluids, although these have never been
measured. The metalliferous brines of the Red Sea may be
an important exception, owing to the extremely high salinity
originating from the dissolution of Miocene evaporite and
reactions with a number of different rocks, including basalt
and marine shale (Zierenberg and Shanks III 1986; Anschutz
and Blanc 1995; Anschutz et al. 1995). Mass balance calcu-
lations for the brine pool suggest an end-member Au concen-
tration in the brines of 0.26 ppb (Laurila et al. 2015), close to
that of hydrothermal brines from the Salton Sea (Table 5).

Gold and silver solubility

To examine the behavior of Au and Ag in different seafloor
hydrothermal systems, we used the geochemical modeling
software Geochemist’s Workbench 12® (Bethke 2008). The
aqueous and mineral species in the most recent version of the
SUPCRT92 database (Johnson et al. 1992; Shock et al. 1997;
Sverjensky et al. 1997) were entirely integrated into
Geochemist’s Workbench (GWB), using the software tool
DBCreate (Kong et al. 2013), which generates the required
file of equilibrium constants for GWB from the native format
in SUPCRT92. The derived database was modified and
extended by adding newer data for the aqueous and mineral
species, especially for Au and Ag, from Akinfiev and Zotov
(2001, 2010) and Pokrovski et al. (2014) (Table 1 in ESM 2).
The B-dot equation, an extension of the Debye–Hückel equa-
tion (Helgeson 1969), was used to calculate activity coeffi-
cients for charged aqueous species. An activity coefficient of
one was assumed for neutral aqueous species, except nonpolar
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species for which calculated activity coefficients were used
(Drummond and Ohmoto 1985).

Calculated solubilities of Au and Ag for different aque-
ous complexes of the metals in the end-member fluids are
shown in Fig. 7, under different buffer conditions corre-
sponding to the range of volcanic and tectonic settings
studied here: basalt-dominated mid-ocean ridges (MOR),
ultramafic-dominated mid-ocean ridges (UM), volcanic arc
and back-arc (ARC) settings, and sediment-dominated

mid-ocean ridges (SED). The end-member fluid chemistry
in each case is strongly influenced by the mineral assem-
blages present in the rocks, which largely control the H2

and H2S activity. Fluids in ultramafic rock-dominated en-
vironments (UM) achieve highly reduced conditions close
to the fayalite–magnetite–quartz (FMQ) buffer (Fig. 7a). In
basalt-dominated MOR systems, the hydrothermal fluids
are more oxidized, consistent with pyrite–pyrrhotite–mag-
netite (PPM) equilibrium (Fig. 7a). The highest oxidation

Table 6 Representative gold concentrations in volcanic and mafic plutonic rocks

Source Location Au (ppb) Ref.

Dunite, harzburgite Hess Deep 2.77 Prichard et al. (1996)

Komatiite, picrite Miscellaneous 2–8 Keays (1987)

Icelandic basalt Reykjanes 0.2–4.2 Webber et al. (2013)

Hawaiian basalt Kilauea 1.5–3 Sisson (2003)

N-MORB Global (n = 112) 1.45 Jenner and O’Neill (2012a, b)

N-MORB Mid-Atlantic Ridge 0.97 Keays and Scott (1976)

Basaltic andesite Troodos 2.1 Patten et al. (2017)

Back-arc basalt Lau Basin 3.5 Jenner et al. (2012)

Low-Ti-basalt Manihiki Plateau 3.8–5.2 Portnyagin et al. (2015)

Low-Ti-basalt Miscellaneous 0.87 Hamlyn et al. (1985)

Arc basalt–andesite Tonga Arc 1.5–6.9 Park et al. (2015)

Arc basalt–andesite Etna (melt) 1–8 Botcharnikov et al. (2010)

Dacite–rhyolite Eastern Manus < 1–15 Moss et al. (2001)

Continental crust – 3.0 Taylor and McLennan (1985)

Continental crust – 1.3 Rudnick and Gao (2014)

Primitive mantle – 1.3 Taylor and McLennan (1985)

Table 5 Measured Au concentrations in seafloor hydrothermal fluids and deep geothermal systems

Location Temp (°C) Depth (m) Host rock Cu (ppb) Zn (ppb) Au (ppb) Ag (ppb) Ref.

MOR, e.g. EPR (n = 6) 350 2500–2600 MORB 1061 6735 0.08 4 (1)

BAB, Vienna Woods (n = 3) 285 2485 BABB 286 1877 < 0.02 3 (2)

Eastern Manus, SuSu (n = 11) 325 1190–1500 Felsic 14,616 3662 0.61 21 (2)

Eastern Manus, PAC (n = 13) 358 1700 Felsic 16,774 39,589 0.94 43 (2)

North Tonga, Niua (n = 10) 325 1160 Felsic 3113 4157 1.05 4 (3)

Reykjanes 2007 (n = 3) 314 1350–1400 MORB 15,467 14,433 2.9 55 (4)

Reykjanes 2014 (n = 3) 302 1575–1600 MORB 2267 12,933 14.3 64 (5)

Broadlands-Ohaaki 290 1600 Felsic < 10 330 to 1.5 to 8 (6)

White Island (vapor) 345 0 Felsic 27 375 0.33 0.2 (7)

Ladolam Deep Fluid (n = 3) > 275 1350–1500 Felsic 4450 185 16 to 6 (8)

Atlantis II Deep (calc.) 350 2000 Sediment 2400 11,000 0.26 21 (9)

Salton Sea (wellhead) 300 600–1070 Sediment 2400 715,000 to 0.6 90 (10)

Average of reported values unless indicated. References: 1 = Hannington et al. (2005); 2 = Craddock (2009); 3 = Gartman et al. (2018); 4 = Hardardóttir
et al. (2009); 5 = Hannington et al. (2016); 6 = Brown (1986), Simmons et al. (2016); 7 = Hedenquist et al. (1993), Simmons et al. (2016) and references
therein; 8 = Simmons and Brown (2006); 9 = Laurila et al. (2014); 10 = McKibben and Hardie (1997) and references therein

MORB = mid-ocean ridge basalt, BABB = back-arc basin basalt
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states are achieved by reaction with a Bgreenschist^ min-
eral assemblage containing plagioclase, epidote, quartz,
magnetite, anhydrite, and pyrite (PEQMAP buffer) as

proposed by Seyfried Jr et al. (1999) and Seyfried and
Ding (1995) (Fig. 7a):

9CaAl2Si2O8 þ 0:5Fe3O4 þ 3CaSO4 þ 11H2

¼ 6Ca2Al3Si3O12 OHð Þ þ 1:5FeS2 þ 8H2O ð2Þ

Modeled fluids in MOR systems range from reducing,
with log H2 activities as low as − 1.5, to less reducing,
with log H2 activities of − 3.5, and with equilibrium log
H2S activities in the range of − 1.25 to − 1.75. In arc-
related (ARC) systems, where water reacts with volcanic
rocks having even lower abundances of Fe-bearing min-
erals, the end-member hydrothermal fluids are typically
more oxidized and approach hematite–magnetite–pyrite
(HMP) equilibrium (Fig. 7a).

Figure 7b shows the fields of predominance for chlo-
ride, bisulfide, and hydroxide aqueous species of Au under
conditions where these different fluids develop. In hydro-
thermal fluids with low pH (< 5), AuCl2

− is the dominant
aqueous Au species. At intermediate pH (from 5 to 6.5),
AuHS° is dominant; at the highest pH (> 6.5), Au(HS)2

− is
the dominant Au species. Fluids typical of ARC environ-
ments have the highest potential to carry Au, in the range
of several parts per billion up to 100 ppb, whereas the
solubility of gold is progressively lower in fluids from
MOR, UM, and SED settings. Under the modeled condi-
tions, it is clear that most of the seafloor hydrothermal
fluids for which Au analyses are available (Table 5)
would be undersaturated with gold. Figure 7c shows the
results for silver. AgCl2

− is the dominant aqueous Ag
species in all of the modeled fluids, with maximum
solubility at the lowest pH and highest oxidation states.
Similar to the case of gold, all of the analyzed vent fluids
are undersaturated with silver, and fluids typical of ARC
environments are able to dissolve several hundreds to

�Fig. 7 Phase diagrams of hydrothermal fluids under Breaction zone^
conditions at 400 °C, 500 bar, 0.5 m Cl− (seawater) and quartz
saturation. a log aH2–log aH2S diagram showing the expected redox
conditions for hydrothermal fluids buffered by the mineral assemblages
present in the different rock buffers. The labeled red circles refer to the
different buffering assemblages: (1) fayalite, magnetite and quartz
(FMQ); (2) pyrite, pyrrhotite, and magnetite (PPM); (3) plagioclase,
epidote, quartz, magnetite, anhydrite, and pyrite (PEQMAP); and (4)
hematite, magnetite, and pyrite (HMP). b, c Fields of predominance of
aqueous chloride, bisulfide, and hydroxide species of Au and Ag as
functions of pH and log ƒO2. ΣS is buffered by the assemblage of
pyrite–pyrrhotite–magnetite. The yellow-shaded areas in b show the
solubility contours for native gold from 1 to 1000 ppb; green shaded
areas in c show the solubility contours for native silver from 0.1 to
1000 ppm. The labeled red circles refer to redox buffers in a expressed
as log ƒO2. The white-shaded ellipses indicate the approximate ranges of
pH and log ƒO2 for the corresponding fluids in mid-ocean ridge settings
(MOR), ultramafic rock-hosted (UM), sediment-hosted s (SED), and arc-
related systems (ARC) (see text for discussion)
>

Miner Deposita (2019) 54:789–820 805



thousands of parts per million. The maximum possible Au
and Ag solubilities for different rock buffers are plotted as
functions of the fluid temperature and pH in Fig. 8. Under
reservoir conditions (pH = 4 to 6, 400 °C), the solubility of
gold for the different buffers can span at least 1 order of
magnitude (10 to 100 ppb, all species); the solubility of
silver has a slightly smaller range (50 to 400 ppm, all
species). Hydrothermal fluids that are buffered by crustal
rocks (e.g., HMP buffer) have the greatest capacity to
transport Au and Ag.

Reaction-path modeling of gold precipitation

To investigate processes leading to the deposition of gold in
different Au-rich mineral assemblages, we consider the be-
havior of aqueous Au complexes in a range of hydrothermal
fluids equilibrated with different buffer assemblages and
conditions of mineralization. A number of tools exist to
model gold precipitation from dilute hydrothermal fluids.
Reed (1982) first developed the CHILLER program, with
aqueous speciation derived from SOLVEQ, to calculate het-
erogeneous equilibrium in cooling hydrothermal fluids and
during mixing (Reed and Spycher 1984; Reed and Spycher
1985; Reed 1998; Reed and Palandri 2006). Several attempts
have been made to model gold precipitation from seafloor
hydrothermal fluids using GWB. In almost all cases, gold
(and silver) precipitate at very low temperatures, owing to
the high solubilities in the modeled fluids and the low Au
concentrations assumed for the end-members. Most recently,
Webber et al. (2017) used GWB tomodel precipitation of gold
in the Beebe hydrothermal field under conditions buffered by
pyrite–pyrrhotite equilibrium and assuming an end-member
concentration of 0.1 ppb Au. Gold saturation in their models
occurred at 140 °C for conductive cooling and at 125 °C for
mixing. In models where the fluid was not buffered, gold did
not precipitate until temperatures reached 30–40 °C. These
results are inconsistent with the observed enrichment of Au
in polymetallic Zn-rich and Cu-rich assemblages typically
formed at much higher temperatures. New data from a number
of different seafloor hydrothermal systems suggest that Au
concentrations in some end-member fluids may be significant-
ly higher than previously thought (Table 5), allowing for gold
precipitation at much higher temperatures.

In this study, two types of reaction paths were calculated
using the REACT module of GWB: (i) conductive cooling
and (ii) hydrothermal fluid–seawater mixing. Representative
vent fluid compositions from each of the four buffer assem-
blages were modeled (Table 2 in ESM 2). Hydrothermal fluids
from the Snakepit (MARK) and Rainbow vent fields, both
located at the Mid-Atlantic Ridge, were chosen as typical of
basalt-dominated (MOR) and ultramafic rock-dominated
(UM) systems, respectively. A hydrothermal fluid from the
Guaymas Basin in the Gulf of California was selected as an
example of a sediment-dominated system (SED), in which
typical MOR fluids have reacted with organic-rich, reducing
sediments. An Au–Ag-bearing fluid from the Pacmanus site
(Rogers Ruins) in theManus Basin was chosen to represent an
arc-related system (ARC) dominated by felsic volcanic rocks.
All are seawater-dominated systems; fluids typical of
magmatically degassing volcanoes at the volcanic fronts of
arcs (e.g., Suiyo Seamount) were not modeled because of
uncertainties in the fluid compositions and because the hydro-
thermal products in many cases more closely resemble high-
sulfidation epithermal systems than typical seafloor massive
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Fig. 8 Solubility of gold and silver in hydrothermal fluids under reservoir
conditions as a function of a temperature and b pH. The different lines
(red for Au, green for Ag) reflect the solubilities for different fluid buffers,
corresponding to PPM (pyrite–pyrrhotite–magnetite) and PEQMAP
(plagioclase–epidote–quartz–magnetite–anhydrite–pyrite) in basaltic
rocks (dashed and dotted lines), FMQ (fayalite–magnetite–quartz) in
ultramafic rocks (dash-dot line), and HMP (hematite–magnetite–pyrite)
in felsic rocks (solid line). The mineral assemblages buffer the H2 and
H2S content of the fluid; a constant concentration 0.5 m Cl− is assumed
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sulfide deposits. The pH values of the hydrothermal fluids, all
measured at 25 °C, were back-calculated to the initial reser-
voir temperatures; the pH in the Guaymas Basin model, which
is strongly buffered by reaction with sediments, was fixed at
5.9 (Von Damm 1990; Von Damm et al. 2006). The average
Au concentration for mid-ocean ridge vent fluids (0.08 ppb =
0.41 nmol Au: Table 2 in ESM 2) was used initially for the
calculations of MOR, UM, and SED systems. Conductive
cooling was modeled in a closed system in which temperature
was lowered in steps from 350 down to < 25 °C.
Hydrothermal fluid–seawater mixing was modeled by titrat-
ing cold seawater into the hydrothermal end-member until
fluid temperatures reached < 25 °C. Precipitated minerals
were permitted to back-react over the entire model path.

The simple conductive cooling models illustrate the sensi-
tivity of gold and silver deposition to the original rock buffer.
The reaction path for a MOR vent fluid (Snakepit) is shown in
Fig. 9, with temperature decreasing from reservoir conditions
to an ambient temperature of 2 °C. AuHS° is the dominant Au
species at all temperatures above 200 °C; at lower tempera-
tures, AuHS2

− becomes dominant. The dominant Ag species
at temperatures from 341 to 215 °C is AgCl2

−; at lower tem-
peratures, AgHS° becomes dominant. The calculated maxi-
mum solubilities at reservoir temperature for gold and silver
are 4.5 ppb and 14.7 ppm, respectively. The modeled fluid is
highly undersaturated with respect to gold and silver, assum-
ing the average concentrations in MOR vent fluids noted
above, and only achieves saturation late in the cooling
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Fig. 9 Geochemical reaction-path
model for conductive cooling of a
typical mid-ocean ridge (MOR)
vent fluid from 341 °C to ambient
seawater temperature, represented
by fluid samples from the
Snakepit hydrothermal field on
the Mid-Atlantic Ridge (Table 2
in ESM 2). a, b The
concentrations of the Au and Ag
species, respectively. The black-
dashed lines correspond to the
starting concentrations of Au and
Ag in the modeled fluid from
Table 2 in ESM 2; the gray-dotted
correspond to the maximum
solubility over the reaction path. c
The minerals that precipitate upon
cooling of a fluid with a starting
concentration of 0.1 ppb
(0.41 nmol) Au and the resulting
Zn–Au association at low
temperatures. d The minerals that
precipitate upon cooling of a fluid
with a starting concentration of
1 ppb Au and the resulting Cu–
Au association at much higher
temperatures
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process. Both native gold and silver start to precipitate at
155 °C in a low-temperature sulfide mineral assemblage of

sphalerite, tennantite–(Fe, Zn), tetrahedrite–(Fe, Zn), and ga-
lena. Gold precipitation begins after the start of sphalerite
deposition and is very rapid, with > 90% of the gold deposited
in the first 25 °C of cooling below 150 °C (Fig. 10). The same
cooling model was also run with an initial concentration of
1 ppb Au. In this case, gold starts to precipitate at much higher
temperatures (283 °C: Fig. 9d) in a sulfide mineral assemblage
dominated by chalcopyrite and pyrrhotite.

The reaction path for an ultramafic-hosted system
(Rainbow) is strongly influenced by the high H2 concentration
(log aH2 = − 1.61), compared to normal MOR fluids (Fig. 11).
At temperatures from 362 to 335 °C, AuCl2

− is the dominant
Au species; at lower temperatures, AuHS° becomes dominant.
AgCl2

− is the dominant Ag species until 146 °C when AgHS°
becomes dominant. The solubilities of gold and silver are
generally very low, reflecting the reducing conditions, and
reach a maximum of 2.36 ppb Au and 88.9 ppm Ag in the
model fluid. As a result, the saturation of gold is achieved at a
higher temperature than in the MOR model fluid, and the
deposition of gold occurs with chalcopyrite in a Cu–Au-rich
assemblage (Murphy and Meyer 1998). The low pH of the
fluid causes a higher solubility for Ag, which precipitates after
gold at 178 °C. Because the fluids are undersaturated in Ag
when gold is precipitating, the native metal is likely to be of
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Fig. 11 Geochemical reaction-
path model for conductive
cooling of a typical ultramafic-
hosted (UM) vent fluid from
362 °C to ambient seawater
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samples from the Rainbow
hydrothermal field on the Mid-
Atlantic Ridge (Table 2 in
ESM 2). a, b The concentrations
of the Au and Ag species,
respectively. The black-dashed
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high fineness (Ag-poor), providing an explanation for the oc-
currence of mostly native gold rather than electrum in Cu-rich
chimneys of these deposits. A potentially important redox
buffer in ultramafic rocks, not considered here, is CO2-CH4.
Abiogenic methane production has been widely documented
in ultramafic rock-hosted seafloor hydrothermal systems, a
process that consumes H2 and CO2 in a Fischer–Tropsch-type
reaction (Shock and Schulte 1998; Charlou et al. 2002; Shock
and Canovas 2010; Hannington 2014). The lower H2 from
this reaction has the potential to increase the solubility of both
Au and Ag, but this is likely offset by the production of H2

during serpentinization.
Mineral precipitation in the model for sedimented mid-

ocean ridge systems (SED) is strongly influenced by the higher
pH compared to the other systems. Au(HS)2

− is the dominant
aqueous Au species over the entire cooling path (Fig. 12). The
fluids dissolve slightly less silver than MOR fluids at 315 °C.
At the initial stage of cooling, AgCl2

− is dominant to 302 °C; at
lower temperatures, Ag(HS)2

− is dominant. At the maximum
temperatures of the reservoir zone, the low ƒO2 of the fluids
results in relatively low Au concentrations as Au(HS)2

− (Fig.
7b). However, the solubility in the cooling fluids reaches
25.1 ppb Au at 315 °C (vent temperature in the Guaymas

Basin: Fig. 12). In this case, the effect of the high pH on the
stability of Au(HS)2

− offsets the effect of the lower ƒO2.
Because the high-pH fluids are able to transport Au at high
concentrations within the stability field of Au(HS)2

−, saturation
with gold is only achieved at very low temperatures, well after
deposition of most of the sulfides, resulting in a generally Au-
poor polymetallic sulfide assemblage.

Vent fluids in volcanic arc settings (Roger Ruins model) are
characterized by low pH (3.3) and very low H2 content (log
aH2 = − 4.98), with high Au and Ag concentrations compared
to MOR fluids (Fig. 13; Table 2 in ESM 2). We modeled
cooling with an initial Au concentration of 2 nmol/kg
(0.4 ppb from Craddock 2010) compared to 0.41 nmol/kg for
theMOR fluids (Table 2 in ESM 2). During conductive cooling
from 320 °C to ambient temperature, AuHS° is the dominant
Au species. AgCl2

− is the dominant Ag species down to
167 °C; at lower temperatures, AgHS° becomes dominant.
Maximum solubilities in these oxidized fluids are 54 ppb Au
and 2134 ppm Ag at reservoir temperatures. Gold saturation is
reached after cooling to 161 °C; silver starts to precipitate below
142 °C. Because of the higher initial Au concentration, gold
deposition occurs at a slightly higher temperature than in the
MOR model, together with chalcopyrite, sphalerite,
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Fig. 12 Geochemical reaction-
path model for conductive
cooling of a typical sediment-
hosted (SED) vent fluid from
315 °C to ambient seawater
temperature, represented by fluid
samples from the Guaymas Basin
(Table 2 in ESM 2). a, b The
concentrations of the Au and Ag
species, respectively. The black-
dashed lines correspond to the
starting concentrations of Au and
Ag in the modeled fluid from
Table 2 in ESM 2; the gray-dotted
correspond to the maximum
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tennantite–(Fe, Zn), and galena, resulting in an Au-rich
polymetallic sulfide assemblage. Differences in the quantities
of sulfosalts that are precipitated (e.g., in ARC versus MOR
systems) reflect the concentrations of As and Sb in the modeled
fluids (Table 2 in ESM 2). Because these fluids have an even
higher starting concentration of Au (e.g., average of 4.8 ppb =
0.94 nmol: Table 4), gold precipitation could have occurred at
temperatures up to 100 °C higher than indicated in Fig. 13.

Cooling of the MOR hydrothermal fluid to ambient temper-
ature produced a total mineral mass of 1.36 g per 1 kg of fluid.
Assuming quantitative deposition of the metal in the starting
fluid, the resulting grades are 0.07 g/t Au and 2.55 g/t Ag in the
precipitated massive sulfide. The hydrothermal fluids from the
ultramafic model precipitated 0.35 g/kg and yield 0.26 g/t Au
and 15.0 g/t Ag. The fluids in the sediment-dominated MOR
model precipitated 0.72 g/kg and yield 0.13 g/t Au and 0.3 g/t
Ag. The arc-related fluids precipitated 1.13 g/kg and yield
0.36 g/t Au and 22.27 g/t Ag. Although the patterns of enrich-
ment in the models are consistent with the grades of the de-
posits, the modeled grades are mostly 1–2 orders of magnitude
lower than the reported median Au und Ag grades in the mas-
sive sulfides (Table 1). This may be due to a number of factors:
(i) the Au concentrations in the fluids are higher than in the
modeled fluids (Table 4), (ii) the sulfides have been upgraded

by processes such as zone-refining, and/or (iii) the metals may
accumulate in the deposits over time.

In Fig. 14, we simulate step-wise mixing between the high-
temperature MOR vent fluid and cold seawater until a final
temperature of < 25 °C, corresponding to a final vent fluid to
seawater ratio of 1:15. Mixing in the model begins at the initial
venting temperature of 341 °C. At a mixing ratio of 1:1, there is
a large increase in SO4

2−, becoming the dominant aqueous sul-
fur species at 275 °C. However, the relatively slow decrease of
H2 and H2S is explained by the limited amount of O2 supplied
by the seawater, confirming earlier mixing models (Janecky and
Shanks 1988). The maximum solubilities of gold and silver
initially increase to 27.8 ppb and 1736 ppm, respectively, at a
temperature of about 296 °C due to the small increase in ƒO2,
and so gold and silver saturation is delayed. Native gold begins
to precipitate at a temperature of 117 °C, and native silver at
76 °C, associated with a low-temperature sulfide mineral assem-
blage. Mixing in the ratio of > 100:1 would be needed to
completely oxidize the hydrothermal fluids (Bethke 2008) and
thereby cause quantitative deposition of gold. As a result of the
large buffer capacity of the high-temperature fluids, and the
production of additional H+ during sulfide oxidation, the pH
remains low (4.5) until > 2.25 L of seawater has been mixed
with 1 L of the hydrothermal fluid (at 106 °C). This further
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Fig. 13 Geochemical reaction-
path model for conductive
cooling of a typical arc-related
(ARC) vent fluid from 320 °C to
ambient seawater temperature,
represented by samples from the
Roger’s Ruins field at the
Pacmanus site in the Eastern
Manus Basin (Table 2 in ESM 2).
a, b The concentrations of the Au
and Ag species, respectively. The
black-dashed lines correspond to
the starting concentrations of Au
and Ag in the modeled fluid from
Table 2 in ESM 2; the gray-dotted
correspond to the maximum
solubility over the reaction path. c
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inhibits the precipitation of gold and some other minerals, such
as sphalerite and barite, until low temperatures are reached.
Similar results for mixing are observed for the ultramafic- and
sediment-dominated systems, as well as the arc-related hydro-
thermal fluids (Figs. 2, 3, and 4 in ESM 2). In every case, the
mixture causes oxidation by seawater increasing the solu-
bility of Au and Ag, which precipitate only at low temper-
atures (< 150 °C). Because of the high pH of the sediment-
dominated (SED) system (Guaymas Basin), metal satura-
tion and precipitation was not reached under the modeled
conditions for mixing.

Role of boiling

The role of boiling as a means of gold deposition is becoming
increasingly apparent in seafloor hydrothermal vents, as evi-
dence for subcritical phase separation is found in a wide range

of different settings (Hannington et al. 1999; Monecke et al.
2014). Boiling at or close to the seafloor was first documented
at the relatively shallow Axial Volcano on the Juan de Fuca
Ridge (1540 m and 348 °C: Massoth et al. 1989; Butterfield
et al. 1990). At 1500 m water depth, the near-vertical adiabats
of most fluids at 350 °C will intersect the two-phase boundary
about 100 m below the seafloor, and the fluid will boil con-
tinuously from that depth as it rises to the seafloor. At these
low pressures, the density difference between the vapor and
liquid is large, resulting in the separation of a low-salinity, gas-
rich phase. The boiling temperatures range from a few hun-
dred degrees at shallow water depths (1000 m) to more than
400 °C in the deepest vents. A compilation of measured vent
temperatures in different settings, down to at least 3 km water
depth, shows a range of temperatures in every vent field lying
on a mixing line that terminates at or near the boiling curve
(Fig. 15). The distribution of vent temperatures strongly sug-
gests that the highest-temperature fluids in every system have
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boiled, and the phenomenonmay bemuchmore common than
previously thought (Huston 2000). Because boiling is restrict-
ed to the hottest vents, a strong Cu–Au enrichment may be
expected in the associated chimneys, as observed in recent
studies (Gartman et al. 2018). Unboiled fluids that have
cooled by mixing with seawater before reaching the seafloor
are more likely to produce a Zn–Au association.

Exsolution of dissolved gases (CO2, H2, H2S, SO2) into the
vapor phase during boiling shifts both the pH and the redox
phase equilibria, thereby strongly influencing Au solubility.
These effects have been modeled by Drummond and
Ohmoto (1985) and Reed and Spycher (1985). Critical for
the precipitation of gold and silver is the fractionation of
H2S into the vapor phase, causing a decrease in the activity
of HS− that destabilizes the dominant aqueous sulfur com-
plexes, such as AuHS°, Au(HS)2

−, and AgHS°. However,
model outcomes vary because of the different starting concen-
trations used in different studies, from 0.1 ppb Au in Reed and
Spycher (1985), and much higher concentrations (i.e., at sat-
uration) inDrummond and Ohmoto (1985). Reed and Spycher
(1984, 1985) employed a stepwise calculation to model
isoenthalpic boiling, calculating the amount of mineral precip-
itated for each degree of temperature decrease along the P–T
curve. In their models, gold was not precipitated because of
the low Au concentration of the fluid, and it was necessary to
remove almost all of the aqueous sulfide to sulfide minerals
and gas in order to reach saturation. In subsequent models for

the Broadlands geothermal system, Spycher and Reed (1989)
used a much higher Au concentration of 1.5 ppb (Brown
1986) and showed that gold precipitates readily upon boiling
at these high concentrations, depositing early relative to the
base metal sulfides as a consequence of the low chloride con-
centrations of the fluids. Drummond and Ohmoto (1985)
showed that the pH increases significantly during boiling
when H+ < HCO3

−, as the destabilization of aqueous HCO3
−

to produce CO2 consumes H+ according to the reaction:

HCO3
− þ Hþ ¼ CO2 þ H2O ð3Þ

This promotes Au solubility in the initial stages of boiling,
especially at high temperatures (Spycher and Reed 1989); how-
ever, at higher temperatures, the effect of the pH change is small,
allowing gold to precipitate. Moreover, in fluids with initial
concentrations of H+ > HCO3

−, as in most MOR vent fluids
(Table 2 in ESM 2), the pH does not change significantly during
boiling and decreases slightly as a result of the adiabatic cooling.

Figure 16 shows a model for incremental boiling of an Au-
rich black smoker fluid, following the method of Drummond
and Ohmoto (1985). The models for ultramafic-hosted, sedi-
ment-hosted, and arc-related fluids (UM, SED, ARC) are pre-
sented in Figs. 5, 6, and 7 in ESM 2. Boiling is simulated by
combining the cooling model with the loss of volatile gas
species from 350 to 200 °C in an isoenthalpic, open system.
Gases are removed incrementally and the liquid re-
equilibrated in a stepwise manner until 100% of the fluid has
boiled at 200 °C. The partitioning of the gases between the
liquid and vapor phase is calculated using the volatility ratios
(VR), a measure of the affinity of a gas species for the vapor
phase in a two-phase system defined as:

VR ¼ mvapor=mliquid ð4Þ

where mvapor and mliquid are the molality of volatile com-
pounds in the respective phase. We derived values of VR by
the methods of Drummond and Ohmoto (1985):

VR ¼ KH Vv
w=ZRT ð5Þ

where KH represents the fugacity/molality ratio of the vol-
atile gas species, VvW the specific volume of the water vapor,
Z the compressibility factor of the gas in the vapor phase,R the
gas constant, and T the absolute temperature. The volatility
ratios of the dissolved gases increase during cooling, which
results in strong partitioning into the vapor according to: H2 >
CO2 > H2S > SO2.

At the beginning of boiling, AuHS° is the dominant aque-
ous Au species, and AuOH° becomes more important with
progressive boiling and cooling due to the loss of H2S and

Fig. 15 Compilation of measured vent temperatures of modern seafloor
hydrothermal systems plotted as function of pressure modified after
Monecke et al. (2016). The boiling curve and critical point (CP) of
seawater (3.2 wt% NaCl) are taken from Driesner and Heinrich (2007)
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the oxidation of the fluid. As a result, the total solubility of
gold increases, relative to the simple conductive cooling mod-
el, at temperatures from 341 to 304 °C (Fig. 16b) and then
rapidly decreases with further cooling and phase separation.
The competing effects of H2 and H2S loss maintain a high
solubility of gold until ~ 304 °C, where the volatility of H2 >
H2S, resulting in oxidation of the liquid. The loss of H2S
eventually results in a decrease in the solubility of Au com-
pared to the conductive cooling case (cross-over in Fig. 16b),
but the remaining H2S is sufficient to prevent gold deposition
until relatively large degrees of boiling, similar to the situation
observed by Reed and Spycher (1984, 1985). Precipitation of
gold under these conditions, therefore, requires starting Au
concentrations of at least several parts per billion, such as a
starting concentration of 2 ppb Au results in gold precipitation
at 283 °C, as observed in New Zealand geothermal wells and
elsewhere (Brown 1986; Spycher and Reed 1989; Simmons
et al. 2016). In some chimneys (Berkenbosch et al. 2012) and
in mineral scales from boiling hydrothermal wells
(Hardardóttir et al. 2010), distinctive banding of chalcopyrite,
sphalerite, galena, and gold may be evidence of pulsed phase
separation. These examples may reflect conditions where the
liquid spontaneously flashes into steam, with dramatic effects
on gold deposition (Brown 1986). This has been observed in

active vents at water depths close to the boiling point of sea-
water, where the phase separation is highly localized (Schmidt
et al. 2017; Gartman et al. 2018), and has resulted in spectac-
ular Cu and Au grades in the deepest and hottest vents. But
just a few meters away, the hydrothermal venting may be
occurring at much lower temperatures, owing to mixing and
cooling, resulting in highly variable grades developed over
very short distances. Spycher and Reed (1989) modeled sim-
ilar effects (superenthalpic boiling) by adding excess heat
from either a dike intruding within the hydrothermal system
or by self-sealing and then fracturing to release volatiles.

Direct magmatic contribution

The concentrations of metals in mid-ocean ridge black smoker
fluids are considered by many to be too low to have produced
the large-tonnage VMS deposits in the geologic record (Scott
1997). Mass-balance considerations for typical EPR vent
fluids require large volumes of hydrothermal fluid and leached
rock to produce a major ore deposit, suggesting that other
sources of metals must be involved. Several researchers have
concluded that direct magmatic contributions of metals are
necessary (Urabe 1987; Huston and Large 1989; Stanton
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least several parts per billion, as observed in New Zealand geothermal
wells and elsewhere (see Table 4)
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1990; Stanton 1994; Large et al. 1996; Scott 1997; Yang and
Scott 2002; Yang and Scott 2006). However, the extent of this
contribution is debated (Huston et al. 2011). At mid-ocean
ridges, it is unlikely that exsolved magmatic brines are volu-
metrically significant, owing to the low H2O content of
MORB, but such fluids may be produced by more water-
rich magmas in arc environments, as 75% of recently active
submarine arc volcanoes are either degassing or host
magmatic–hydrothermal systems (de Ronde et al. 2011,
2014). Gruen et al. (2012, 2014) recently modeled the
magmatic–hydrothermal system at the submarine Brothers
volcano and concluded that a magmatic component played
an integral part in the hydrothermal system, supporting earlier
geochemical evidence (de Ronde et al. 2011).

The role of magmatic volatiles in the enrichment of Au
seems certain, but the mechanism of transfer of the metal from
the magma to the discharging hydrothermal fluids is unclear.
The discovery of metal-rich, CO2-bearing fluids coexisting
with melt inclusions in andesite from the eastern Manus
Basin supports the suggestion that metals could be sourced
directly from the magma or leached from magmatic rocks
(Yang and Scott 1996, 2002; Kamenetsky et al. 2001).
Limited oxygen and hydrogen isotope data also suggest that
direct contributions of magmatic water have occurred in some
arc and back-arc hydrothermal systems (Gamo et al. 1997;
Marumo and Hattori 1999). Notable enrichments of certain
trace elements (e.g., Bi, Se, In, Te, and Sn) have been argued
as evidence for a magmatic contribution to some deposits
(Dekov and Savelli 2004; Hannington et al. 2005;
Berkenbosch et al. 2012). The basis for suggesting that these
elements may be magmatically derived is their common asso-
ciation in porphyry Cu deposits as well as experimental evi-
dence for their strong partitioning into aqueous fluids during
crystallization of felsic magmas (Candela and Piccoli 2005).
Even at mid-ocean ridges, brine inclusions of probable mag-
matic derivation in subseafloor plutonic rocks contain daugh-
ter minerals of pyrite and chalcopyrite that indicate metal con-
centrations of up to 1000s of ppm Fe and Cu in the trapped
fluids (Kelley and Delaney 1987; de Ronde 1995).

Only a small contribution from such brines, mixed with
modified seawater, can account for major metal concentra-
tions in the vent fluids (Yang and Scott 2006). Seawater-
dominated hydrothermal fluids charged with Au from a deep
magmatic source are strong candidates for Cu–Au mineraliza-
tion in some systems. However, the interpretation of a direct
magmatic contribution to seafloor hydrothermal fluids is
made difficult by the lack of data on the compositions of the
magmatic fluids. Au concentrations in suspected magmatic
fluids from seafloor hydrothermal vents have never been mea-
sured. However, up to 16 ppb Au has been measured in deep
geothermal fluids from the magmatic–hydrothermal system at
Lihir (Simmons and Brown 2006), representing a likely end-
member concentration. Others have shown that the magmatic

vapor plume of arc volcanoes, such as White Island, could
deliver a significant amount of Cu and Au to the seafloor in
a submarine setting, with combined fluxes of 110,000 kg/year
Cu, 2190 kg/year Bi, and > 36 kg/year Au from passive
degassing and quiescent eruptions (LeCloarec et al. 1992;
Hedenquist et al. 1993).

Discussion

The many different styles of Au-rich SMS deposits (Table 3)
highlight a wide range of processes that work independently
or in combination to cause Au enrichment. Some of the con-
ditions whereby different Au-bearing mineral assemblages
may be precipitated are shown by reaction-path modeling,
but the calculations also raise a number of questions. Simple
conductive cooling of vent fluids buffered by different rock
types (Figs. 9, 11, 12, and 13) can result in dramatically dif-
ferent Zn–Au and Cu–Au assemblages, depending on the
starting concentrations of Au. The conditions that promote
or limit the precipitation of gold, and silver, include a complex
interplay of temperature, pH, and redox state. The concentra-
tions of available ligands, such as H2S and Cl−, in almost all
types of seafloor hydrothermal fluids exceed the amounts re-
quired to form stable chloride and bisulfide complexes of Au
and Ag. As a result, fluids with metal concentrations typical of
end-member MOR fluids must cool to lower temperatures in
order to achieve gold and silver saturation. Mixing with cold
seawater causes a decrease in H2S but also H2, the result being
an increase the solubility of gold, so that saturation is further
delayed. Hydrothermal fluids that are more reduced, such as
those buffered by ultramafic rocks, are able to transport less
Au and Ag, but may produce Cu–Au assemblages because
they become saturated at higher temperatures. More oxidized
fluids, common in arc settings, are able to transport higher
concentrations of Au and Ag, leading to precipitation of Au
in lower-temperature polymetallic assemblages. Where such
fluids have higher end-member Au concentrations, due to
magmatic contributions, they too become saturated at higher
temperatures leading to a strong Cu–Au association.
Geochemical modeling also shows that the extent of the buff-
ering during fluid ascent and cooling leads to even more com-
plex mineral paragenesis and is a topic for further
investigation.

The significant undersaturation of the MOR fluids begs
the question: how is gold deposited in higher-temperature
polymetallic and Cu-rich assemblages in some deposits?
Gold concentrations much higher than the modeled concen-
tration of Au (0.1 ppb) are needed to saturate the liquid, as in
the ARC fluids, and/or dramatic changes in fluid chemistry
must occur, such as boiling. In the undersaturated fluids, the
availability of Au in the rock is potentially amajor control on
enrichment. The remarkably consistent proportions ofmajor
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and trace metals in the deposits closely match the metal
ratios in their source rocks (Hannington 2014; Monecke
et al. 2016). Average concentrations of Au in typical basal-
tic, ultramafic and continental/crustal source rocks (Table 6)
are in the same order as the median grades in massive sul-
fides samples (MOR < UM < ARC: Fig. 2). However, the
range of Au concentrations in the source rocks is small com-
pared to the range of concentrations in the deposits and the
hydrothermal fluids. Gold concentrations in basalt vary by
no more than a factor of 5 (Table 6), whereas end-member
fluid concentrations in MOR settings span more than 2 or-
ders of magnitude (< 0.1 ppb to at least 10 ppb: Table 5).
Thus, the enrichment of Au cannot be due to variations in
source rock concentration alone, and another process is
needed to account for high concentrations observed in some
fluids. Moreover, an increase in the solubility of the gold
will make no difference to the end-member concentration
if all of the Au has already been leached from the rock.

Continuous recycling ofmetals during the lifetime of a vent
system may upgrade the metal concentrations in the fluids,
providing a local source for very high Au concentrations in
the fluids and resulting in some exceptionally rich zones (e.g.,
Hannington et al. 1995). In some cases, the metal may be
stripped from a deposit, as in a process of Bover-refining^
(Hannington et al. 1998). In volcanic arc settings, it is highly
probable that direct magmatic contributions to the hydrother-
mal fluids are responsible for Au enrichment, and high Au
concentrations of the fluids, explaining the Cu–Au enrichment
in some deposits. However, other deposits are enriched in Au
that do not show any evidence of a magmatic input in terms of
trace elements, alteration, or isotopic systems. Recent data
from deep drill holes at Reykjanes suggest that geothermal
fluids may be progressively enriched in Au over time by boil-
ing in the reservoir zone (Hannington et al. 2016). Some of
these geothermal fluids have bulk Au concentrations far in
excess of liquid saturation indicating that at least part of the
transported gold must be present as nanoparticle suspensions.

Conclusions

We have examined a number of the factors that control
gold deposition in black smoker deposits using simulta-
neous aqueous–mineral–gas equilibria. Reaction-path
modeling of simple conductive cooling and mixing of
end-member hydrothermal fluids shows that much of the
variability in Au and Ag deposition, such as early Cu–Au
in ultramafic systems and later Zn–Au under normal mid-
ocean ridge conditions, is a consequence of the rock buff-
er. In MOR systems, gold deposition is delayed to lower
temperatures owing to the stability of the AuHS° and
Au(HS)2

− complexes at moderate pH and ƒO2 (PPM and
PEQMAP buffers). During conductive cooling, gold

precipitation after the start of sphalerite deposition is very
rapid, with > 90% of the gold deposited in the first 25 °C
of cooling below 150 °C. The result is a low-temperature
Zn–Au polymetallic assemblage, with gold and silver de-
posited together with galena and sulfosalts. In ultramafic-
dominated systems, gold deposition occurs earlier owing
to the lower stability of the AuHS° complex at low ƒO2

(FMQ buffer). Gold deposition begins at 250 °C, before
sphalerite deposition and is slower, requiring 75 °C of
cooling to deposit > 90% of the gold. The result is a
higher-temperature Cu–Au assemblage, with gold depos-
ited before silver in an early bornite–chalcopyrite assem-
blage. In sediment-dominated systems, the much higher
pH stabilizes Au(HS)2

− and keeps gold in solution to very
low temperature (~ 70 °C), after the precipitation of most
sulfides, resulting in a relatively Au-poor polymetallic
sulfide assemblage and very late-stage deposition of gold,
for example, with amorphous silica. In ARC systems,
with higher initial Au concentrations in the fluids, gold
deposition occurs at a slightly higher temperatures than in
MOR systems, together with chalcopyrite, sphalerite,
tennant i te , and galena, resul t ing in an Au-r ich
polymetallic sulfide assemblage.

In all cases, the modeled end-member fluids are highly
undersaturated, and a complex interplay of physicochemical
processes affecting temperature, pH, and redox state controls
the timing of gold precipitation, the style of mineralization,
and the metal grades. Conductive cooling, down to ambient
temperatures, is an efficient mechanism for the precipitation of
native gold and silver at low temperatures in all but the ultra-
mafic rock-hosted systems. Mixing with cold seawater can
shift the deposition of gold to even lower temperatures mainly
because of the increased stability of AuOH°. During boiling,
the loss of H2 (> H2S) causes an initial increase in the solubil-
ity of gold, followed by a rapid decrease in solubility due to
removal of H2S and deposition of gold at higher temperatures
than for conductive cooling alone. Silver precipitation during
boiling is limited due to the conservative behavior of Cl−,
providing an explanation for the occurrence of gold of high
fineness in Cu–Au assemblages associated with high-
temperature boiling. However, modeled grades of Au and
Ag are generally lower than those in the sampled deposits,
suggesting that a number of additional processes must con-
tribute to the total precious metal budget. New data from the
seafloor are highlighting some of the processes that are re-
sponsible for the most Au-rich deposits. Recognizing that
such complexity exists, and that Au enrichment may be attrib-
utable to different processes in different deposits, or even in
different parts of the same deposit, has important implications
for exploration.
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