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Abstract 
 
The weathering process of seafloor massive sulphide (SMS) deposits can be 

considered analogous to weathering of terrestrial volcanogenic massive sulphides 

(VMS) deposits. However, in the context of SMS deposits, the process occurs in 

chemically buffered waters of near neutral pH, resulting in the formation of 

insoluble Fe oxy-hydroxide minerals including goethite and hematite as well as 

sulphates such as jarosite. As a result of this precipitation, it is commonly 

assumed that any SMS deposit is unlikely to exhibit a significant loss of metals 

(dissolution and release of heavy metals) into the water column. However, 

galvanic interactions have never been considered in this seafloor context, whilst 

they have already been shown to have the ability to increase dissolution 

significantly in terrestrial deposits. If heavy metal release is not temporally 

balanced by precipitation of oxide phases, there is the potential that these metal 

occurrences lose economic value. This is specifically significant if there is an 
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industrial focus on exploiting deposits associated with hydrothermal vents that 

have been inactive for some time. Not only this, but the geochemistry of 

weathering products - ’gossans’ - that are formed have the potential to be used 

as tools for exploration. Furthermore, it is unknown what impact galvanic 

coupling may have with regards to anthropogenic release of heavy metals during 

seafloor mining of deposits associated with either active or inactive vents 

(disturbance of sediment, plume generation and dewatering process). This 

environmental impact needs to be addressed prior to the formulation of regulations 

for deep-sea mining by the International Seabed Authority. 

 

The present review examines our current understanding of oxidation and 

dissolution of a mixed sulphide ore, bringing together lines of evidence from a 

range of literature sources. Based on this review, different seafloor sulphide ore 

deposits will dissolve by oxidation and release a variety of different metals 

(economic and/or toxic), all at different rates, with galvanic cells playing a role by 

increasing dissolution rates. While precipitation of oxide and oxy-hydroxide phases 

will occur, it is unknown in both a natural weathering and anthropogenic (mining) 

context whether heavy metal release (including economic and toxic metals) is 

temporally balanced by this precipitation and any subsequent adsorption. Based 

on our current understanding, certain sites will be more predisposed to oxidation 

as a result of their mineralogy (those containing significant pyrrhotite, marcasite, 

galena and secondary copper sulphides) and/or environment (higher temperatures 

and oxygen concentrations, lower pH’s). Furthermore, certain sites pose more of 

an environmental risk (in terms of toxicity) than others, with arc-related SMS 

deposits associated with higher concentrations of As, Pb, Sb, Cd and Hg and ultra-

mafic hosted SMS deposits associated with high concentrations of Co and Ni. The 

review highlights the need for subsequent studies that investigate the natural 

weathering process of seafloor sulphide ore deposits, including how this process 

impacts their economic value and consequent geochemical signature of oxides 

that are produced over time. Moreover, this review underlines the necessity for 

experiments to elucidate the oxidative dissolution of ore throughout any mining 

process. 
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1 Introduction 
 
Whether associated with active or inactive hydrothermal vents, there is an 

interaction between sulphide minerals on the seafloor and oxygenated seawater 

that results in oxidative weathering (Edwards, 2004). Continued circulation of 

oxygenated seawater throughout the deposit via fractures and faults, will ultimately 

result in its slow destruction unless the deposit has been preserved and protected 

from oxidation by volcanic or sediment cover (Ridley, 2012). However, there is 

also some potential for intermediate supergene enrichment by the replacement of 

primary sulphides with secondary sulphides and gossans (Hannington et al., 1988; 

Herzig et al., 1991). 

 

A similar process of weathering occurs in terrestrial analogues, better known as 

volcanogenic massive sulphide (VMS) deposits. Unlike their oceanic counterparts, 

weathering typically results in a low pH (<3) and can result in acid rock drainage 

(ARD), which strongly promotes further dissolution rather than a protective barrier. 

This is shown in Equations 1.1 and 1.2 involving pyrite. 
 

Equation 1 

𝐹𝑒𝑆2+3.5𝑂2	𝑎𝑞+	𝐻2𝑂	→		𝐹𝑒2++	2𝑆𝑂42−	+2𝐻+ 
 

 

Equation 2 

𝐹𝑒𝑆2+14𝐹𝑒3++8𝐻2𝑂	⟶15𝐹𝑒2++2𝑆𝑂42−+16𝐻+ 

 

The main difference is that weathering processes on the seafloor occur in waters 
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of near neutral and buffered pH and the reaction results in formation of insoluble 

Fe-oxide and Fe-oxyhydroxide minerals such as goethite and hematite as shown 

by Equations 1.3 and 1.4 involving pyrite. These minerals can accumulate as 

insulating crusts or caps on the seafloor sulphide deposits, sometimes up to 

several tens of centimetres thick (Hannington and Jonasson, 1992) and are 

referred to as ’gossans’ (Herzig and Hannington, 1995). Furthermore, the huge 

dilution factor and presence of numerous buffers make it unlikely that any 

significant net acid generation would occur (i.e., ARD as is known in a terrestrial 

context). 

 
Equation 3 

2𝐹𝑒𝑆2	+7.5𝑂2	𝑎𝑞+	4𝐻2𝑂		→		𝐹𝑒2𝑂3+4𝑆𝑂42−+8𝐻+ 
 
Equation 4 

𝐹𝑒𝑆2+3.75𝑂2𝑎𝑞+3.5𝐻2𝑂	→𝐹𝑒(𝑂𝐻)3+2𝑆𝑂42−+4𝐻+ 
 

In addition to the insoluble Fe oxyhydroxide minerals, copper weathering products 

have also been observed at SMS deposits. In particular, atacamite, paratacamite 

and botallackite (Cu2Cl(OH)3) have been identified at the Trans-Atlantic 

Geotraverse (TAG) and Logatchev, Mid-Atlantic Ridge sites (Dekov et al., 2011; 

Hannington, 1993). It is important to note that some of these secondary minerals 

(weathering products) are formed as a result of acidic pore waters (atacamite, 

jarosite) and not only from reaction with neutral pH seawater.  

 

Fe-oxides and Fe-oxy-hydroxides have been shown to adsorb heavy metals and 

therefore can also behave as a sink for metals during sulphide dissolution as well 

as forming a protective crust on a deposit, physically inhibiting further oxidative 

weathering (Benjamin and Leckie, 1981; Bruemmer et al., 1988). Dekov et al. 

(2011) show that Cu weathering products such as atacamite and paratacamite 

from Logatchev vent field at 14°45’N on the Mid Atlantic Ridge, do not behave as 

sinks for heavy metals during weathering via adsorption, evidenced by their 

depletion in trace metals (Au, Ag, Co, Ni, Zn). In contrast, gossans associated with 

atacamite from TAG hydrothermal field at 26°N on the Mid Atlantic Ridge are Au 
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enriched compared to others in the same area (Hannington et al., 1988; Herzig et 

al., 1991), although it is suggested the gold is present as native Au grains, rather 

than within the lattice of atacamite. 

 

In general the production of Fe-oxides and Fe-oxy-hydroxides, with their ability to 

act as a sink for metals, suggest it is unlikely that there will be any substantial loss 

of metals (dissolution and release of major metals including Fe and Cu) into the 

sea. However, mobilisation is possible, where atacamite has been observed in 

sediment samples without significant sulphides at Logatchev, indicating limited 

transport of Cu away from sulphides (Dekov et al., 2011). ARD would be a 

possible way to release the metals in confined areas on land, but in this deep-sea 

context with the high dilution factor and buffering nature of seawater, ARD would 

be highly unexpected as a major process. 

 

Another mechanism for metal release that has received little attention is galvanic 

interaction. SMS deposits include a variety of intimately associated sulphides, and 

it is the galvanic interaction between such minerals and inclusions that might have 

the ability to substantially increase the release of metals into the water column via 

increased dissolution (Abraitis et al., 2004a; Da Silva et al., 2003; Heidel et al., 

2013; Koleini et al., 2010; Kwong et al., 2003; Li et al., 2006; Liu et al., 2008; 

Mehta and Murr, 1983). If the increased rate of metal release due to galvanic 

interactions is not balanced by precipitation of phases, there is the potential for 

release of toxic metals into the water column. Subsequent metals may 

bioaccumulate in local ecosystems, disperse or accumulate in the wider ocean or 

ultimately precipitate out elsewhere as oxides. If this process is already happening 

naturally it could be reducing the economic worth of deposits, but if the galvanic 

reactions are mechanically accelerated by any future mining activity at SMS 

deposits, there is increased potential for heavy metal release into the sea. 

 

The aim of this review is to bring together lines of evidence that will help us to 

understand this natural weathering and oxidation process, how galvanic 

interactions may play a role and how this natural process could be intensified 

through mining. It also aims to highlight the areas where understanding is lacking 
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and suggestions on how this can be improved in the future. 

2 Mining of SMS Deposits 
2.1 Economic worth of SMS deposits associated with inactive 

hydrothermal vents 
 
Hannington et al. (2010), Hannington and Jamieson (2011) and more recently,  

Monecke et al. (2016) discuss the economic potential of modern seafloor massive 

sulphide ore deposits with respect to metal grades and tonnage. They further state 

that those metal accumulations that are associated with inactive vents with no 

major sediment cover will greatly reduce the environmental impact and therefore 

be of higher economic interest. It has also been suggested that occurrences on 

slow spreading ridges tend to be larger, and those associated with ultramafic host 

rocks are richer in Cu (>10 wt%) and Au (>3 ppm) (German et al., 2016; 

Hannington et al., 2011).  

 

Plume signal detection is used to identify the location of hydrothermal vents and 

any associated SMS deposits. However, as this technique is limited to active vents 

only, the majority of estimates of the total number of SMS deposits are assumed to 

be underestimates where they do not include extinct deposits (deposits associated 

with inactive hydrothermal vents) (Hannington et al., 2010).  Current exploration 

methods ultimately make it difficult to identify inactive deposits and there is a high 

demand for an inventory of inactive deposits (Hannington et al., 2010). The 

resource potential of SMS deposits associated with inactive vents is unknown but 

is thought to be high, with suggestions that inactive sites are ten times more 

abundant than active ones (Murton, 2013). Hannington et al. (2011) state that if 

present-day rates of SMS formation on ridges are extrapolated, significant 

tonnages may be expected off-axis, making such areas a preferred target for 

future metal extraction.  

 

Although the natural weathering process has been studied (Edwards, 2004; 

Edwards et al., 2003; Toner et al., 2008), it has never been fully considered in 

terms of how it might deplete the economic value of a deposit over time. The 

oxidative weathering of both terrestrial and seafloor hydrothermal sulphides to 
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produce ’gossans’ (Herzig and Hannington, 1995), has the potential for release of 

economic metals. At TAG and Logatchev, gossans contain abundant Fe oxy-

hydroxides (goethite and hematite), secondary Cu sulphides, jarosite and 

secondary copper minerals including atacamite (Dekov et al., 2011; Hannington, 

1993).  

 

The effect on economic value depends upon the distribution of metals throughout 

the weathering process, and whether or not metals are i) leached and lost, or ii) 

retained either in the primary sulphide or iii) retained in the secondary 

weathering products. This in turn also affects whether or not the geochemical 

composition of the overlying oxides might be utilised as a tool for exploration. The 

weathering process of sulphide minerals is complex and varies as a function of 

primary mineralogy, porosity, grain size, reactive surface area, time, temperature, 

pH, Eh amongst others. Numerous studies have discussed and analysed the 

retention of elements throughout the weathering process for terrestrial sulphide ore 

(Atapour and Aftabi, 2007; Thornber, 1985; Thornber and Wildman, 1984). In 

general the assessment of economic worth of a weathered seafloor sulphide ore 

deposit is very limited (Hannington et al., 1988; Herzig et al., 1991). In some 

respects, the extent of weathering is of secondary importance in comparison to the 

overall size of the deposit although it might become important for older deposits or 

if some particular metal is the target. It is probably the case that the primary 

sulphide deposit will have reduced in size, but metals such as Fe and Cu are 

retained as they are either converted to a weathered sulphide ore containing 

secondary sulphides or a completely oxidised ’gossan’ deposit. However, the 

behaviour of other individual trace metals (Zn, Pb, Sb, Cd, Tl, Hg, Se, Te, In, Ge 

and Ga) becomes an important consideration (Monecke et al., 2016). 

 

Secondary sulphides are the product of either hydrothermal fluid-seawater mixing 

or the initial stages of seafloor oxidation or primary sulphide minerals, and can be 

enriched in base (Cu) and precious metals (Au, Ag) due to leaching and re-

deposition (Hannington et al., 1988). As demonstrated by Herzig et al. (1991), 

secondary sulphides from TAG contain predominantly Cu sulphides and jarosite 

with economically significant concentrations of metals, showing an average of 9.1 

ppm Au, 62 ppm Ag, 24.60 wt % Cu and 1.23 wt % Zn. It is thought that this initial 
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weathering (including the formation of secondary copper sulphides) can occur 

when temperatures and pH have not reached that of ambient seawater, but are 

still generally considered ‘lower temperature’ (Hannington, 1993; Rouxel et al., 

2004). 

 

Subsequent to this initial weathering, it is suggested that over extended periods, 

Au and Cu are dissolved by the relatively isolated acidic pore fluids (generated by 

reaction of sulphides and seawater) (Hannington et al., 1990), transported as 

CuCl4- and AuCl4- complexes (Thornber, 1985) and then re-deposited once mixed 

with fresh seawater (Herzig et al., 1991) as the acidity is diluted. The final ’gossan’ 

product includes Fe-oxide, jarosite +/- atacamite, depending on the parental 

sulphide assemblage. 

 

Herzig and Hannington (1991) analysed Fe-oxide gossans that have developed at 

the edge of the TAG Hydrothermal Field, that started to form 40-50,000 years ago 

(Lalou et al., 1990) and have since been weathering. The study shows that where 

Cu, Zn, Ag, Sb, and Au are present in the primary ‘parent’ sulphide, they have the 

potential to be preserved within a gossan. Significant concentrations of gold (4.68-

23.00 ppm) and enrichments in Ag, Sb and Mo were observed in atacamite 

bearing (Cu-rich: 20-40 wt%) Fe-oxide gossans. However, it is apparent that these 

gossans can be ’fertile’ or ’barren’.  Au-poor gossans were also observed and 

shown to have a sulphide origin. Nonetheless, based on the minimal observed 

atacamite, it is suggested that the parent sulphide this gossan originated from was 

unlikely to have been initially endowed with Cu and Au. Au-poor gossans were 

shown to be associated with significantly higher concentrations of Fe-oxide, SiO2, 

As, Zn and Co in comparison to Au-rich gossans. 

 

This and the findings from both Hannington et al. (1988) and Herzig and 

Hannington (1991) raise the prospect that other seafloor gossans may contain 

significant concentrations of recoverable gold similar to TAG. Further support is 

found in evidence of significant gold found in fossil seafloor gossans that are now 

present on land (Hannington et al., 1991). These studies indicate that the 

economic value of such deposits can clearly be retained during the course of 
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oxidation and weathering, although the way of recovering the same metal from a 

now different mineral assemblage may also have economic implications. 

 

2.2 Environmental impact of mining 
 
The process of deep-sea mining has the potential to expose a high surface area of 

fresh sulphide minerals to the corrosive effects of seawater, allowing for additional 

oxidative dissolution (Gwyther, 2008a). Material released during the extraction 

process or waste water return from dewatering the slurries at the surface, will be 

suspended in the water column as a sediment plume to be either dispersed into 

wider ocean and ultimately to settle out some distance away. During either 

process, this fine suspended sulphide particulate has the ability to dissolve, 

releasing heavy metals and toxins into the water column and thereby having a 

detrimental impact on the local ecosystems (Boschen et al., 2016, 2013, Van 

Dover, 2014, 2010, 2007). For accumulation or dispersion throughout the wider 

ocean, the impact is presumed to be limited as a result of the large dilution factor. 

However the important consideration is the detrimental impact to the local 

environment and associated ecosystems. 

 

 During mineral processing and dewatering at the surface, there is the potential for 

exposure of sulphide to higher oxygen concentrations and higher temperatures, 

contributing to enhanced dissolution. Nautilus Minerals Ltd provide the only current 

concept for the mining of hydrothermal vents. Based on information in the 

Environmental Impact Statement (EIS), any exposure to higher oxygen 

concentrations and temperatures will be brief (<30 minutes). Of more concern, is 

that this return water will include solid material <8 µm in diameter with an expected 

total dissolved solids (TDS) of 6,350 mg/L (Gwyther, 2008a). These suspended 

sulphide particles (TDS) within this returned seawater would be available for 

reaction upon its return to the seafloor, potential releasing more metals. Given the 

expected TDS above and assuming cube-shaped pyrite; for particles of either 0.1 

µm or 8 µm in size, the surface area of the TDS would be 3.81x1014 or 4.76x1012 

µm2 respectively.  

 

It has been suggested in several studies that there is the potential for localised 
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acid generation during the anthropogenic oxidative dissolution of sulphide ore 

deposits creating local acid rock drainage (Bilenker, 2011; Romano, 2012). This 

localised acid generation during the weathering process is supported by 

observations of atacamite (Dekov et al., 2011; Hannington, 1993) and jarosite in 

weathered SMS deposits (Hannington and Galley, 1998). However, in terms of 

acid generation from in situ SMS mining, a recent study by Bilenker et al. (2016) 

uses sulphide dissolution rates to suggest that any acid production would be 

insufficient to exceed the buffering capacity of advecting seawater that would be 

expected in a mining environment. 

 

The global issue of ocean acidification has the potential to be a cause for concern 

in this context. Global mean surface ocean pH has decreased by 0.1 pH unit since 

pre-industrial times and is projected to drop another 0.3-0.4 pH units by the end of 

the century (Caldeira and Wickett, 2003; Cao et al., 2014; Feely et al., 2009; 

Guinotte and Fabry, 2008) as a result of rising atmospheric CO2. The evolution of 

mean surface pH is difficult to predict and is largely dependent on the rate at which 

atmospheric PCO2 change increases (Hönisch et al., 2012). Changes in deep 

ocean chemistry generally lag behind the change in atmospheric CO2 and surface 

ocean pH as a result of the long time scales (geological timescales) required for 

penetration of excess CO2 into the deep ocean (Cao et al., 2014; Guinotte and 

Fabry, 2008; Levin and Le Bris, 2015). It is therefore expected that the full effects 

of ocean acidification will not be observed in the deep ocean for years to come and 

are unlikely to be of any concern within the context of deep sea mining in the next 

100 years. Nonetheless, there should be a future concern in regards to any mine 

waste that is placed on the seafloor where exposure to the projected changes in 

deep ocean pH has the potential to enhance dissolution. 

2.2.1 Ecological	risk	
 
A release in Cu, Zn, Cd, Hg, As, Pb, Te, Se, Ag, Co, Ni from dissolving minerals all 

have the potential to negatively impact vent ecosystems, with Cu, Zn, Hg and Cd 

perhaps posing the most risk (Ando et al., 2002; Jeanthon and Prieur, 1990; 

Llanos et al., 2000; Nies, 1999; Vetriani et al., 2005). It has been speculated that 

any high concentrations of heavy metals that are released by an active 

hydrothermal vent or through oxidation on an active vent will pose minimal risk to 
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the fauna that have adapted to live at that site (Ando et al., 2002; Edgcomb et al., 

2004; Gwyther, 2008a; Jeanthon and Prieur, 1990; Llanos et al., 2000; Rathgeber 

et al., 2002; Vetriani et al., 2005).  

 

It has been suggested among the scientific community that the environmental and 

ecological risk of mining will be significantly reduced if inactive deposits are mined 

(Drew, 2009; Herzig, 1999). Recent research at inactive vents shows that the 

’vent’ type animals are absent (Erickson et al., 2009). Kato et al. (2010), 

demonstrate that the microbial diversity at inactive vents is in reality comparable, 

or in some cases, higher than that seen on active vents whilst having significantly 

less biomass. It is important to note that whilst the diversity of macro fauna tends 

to be higher at inactive vents (Boschen et al., 2013), this diversity is not endemic 

to inactive deposits (Van Dover, 2010) and is therefore less vulnerable to habitat 

loss compared to active vent species that are highly specialised extremophile 

communities.  

 

There are still risks with mining inactive vents: ecosystems are primarily at risk 

from destruction of their energy source (the ore deposit itself), suffocating 

sediment plumes and the toxic nature of any plume or material dissolved as a 

result of extraction. Impact can still be high as background fauna have been shown 

to have slower growth rates than the active vent species and thus the recovery 

times from disturbance are likely to be greater (Van Dover, 2010). Furthermore, 

fauna at inactive sites have shown to be sensitive to toxic metals (Hg) in 

comparison to those that are adapted to active vents (Vetriani et al., 2005). 

Ultimately the literature demonstrates the difficulty in determining whether the vent 

ecosystem and its diversity are a function of the presence of vent fluid, substrate 

weathering, substrate composition (mineralogy) or a combination of these (Suzuki 

et al., 2004).  

 

It has been hypothesised that, next to the chemosynthetic hydrothermal vent 

fauna and the background fauna, there is a third community that include fauna 

that are specially adapted to the weathering of inactive deposits (Boschen et al., 

2013; Van Dover, 2007). If this is found to be the case, the impact to this 
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ecosystem could be significant, unless the recovery rate of such a habitat is high. 

 

2.3 Seafloor gossans  

2.3.1 A	tool	for	detection?	
 
There has been a significant drive to find new tools for detection and 

identification of both active and inactive hydrothermal vents and their 

associated sulphide ore deposits. Most have focused on active vents, primarily 

due to the relative ease of finding them with their distinctive thermal and chemical 

plumes, but inactive vents, although thought to be more numerous (Murton, 2013), 

are more difficult to locate (Monecke et al., 2016). 

 

With respect to the exploration for inactive deposits, research is focused on 

geophysical techniques (Kowalczyk, 2011) including magnetic (Dyment et al., 

2011; Tivey and Dyment, 2013), gravity (Kinsey et al., 2008), resistivity (Wolfgram 

et al., 1986) and self potential surveys (Cherkashev et al., 2013). In addition, 'in 

situ' versions of geochemical techniques including Raman spectroscopy (White, 

2009; White et al., 2005), luminescence and XRF (x-ray fluorescence) also have 

potential. Geophysical surveys such as magnetic and gravity surveys obviously 

have the advantage for detecting deposits as they do not require being positioned 

on the seafloor and certainly have the ability to cover more ground in a certain time 

period and to detect deposits under a few meters of cover rocks (lavas or 

sediments).  

 

For terrestrial sulphide ore deposits, natural acid rock drainage products or 

’gossans’ are extensively used as an exploration tool (Bull and Mazzucchelli, 1974; 

Taylor and Thornber, 1992). A combination of mineralogy, texture, field 

relationships and geochemistry is used to identify a ’fertile’ gossan - a gossan that 

is associated with base metal sulphide ore deposits and discriminate against 

’barren’ gossans. In a similar way, weathering products and oxide coatings 

associated with inactive SMS deposits can be utilised as an exploration tool. This 

is mainly achieved by sediment coring, where gradients in geochemical anomalies 

can be used to predict the location of SMS deposits, or by visual methods, where 
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the coloration of the surface sediments guides exploration. Currently no fast, 

remote technique exists that can detect and identify such material 'in situ' on the 

seafloor. 

 

In theory, the geochemistry of a gossan can be utilised to determine the nature of 

mineralisation at depth as long as trace elements that are present in the primary 

sulphide ore are retained throughout oxidation and survive in the weathered 

deposit (gossan). Whether a given element survives the weathering process is 

dependent on numerous physical and chemical conditions and in this context 

include topographic relief, seawater conditions (pO2, T, salinity, composition), 

permeability/porosity, pH and Eh of porewaters, nature of host rocks and type of 

mineralisation (Taylor and Thornber, 1992). Utilisation of gossan geochemistry and 

the application to exploration has been discussed in numerous, but mainly 

terrestrial studies (Andrew, 1984; Atapour and Aftabi, 2007; Bull and Mazzucchelli, 

1974; McGoldrick and Keays, 1981; Nickel, 1984; Taylor and Scott, 1982; Taylor 

and Thornber, 1992; Travis et al., 1976). In VMS mineralisation that is hosted by 

felsic volcanics, Cu, Pb, Ag, Au, As, Sb, Bi, Se, Hg, Sn and Ba are found to be 

useful in identifying fertile gossans (Taylor and Thornber, 1992).  

 

In many ways it is likely that SMS gossans on the seafloor will be more persistant 

and easier to interpret as an exploration tool than their terrestrial counterparts. 

They are always formed as soon as the sulphides are exposed to seawater, 

always preserved (due to the buffering and oxidising potential of seawater) 

(Hekinian, 2014) and the environment of formation is likely to be similar across the 

globe in terms of pH, due to the buffering capabilities of seawater. However, local 

temperature, Eh, pressure and initial mineralogy may vary significantly and, 

unfortunately, Fe oxide/oxy-hydroxide minerals are not unique to sulphide ore 

deposits. Similar to terrestrial sulphide ores, there is still a need to discriminate 

between ’gossans’, ’ochres’ and Fe-oxy-hydroxide deposits formed by different 

processes as highlighted in Table 1. 

 

There have only been two studies investigating geochemical signatures in seafloor 

gossans (Barrett et al., 1990; Herzig et al., 1991). Both investigate REE 
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signatures, with barite in gossan caps from the Southern Explorer Ridge retaining 

a REE signature linked to high temperature solutions (Barrett et al., 1990) and Fe-

gossans from TAG and ochres from Skouriotissa, Cyprus displaying similar REE 

signatures that are likely retained from the primary sulphide (Herzig et al., 1991). 

Further to this, concentrations of Au, Cu, Sb, Co and Se in Au-rich gossans from 

TAG are similar to those in secondary sulphides (digenite, covellite), indicating 

inheritance of this geochemical signature from the parent sulphide ore (Hannington 

et al., 1991). Gossans where gold concentrations were found to be low (average of 

0.15 ppm) do contain base metals (>1% Cu and Zn) and jarosite, confirming they 

also have a primary sulphide origin but the very minimal atacamite suggests that 

they are derived from a different, low Cu parent sulphide, which was also low in 

Au. Both observations suggest that it is the parent sulphide that dictates the 

chemistry of the subsequent weathering products but it is ultimately difficult to 

determine the conditions during weathering as well as rule out the potential 

presence of an outside source of Au-poor Fe oxides/oxy-hydroxides. For example, 

Au-poor Fe-oxy-hydroxides can also be formed by low temperature hydrothermal 

fluids or by plume fallout; both contributing to the gossan formation (see Section 

2.2) (German and Sparks, 1993; Mills et al., 1993). Furthermore, there is potential 

for Fe oxides and oxy-hydroxides that have formed to be adsorbing metals from 

seawater (see Section 2.3.2). This can subsequently alter their geochemistry, 

making it difficult to pinpoint the geochemical source: dissolving parent sulphide or 

seawater, or most likely: both. 

 

It should always be remembered that given the small size of seafloor sulphide ore 

deposits, even i f  a ’fertile’ gossan is observed, it will not guarantee the 

presence of a metal-rich sulphide ore deposit beneath, nor will it have any 

meaning for the size of the underlying deposit.  Further to this, any underlying 

sulphide deposit could be fully weathered to oxides, depending on the original 

size and age of the deposit. If this is the case, and the primary sulphide is 

completely oxidised, based on these limited studies, gold may still be present in 

the gossan but base metals including Zn may not. This leads to several questions. 

How and what metals are retained? Are weathering products including atacamites 

stable over long periods or do they themselves alter or dissolve over time? 

Hannington (1993) shows that only freshwater will dissolve atacamite, resulting in 
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the lack of atacamite in fossil deposits on land, however investigations of the 

solubility and stability of atacamite have focused on the low pH (4 to 5), ambient 

(25°C) and high (25 to 500°C) temperature range (Le Roux et al., 2016; Pollard et 

al., 1989; Sharkey and Lewin, 1972). Hannington (1993) highlights the instability of 

a specific polymorph of atacamite: botallackite, in TAG gossans, but there have 

been no studies on the solubility of atacamite at lower temperatures and higher 

pH. 

 

2.3.2 A	sink	for	toxic	metals?	
 
As highlighted in the previous section, Fe oxides and gossans have been shown to 

retain metals, including those that could be environmentally and ecologically 

significant if released in high concentrations during mining. Whilst iron and copper 

appear to be retained, forming secondary minerals, other metals that may be 

present within the lattice of sulphide minerals have the potential to be released. It 

has been shown in the literature that there is a high capability for adsorption of 

heavy metals (Cd, Zn) onto amorphous iron oxy-hydroxides (Benjamin and Leckie, 

1981) and goethite (Bruemmer et al., 1988) suggesting that they may be an 

effective sink for trace metals.  

 

Benjamin and Leckie (1981) show that adsorption is pH dependent where 

adsorption increases from zero to hundred percent within a narrow band of pH. 

The narrow band of adsorption is specific to an individual metal and ranges 

significantly depending on the metal in question. There is also a pH dependency 

upon diffusion rates for adsorption of metals where different metals adsorb at 

different rates. This adsorption effect has been documented on the seafloor in 

regards to the formation of cobalt rich ferromanganese crusts (Hein et al., 2013) 

where precipitated colloids of iron oxides acquire trace metals including U, Th, Pb, 

Hf, Mo and Co.  

 

This adsorption effect has the potential to minimise the release of metals into the 

seawater. However, whether the adsorption of trace metals onto these secondary 

minerals can keep up with any release from anthropogenic dissolution is unknown. 
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3 Experimental investigation of oxidative dissolution  
 
The mechanism of oxidation of sulphides - pyrite in particular - has been 

extensively studied (Bierens de Haan, 1991; Evangelou and Zhang, 1995; Holmes 

and Crundwell, 2000; Long and Dixon, 2004; McKibben and Barnes, 1986; Moses 

and Herman, 1991; Nicholson et al., 1988; Rimstidt and Newcomb, 1993; Rimstidt 

and Vaughan, 2003; Wiersma and Rimstidt, 1984; Williamson and Rimstidt, 1994). 

A review by Chandra and Gerson (2010) highlights the debate amongst the 

literature between a chemical or electrochemical process for pyrite oxidation, with 

general acceptance of an electrochemistry dominated oxidation process (Chandra 

and Gerson, 2010; Gartman and Luther, 2014). 

 

3.1 Individual sulphide minerals 
 

Whilst dissolution studies of specific minerals in seawater have been undertaken 

(Bilenker, 2011; Bilenker et al., 2016; Feely et al., 1987; Morse, 1991; Romano, 

2012), the majority of published data are within the context of terrestrial acid mine 

drainage arising from mine flood and leaching of tailings piles by meteoric waters 

and are only discussed in terms of trends (not absolute rates) for the purposes of 

this review (Acero et al., 2009, 2007; Bonnissel-Gissinger et al., 1998; Constantin 

and Chiriţă, 2013; Descostes et al., 2004; McKibben and Barnes, 1986; Moses et 

al., 1987). Rates are affected by temperature, pH, salinity, oxidising agents and 

their concentration, flow rate, grain size, surface area, pressure and impurities. 

Impurities in particular have been shown to play a major role, which is significant 

(see galvanic coupling section).  

 

In the study of Feely et al. (1987) the abiotic dissolution rates determined for 

sulphide minerals (pyrrhotite, pyrite, marcasite, sphalerite, chalcopyrite) in 

seawater vary by over three orders of magnitude as shown in Table 2. Other 

seawater dissolution rates for sulphide minerals (Morse, 1991; Bilenker et al., 

2011; Romano, 2012; Bilenker et al., 2016), have been derived using different 

methods, and where possible have been re-calculated for comparison in Table 2. 

Dissolution rates by Feely et al. (1987) are calculated by mass change over time 

and expressed as cm s-1 whereas Bilenker (2011) and Romano (2012) derived 
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molal specific rate laws using concentrations of Fe and Cu released into solution 

over time which is expressed in moles per kg per s. Calculations are presented in 

Appendix A. 

 

Sulphide dissolution rates (cm s-1) versus temperature derived by Feely et al. 

(1987), Morse (1991), Bilenker (2011) and Romano (2012) are shown in Figure 2, 

where rates are presented in these units in order for comparison between studies. 

When comparing similar run conditions (PO2, pH and temperature), it can be 

observed that the oxidation rate of pyrrhotite is approximately two orders of 

magnitude faster than chalcopyrite. Field dissolution rates of chalcopyrite (Feely et 

al., 1987) are comparable to those of Bilenker (2011), whereas field dissolution 

rates of pyrrhotite (Feely et al., 1987) are two orders of magnitude faster than 

those of Romano (2012). Both point toward a much faster oxidation rate of 

pyrrhotite over pyrite and chalcopyrite. Feely et al. (1987) rates suggest that 

pyrrhotite, marcasite and sphalerite oxidise at least one order of magnitude quicker 

than chalcopyrite; in particular they show that marcasite can show complete 

dissolution within a few hours to a few weeks of formation. Reported dissolution 

rates of pyrite are conflicting with field studies by Feely et al. (1987) showing slow 

rates (although still two orders of magnitude faster than chalcopyrite) whereas lab 

based rates by Feely et al. (1987) and rates by Morse (1991) are much faster. Lab 

based rates for pyrite are three orders of magnitude faster than chalcopyrite and 

those by Morse (1991) range from three to four orders of magnitude faster than 

chalcopyrite.  

 

Whilst no specific oxidation rates have been derived for secondary copper 

sulphides (chalcocite, covellite, bornite, enargite, tennantite), through the study of 

zeta potential and XPS analysis, Fullston et al. (1999) were able to provide a 

‘ranking’ of oxidation: chalcocite > tennantite > enargite > bornite > covellite > 

chalcopyrite, with chalcocite oxidising at a faster rate. 

 

Sulphides including pyrite, marcasite, chalcopyrite, sphalerite and galena are 

electron semiconductors, with their semiconductor properties resulting from free 

charge carriers arising from variations in stoichiometry and trace elements 
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within the mineral lattice. The defects found in the crystal site which produce 

the carriers can be distinguished based on whether they donate electrons (n-type) 

to the conduction band, providing excess electrons to the semi-conductor, or 

whether they accept electrons (p-type) from the valence band, leaving excess 

holes in the semi-conductor. Unless the concentrations of donors and acceptors 

is equal, semi conductors can be characterised as either n-type or p-type 

according to which carriers dominate (Pridmore and Shuey, 1976).  

 

Sulphides formed at hydrothermal vents on the seafloor are generally polymetallic, 

non-stoichiometric and contain a range of lattice impurity trace elements (Abraitis 

et al., 2004a; Beaudoin, 2000; Chen et al., 2010; Johan, 1988; Lepetit et al., 2003; 

Si et al., 2006; Tong et al., 2006). It has been reported in numerous studies that 

the impurities within sulphides significantly influence the electrochemical and semi-

conducting properties (p or n type semi-conductor) and ultimately their 

environmental reactivity and oxidation/dissolution behavior (Becker et al., 2001; 

Biegler, 1976; Chandra and Gerson, 2010; Chen and Chen, 2010; Ellmer and 

Höpfner, 2006; Harmer et al., 2008; Hu et al., 2010; Oertel et al., 1999; Richardson 

et al., 1994; Savage et al., 2008). This has mainly been studied by the mining 

industry as this reactivity of sulphides affects flotation, separation and 

concentration of ores. Not only do these impurities influence their individual semi-

conducting properties but also their rest potentials which ultimately affects their 

interaction with other minerals in terms of galvanic cells (see galvanic coupling). 

 

Understanding the impurity content of sulphides is imperative to understanding their 

subsequent oxidative dissolution. By considering the trace elements constituent 

within sulphide minerals, particular sulphide ore deposits can be identified as more 

or less reactive and provide an accurate assessment of toxic metal release 

potential. Characteristics of a deposit that affect its oxidation and dissolution 

potential can be identified, allowing development of strategies for dealing with 

mine waste and remediation. 

 

3.1.1 Pyrite	&	Marcasite	
 
Pyrite and marcasite are polymorphs of FeS2, the former being cubic, the latter 
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forming a metastable orthorhombic crystal structure making it very brittle and 

subject to 'pyrite decay' even in air. The semi conducting properties of pyrite have 

been shown to vary by four orders of magnitude (Abraitis et al., 2004b) produced 

by variations in stoichiometry and the abundance of trace metals within the pyrite 

(most commonly As, Co and Ni, but can also include Zn, Tl, Sb, Pb, Mo, Hg, Cu, 

Bi, Au, Ag) (Chandra and Gerson, 2010; Ellmer and Höpfner, 2006; Gupta et al., 

1980; Liu et al., 2007; Lowson, 1982; Oertel et al., 1999; Rimstidt and Vaughan, 

2003; Savage et al., 2008). Pyrite can be characterised as either primary p-type or 

n-type semiconductor by both stoichiometry and trace elements. A common 

criterion using trace elements is the method used by Wei (1996;  Abraitis et al. 

(2004); Lehner et al. (2007); Liu et al. (2007) using  the ratio of trace metal 

concentrations of As, Sb, Co and Ni: 

 
Equation 5 

[As] + [S b] 
[Co] + [Ni]    

 
Where n-type pyrite semi-conductors are commonly found to contain high 

concentrations of Co and low concentrations of As whereas p-type have been 

shown to contain high As (Abraitis et al., 2004b; Savage et al., 2008). 

 

Without the influence of trace element defects, stoichiometry can be used to 

characterise the type of semi-conductor where pyrites that have a stoichiometric 

S:Fe ratio of less than 2 (S-deficient) are generally found to be n-type and those 

above 2 are p-type. Interestingly, pyrite formed at high temperatures are generally 

n-type, with p-type more common at low temperatures (Abraitis et al., 2004b; 

Lowson, 1982). This could be related to a high temperature S deficiency or 

association of Co at higher temperature, versus As at lower temperature. 

Ultimately it is difficult to attribute the change in type to either temperature itself or 

the associated incorporation of certain trace metals with temperature.  

 

Although at low pH (2), Wiersma and Rimstidt (1984) have shown that oxidation 

rate constants are different for different pyrites (formed at high and low 

temperatures) and for marcasite, with high temperature hydrothermal and 

metamorphic pyrites having the highest reactivity, marcasite intermediate and low 
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temperature pyrite having the lowest. Feely et al. (1987)’s experiments were 

undertaken at higher pH where oxidation is more significant and likely to make a 

greater difference to the reactivity’s of pyrite and marcasite (Wiersma and Rimstidt, 

1984). 

3.1.2 Pyrrhotite	
 
Pyrrhotite has a non-stoichiometric composition with Fe1-xS, with x ranging from 0 

(FeS) to 0.125 (Fe2S8) (Belzile et al., 2004). The structure of pyrrhotite can vary 

significantly, with the least Fe-deficient (47.4 to 48.3 mol% Fe) types forming 

hexagonal and orthorhombic structures and greater Fe-deficient (46.5 to 46.8 

mol% Fe) types being monoclinic (Belzile et al., 2004 and references therein). 

Orlova et al. (1988) show that hexagonal pyrrhotite is more reactive than 

monoclinic, but in reality it is rare to find pyrrhotite present in only one form 

(Arnold, 1967). Vanyukov and Razumovskaya (1979) found that oxidation rates 

increase with an increase in the S:Fe ratio of pyrrhotite. 

 

Typical trace elements in pyrrhotite include Co, Ni, Cu, Mn, Pb, Sn, Ti, Cr, Se and 

Ag (Arnold, 1967; Cabri et al., 1985; Hawley and Nichol, 1961). How trace metal 

content in pyrrhotites effects oxidation rates has not been quantified, however 

Kwong (1993) observed (semi quantitatively), that monoclinic pyrrhotites with a 

higher trace metal content oxidised slower than those with lower. This is in 

contrast to a pyrrhotite oxidation study by Janzen et al. (2000) who found that 

neither the structure nor trace metal content of pyrrhotites had a systematic effect 

on pyrrhotite oxidation rates.  

 

Within the context of seafloor massive sulphides, pyrrhotite is commonly observed 

to be oxidised and replaced by Fe oxides and oxy-hydroxides (Koski et al., 1985; 

Zierenberg et al., 1984). Such replacement is observed more often than for the 

other sulphide minerals (pyrite, chalcopyrite), suggesting either a quicker oxidation 

rate than other sulphide minerals and/or galvanic dissolution of pyrrhotite if in the 

presence of other sulphide minerals.  

3.1.3 Chalcopyrite	
 
Chalcopyrites are also known to contain impurities. Butler and Nesbitt (1999) show 
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enrichments of V, Ag, In, Te, Ba, Au, Pb and U within chalcopyrite in the wall of a 

black smoker chimney. Modern studies on the impact of impurities in chalcopyrite 

on its dissolution are very limited (Dutrizac and MacDonald, 1973; Linge, 1977). 

Shuey (1975) and Pridmore and Shuey (1976) demonstrate that most natural 

chalcopyrites are n-type conductors, as a result of a sulphur deficiency; however 

samples with higher copper content are more resistive.  

 

In terms of individual chalcopyrite minerals from different sources and presumably 

different trace elemental chemistry, a couple of studies have been undertaken but 

show contrasting results. Warren et al. (1982) show that electrochemical oxidation 

of chalcopyrite (in 1M H2SO4 solution) from different sources can vary by two 

orders of magnitude. They attribute this variation to a range of impurities within the 

samples. Contradictory results from Biegler and Swift (1979) show that the source 

(and subsequent trace geochemistry) of chalcopyrite has minimal effect on the rate 

of chalcopyrite dissolution.  

 

Dutrizac and MacDonald (1973) undertook a series of dissolution experiments (low 

pH) with a range of chalcopyrites, however the chalcopyrites were not pure 

minerals, but contained impurities of other sulphide minerals (as distinct from trace 

elements within the chalcopyrite lattice). The reactivity of chalcopyrite varies 

significantly, and it was postulated that this was a result of galvanic interactions 

related to the polymineralic nature of the samples. Linge (1977) furthered this 

work, and agreed that whilst different chalcopyrites do react very differently, this is 

not due to galvanic interactions but due to the presence of sulphide minerals 

influencing the diffusion rate of the lattice elements within the chalcopyrite. On the 

other hand, subsequent leaching tests with chalcopyrite from different sources 

undertaken by Dutrizac (1982), showed that when leaching rates were corrected 

for the amount of chalcopyrite in each particular sample, similar leaching rates 

(within 50%) were observed. Biegler and Swift (1979) suggested that this variation 

in reactivity between chalcopyrite samples is not necessarily due to semi-

conductor effects, and that it is difficult to compare batch-leaching results with 

those arising from electrolysis studies. 
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3.1.4 Sphalerite	
 
Typical trace elements in sphalerite include Fe, Cd, Mn, Cu, Co, Ni, Hg, Ga, Ge, 

Ag, In, Sn, Pb and Sb (Beaudoin, 2000; Chen et al., 2010; Johan, 1988; Lepetit et 

al., 2003; Si et al., 2006; Tong et al., 2006). Chen et al. (2010) undertook 

computational (density-functional theory) studies for sphalerite and show that Ag, 

Sn, Pb, Sb, Cd and Hg increased the conductivities of sphalerite, and that Mn, Fe, 

Ga, Ln, Sn and Sb changed the semi-conductor type of sphalerite from p-type to n-

type. Overall, it was shown that Mn, Fe, Ni, Cu, Sn and Pb impurities favoured the 

oxidation of sphalerite, whereas Cd, Hg, Ga and In had the opposite effect (Chen 

et al., 2010). Chen et al. (2010) further showed the magnitude of effect the trace 

impurities had on oxidation of sphalerite, with high Fe sphalerite energetically 

favouring O2 adsorption and being more easily oxidised (Fe: -181 kJ mol-1) than 

Mn (-146.66 kJ mol-1), Cu (-95.53 kJ mol-1) and Cd (-55.96 kJ mol-1), becoming 

harder to oxidise with the more positive O2 adsorption energy. The results indicate 

that Fe enriched sphalerite is more reactive/easily oxidised and subsequently 

leached preferentially versus low-Fe sphalerite. These observations are consistent 

with numerous studies, including those of leaching experiments (Chandra and 

Gerson, 2010; Dutrizac et al., 2003; Gigowski et al., 1991; Harmer et al., 2008; 

Perez and Dutrizac, 1991; Weisener et al., 2004). The results also correlate with 

observations of an abundance of Fe-poor sphalerite in seafloor gossans by 

(Ridley, 2012) indicating a resistance to oxidation. The Fe content of sphalerites 

has not only shown to alter the mineral’s reactivity, but also the rest potential 

(Majima, 1969) which can have significant impact when Fe-rich sphalerite is 

present with other sulphide minerals (see Galvanic coupling section). 

 

3.1.5 Galena	
 
Typical trace elements in galena include Ag, Cu, Zn, As, Sb, Bi, Cd, Tl, and In 

(Chen et al., 2011). Pridmore and Shuey (1976) suggest that donor defects related 

to Sb and Bi along with a deficiency in S make most galena n-type. Chen et al. 

(2011) undertook computational (density-functional theory) studies for galena and 

suggest that that trace impurities of Mn, As, Bi, In and Sb within galena change it 

from a p-type to an n-type semi-conductor. In particular, abundant trace impurities 
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of Mn and Sb in galena were shown to lead to an over-oxidation. In comparison, 

impurities of Ag, Cu, Zn, Tl and Cd were shown to have no effect on the type of 

semi-conductor (Chen et al., 2011). 

3.2 Leaching of a mixed sulphide ore in seawater 
 
Studies of leaching of a mixed sulphide ore in seawater are limited to two (Gwyther, 

2008b; Rzepka et al., 2014). The most recent of which (Rzepka et al., 2014) was a 

study to evaluate the submarine (deep-sea) leaching potential of tailings from two 

terrestrial hydrothermal copper vein type deposits – Nussir and Ulveryggen 

(exploited by Nussir ASA) for the proposed tailings deposition in Repparfjorden, 

Norway. The deposits contain major bornite and chalcopyrite, as well as chalcocite 

and traces of covellite, with low pyrite content. Leaching tests were ran with 500g of 

sulphide ore, 2 L of natural filtered (0.2µm) seawater at a constant flow rate of 1-2 

m/hr and oxygen saturation of 80-100%. The columns were run at ~10°C.  

 

Perhaps more applicable to seafloor sulphide mining is the environmental impact 

study (EIS) for mining the Solwara 1 Deposit in Papua New Guinea (Gwyther, 

2008b). There are two parts to that study, the first undertaken by CSIRO (Simpson 

et al., 2007) the second undertaken by Charles Darwin University (Parry, 2008).  

 

This deposit is situated in an immature back-arc basin in the south-west Pacific 

Ocean. The specific mineralogy (modal abundance) of the samples was not 

presented for either the experiments of Parry, (2008) or Simpson et al., (2007), 

although the overall chemistry was provided and is reproduced in Table 4. Based 

on this chemistry, the mineralogy is substantially different between each of their 

experiments. Data from Parry, (2008) uses predominantly Fe-rich samples (31.6 % 

Fe, 5.13 % Cu, 3670 ppm Zn) however, the ore (Ch and M-t) used in experiments 

by Simpson et al., (2007) has significantly higher Cu, Zn, Pb and As. Based on this 

analysis, the dominant mineralogy of the ore used in the second report (Parry, 

2008) is pyrite/marcasite and copper sulphides (chalcopyrite, covellite, digenite, 

bornite) with minor sphalerite/wurtzite and galena, whereas the ore used in the first 

study contains more zinc-sulphides (sphalerite/wurtzite), copper-sulphides and 

lead-sulphides. Gena, (2013) discusses the range of mineralogy and geochemistry 

within the Pacmanus hydrothermal system, where samples can be classified into 
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chalcopyrite-, sphalerite-, pyrite- or silica-rich ores. As the ore utilised in the EIS 

experiments was likely to be pyrite-rich based upon the metal concentrations the 

results can only claim to be applicable to one particular area in a deposit. 

 

The EIS studies (Parry, 2008; Simpson et al., 2007) investigate a range of 

variables including grain size, geochemistry, time, fluid to rock ratio and 

temperature. Data from the EIS are illustrated in Figure 3 and show the 

concentrations of Fe, Cu, Pb, Zn, As, Ni, Mn, Al, Co and Cd released as a function 

of time. Raw data can be observed in Appendix B. 

 

Both studies (Parry, 2008; Rzepka et al., 2014; Simpson et al., 2007) show that 

metal release can and does occur during oxidation of mixed sulphide ore in 

seawater at neutral pH. Both studies also show that the mineralogy and 

geochemistry play a large role in leaching rate, with Ulveryggen and Nussir tailings 

showing different leaching rates over longer periods (>30 days) and the EIS 

studies showing a major disparity in metals (and their concentrations) released 

with ore type. Copper concentrations reached 25 ppb after 100 days in Norway 

experiments, with the rate of leaching leveling off towards the end (70-100 days) of 

experiments. This is in comparison to a release of up to 500 ppb Cu shown over 

the EIS studies. The seafloor sulphide ore used in EIS experiments shows 

significant leaching of not only Cu but also other metals including Fe, Pb, Zn, As, 

Ni, Mn, Al, Co and Cd. Trace elements including As, Se, Ni, Zn and Pb were not 

shown to be leaching in Norway experiments, although detection limits of these 

elements were not provided.  

 

When comparing sulphide ore type, Zn, Ni and Co released in Parry (2008)’s study 

is more significant in comparison to the ore(s) used in experiments by Simpson et 

al. (2007) that show higher release of Fe, Mn and Al although show comparable 

release of Pb and Cu to Parry (2008). The results are somewhat confusing when 

the metals released are compared to the initital ore chemistry. Experiments by 

Parry (2008) show significantly higher release of Zn, Ni and Co, and lower release 

of Fe and Mn. Whilst this is justified by the higher Co and Ni levels in the ore 

(Table 4), the initial chemistry indicates a much lower Zn concentration in the ore 
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in comparison to the higher concentrations in samples used by Simpson et al. 

(2007), which show a lower Zn release. Furthermore, with such a high Fe and Mn 

initial chemistry in Parry (2008)’s ore, the reason behind the lower release of these 

is unclear. Heterogeneity of the ores used is significant in this case, where the 

mineralogy could be varying across a micron scale but has simply not been 

documented. Interesting to note is the high concentrations of As in all samples with 

the exception of C-c (>2000ppm), yet the fairly low levels of As (<10ppb) that have 

leached. The formation of oxides and the absorption of trace metals such as As 

could be playing a role in this instance. Grain size, rock to fluid ratio and 

temperature were all shown to have an effect upon leaching of metals from 

sulphide ore. An increase in temperature and rock to fluid ratio (total suspended 

solids) were shown to increase the metal release whereas no linear relationship 

between particle size and metal release was found.  

 

Rzepka et al. (2014) postulate an initial rapid dissolution of secondary copper 

minerals (corresponding to an initial tailings disposal) followed by a slower long-

term surface leaching (after tailings have settled on the bottom). The slow leaching 

rate observed in these experiments was attributed to saturation conditions of 

sediments prohibiting supply of oxygen through the tailings (Rzepka et al., 2014). 

The saturation conditions of sediments in this scenario may be valid, but are 

ultimately a function of grain size (which is not provided) and subsequent pore 

space and permeability. When comparing this to the deep-sea mining of SMS 

deposits, whilst this may be comparable to the dewatering stage of the mining 

process (albeit with a different mineralogy/geochemistry), it is ultimately very 

different to the extraction phase which will result in a higher surface area of 

material exposed to oxidation for longer lengths of time.  

4 Galvanic coupling 
 
Seafloor sulphide ore deposits very rarely contain only one individual sulphide 

mineral. The majority of deposits contain a mixture of sulphide minerals in different 

abundances that can include pyrite, marcasite, pyrrhotite, chalcopyrite, 

isocubanite, sphalerite/wurtzite, galena, secondary Cu sulphides (bornite, covellite, 

digenite, chalcocite) and sulphosalts  (tennantite-tetrahedrite amongst many 
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others) as well as numerous other minerals in only trace amounts that are not 

considered further. 

 

Galvanic interactions have never been fully considered in this context of oxidative 

dissolution of a natural SMS ore deposit. A galvanic cell occurs where two different 

sulphide minerals are in physical contact. The mineral with the lower resting 

potential behaves as an anode and preferentially dissolves, protecting the other 

mineral which is behaving as a cathode (Mehta and Murr, 1983). This is shown 

schematically in Figure 1. As highlighted by Heidel et al. (2013), when in contact 

with other sulphides, pyrite should be galvanically protected as a result of its high 

rest potential (E = 0.62-0.66 V) (Biegler and Swift, 1979; Mehta and Murr, 1983). 

This is in comparison to lower rest potentials observed for other sulphides, with a 

review of rest potentials of sulphide minerals at different pH shown in Table 3. 

Rest potentials quoted are relative to a Standard Hydrogen Electrode (SHE). 

 

To a certain extent, the impact of galvanic coupling for mineral dissolution can be 

predicted based on the individual sulphide mineral rest potential given in Table 3. 

However, when there are multiple sulphide phases all in contact with one another, 

the resulting cells have the potential to be complex. Furthermore, the rest potential 

of sulphide minerals is a function of their host electrolyte, pH, temperature and 

their natural impurities. For instance, the rest potential of pyrite, pyrrhotite and 

galena are shown to vary as a function of pH (an increase of pH leading to a 

decrease in rest potential) (Sui et al., 1995). 

 

Galvanic interactions have been reported in the literature (Abraitis et al., 2004a; 

Da Silva et al., 2003; Heidel et al., 2013; Koleini et al., 2010; Kwong et al., 2003; Li 

et al., 2006; Liu et al., 2008; Mehta and Murr, 1982), largely in the context of 

terrestrial sulphide ore deposits and their production of acid rock drainage. 

 

Whilst not attributed to galvanic interactions, Edwards et al. (2003) clearly 

demonstrated that a mixed sulphide ore is more reactive on the seafloor than 

individual sulphide minerals (pyrite, marcasite, chalcopyrite, sphalerite) albeit in 

the presence of bacteria. Recently, precious metal-rich Fe-oxy-hydroxide 



 27 

sediments have also been reported from a deposit in the Cayman Trough (Webber 

et al., 2015) and are thought to be influenced by galvanic reactions. Similarly, a 

study by Koski et al. (2008) examined a terrestrial VMS deposit in Prince William 

Sound, demonstrating a sequence of increasing resistance to oxidation in the 

order: pyrrhotite « sphalerite <chalcopyrite ≤ pyrite, (Ridley, 2012) but it is 

unknown if a similar sequence of reactivity applies to seafloor conditions. 

 

Kwong et al. (2003) demonstrated the occurrence of galvanic sulphide oxidation in 

shallow water at a near-neutral pH within mine wastes that contain mixed 

sulphides and/or sulphosalts, and how this type of oxidation has the ability to 

enhance metal leaching. However, Sui et al. (1995) showed that specific rest 

potentials of sulphide minerals decrease with increasing pH, which would suggest 

they have less impact in a neutral pH seawater context. However, the relative 

difference in rest potential between the sulphides is fairly constant and it is this that 

dictates the effect of the galvanic cell.  

 

Other similar galvanic leaching studies have been undertaken in a variety of media 

including chloride, sulphate and H2SO4 at a range of pH’s and temperatures 

(Mehta and Murr, 1982; Sui et al., 1995; Kwong et al., 2003; P.K Abraitis, Pattrick, 

Kelsall, et al., 2004; Qing You et al., 2006; Li et al., 2006; Koleini et al., 2010; 

Majuste et al., 2012; Heidel et al., 2013). Whilst it is difficult to apply the results to 

a neutral pH, seawater context, they are still of significant importance. The 

presence of pyrite has been shown to increase the leaching of chalcopyrite across 

multiple studies using different media (Abraitis et al., 2004a; Koleini et al., 2010; 

Majuste et al., 2012; Mehta and Murr, 1982).  Majuste et al. (2012) demonstrated 

that this galvanic effect is enhanced under less oxidising conditions. This could be 

of significance in certain hydrothermal environments where local seawater is not 

as oxygenated as atmospherically equilibrated surface waters. This could, for 

example, apply to the deepest part of the mid-ocean ridges or to isolated basins in 

back-arc settings. 

 

Other studies investigate the effect Fe3+, pH and flow rate of the electrolyte have in 

galvanic oxidation of sulphides (Li et al., 2006; Qing You et al., 2006), with greater 
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Fe3+ in solution and flow rate both shown to increase rate of galvanic interactions 

whilst increasing pH decreases galvanic potential but increases the overall 

reaction rate. Both studies indicate the significance of water currents and Fe3+ 

concentrations in the surrounding seafloor environment of an SMS deposit. 

 

Heidel et al. (2013) undertook abiotic experiments with pyrite, galena and 

sphalerite mixtures at two pH conditions of 2 and 6 and concluded that results from 

single sulphide oxidation experiments cannot be used to derive results of oxidation 

of sulphide mixtures. During the 100 day experiments, pyrite was galvanically 

protected whilst galena and sphalerite behaved as anodes and were preferentially 

dissolved. They concluded that the variables that control oxidation rate of 

polymetallic sulphide ore deposits are: pH, the minerals present, Fe content of 

each mineral, abundance of minerals and mineral grain size (specific surface 

area). Weathering features of the sulphide minerals posterior to experiments 

suggested that galena is more reactive than sphalerite, which is in agreement with 

studies by Da Silva et al. (2003). 

 

Galvanic interactions observed in experiments by Heidel et al. (2013) are in 

agreement with observations of preferential oxidation in natural clay samples from 

an abandoned polymetallic sulphide mine in Freiberg, Saxony, Germany 

(Tichomirowa et al., 2003). Both show the galvanic protection of pyrite and the 

preferential oxidation of both sphalerite and galena. Clay samples contained a high 

percentage of uncorroded pyrite, some galena grains with anglesite coatings and 

minimal residual sphalerite (suggesting near complete sphalerite oxidation). 

 

Many other studies are related to sulphide ore processing including flotation where 

galvanic interactions are observed to be commonly occurring and result in 

increased oxidation (Chandra and Gerson, 2009; Dichmann and Finch, 2001; 

Ekmekçi and Demirel, 1997; Majima, 1969; Subrahmanyam and Forssberg, 1993; 

Sui et al., 1995; Yelloji Rao and Natarajan, 1989; Zhang et al., 1997). Majima 

(1969) shows how galvanic interactions were shown to increase oxidation, in 

particular for galena, sphalerite and covellite, which are oxidised 8 to 20 times 

faster when pyrite is present. It has also been suggested that the combination of 



 29 

impurities within sulphides and galvanic couples have a significant impact on the 

flotation process (Chandra and Gerson, 2009). 

5 Other variables 
 
Other factors that impact sulphide mineral oxidation are important to assess. For 

example, in a neutral pH, bicarbonate buffered system, it has been shown that 

dissolution is largely controlled by initial particle size (Antonijević et al., 1997; 

Bouffard et al., 2006; Dimitrijevic et al., 1996; Feely et al., 1987; Long and Dixon, 

2004; Wiersma and Rimstidt, 1984) and the available surface area (Arora et al., 

1978; Avery and Benning, 2008, 2007; Bierens de Haan, 1991; Evangelou and 

Zhang, 1995; Gartman and Luther, 2014; Lasaga, 1981; McKibben and Barnes, 

1986; Moses et al., 1987; Pugh et al., 1984; Wiersma and Rimstidt, 1984).  

 

Most studies in the literature have observed or assumed that dissolution rate is 

linearly dependent upon surface area. However, as a result of "reactive surface 

area" (McKibben and Barnes, 1986), oxidation products as inhibitors (Bouffard et 

al., 2006; Huminicki and Rimstidt, 2009; Long and Dixon, 2004; Nicholson et al., 

1988) and non-perfect cleaning of pyrite surfaces (Bierens de Haan, 1991; Clarke 

et al., 1995; Heidel et al., 2013; McKibben and Barnes, 1986; Moses et al., 1987; 

Parthasarathy et al., 2014; Wolfe et al., 2007), this has been difficult to prove. 

McKibben and Barnes (1986) found oxidation of pyrites was non-uniform with most 

oxidation occurring at sites of excessive surface energy, specifically along grain 

edges, corners, defects, solution pits, fluid inclusion pits, cleavages and fractures 

known as ‘reactive surface area’. Seafloor sulphide minerals can display a range 

of textures (massive, colloform, fambroidal) and grain size, which will ultimately 

dictate both reactive and total surface area. In one example, Wiersma and Rimstidt 

(1984) demonstrate how low temperature pyrite (early diagenetic) has a specific 

surface area an order of magnitude higher than that of their high temperature 

pyrite and marcasite. 

 

Over time this oxidation on the surface becomes inhibited by the formation and 

build up of iron oxides, iron oxy-hydroxides and elemental sulphur that limits the 

contact and diffusion of oxygen to the surface (Bouffard et al., 2006; Huminicki and 
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Rimstidt, 2009; Long and Dixon, 2004; Nicholson et al., 1988), with passivation 

shown to occur at high pressure conditions (Long and Dixon, 2004). However one 

study by Gartman and Luther (2014) has shown that dissolution of sub-micron 

pyrite is fundamentally different (and slower) than that of larger particles where 

particle size and surface are not significant; whereas concentration of available 

reactants are. Furthermore, the formation of an iron oxide coating on the surface of 

the sub-micron particles appeared to have no impact on oxidation rate. 

 

Solubility of oxidation products has been shown to play an important role in 

oxidation rates (Heidel et al., 2013). During abiotic oxidation experiments with a 

mixed sulphide (galena, sphalerite, pyrite), secondary weathering products of 

anglesite and elemental sulphur were observed on galena grains but did not 

appear to passivate galena until after day 50 (for pH 6 experiments) when lead 

concentrations were shown to decline. Sphalerite is shown to consistently oxidise 

throughout the early stages of dissolution in the presence of pyrite at pH 6, 

evidenced by increasing Zn concentrations throughout with concentrations 

remaining consistent or falling slightly after day 50.  

 

Other important factors include Fe3+ (Antonijević et al., 1997; Dimitrijevic et al., 

1996; McKibben and Barnes, 1986), Fe2+ (Garrels and Thompson, 1960; Moses 

and Herman, 1991; Rimstidt and Vaughan, 2003), impact of stirred/unstirred 

conditions (Chandra and Gerson, 2010; Holmes and Crundwell, 2000; Wiersma 

and Rimstidt, 1984), and Eh (which is correlated with dissolved oxygen (DO) and 

Fe3+) (Chandra and Gerson, 2010; Williamson and Rimstidt, 1994). As discussed 

earlier, mixed sulphide minerals and the potential for galvanic coupling highlight 

the significance of electrochemical processes (Chandra and Gerson, 2010).  

 

5.1 The role of microbes 
 
One area that has been the subject of a great deal of research is related to how 

sulphide minerals provide energy to support chemolithoautotrophic microbial 

growth. The oxidation or dissolution of sulphide minerals within these ore deposits 

provides free energy that is then harnessed by organisms and provides a source 

of energy. It has been shown in the literature that microbes mediate sulphide 
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mineral dissolution (McGuire et al., 2001) and appear to increase the rate of 

dissolution (Fowler et al., 1999; Lizama and Suzuki, 1989). 

 

It is widely accepted that Fe-oxidising bacteria play a significant role during the 

weathering (oxidative dissolution) of seafloor sulphide ore deposits (Edwards et 

al., 2003). Corkhill (2008), Koski et al. (2008), Plumlee et al. (1999) and Rimstidt et 

al. (1994), all suggest that redox reactions utilising Fe3+ (which is produced by 

bacteria) play a significant role in enhancing reaction rates of sphalerite, 

chalcopyrite, enargite and arsenopyrite. Thiobacillus ferroxidans and Thiobacillus 

thiooxidans have both been shown to increase the leaching of metals (Fe, Cu, Zn) 

from sulphide minerals (pyrite, chalcopyrite, sphalerite) by up to 44.2 % in some 

cases (Lizama and Suzuki, 1991). It has also been reported in numerous 

dissolution studies (Ahonen et al., 1985; Berry et al., 1978; Jyothi et al., 1989; 

Mehta and Murr, 1983, 1982, Natarajan, 1988, 1985, Natarajan and Iwasaki, 1983, 

1986; Yelloji Rao and Natarajan, 1989) that the presence of bacteria such as 

Thiobacillus ferroxidans in a polymetallic sulphide mixture is known to accelerate 

galvanic interactions by several times. In one particular study, oxidation of 

sphalerite in the presence of bacteria was increased 30-fold when in a mixture with 

pyrite (Malouf and Prater, 1961). The combined impact of bio-leaching and 

galvanic interactions (between chalcopyrite and pyrite) was shown to increase the 

dissolution rate of copper by a factor of 8 with Thiobacillus ferroxidans at 10°C in 

comparison to a single chalcopyrite system (Mehta and Murr, 1983). The effect is 

so great that a bioleaching process using Thiobacillus ferroxidans has been 

developed and tested for use in the recovery of precious metals (Au, Ag) from 

terrestrial polymetallic sulphide ores and their tailings (Attia and El-Zeky, 1990). 

 

Whilst the role of microbes is highly important in the longer-term, in-situ, natural 

oxidation of seafloor sulphide ore deposits, it has been suggested that abiotic 

oxidation rates of sulphide minerals are more relevant to the oxidation of sulphides 

during seafloor mining. It is postulated that bacterial colonization of freshly ground 

mineral surfaces is unlikely under the rapid time spans of mining (minutes to days) 

(McBeth et al., 2011).  
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6 Discussion 
 
This review of the experimental literature illustrates the paucity of data that can 

realistically be applied to simulating the processes that might be important to 

economic factors in SMS prospecting, extraction and environmental impact. There 

are no studies that emulate the true range of composition of the sediments that will 

be dispersed into aqueous suspension as a result of deep-sea mining.  This 

suspended material will include a variety of minerals, and it is the interaction of 

these minerals and crystal inclusions in regards to galvanic cells that have the 

ability to substantially increase the release of metals into the water column 

(Abraitis et al., 2004a; Heidel et al., 2013; Koleini et al., 2010; Kwong et al., 2003; 

Li et al., 2006; Liu et al., 2008; Majuste et al., 2012; Mehta and Murr, 1983; 

Subrahmanyam and Forssberg, 1993). There are a multitude of variables to 

consider in regards to such dissolution including mineralogy, bulk elemental 

chemistry, grain size distribution and surface area of the sediments as well as the 

temperature, pressure, salinity, pH, oxidising agents and seawater composition. 

 

The only dissolution study that exists that emulates a true composition of 

sediments in seawater was undertaken as a result of prospecting and a 

regulatory need to provide an environmental impact statement for mining the 

Solwara 1 Deposit in Papua New Guinea (Gwyther, 2008a). This study was 

undertaken with three ’representative’ sulphide ores, at conditions that are not 

realistic (higher temperature, 1 atm pressure). The sulphide ore utilised was not 

characterised in terms of mineralogy, therefore it is difficult to evaluate and for 

instance say whether galvanic cells could have been playing a role. 

 

The following section aims to highlight the important variables for considerations in 

terms of undertaking future oxidative dissolution experiments that emulate both the 

natural and anthropogenically effected dissolution process of seafloor polymetallic 

sulphide ore deposits. This is the beginning of a roadmap for research that is 

essential to the efficient mining of SMS deposits. 

6.1 Temperature 
 
Sulphide oxidation rate will increase significantly with increasing temperature as it 
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influences the kinetics of the reaction (Chandra and Gerson, 2010, and references 

therein). This variable is dependent upon where in the world this natural 

weathering process and/or mining process is occurring. Deep sea temperatures 

are unlikely to be significantly different across the world (Atlantic 4km: 2°C; 

Bismarck Sea 1.5km: 3°C (Gwyther, 2008a)).  If mining occurs on an inactive vent, 

at a distance from active vent fields, these average sea temperatures are likely to 

be representative for experiments on weathering. However, in terms of mining 

(extraction/dewatering), the depth at which any suspended material is located is 

likely to have a significant impact on dissolution in terms of temperature, with 

temperatures of 27-31°C at the sea surface of Bismarck Sea and around 10°C at 

400 m depth (Gwyther, 2008b). 

 

Exit temperatures of fluids from hydrothermal vents range from 60 to as high as 

400°C (e.g. Haase et al. (2007). There is also the potential for a range of lower 

temperatures (<50°C) in regards to diffuse flow but this water is ultimately a mix of 

seawater and vent fluid rather than seawater (Le Bris et al., 2006; Rona and 

Trivett, 1992; Scheirer et al., 2006). However, any elevated seawater temperatures 

are generally restricted to within centimetres to metres of the temperature source 

(hydrothermal fluid/diffuse flow) (Johnson et al., 1988; Rona et al., 1984; Rona and 

Trivett, 1992), where entrainment of cold ambient seawater quickly reduces 

temperatures to background levels.  

 

Furthermore, mining is unlikely to ever take place near any active venting due to 

hazardous conditions and limitations of operating capabilities of seafloor mining 

tools, with operating temperatures from 0 to 35° C outlined by Nautilus Minerals 

Inc (Gwyther, 2008b).  

 

6.2 Pressure 
 
There have been numerous studies that illustrate how high partial pressure of 

oxygen can promote faster sulphide dissolution (Chandra and Gerson, 2010; 

Karastelev, 2013; Koslides and Ciminelli, 1992; Long and Dixon, 2004; McDonald 

and Muir, 2007; Peters, 2010; Rusanen et al., 2013). However, at high partial 

pressures of oxygen, it has also been shown that passivation can occur more 
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readily, due to surfaces being filled with elemental sulphur (Chandra and Gerson, 

2010; Long and Dixon, 2004). This has the potential to reduce dissolution rates 

considerably. 

 

Hydrostatic pressure has been shown to have minimal effect on dissolution rates 

with individual minerals (Baldo, 1992) as there is no increase in partial pressure of 

oxygen. As well as this, seawater is an incompressible liquid with no significant 

increase of collisions of reactants expected. However, the effect hydrostatic 

pressure might have on galvanic coupling has not been investigated and this could 

have an impact on dissolution.  

 

6.3 pH 
 
pH of the waters in a mining environment is crucial at it has the ability to impact the 

sulphide oxidation rate (Acero et al., 2007; Bonnissel-Gissinger et al., 1998; Millero 

et al., 1987), with lower pH’s increasing the oxidation rate (Chandra and Gerson, 

2010, and references therein). Millero et al. (1987) showed that the rate increased 

by four times for a pH 4.0 in comparison to pH 8.0. It will also greatly impact the 

toxicity and reactivity of heavy metals, with the speciation and solubility of heavy 

metals dictated by pH.  Furthermore, it has also been shown that the sensitivity to 

metals by organisms can be affected by pH (Ho et al., 1999; Wong and Yang, 

1997). The presence of bacteria, their population numbers and species type, which 

ultimately impact the natural weathering process, is also influenced by pH. 

 

pH of ambient seawaters across the world varies between 7.5 to 8.4, with a current 

average pH of 8.1 (Tanhua et al., 2015). Inactive hydrothermal vents are likely to 

experience this more neutral pH, depending on the time since activity and their 

proximity to active vents. 

 

Hydrothermal fluids from black smokers, bottom seawaters around vents and 

diffusers on the MAR show a range of pH from 2.5 to 7.9 (Charlou et al., 1996; 

Desbruyères et al., 2001; Le Bris et al., 2001; Sarradin et al., 1999, 1998, Von 

Damm, 1995, 1988). While pH shows large variations during the turbulent mixing 

of these variable hydrothermal fluids and cold, ambient seawater, and can create 
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gradients (Haymon and Kastner, 1981; Le Bris et al., 2001), they are generally 

restricted to areas close to the active chimney surface or plume. pH 

measurements observed above hydrothermally active volcanoes of the Mariana 

Arc, Axial Volcano and Southern East Pacific Rise by Resing et al. (2004;2009) 

show a wide range of pH decrease above vent sites. However, changes are small 

and restricted to 10s of km of the active vent, with most pH decreases on the order 

of 0.1 pH unit from their regional backgrounds (Resing et al., 2009, 2004). pH will 

ultimately be site specific and is more likely to vary as a function of which ocean 

and depth mining is occurring at rather than distance from an active vent.  

6.4 Oxygen concentration 
 
The oxygen concentration is highly dependent on where the weathering and/or 

mining process is occurring. For example, the Atlantic Ocean has a much higher 

oxygen content (on average between 8-9 mg L-1) than the Pacific Ocean (4-6 mg 

L-1), but this varies dramatically from place to place (Schlitzer, 2000). The less 

oxygenated the environment, the lower the oxidation rate and the more limited 

oxidation and precipitation will be. 

 

6.5 Seawater composition and Fe3+ as an oxidising agent 
 
Seawater composition in terms of the proportions of the major constituents is fixed 

and constant across the world, however in terms of salinity - seawater is not 

uniform. If concentrations of potentially toxic elements (Cu, Zn, Co, Ni, As, Hg, Pb) 

are already present in the environment, it is possible that ecosystems are already 

adapted and therefore the risk is reduced. However, of most importance in this 

regard, are elements that can act as oxidising agents. Oxygen concentrations 

were discussed earlier, but other oxidising agents including Fe3+, MnO2 and nitrate 

NO3
- are present in seawater. However, the dominant oxidising agent in an oxic 

environment is Fe3+ and it is a powerful oxidant in acidic environments (Nordstrom 

and Alpers, 1999). Fe3+ is a more effective oxidant than O2, with primary 

dissolution of pyrite driven by initial oxidation of Fe2+ by O2 to Fe3+ (Eq. 6), which 

drives forward sulphide oxidation (Baker and Banfield, 2003) in Eq. 7. If there is 

significant Fe3+ already present in the ambient seawater, there is the potential for 

greater oxidation of sulphides as the rate is no longer dependent on Eq. 6 to 
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produce Fe3+. 
Equation 6 

14𝐹𝑒2++3.5𝑂2	𝑎𝑞+	14𝐻+	⟶14𝐹𝑒3++7𝐻2𝑂 

Equation 7 

𝐹𝑒𝑆2+14𝐹𝑒3++8𝐻2𝑂	�15𝐹𝑒2++2𝑆𝑂42−+16𝐻+ 
 

 

Oxidation of Fe2+ is slow below pH 4 and may limit the rate of oxidative dissolution 

of sulphide ore deposits (Baker and Banfield, 2003). However, if close to an active 

vent, pH is likely to be more acidic, thus being able to stabilize more Fe3+ and 

ambient concentrations of Fe3+ are also likely to be higher. 

 

6.6 Grain size and surface area 
 
The Solwara Environmental Impact Study (EIS) identifies two points of plume 

formation and metal release: initial removal of overburden and return water from 

the dewatering process (Gwyther, 2008b). The EIS states that the grain size 

produced will be 80% <25 mm and 20% of smaller unknown size. It also states 

there is the potential for formation of grains <10 µm in size where the cutter teeth 

meet the rock. Return water plumes are expected to have particles <8 µm. The 

natural grain size and texture of the deposit will also have implications in plume 

formation and surface area available for metal release, with smaller grains 

remaining in suspension longer and having higher surface area; making them 

more susceptible to dissolution. Furthermore, a combination of factors including 

the natural size of sulphide minerals, the size of sulphide inclusions within other 

sulphides and the grain size produced throughout the mining process will play a 

large role in whether galvanic calls are still present and operating. In terms of the 

natural weathering process, the SMS grain size is crucial here, for similar reasons 

explained above. 

 

6.7 Fluid to rock ratio 
 
It is suggested that the relationship between fluid to rock (F:R) ratio and dissolution 

rate is linearly proportional, within this context of a fluid dominated system. 
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However, the fluid to rock ratio would differ depending on whether we are focusing 

upon the natural weathering (highest F:R), the extraction process (lowest F:R) or 

the dewatering process. 

6.8 Variation in mineralogy and geochemistry of seafloor sulphide ore 
deposits 

 
 
SMS deposits occur in a range of tectonic environments including mature volcanic 

hosted mid-ocean ridges and younger sediment rich rifts (with varying rates of 

spreading), hot spots and arc-related settings (arc volcanoes, rifted arc crust, 

back-arc spreading centres). The host rock lithology is ultimately dictated by these 

tectonic controls, with a range of host rock compositions occurring including 

predominantly mafic to ultra-mafic (basalt, gabbro, serpentinite) along mid-ocean 

ridges and more evolved compositions (dacite, rhyolite) in arc settings as well as 

sediments in oceanic and continental crust (Hannington et al., 2005). These 

volcanic and tectonic controls ultimately dictate the availability of major and minor 

elements of seafloor massive sulphide ore deposits. Superimposed on this, the 

minor element endowment is influenced by the temperature-dependent solubility of 

the elements in question (Monecke et al., 2016). Characterisation of this variation 

is required in order to further understand, and predict metal leaching and 

environmental risk where mining certain deposits may have more or less impact 

than others (Jamieson et al., 2015). 

 

In terms of major economic element trends, metal content of SMS deposits varies 

dramatically with volcanic and tectonic setting. SMS deposits located on mid-

ocean ridges vary as a function of host lithology. Monecke et al. (2016) document 

this variation with the most comprehensive database of geochemical analyses to 

date. Stated here are median base metal contents of their database. Sediment 

covered ridges and basalt-hosted ridges contain a combined Cu + Zn + Pb content 

of 1.5 wt% and 3.2 wt% respectively. By comparison, ultramafic hosted ridges 

demonstrate a 13.2 wt% combined Cu + Zn + Pb, significantly higher. SMS 

deposits associated with convergent plate margins and more evolved (acidic) 

volcanic host lithology generally demonstrate higher base metal contents (rifted 

arc crust: 11.1 wt%, back arc spreading centres: 16.1wt% combined Cu + Zn + 
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Pb), with the exception of those located on arc volcanoes (3.6 wt% combined Cu + 

Zn + Pb). 

 

Common trends are observed in trace element concentrations of sulphides from 

different settings. Mafic to ultra-mafic host rock dominated mid-ocean ridges 

consistently demonstrate high concentrations of Cu, Fe, Co, Se, Ni, Mo and Te. In 

comparison, volcanic arcs and young back arc rifts where more evolved volcanic 

host rocks are dominant show high concentrations of Zn, Cd, Pb, As, Sb, Hg, Ba, 

Tl and Au (Hannington et al., 2010, 2005; Monecke et al., 2016). It is important to 

note that most heavy metals that are of economic value also have the potential to 

be toxic to ecosystems (see Section 2.2.1) at significant concentrations (Ando et 

al., 2002; Jeanthon and Prieur, 1990; Llanos et al., 2000; Nies, 1999; Vetriani et 

al., 2005); most prominent here are Cu, Pb, As, Cd, Sb and Hg, largely associated 

with arc-related settings. However, the high concentrations of major heavy metals 

(Cu, Zn, Pb) from ultra-mafic hosted ridges also suggest that they have the 

potential to cause toxicity during any future mining. 

 

Temperature also plays a large role, with higher temperature Cu rich chimneys 

(~350°C) associated with high concentrations of Co, Se and Mo. Lower 

temperature fluids (~250°C) show an association with Cd, Pb, As, Sb and Ag. It is 

therefore of the upmost importance to systematically sample high and low 

temperature assemblages across deposits to provide a more representative 

picture of bulk compositions in terms of economic endowment and potential toxicity 

(Hannington et al., 2010; Monecke et al., 2016). 

 

Based on the current (but limited) knowledge of oxidation rates of individual 

sulphides in seawater (not including galena, secondary Cu sulphides, sulfosalts), it 

seems likely that sites with ores that contain a high abundance of pyrrhotite and 

marcasite are likely to oxidise quicker. In terms of galvanic coupling, ores that 

contain an abundance of pyrrhotite, sphalerite, sulfosalts and/or galena in the 

presence of pyrite, chalcopyrite and/or marcasite have the potential to oxidise and 

release metals at a faster rate. Both suggest that these ore types would ultimately 

lose their economic worth quicker, and have more potential to release toxic metals 
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during mining. Ultimately, this potential is dictated by the toxic trace elements 

found in these more reactive minerals (see Section 6.8.1) and the subsequent 

oxidation potential if released. This trace chemistry is a function of the composition 

of vent fluids which is ultimately dictated by tectonic setting (back-arc basin vs 

ridge vs hot spot), host rock lithology, pH and temperature amongst others 

(Monecke et al., 2016).  

 

  In reality, mining will only occur where there is a high abundance of 

economically worthy sulphide minerals and their base metals including 

chalcopyrite, isocubanite, secondary Cu sulphides (Cu), sphalerite/wurtzite (Zn), 

galena (Pb) as well as high concentrations of precious metals. Within this, pyrite 

and/or marcasite will commonly be present. In such a case, galvanic coupling is 

expected to arise and lead to an increase in preferential dissolution and release 

of metals, if not adequately balanced by oxidation.  

 

6.8.1 Trace	impurities	in	common	SMS	minerals	
 
A compilation of available trace data in sulphide minerals from SMS samples 

collected worldwide provides an assessment of toxicity and potential for release 

and is presented in Table 5. The compilation also highlights the gaps in our 

knowledge of trace chemistry in sulphides. Here, we discuss only significant 

concentrations in regards to specific sulphide minerals across SMS samples 

worldwide. 

 

In terms of trace element content of the seafloor sulphide minerals likely to oxidise 

quickest based on oxidation rate alone (pyrrhotite, marcasite), data are limited. 

Only three studies have analysed SMS pyrrhotites, two involve pyrrhotites from the 

Juan de Fuca Ridge (Paradis et al., 1988; Tivey et al., 1999) and the second, 

those from Rainbow vent field on the Mid-Atlantic Ridge (Marques et al., 2006). 

Only certain elements have been analysed, with no measurements of Hg, Sb or 

Pb. Where analysed, pyrrhotites show similar concentrations of Cd (0-400 ppm), 

hundreds of ppm of Cu and hundreds to thousands of ppm of Zn. Pyrrhotites from 

the Rainbow vent field show high concentrations of Co (600-4000 ppm) and a 

range for Ni (100-1100 ppm), attributed to ultra-mafic host rocks. A range of As 
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concentrations (<300 – 750 ppm) in pyrrhotites are observed at the Endeavour 

Segment along the Juan de Fuca Ridge (Tivey et al., 1999). 

 

Marcasites are often grouped with pyrites, so it is difficult to separate the 

geochemistry of the two. Only two trace studies of marcasite exist and no 

consistent trends are observed. Hannington et al. (1991) analysed marcasite 

concentrates from Axial Seamount (hot spot and mid-ocean ridge) and observed 

significant concentrations of As (783-928 ppm). Marcasites from Alice Spring Field, 

Mariana Trough displayed significant concentrations of Zn (800 ppm).  

 

Pyrites are observed to have slower oxidation rates in seawater in comparison to 

other sulphide minerals, and are often galvanically protected when in a cell with 

another sulphide mineral (due to its high rest potential). Pyrites from all settings 

can be observed to contain significant Cu and Zn as trace impurities, and those 

from arc related settings can show high concentrations of Pb and As (hundreds to 

thousands of ppm). Cobalt and nickel is observed to be high in pyrites from mid-

ocean ridges that are ultra-mafic hosted including Rainbow vent field, MAR and 

Kairei vent field, Indian Ridge (Marques et al., 2006; Wang et al., 2014).  

 

Oxidation rates of sphalerite in seawater are limited to one study, but indicate a 

quicker oxidation rate than pyrite and chalcopyrite. Galvanically, sphalerite would 

be anodically dissolved when in a cell with pyrite, marcasite or chalcopyrite, but 

protected if present with secondary Cu sulphides and/or galena. Seafloor 

sphalerites are consistently shown to contain high concentrations of Cd (hundreds 

to thousands of ppm). Sphalerites associated with arc-related settings generally 

show concentrations of As (1000-10000s ppm), Pb (1000-10000s ppm) and Sb 

(100-1000s ppm) much higher than that of ridge settings (10-100s ppm). Data for 

certain minor elements in sphalerite are lacking including Hg, Sn, Se, Ni, Mo along 

with critical metals (Te, Ga, Ge, In). 

 

Trace data for galena in SMS deposits is limited to six seafloor hydrothermal 

regions globally (Iwaida and Ueno, 2005; Petersen et al., 2014, 2004; Suzuki et 

al., 2008; Tivey et al., 1999; Ueno et al., 2003). Concentrations of Sb and Ag are 
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shown to be consistently high across all sites, with the highest concentrations 

observed at arc-related settings. Limited data for Cd and Zn indicate the potential 

for high concentrations in galena (800-1100 ppm Cd and thousands of ppm Zn 

from Palinuro Volcanic Complex, Hook Ridge and the Endeavour Segment along 

the Juan de Fuca Ridge (Petersen et al., 2014, 2004; Tivey et al., 1999)). 

 

Sulphosalts are an extensive group of complex sulphide minerals with the general 

formula AmBnSp where A is a metal (Cu, Pb, Ag, Fe, Hg, Zn) and B is a metal or 

semi-metal (As,Sb,Bi, Sn). Sulphosalts are generally observed in arc-related 

settings with enargite (Cu3AsS4) and the tennantite-tetrahedrite solid solution 

series (Cu12As4S13-Cu12Sb4S13) most common. There is little known on the 

galvanic potential of sulphosalts, however, they are shown to oxidise quicker than 

other sulphide minerals (Fullston et al., 1999). Sulphosalts are a large sink for As, 

Sb, Pb and Cu, and therefore have high potential to be toxic during oxidative 

dissolution.  

 

Both sulphosalts are consistently shown to contain significant concentrations of Ag 

(thousands of ppm) (Binns and Scott, 1993; Halbach et al., 1993; Petersen et al., 

2014, 2004; Suzuki et al., 2008; Ueno et al., 2003; Watanabe and Hayashi, 2014; 

Wohlgemuth-Ueberwasser et al., 2015). Zn and Fe concentrations within both 

enargites and tennantite-tetrahedrite are significant (thousands to tends of 

thousands of ppm). 

 

Hg data are only available at two sites: Palinuro Volcanic Complex and Hook 

Ridge, but demonstrate that Hg has a large affinity for sulphosalt phases over all 

other sulphide minerals (hundreds to thousands of ppm). High Se concentrations 

in sulphosalts are observed at Hook Ridge (900-1000 ppm) but this is inconsistent 

across all SMS deposits (Petersen et al., 2004; Wohlgemuth-Ueberwasser et al., 

2015). Where data for Pb in tennantite-tetrahedrite are available, Pb is consistently 

high (thousands of ppm) across Palinuro Volcanic Complex, Hook Ridge, Okinawa 

Trough and Pacmanus (Binns and Scott, 1993; Ueno et al., 2003; Petersen et al., 

2004; Petersen et al., 2014; Wohlgemuth-Ueberwasser et al., 2015). Data for Bi, 

Co and Ni (amongst many other economic metals (Ga, Ge, In, Sn, Tl) for 
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tennantite-tetrahedrite and enargite) in any SMS deposit are not observed in the 

published literature.  

 

Secondary copper sulphides (bornite, covellite, chalcocite, digenite) are shown to 

oxidise quicker than other common sulphide minerals (Fullston et al., 1999) and 

are shown to have relatively low rest potentials (only higher than galena). Trace 

data for secondary copper sulphides in SMS studies are limited to six studies 

across six different sites and vary considerably. High average concentrations of Ag 

are observed at Pacmanus Chimney (bornite), Hook Ridge (covellite), Menez 

Gwen Field (covellite) and Carlsberg Ridge (bornite/digenite) with 1700, 1050, 588 

and 230-350 ppm respectively, although this is not consistent with an average of 

<200 ppm of Ag observed in covellite at Kairei vent field, Indian Ridge. Se 

concentrations can be significant in secondary Cu sulphides from ultra-mafic 

hosted sites (chalcocites from Logatchev (87.9 ppm), with covellites from Kairei 

vent field also showing enrichment (250 ppm Se). However, this is contradictory to 

bornites and digenites from Wocan hydrothermal field along Carlsberg Ridge, 

where Se concentrations are <1.5 ppm. There are no trace data available for Bi, 

Ga, Ge, Mo, Sn and Tl for chalcocite and covellite and no trace data for Cd, Co, 

Hg, Ni and Pb for chalcocite.  

 

Chalcopyrites are shown to have slower oxidation rates in seawater in comparison 

to other sulphide minerals, and have a high rest potential, indicating that they are 

unlikely to anodically dissolve (unless in contact with only pyrite/marcasite). Trace 

elements in chalcopyrites are shown to vary considerably from site to site, with 

some essentially ‘barren’ and others showing significant minor element 

endowment. The only consistent trend amongst all chalcopyrites analysed from all 

sites is the significant presence of Zn (on average: thousands of ppm). 

Concentrations of As are fairly low (tens of ppm) in chalcopyrites from ridge 

settings whilst those from Pacmanus Basin, Satanic Mills in particular, are 

significantly higher (12326-15714 ppm) (Binns and Scott, 1993; Wohlgemuth-

Ueberwasser et al., 2015). Co and Ni concentrations in chalcopyrite are observed 

to be anomalously high at Rainbow vent field (thousands of ppm), related to the 

ultra-mafic host lithology. Pb and Sb in chalcopyrites from arc settings are 

generally high (hundreds of ppm). Concentrations of Se are high (190-640 ppm) at 
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ridge settings (TAG, Southern Explorer Ridge, Turtle Pits, Logatchev). Data for 

Ga, Ge, In, Sn, Tl in chalcopyrites from SMS deposits is limited to one 

hydrothermal field studied by Wang et al. (2017).  

 

Isocubanite (CuFe2S3) is a cubic polymorph of cubanite and characteristic of high 

temperature seafloor sulphide mineral assemblages. Trace element data in 

isocubanites from SMS deposits are limited to four sites across four studies. Zn 

concentrations are consistently high across all four sites, with averages ranging 

from 1550 to 7100 ppm. Data for Co and Ni are limited to only two sites (Kairei and 

Rainbow), with Co concentrations consistently high ranging from 700-5200 ppm 

and variable to high Ni (700 ppm) at Rainbow, attributed to the ultramafic host rock 

at both sites. Se concentrations are limited to Kairei only, but shown to be 

significant (1400 to 2000 ppm). There are no published data available for Bi, Ga, 

Ge, Hg, In, Mo, Sn, Tl in isocubanites from SMS deposits. 

 

There is often a distinct association between the texture of sulphide minerals and 

their trace chemistry, where colloform and porous phases are commonly observed 

to contain higher concentrations of certain traces (Lein et al., 2010; Wohlgemuth-

Ueberwasser et al., 2015). However, it is clear that this trend is not always 

consistent across sites, minerals and/or elements, which is likely to be a result of 

varied initial trace impurity and subsequent site and mineral specific 

recrystalllisation.  

6.9 Time 
 
There has been no study to determine the time it takes for a seafloor deposit to 

ultimately be destroyed by physical and chemical weathering. This information 

would be critical if there is to be serious consideration of exploiting deposits 

associated with inactive vents, as it would help ascertain the cut off point for 

viability in terms of exploration - at least in regards to mid ocean ridges where 

crust is sequentially younger towards the ridge axis. Deposits where gossans are 

observed are a good indicator in terms of the rate of weathering. U-Th dating was 

used by Lalou et al. (1990) to determine that the currently active sulphide deposit 

of TAG, Mid Atlantic Ridge started forming 40 to 50,000 years ago, and provide a 

maximum time the deposit has been exposed to seawater. This provides an 
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indication that deposits of this age still have the potential to be of economic worth. 

 

On the shorter timescale and to fully understand the concentration of metals that 

have the potential to be released over time during mining, it is necessary to know 

for how long the extraction and dewatering process will occur for any one 

particular time frame. The Solwara EIS states that it will take approximately 6 

minutes to take the return water from the surface to the point of discharge above 

the seafloor (Gwyther, 2008b). Ultimately, the overall mass of return water that will 

be pumped to the seafloor is crucial to know here. The EIS states that ore will 

typically be extracted at a rate of 5,900 tonnes per day, and will take place no 

longer than 20 hours a day. As a result of the heterogeneity of the mineralogy and 

geochemistry in one deposit, the release of metals is unlikely to be consistent over 

time. 

 

7 Direction for new research 
 
This review paper brings together lines of evidence from a range of literature 

sources including those with a focus on both terrestrial and seafloor sulphide ore 

deposits, the mining process (extraction and flotation) and those dealing with acid 

rock drainage. It demonstrates our limited understanding of dissolution processes 

for a realistic mixed hydrothermal sulphide ore on the seafloor and highlights the 

questions that require answers going forward. Based on the literature presented 

here, different sulphide ore deposits will be oxidising and releasing a variety of 

different metals, all at different rates. Galvanic cells have never been fully 

considered in this context, and as demonstrated have the ability to increase 

dissolution rates of sulphides significantly. If heavy metal release is not temporally 

balanced by precipitation of oxide phases, there is the potential for ore deposits to 

gradually lose economic worth. 

 

The factors that are likely to impact this process have been highlighted here, but 

no studies emulate the true range of mineralogies and geochemistries for these 

deposits that are naturally dissolving in a colder, deeper (high P), more saline, 

neutral pH environment. Furthermore, with an ever-increasing focus on mining 
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deposits associated with hydrothermal vents (both active and inactive), it is crucial 

for us to understand how this process is impacting the economic worth of deposits 

as they age and if this dissolution process can inadvertently be increased 

anthropogenically through mining. If so, subsequent heavy metal release 

(unbalanced by oxide precipitation) may have environmental implications including 

bioaccumulation in local (potentially exotic) ecosystems and dispersal or 

accumulation in the wider ocean. 

 

As a result of the significance of temperature and pH upon the oxidation of 

sulphides, we suggest that mining inactive deposits - deposits that are not in 

proximity to higher temperatures and lower pH’s - are likely to be comparably 

more ’eco-friendly’ than mining active counterparts (assuming a like-for-like 

comparison) in terms of dissolution and metal release. Certain sites will be more 

predisposed to oxidation as a result of their mineralogy and geochemistry (those 

containing major pyrrhotite, marcasite, galena and secondary copper sulphides) 

and/or environment (higher temperatures, oxygen concentrations and lower pH’s). 

Furthermore, certain sites pose more of an environmental risk (in terms of toxicity) 

than others, with arc-related SMS deposits associated with higher concentrations 

of As, Pb, Sb, Cd and Hg and ultra-mafic hosted SMS deposits associated with 

high concentrations of Co and Ni. Whilst studies on galvanic cells, individual 

mineral oxidation rates in seawater and leaching of certain polymetallic sulphides 

can give some indication, a broader study of oxidative dissolution with a variety of 

natural SMS ore deposits in seawater at correct conditions can provide a more 

realistic picture. This type of study can predict which sites (ore type, tectonic 

setting, environment), should be monitored more closely in regards to both 

reduction of economic worth over time and environmental impact if mining takes 

place.  
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Table 1 Characteristics of a range of seafloor Fe oxide/oxy-hydroxide deposits. 

Type of Fe oxide/ 
oxy-hydroxide 
deposit 

Mineralogy Formation Process Distinguishing Characteristics  References 

Gossan Trace sulphide minerals 
(pyrite, chalcopyrite, 
sphalerite) 
Secondary Cu sulphide 
minerals (covellite, digenite, 
chalcocite) 
Weathering products of 
sulphides (jarosite, 
atacamite) 
Fe oxides 
Fe oxy-hydroxides 

Oxidation of a seafloor sulphide ore chimney or 
mound shaped deposit. 

Small in size (representing weathered 
sulphide chimneys) 
Frequently located along ridge axis where 
sulphide rich fluids still dominate or have 
dominated in the past 

Hannington et al. 
(1988) 
Herzig et al. (1991) 
Hannington (1993) 

Ochre Fe oxides 
Fe oxy-hydroxides 
Smectite/clays 
Fe-Mn crusts 

Primary oxides and oxy-hydroxides formed 
through slow exhalative venting. 

Cover large areas (>200m in diameter) 
Located on off-axis seamounts and intra-
plate edifices  

Hekinian (2014) 

Primary precipitates 40-80% Fe2O3.H2O Primary precipitates formed through 
hydrothermal alteration or through alteration 
reactions between hot lava flows and seawater. 

Do not contain any secondary sulphide 
minerals 
Do not contain high clay content 
Low transitional metal contents 
Low SiO2 and sulphur 
Higher degree of iron oxidation 

Hekinian (2014) 

Plume fallout 
sediments 

Fe oxides 
Fe oxy-hydroxides 

Primary oxides in the hydrothermally derived 
plume precipitate and settle 

Proximal or distal to chimney or 
hydrothermal plume  

Dymond and Roth 
(1988) 
Feely et al. (1990) 
Hannington and 
Jonasson (1992) 
Goulding et al. 
(1998) 
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Table 2 Published and calculated oxidation rates of sulphide minerals in seawater from both field and laboratory based experiments (Bilenker, 2011; Feely et al., 1987; 

Morse, 1991; Romano, 2012). Rates are determined at a variety of conditions including salinity, pH, temperature, partial pressure of oxygen, hydrostatic pressure and grain 

size/surface area.  

Sulphide 
Mineral 

Formula Study Field/Lab Method Source S  
(‰) 

pH T 
(°C) 

PO2 
(atm) 

Pressure  
(bars) 

Grain 
size 
(µm) 

SA 
(cm2) 

Oxidation Rate 

             mol/kg/sec Error 
+/- 

cm/sec Error 
+/- 

Feely et 
al. (1987) 

1
Field Mass change 

of sulphide 
over time 

Black smoker particulates, 
Juan de Fuca Ridge 

~35 7.5-
8.4 

1.8 n/a 220 1000-
3000 

n/a   5.30E-
12 

 

Feely et 
al. (1987) 

1 Field  Mass change 
of sulphide 
over time 

Black smoker particulates, 
Juan de Fuca Ridge 

~35 7.5-
8.4 

1.8 n/a 220 1000-
3000 

n/a   1.10E-
11 

 

Feely et 
al. (1987) 

Lab Solution 
analysis of Fe 

Black smoker particulates, 
Juan de Fuca Ridge 

n/a 8.3-
8.6 

25 1 1 20-53 n/a   6.70E-
11 

2.90E-
11 

Morse 
(1991) 

Lab Solution 
analysis of 
pyrite 

Hog Island, Galveston Bay, 
Texas (35 wt% <63um and 
0.35 wt% organic C) 

10 7.5-
8.4 

22 n/a 1 <62 n/a 2
2.00E-08 

 

  
3

6.32E-
09 
 

 

Morse 
(1991) 

Lab Solution 
analysis of 
pyrite 

Houston Ship Channel, 
Galveston Bay, Texas (5 wt% 
<63um and 0.05 wt% organic 
C) 

10 7.5-
8.4 

22 n/a 1 <62 n/a 23.00E-08 
 

 
39.48E-
09 
 

 

Morse 
(1991) 

Lab Solution 
analysis of 
pyrite 

Houston Ship Channel, 
Galveston Bay, Texas (79 
wt% <63um and 0.67 wt% 
organic C) 

10 7.5-
8.4 

22 n/a 1 <62 n/a 26.00E-09 
 

 
31.90E-
09 
 

 

Pyrite FeS2 

Morse 
(1991) 

Lab Solution 
analysis of 
pyrite 

Texas Shelf, 100m water 
depth 

34 7.5-
8.4 

22 n/a 1 <62 n/a 25.00E-10  
31.58E-
10 

 

Feely et 
al. (1987) 

1 Field Mass change 
of sulphide 
over time 

Black smoker particulates, 
Juan de Fuca Ridge 

~35 7.5-
8.4 

1.8 n/a 220 1000-
3000 

n/a   5.10E-
11 

 Marcasite FeS2 

Feely et 
al. (1987) 

Lab Solution 
analysis of Fe 

Black smoker particulates, 
Juan de Fuca Ridge 

n/a 8.3-
8.6 

25 1 1 20-53 n/a   2.50E-
10 

1.00E-
10 

Feely et 
al. (1987) 

1 Field Mass change 
of sulphide 
over time 

Black smoker particulates, 
Juan de Fuca Ridge 

~35 7.5-
8.4 

1.8 n/a 220 1000-
3000 

n/a   1.10E-
10 

 Pyrrhotite Fe(1-x)S 

Romano Lab Solution Dal N’gorsk Primorsky Kray ~35 3.15 19.5- 0.995 1 45-106 1190 4
4.25E-10 4.79E- 5

7.60E-  

                                            
1	Mooring on southern Juan de Fuca Ridge, water depth 2205m.	
2	Calculated a rate from raw data (Appendix A) provided by Morse (1991) and applying a second-order polynomial fit in the form y = y0 + ax + bx2, where a is the initial rate given in mol/kg/sec (Bilenker, 2011; Romano, 
2012) 
3	Calculated using method above (Appendix A) and using weight provided by Morse (1991), Mr of pyrite (118.98), density of pyrite (5.02 g/cm3) and an average surface area of pyrite of 0.3 m2/g (derived from the 
literature (Pugh et al., 1981; Wiersma and Rimstidt, 1984; Wolfe et al., 2007)). 
4 An average of experiments at similar run conditions (Bilenker, 2011; Romano, 2012). 
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Sulphide 
Mineral 

Formula Study Field/Lab Method Source S  
(‰) 

pH T 
(°C) 

PO2 
(atm) 

Pressure  
(bars) 

Grain 
size 
(µm) 

SA 
(cm2) 

Oxidation Rate 

             mol/kg/sec Error 
+/- 

cm/sec Error 
+/- 

(2012) analysis of Fe Mine, Far Eastern Region, 
Russia 

20 11 12 

Romano 
(2012) 

Lab Solution 
analysis of Fe 

Dal N’gorsk Primorsky Kray 
Mine, Far Eastern Region, 
Russia 

~35 3 34-
35 

0.995 1 106-
150 

330 46.18E-10 2.72E-
11 

53.98E-
11 

 

Romano 
(2012) 

Lab Solution 
analysis of Fe 

Dal N’gorsk Primorsky Kray 
Mine, Far Eastern Region, 
Russia 

~35 3 4 0.995 1 106-
150 

330 41.30E-10 8.51E-
12 

58.38E-
12 

 

Romano 
(2012) 

Lab Solution 
analysis of Fe 

Dal N’gorsk Primorsky Kray 
Mine, Far Eastern Region, 
Russia 

~35 2-4 21-
22 

0.995 1 106-
150 

330 41.85E-10 2.41E-
11 

51.19E-
11 
 

 

Romano 
(2012) 

Lab Solution 
analysis of Fe 

Dal N’gorsk Primorsky Kray 
Mine, Far Eastern Region, 
Russia 

~35 3 21-
22 

0.1 1 106-
150 

330 41.82E-10 1.86E-
11 

51.17E-
11 

 

  

Romano 
(2012) 

Lab Solution 
analysis of Fe 

Dal N’gorsk Primorsky Kray 
Mine, Far Eastern Region, 
Russia 

~35 3-
3.5 

21-
23 

0.01 1 106-
150 

330 45.72E-11 3.68E-
12 

53.68E-
12 

 

Feely et 
al. (1987) 

1 Field Mass change 
of sulphide 
over time 

Black smoker particulates, 
Juan de Fuca Ridge 

~35 7.5-
8.4 

1.8 n/a 220 1000-
3000 

n/a   1.20E-
12 

 

Bilenker 
(2011) 

Lab Solution 
analysis of Cu 

Casapalca Mine, Peru ~35 3 8.5-
9.5 

0.995 1 45-106 1273.4 42.18E-12 1.90E-
13 

54.62E-
14 

 

Bilenker 
(2011) 

Lab Solution 
analysis of Cu 

Casapalca Mine, Peru ~35 3 21 0.1 1 45-106 1309.2 42.54E-12 2.32E-
13 

55.06E-
14 
 

 

Bilenker 
(2011) 

Lab Solution 
analysis of Cu 

Casapalca Mine, Peru ~35 8.2 23.5 0.1 1 45-106 1376.45 4-3.92E-13 2.66E-
13 

5-7.32E-
15 

 

Bilenker 
(2011) 

Lab Solution 
analysis of Cu 

Casapalca Mine, Peru ~35 4-
4.5 

22-
23 

0.995 1 45-106 1391 47.94E-13 6.65E-
13 

51.64E-
14 

 

Chalcopyrite CuFeS2 

Bilenker 
(2011) 

Lab Solution 
analysis of Cu 

Casapalca Mine, Peru ~35 2-3 21-
23.5 

0.995 1 45-106 1394.94 44.16E-12 3.13E-
13 

58.09E-
14 

 

Sphalerite ZnS Feely et 
al. (1987) 

1 Field Mass change 
of sulphide 
over time 

Black smoker particulates, 
Juan de Fuca Ridge 

~35 7.5-
8.4 

1.8 n/a 220 1000-
3000 

n/a   2.40E-
11 

 

 

 

 
 
 

                                                                                                                                                                                                                                       
5 Calculated using raw data of Bilenker (2011) and Romano (2012), calculations presented in Appendix A. 
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Table 3 Rest potential of common sulphide minerals at ambient temperature. 

Mineral Formula Origin Solution or pH Rest Potential (V) vs. SHE Reference 
     Bubbled with N2 Bubbled with O2 Exposure to air  

Unknown 1 M H2SO4 0.63   - Majima (1969) 
Unknown 1 M HClO4 0.62   - Peters and Majima (1968) 
Unknown 4 0.66   - Majima (1969) and references therein 
Huanzala, Peru Distilled water, ~pH 7  0.405 0.445 0.485 Pozzo and Iwasaki (1989) 

Pyrite FeS2 

Coahuila, New Mexico 0.001 mol/L Na2SO4  0.389 0.391 0.393 Hu et al. (2010) and references therein 
Marcasite FeS2 Unknown 4 0.63   - Majima (1969) and references therein 
Arsenopyrite  Unknown Distilled water, ~pH 7  0.277 0.303 0.323 Iwasaki (1989)  

Unknown 1 M H2SO4 -0.28   - Kovylina (1956) 
Sudbury, Ontario Distilled water, ~pH 7  0.055 0.160 0.173 Adam et al. (1984) 
Stratheona Mine, Ontario Distilled water, ~pH 7  0.125 0.262 0.295 Iwasaki (1989) 
Stratheona Mine, Ontario Distilled water, ~pH 7  0.155 0.290 0.335 Hu et al. (2010) and references therein 
Stratheona Mine, Ontario 0.001 mol/L Na2SO4  0.262 0.277 0.308 Nakazawa and Iwasaki (1986) 
Stratheona Mine, Ontario 0.05 mol/L Na2SO4  0.058 - 0.190 Hu et al. (2010) and references therein 

Pyrrhotite Fe(1-x)S 

Sudbury, Ontario 0.5 mol/L NaCl  - 0.071 - Adam et al. (1984) 
Unknown 4 0.56   - Majima (1969) and references therein 
Unknown 1 M H2SO4 0.52   - Warren (1978) 
Unknown 1 M HClO4 0.53   - Majima (1969) 
Rouyn, Quebec Distilled water, ~pH 7  0.190 0.355 0.371 Hu et al. (2010) and references therein 

Chalcopyrite CuFeS2 

Messina, S. Africa 0.05 mol/L Na2SO4  0.115 - 0.265 Hu et al. (2010) and references therein 
Unknown 4 0.45   - Majima (1969) and references therein Covellite CuS 
Unknown 1 M HClO4 0.42   - Majima (1969) 

Chalcocite Cu2S Unknown 1 M H2SO4 0.44   - Kovylina (1956) 
Bornite Cu5FeS4 Unknown 4 0.42   - Majima (1969) and references therein 

Unknown 4 0.46   - Majima (1969) and references therein 
Unknown 1 M H2SO4 -0.24    Kovylina (1956) 
Unknown 2 0.372    Da Silva et al. (2003) 

Sphalerite ZnS 

Unknown 0.5 mol/l NaCl,  
~pH 10.5 

 0.030 - 0.060 Yelloji Rao and Natarajan (1989) 

Unknown 4 0.4    Majima (1969) and references therein 
Unknown 2 0.325    Da Silva et al. (2003) 
Unknown 1 M H2SO4 0.28    Kovylina (1956) 
Brushy Creek, Missouri Distilled water, ~pH 7  0.142 0.172 0.218 Learmont and Iwasaki (1984) 

Galena PbS 

Unknown 0.5 mol/l NaCl,  
~pH 10.5 

 0.045 - 0.095 Yelloji Rao and Natarajan (1989) 
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Table 4 Metal concentrations in Nautilus ore samples utilised for dissolution experiments in reports by Parry (2008) and Simpson et al. (2007). Preparation and method of 

analysis was aqua regia digestion and subsequent ICP-OES for samples used by Simpson et al. (2007), method of analysis was not documented in the report by Parry 

(2008). 

Study Sample Ag 
ppm 

Al 
ppm 

As 
ppm 

Cd 
ppm 

Co 
ppm 

Cr 
ppm 

Cu 
% 

Fe 
% 

Hg 
ppm 

Mn 
ppm 

Mo 
ppm 

Ni 
ppm 

Pb 
ppm 

S 
% 

Se 
ppm 

U 
ppm 

V 
ppm 

Zn 
% 
   Simpson et al. (2007) Ch-A-c 182 262 8420 580 59.3 1.3 10.4 1.81 - 126 - 3.3 9570 - - - - 7.67 

  Simpson et al. (2007) Ch-I-c 147 150 3930 291 440 0.7 0.136 4.98 - 653 - 4.8 4970 - - - - 4.23 
  Simpson et al. (2007) C-c <0.5 1790 112 <0.3 19.8 3.6  0.0256 2.86 - 41.1 - 7.8 14.3 - - - - 0.004 
  Simpson et al. (2007) M-t 83 415 2370 172 61.7 1.3 2.67 10.8 - 383 - 4.2 1480 - - - - 2.8 

Parry (2008) Solwara 1 ore 22.8 4000 1960.0 19.05 243.0 8.0 5.13 31.6 3.2 92.0 144.5 11.4 490.0 >10.0 138.0 10.1 29.0 0.367 
Ch: Chimney, A: Active, I: Inactive, M: Sediment, c: used in elutriate experiments, t: used in toxicity experiments 
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Table 5 Trace element contents (ppm) of common sulphide minerals from SMS deposits derived from electron microprobe analysis (EPMA), laser ablation inductively coupled 

mass spectrometry (LA-ICPMS) and bulk analysis of mineral concentrates. Abbreviations used: MAR, Mid Atlantic Ridge; EPR, East Pacific Rise; JDFR, Juan de Fuca Ridge; 

PNG, Papua New Guinea. 

No. Ag As Cd Co Cu Pb Sb Zn Other Location (setting) Authors 
Pyrrhotite (Fe(1-x)S) 
27 200  200-300 600-

4000 
200   200-1900 100-1100 Ni Rainbow vent field, MAR Marques et al. (2006) 

 400 -700  0-400  100-
600 

  0-700  Southern JDFR Paradis et al. (1988) 

14 <400 <300 – 
750 

  650   <600 - 800 <300 Se Endeavour Segment, JDFR Tivey et al. (1999) 

Marcasite (FeS2) 
2  783-928 

 
137-154 
 

60-
200 
 

  40-74 
 

  Axial Seamount, JDFR Hannington et al. (1991) 

   0 0 100   800 100 Ni Alice Spring Field, Mariana Trough Iwaida and Ueno (2005) 
Pyrite/Marcasite (FeS2) 
22 0.31-412 41-2200 0-79 2.88-

666.26 
76-
38000 

7.4-6400 0.48-
255.21 

4-48090 0.5-157.7 Ni 
0.003-668.15 Tl 

Menez Gwen Field, MAR Lein et al. (2010) 

161  600   
<200 

 
<200 

  
<200 

 
<200 

Max 600 Hg, Avg <200  Hook Ridge, Antarctica Petersen et al. (2004) 

85 <400 750-1676  <400 <700 
– 2570 

<1200 <100 <600 - 750 <400 – 3900 Mn Endeavour Segment, JDFR Tivey et al. (1999) 

20  bdl-7200   bdl-
2000 

  1550-8477 Avg 6333 Mn Mothra hydrothermal field, JDFR Kristall et al. (2006) 

Pyrite (FeS2) 
1 62 115 <10 51   5  124 Mo TAG hydrothermal field, MAR Hannington et al. (1991) 
167 <400 <400  <400 

– 1460 
<600 - 
2686 

<1200 – 
7075 

 <600 - 
8783 

<300 – 430 Se TAG hydrothermal field, MAR Tivey et al. (1995)  

4 14-95 436-1740 <10-10 2-85   4-19  47-62 Mo 
<2 to 98 Se 

Snakepit vent field, MAR Hannington et al. (1991) 

49 100  100 1200-
1800 

1000   400-3000 Avg 300 Ni Rainbow vent field, MAR Marques et al. (2006) 

40 
 
38 

 224 
 
257 

   
 
500 

 
 
bdl 

4.94 
 
bdl 

 
 
937.5 

Avg 25.2 Se, 0.25 Au, 1.2 Te Turtle Pits, MAR 
 
Turtle Pits, MAR 

 
Wohlgemuth-Ueberwasser et al. 
(2015) 

23 
 
6 

 326 
 
bdl 

   
 
300 

 
 
bdl 

11.2 
 
bdl 

 
 
bdl 

Avg 15.5 Se, 4.18 Au, 0.58 Te Logatchev, MAR 
 
Logatchev, MAR 

 
Wohlgemuth-Ueberwasser et al. 
(2015) 

3 18 664.3 26.6 36   10.3  20-200 Se Southern Explorer Ridge Hannington et al. (1991) 
16 <200 600 <200 200 3600 200 <200 1300 Avg 400 Ni 

Avg 200 Se 
Kairei vent field, Indian Ridge Wang et al. (2014) 

19 143 224 8.71 110 500 444 3.91 300 Avg 538 Mn 
Avg 36.4 Se 

Wocan hydrothermal field, Carlsberg 
Ridge, Indian Ocean 

Wang et al. (2017) 

6  800-2600  1000-
12100 

800-
2400 

    Green Seamount, EPR Alt et al. (1987) 

339 <200 2950 <200  2300 3350 450 550 Max 6900 Hg, Avg <300  Palinuro Volcanic Complex, Aeolian 
Arc, Italy 

Petersen et al. (2014) 

3   0-100 400-
600 

500-
11700 

  0-3500 0 Ni Alice Spring Field, Mariana Trough Iwaida and Ueno (2005) 
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No. Ag As Cd Co Cu Pb Sb Zn Other Location (setting) Authors 
3  0-500       0-200 Au North Knoll, Iheya Ridge, Okinawa 

Trough 
Ueno et al. (2003) 

58 
 
44 
 
5 
 
2 

 2635 
 
3636 
 
5390 
 
bdl 

   
 
2200 
 
 
 
8200 

 
 
3236 
 
 
 
4100 

188 
 
144 
 
29.4 
 
bdl 

 
 
4981 
 
 
 
2900 

Avg 7.39 Se, 7.71 Au, 1.1 Te 
 
 
 
Avg 5.97 Se, 8.16 Au, bdl Te 

Roman Ruins, Pacmanus Basin, PNG 
 
Roman Ruins, Pacmanus Basin, PNG 
 
Satanic Mills, Pacmanus Basin, PNG 
 
Satanic Mills, Pacmanus Basin, PNG 

 
 
Wohlgemuth-Ueberwasser et al. 
(2015) 

Sphalerite ((ZnFe)S) 
34 0-1700 0-10100 0-9000  0-

7900 
0 0-1300  0-900 In, Ni 

3600-18000 Fe 
Menez Gwen Field, MAR Lein et al. (2010) 

3 49-206 66-93 599-
1646 

55-
101 

  25-56  <0.1-5.7 Au 
<1-30 Mo, <2-23 Se 

TAG hydrothermal field, MAR Hannington et al. (1991) 

88 <400 – 
917 

 1400-
3076 

 1804-
9988 

<1000 – 
1600 

<400 - 900  6094-34006 Fe 
<300 Mn 

TAG hydrothermal field, MAR Tivey et al. (1995)  

2 430-1147 769-881 515-829 7-18   138-163  10.7-18.3 Au 
25-29 Mo, <2 Se 

Snakepit vent field, MAR Hannington et al. (1991) 

5 1000  600 100 2200    Avg 14000 Fe Rainbow vent field, MAR Marques et al. (2006) 
20 
 
6 

 147 
 
100 

   
 
1450 

 
 
bdl 

47.9 
 
bdl 

 0.36 Au, 28.2 Se, 0.62 Te 
 
142000 Fe 

Turtle Pits, MAR 
 
Turtle Pits, MAR 

Wohlgemuth-Ueberwasser et al. 
(2015) 

10 
 
8 

 214 
 
300 

   
 
11400 

 
 
bdl 

223 
 
300 

 3.73 Au, 1.68 Se, 0.73 Te 
 
114500 Fe 

Logatchev, MAR 
 
Logatchev, MAR 

Wohlgemuth-Ueberwasser et al. 
(2015) 

12 <200 400 1000 400 9000 1500 <200  Avg 62900 Fe 
<200 Ni, Se 

Kairei vent field, Indian Ridge Wang et al. (2014) 

17 96.9 726 3085 0.06 12530 1718 86  Avg 16066 Fe 
Avg 131 Ga, 200 Ge 

Wocan hydrothermal field, Carlsberg 
Ridge, Indian Ocean 

Wang et al. (2017) 

65 4200 6600 2100  13400 4600 <200  Avg 1200 Fe, 600 Ga 
Avg 2700 Hg, 300 Tl 

Hook Ridge, Antarctica Petersen et al. (2004) 

6 
 

 
 

 5700-
11900 

 700-
5600 

   2900-77100 Fe Green Seamount, EPR Alt et al. (1987) 

5 
 
 

210-400 108-364 1820-
3150 

  
 
0-
10000 

 355-1580  1.1-3.1 Au 
 
<10000-80000 Fe 

Axial Seamount, JDFR Hannington et al. (1991) 
 
Hannington and Scott (1988) 

34 
 
 
30 
 
 
3 

0-2100 
 
 
 

 0-5600 
 
 
300-
3500 
 
0-4400 

 0-
5100 
 
 
 
 
0-
8100 

   3500-117000 Fe 
 
 
700-187000 Fe 
 
 
9000-150000 Fe, 0-200 Mn 

Southern JDFR 
 
 
North Cleft, JDFR 
 
 
South Cleft, JDFR 

Paradis et al. (1988) 
 
 
Koski et al. (1994) 
 
 
Normark et al. (1983) 

311 <200 4600 3800  2600 12900 2200  Avg 8000 Fe, 7400 Hg Palinuro Volcanic Complex, Aeolian 
Arc, Italy 

Petersen et al. (2014) 

6  0-1000 5200-
6300 

 800-
6500 

   500-4300 Fe Hakurei Deposit, Bayonnaise Knoll, 
Uzu-Bonin Arc 

Watanabe and Hayashi (2014) 

4   500-
5300 

 1800-
12300 

   189100-236100 Fe 
6300-120400 Mn 

Escanaba Trough, Gorda Ridge Zierenberg and Shanks (1983) 
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No. Ag As Cd Co Cu Pb Sb Zn Other Location (setting) Authors 
15 
 
 
8 
 
 
82 

   
 
 
1200-
3300 
 
400-900 

 
 
 
0-300 

3000-
7000 
 
0-500 
 
 
1100-
13700 

   <1000-27000 Fe 
<1000-4000 Mn 
 
10900-26200 Fe 
1600-4700 Mn, 0-600 Ni 
 
2100-106800 Fe 
2600-15600 Mn 

Central Okinawa Trough 
 
 
North Knoll, Iheya Ridge, Okinawa 
Trough 
 
Yonaguni Knoll, Okinawa Trough 

Halbach et al. (1993) 
 
 
Ueno et al. (2003) 
 
 
Suzuki et al. (2008) 

7   200-
5000 

 0-
8900 

   2900-58200 Fe 
100-1200 Mn 

Alice Spring Field, Mariana Trough Iwaida and Ueno (2005) 

   300-
1700 

     150600-241200 Fe 
900-7000 Mn 

Guaymas Basin, Gulf of California Koski et al. (1985) 

7 
 
52 
 
24 
 
6 
 
3 

700 
 

11000 
 
1664 
 
1216.6 
 
17269 
 
1600 

  38000 
 
 
 
3433.3 
 
 
 
5600 

15000 
 
 
 
1760 
 
 
 
23500 

<500 
 
1576 
 
1700 
 
167 
 
100 

 20000 Fe 
 
43.3 Au, 3.57 Se, 0.02 Te 
 
35766.6 Fe 
 
2.45 Au, 9.42 Se, bdl Te 
 
7000 Fe 

Pacmanus Chimney, PNG 
 
Roman Ruins, Pacmanus, PNG 
 
Roman Ruins, Pacmanus, PNG 
 
Satanic Mills, Pacmanus, PNG 
 
Satanic Mills, Pacmanus, PNG 

Binns and Scott (1993) 
 
 
Wohlgemuth-Ueberwasser et al. 
(2015) 

Sphalerite – Wurtzite ((ZnFe)S) 
30     bdl-

38500 
   45300-119200 Fe 

500-3300 Mn 
Mothra hydrothermal field, JDFR Kristall et al. (2006) 

44 <400 <300 – 
400 

1580 <200 <700- 
9100 

<1000 – 
2550 

<400  <300 – 6542 Mn 
<500 – 246793 Fe 

Endeavour Segment, JDFR Tivey et al. (1999) 

Wurtzite ((ZnFe)S) 
7 
 
 
33 
 
 
2 

0-900  400-
7100 
 
1150-
7000 
 
0-2900 

 1500-
8100 
 
 
 
 
0 

   65200-165500 Fe 
 
 
32100-175000 Fe 
 
 
36000-128000 Fe 

Southern JDFR 
 
 
North Cleft, JDFR 
 
 
South Cleft, JDFR 

Paradis et al. (1988) 
 
 
Koski et al. (1994) 
 
 
Normark et al. (1983) 

4 
 
 
 
19 

  1700-
4200 
 
 
1500 

0-600 0-
2200 
 
 
1900 

   21600-60700 Fe 
4600-10000 Mn 
0-700 Ni 
 
28800 Fe 
3200 Mn 

North Knoll, Iheya Ridge, Okinawa 
Trough 
 
 
Yonaguni Knoll, Okinawa Trough 

Ueno et al. (2003) 
 
 
 
Suzuki et al. (2008) 

Chalcopyrite (CuFeS2) 
 58-378  2-258   0-379 0-110.83 180-26100 0-129 Mn 

0.32-953 Mo 
101-770 Se 
0-116.2 V 

Menez Gwen Field, MAR Lein et al. (2010) 

 13-48 6-65 <10 113-
1053 

  0.4-5  0.2-0.9 Au 
98-498 Co 
205-640 Se 
 

TAG hydrothermal field, MAR Hannington et al. (1991) 

90 <400   <400  <1000  1223-9820 <300 – 1060 Se TAG hydrothermal field, MAR Tivey et al. (1995)  
35 
 

100-700 
 

 200-600 200-
2000 

   1300-
12100 

100-400 Ni 
 

 
Rainbow vent field, MAR 

Marques et al. (2006) 
 



 54 

No. Ag As Cd Co Cu Pb Sb Zn Other Location (setting) Authors 
 
10 

 
150 

 
3150 

 
416 

 
1150 Au 
1400 Ni 

Mozgova et al. (2005) 

15 
 
24 

 37.9 
 
bdl 

    
 
bdl 

0.46 
 
bdl 

 
 
1140 

0.06 Au, 204 Se, 4.73 Te Turtle Pits, MAR 
 
Turtle Pits, MAR 

Wohlgemuth-Ueberwasser et al. 
(2015) 

29 
 
18 

 92.4 
 
300 

    
 
bdl 

22 
 
100 

 
 
1550 

3.12 Au, 119 Se, 39.2 Te Logatchev, MAR 
 
Logatchev, MAR 

Wohlgemuth-Ueberwasser et al. 
(2015) 

 <5 49-100 <10 19-
383 

  0.6-0.7  <0.1 Au 
77-443 Mo 
190-310 Se 

Southern Explorer Ridge Hannington et al. (1991) 

33 <200 <200 <200 <200  <200 <200 100 <200 Ni 
300 Se 

Kairei vent field, Indian Ridge Wang et al. (2014) 

22 65.3 225 46.9 0.1  120 22 1040 Avg 50 Se 
Avg 80.8 Ge 

Wocan hydrothermal field, Carlsberg 
Ridge, Indian Ocean 

Wang et al. (2017) 

 100-1500  100-700     1700-
10400 

 Southern Juan de Fuca Ridge Paradis et al. (1988) 
 

105 <200 <1000 <200   <2000 900 300 100 Hg  Palinuro Volcanic Complex, Aeolian 
Arc, Italy 

Petersen et al. (2014) 

4   125     3925 100 Mn Alice Spring Field, Mariana Trough Iwaida and Ueno (2005) 
4   0     14850 400 Mn North Knoll, Iheya Ridge, Okinawa 

Trough 
Ueno et al. (2003) 

5 
 
75 
 
43 
 
25 
 
15 

<500 800 
 
470 
 
bdl 
 
15237 
 
bdl 

   <1400 
 
 
 
160 
 
 
 
200 

<400 
 
84.5 
 
100 
 
875 
 
300 

<500 
 
 
 
2350 
 
 
 
5850 

 
 
4.84 Au, 23.5 Se, 0.32 Te 
 
 
 
4.99 Au, 1.39 Se, 1.66 Te 

Pacmanus Chimney, PNG 
 
Roman Ruins, Pacmanus, PNG 
 
Roman Ruins, Pacmanus, PNG 
 
Satanic Mills, Pacmanus, PNG 
 
Satanic Mills, Pacmanus, PNG 

Binns and Scott (1993) 
 
Wohlgemuth-Ueberwasser et al. 
(2015) 

Chalcopyrite (CuFeS2) – Isocubanite (CuFe2S3) 
64 <400 <400 – 

600 
 <400  <1000 <100 1600 – 

12150 
<400 Mn Endeavour Segment, JDFR Tivey et al. (1999) 

Isocubanite (CuFe2S3) 
10 
 
8 

 22.4 
 
bdl 

    
 
bdl 

7.63 
 
bdl 

 
 
5300 

8.15 Au, 40.9 Se, 7.9 Te Logatchev, MAR 
 
Logatchev, MAR 

Wohlgemuth-Ueberwasser et al. 
(2015) 

32 100-300  100-300 700-
5200 

   300-3100 100-700 Ni Rainbow vent field, MAR Marques et al. (2006) 

2 <200-200 <200-400 <200 1050  <200 <200 1550 <200 Ni 
1400-2000 Se 

Kairei vent field, Indian Ridge Wang et al. (2014) 

 400-900  100-700     3800-7100  Southern JDFR Paradis et al. (1988) 
Chalcocite (Cu2S) 
15  43.5     17.8  4.92 Au, 87.9 Se, 4.4 Te Logatchev, MAR 

 
Wohlgemuth-Ueberwasser et al. 
(2015) 

5  749     304  4.16 Au, bdl Se, 0.69 Te Satanic Mills, Pacmanus, PNG 
 

Wohlgemuth-Ueberwasser et al. 
(2015) 

Bornite (Cu5FeS4) 
3 1700 <400    <1400 <600   Pacmanus Chimney, PNG Binns and Scott (1993) 
11 230 9.97 5.56 0.06  84.4 4.57 200 0.826 Au 

9.24 Ge 
Wocan hydrothermal field, Carlsberg 
Ridge, Indian Ocean 

Wang et al. (2017) 
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Chalcocite-Covellite (Cu2S-CuS) 
12 
 
14 

 6.75 
 
100 

    
 
bdl 

1.38 
 
100 

 
 
100 

0.55 Au, 7.3 Te Logatchev, MAR 
 
Logatchev, MAR 

Wohlgemuth-Ueberwasser et al. 
(2015) 

Covellite (CuS) 
3 0-700 0-3700 0-300 0-500   0-10 0-400 0-1 Au, 100 In, 6-300 Mn 

1-300 Mn 
Menez Gwen Field, MAR Lein et al. (2010) 

8 <200 <200 <200 <200-
200 

 <200 <200 <200 <200-200 Ni 
<200-500 Se 

Kairei vent field, Indian Ridge Wang et al. (2014) 

2 1050 <200     200 1100 150 Hg, <200 Se Hook Ridge, Antarctica Petersen et al. (2004) 
Digenite (Cu9S5) 
9 <200 <200 <200 <200  <200 <200 <200 <200 Ni, <200 Se Kairei vent field, Indian Ridge Wang et al. (2014) 
11 350 17.7 5.39 0.08  77.5 3.12 b.d.l. Avg 41000 Fe 

5.45 Ga, 4.78 Ge 
Wocan hydrothermal field, Carlsberg 
Ridge, Indian Ocean 

Wang et al. (2017) 

Enargite (Cu3AsS4) 
10 500      300 9400 5200 Fe, 300 Hg, 1000 Se Hook Ridge, Antarctica Petersen et al. (2004) 
30 2800  <200   13100 13300 17800 12400 Fe, 5100 Hg Palinuro Volcanic Complex, Aeolian 

Arc, Italy 
Petersen et al. (2014) 

3      700-
14600 

0-700 3300-
15800 

2700-8400 Fe Hakurei Deposit, Bayonnaise Knoll, 
Uzu-Bonin-Arc 

Watanabe and Hayashi (2014) 

25 200-7400  0-100    200-2400  100-3500 Fe 
100-700 Mn, 200-500 Mo 

Yonaguni Knoll, Okinawa Trough Suzuki et al. (2008) 

Tennantite/Tetrahedrite  (Cu12As4S13-Cu12Sb4S13) 
38 8000 178500    4500 20900 88500 3800 Fe, 1000 Hg, 900 Se Hook Ridge, Antarctica Petersen et al. (2004) 
368 2700 40400 <200   <2000 241800 24000 42100 Fe, 4400 Hg Palinuro Volcanic Complex, Aeolian 

Arc, Italy 
Petersen et al. (2014) 

 1600-
3600 

166300-
198400 

    0-34500 72800-
96400 

7200-7700 Fe Hakurei Deposit, Bayonnaise Knoll, 
Uzu-Bonin-Arc 

Watanabe and Hayashi (2014) 

8 
 
 
5 
 
 
28 

10000-
73250 
 
74600 
 
 
1800-
33600 

56500-
124500 
 
71120 
 
 
99500-
133500 

 
 
 
 
 
 
0-200 

   
 
 
2320 

17250-
145000 
 
167440 
 
 
200-33800 

55000-
67750 
 
61640 
 
51000-
59600 

2000-6000 Fe 
 
 
11080 Fe, 1140 Mn 
 
 
5500-8000 Fe, 400-15300 Mn 

Central Okinawa Trough 
 
 
North Knoll, Iheya Ridge, Okinawa 
Trough 
 
Yonaguni Knoll, Okinawa Trough 

Halbach et al. (1993) 
 
 
Ueno et al. (2003) 
 
 
Suzuki et al. (2008) 

7 
 
 
7 
 
5 

1100-
1600 

188000-
191000 
 
81298 
 
198500 

   3500-
6900 
 
 
 
750 

900-1200 
 
 
3609 
 
5650 

25000-
47000 
 
 
 
18550 

46000-64000 Fe 
 
 
15.9 Au, <5 Se, 0.5 Te 
 
61850 Fe 

Pacmanus Chimney, PNG 
 
Satanic Mills, Pacmanus, PNG 
 
Satanic Mills, Pacmanus, PNG 

Binns and Scott (1993) 
 
Wohlgemuth-Ueberwasser et al. 
(2015) 

Galena (PbS) 
24 100 <200 1100  1800  <200 3400 <200 Fe, <200 Ga, <200 Hg 

<200 Se 
Hook Ridge, Antarctica Petersen et al. (2004) 

36 500 <1000 800  300  9400 2300 300 Fe, 200 Hg Palinuro Volcanic Complex, Aeolian 
Arc, Italy 

Petersen et al. (2014) 

3 1266.6    966.6  1100   Alice Spring Field, Mariana Trough Iwaida and Ueno (2005) 
5 
 
 
83 

2160 
 
 
200-1800 

   320 
 
 
700-

 2740   North Knoll, Iheya Ridge, Okinawa 
Trough 
 
Yonaguni Knoll, Okinawa Trough 

Ueno et al. (2003) 
 
 
Suzuki et al. (2008) 
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No. Ag As Cd Co Cu Pb Sb Zn Other Location (setting) Authors 
7700 

7 600       2000 4416 Fe, 557 Se Endeavour Segment, JDFR Tivey et al. (1999) 
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10 Figure Captions 

 
Figure 1 
A galvanic cell occurs when two sulphide minerals with different rest 

potentials are coupled together in a solution that acts as an electrolyte 

(seawater in this case). The mineral with the higher rest potential behaves 

as a cathode (e.g. pyrite) and is galvanically protected with the reduction 

reaction occurring on its surface. The mineral with the lower rest potential 

(e.g. chalcopyrite) behaves as an anode and is preferentially dissolved with 

oxidative dissolution occurring on its surface. There are a number of 

potential reduction reactions that occur on the surface of the cathode 

depending on the ions available; shown above are the formation of water as 

well as hydroxides that can then ultimately form iron hydroxides/oxy-

hydroxides if ferrous iron is available. Figure adapted from Murr (2006). 

Rest potentials of minerals at pH 4 are taken from Majima (1969) and 

references therein; quoted where available are rest potentials of minerals at 

pH 7 in distilled water, taken from Cheng and Iwasaki (1992). 
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Figure 2 
The oxidation rates of individual sulphide minerals in cm s-1 versus 

temperature. Colour denotes sulphide mineral; magenta: pyrite, green: 

marcasite, yellow: sphalerite, cyan: chalcopyrite and red: pyrrhotite. Shape 

denotes the study; squares: Feely et al. (1987), diamonds: Morse (1991), 

circles: Romano (2012) and triangles: Bilenker (2011). Rates in cm s-1 for 

Bilenker (2011) and Romano (2012) were calculated using raw mol/kg/sec, 

area/volume (A/V) and surface area data provided (as well as the molecular 

mass (Mr) of Cu/Fe and density of chalcopyrite and pyrrhotite). Rates in cm 

s-1 for Morse (1991) were calculated using raw data from Morse (1991), and 

applying a second order polynomial fit to provide a rate in mol/kg/sec. A 

subsequent rate in cm s-1 (shown here) was calculated (Appendix A) using 

the Mr, density of pyrite and a maximum and minimum surface area 

sourced from the literature (as none was provided) (Pugh et al., 1981; 

Wiersma and Rimstidt, 1984; Wolfe et al., 2007) to show a range. Rates 

derived using a minimum surface area of 0.3 m2/g are shown as unfilled 

diamonds, versus maximum surface area of 1.5 m2/g shown as filled 

diamonds. The rates derived using the larger surface area are shown to be 
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more comparable with the mol/kg/sec data (see Appendix A). Oxidation 

rates were achieved over a range of different variables outlined in the 

figure. 

 

 
 
Figure 3 
The concentrations of total dissolved metals (ppb) in elutriate waters (<0.45 

um filtered) leached over time. Colour dictates the ore type; blue: ore from 

Parry (2008), yellow: weathered chimney (M-t), magenta: chimney (Ch), 

green: seafloor sediment (C-c). Filled symbols denote experiments 

undertaken at temperatures >20°C, unfilled: ≤12°C. Shapes denote fluid to 

rock ratio: circle: 1g/L, triangle: 10g/L, diamond: 40g/L and square: 90-

100g/L. Marker size indicates grain size; small: <1mm, medium: 1- 4mm, 

large: >4mm. Data presented from EIS reports (Parry, 2008; Simpson et al., 

2007) are quoted in Appendix B. 
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