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Abstract 

Tremendous physical and chemical exchanges occur along oceanic ridges between the lithosphere, the 
hydrosphere and the biosphere. During these exchanges important mobilisation of metals by hydrothermal 
fluid circulation takes place within the oceanic crust. Volcanogenic massive sulphide (VMS) deposits are 
hydrothermal ore deposits rich in Cu-Zn-Pb bearing sulphide minerals that form during submarine venting 
of these hydrothermal fluids near the seafloor. A proportion of the metals enriched in these deposits are 
mobilised from deeper crustal levels during high-temperature hydrothermal alteration. Gold-rich VMS 
deposits represent an important sub-set of VMS deposits that are enriched in Au and related elements such 
as As, Sb, Se and Te. The processes that form Au-rich VMS are still debated, due in part to our lack of 
understanding of the behaviour of these elements during formation and alteration of the oceanic crust. 

In this thesis we carry out a systematic investigation into the behaviour of Au, As, Sb, Se and Te during 
evolution of the oceanic crust. Three localities are studied: the Ocean Drilling Program (ODP) Hole 
1256D in the Cocos plate, the Troodos ophiolite in Cyprus and the ODP Hole 786B in the Izu-Bonin 
forearc. The investigation has been carried out using cutting-edge analytical techniques including ultra-
low detection limit analyses of Au and other metals in rock samples. The objectives of the thesis are 1) to 
quantify the mobilisation of metals including Au, related elements As, Sb, Se and Te and base metals 
during the alteration of the oceanic crust; 2) to determine the mineral reactions which promote this 
mobilisation; 3) to investigate the variability in metal mobility in different tectonic settings in the oceanic 
crust and 4) to investigate the extent to which the composition of  “source area” oceanic crust controls the 
composition of VMS deposits in different tectonic settings. 

The main outcomes of this study are fourfold. 1) The distribution of Au and related elements in primary 
crust varies considerably between different tectonic settings. Sulphide minerals play an important role in 
the behaviour of Au, Se and Cu during magmatic differentiation and hydrothermal alteration, but have a 
lesser influence on other metals. The oxidation state of the primary crust controls whether sulphide 
minerals are present, and thus is an important control on the budget and mobility of strongly chalcophile 
metals during hydrothermal alteration. 2) Large masses of Au and related elements are mobilised from the 
sheeted dyke complex in mid-oceanic ridge (MOR) and ophiolite settings. Significantly more metals are 
mobilised from the source areas than are trapped in the VMS deposits observed in these settings. 
Therefore, most of the metals mobilised from the source areas are lost, either during transport, venting, 
sedimentation or late fluid mobilisation. 3) Insufficient Au is mobilised from MOR settings at ODP Hole 
1256D to form Au-rich VMS deposits. The quantity of Au mobilised from the Troodos ophiolite could 
potentially lead to Au-rich VMS formation but additional processes such as vapour separation by sub-
seafloor boiling or magmatic volatile input would be required to increase the Au : base metal ratio. The 
lack of evidence for these processes in Troodos implies that Au-rich VMS deposits are not likely to be 
abundant in this area. 4) Isotopic and trace element evidence supports magmatic input in the hydrothermal 
system at ODP Hole 786B, implying that magmatic fluid input into hydrothermal systems leaves a 
specific signature which can be tracked. 
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Sammanfattning 

Enorma fysiska och kemiska utbyten sker längs oceanryggarna mellan litosfären, hydrosfären och 
biosfären. Under dessa utbyten mobiliseras stora mängder metaller genom hydrotermala 
vätskecirkulationer i oceanskorpan. Vulkanogena massiva sulfidmalmer (VMS) är hydrotermala 
fyndigheter med sulfidmineraler som är rika i Cu-Zn-Pb och som bildas vid hydrotermala öppningar nära 
havsbotten. En del av de metaller som anrikas i dessa fyndigheter har mobiliserats djupare ner i 
oceanskorpan vid höga temperaturer under hydrotermala omvandlingar. Guldrika VMS utgör en viktig 
delmängd av de VMS fyndigheter som anrikats med Au och de tillhörande elementen såsom As, Sb, Se 
och Te. De processer som bildar Au-rika VMS är omdiskuterade främst på grund av att förståelsen om hur 
elementen rör sig under bildandet och omvandlingen av oceanskorpan fortfarande är oklara. 

I denna avhandling gör vi en systematisk undersökning av beteendet hos elementen Au, As, Sb, Se och Te 
under förändringen av oceanskorpan. Tre orter har studerats: Hål 1256D på Kokos plattan från ”the Ocean 
Drilling Program” (ODP), Troodos ofioliten på Cypern och Hål 786B på yttre bågen Izu-Bonin från ODP. 
Undersökningarna har utförts med hjälp av ledande analytiska metoder vilket tillåter  extremt låga 
detektionsgränser för analyser av Au och andra metaller i bergprover. Målet för avhandlingen är 1) att 
kvantifiera mobiliseringen av metaller som Au, relaterade element som, Sb, Se och Te och basmetaller 
under omvandlingen av oceanskorpan; 2) att identifiera de mineral reaktioner som främjar denna 
mobilisering; 3) att undersöka variationen av metallrörlighet i oceanskorpan under olika tektoniska miljöer 
och 4) att undersöka i vilken utsträckning sammansättningen av "källområdet" i oceanskorpan styr 
sammansättningen av VMS i olika tektoniska miljöer. 

De viktigaste resultaten av denna studie är fyrfaldig. 1) Att utbredningne av Au och tillhörande element 
varierar kraftigt i den primära oceanskorpan mellan olika tektoniska miljöer. Sulfidmineral spelar en 
viktig roll i beteendet hos Au, Se och Cu under magmatisk differentiering och hydrotermal omvandling 
men har en mindre påverkan på andra metaller. Oxidationstillståndet i den primära skorpan styr huruvida 
sulfidmineral är närvarande eller ej, och har därför en viktig kontroll på mängden och rörlighet av dessa 
metaller under hydrotermal omvandling. 2) Stora mängder av Au och tillhörande element mobiliseras från 
gång komplex i mitt-oceanryggen (MOR) och ofiolit miljöer. Det är större mängder metaller som 
mobiliseras från källområdet än vad som hittas senare som VMS i dessa miljöer. Därför förloras de mesta 
av de metaller som mobiliseras från källområden antingen under transporten, vid de hydrotermala 
öppningarna, under sedimenteringen eller under en senare vätske mobilisering. 3) Otillräckligt med Au 
mobiliseras från MOR miljön i ODP Hål 1256D för att bilda Au-rika VMS fyndigheter. Mängden Au som 
mobiliseras från Troodos ofioliten skulle potentiellt kunna leda till Au-rika VMS men det skulle krävas 
ytterligare processerer som ång-separation genom kokning i oceanskorpan eller genom inflöde av 
magmatiska volatiler för att öka Au: basmetall förhållandet. Bristen på bevis för dessa processer i Troodos 
innebär att Au-rika VMS sannolikt inte är rikliga i detta område. 4) Isotop och spårelements resultaten 
stöder magmatiskt inflöde i det hydrotermiska systemet i Hål 786b vilket innebär att inflödet av 
magmatiska volatiler i hydrotermiska system lämnar en specifik signatur som kan spåras. 
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1. Introduction

a. Hydrothermal fluid circulation in the oceanic crust

The oceanic crust covers more than 50 % of the earth’s surface and is an important interface for physical 

and chemical exchanges between the lithosphere, the hydrosphere and the biosphere. Exchanges between 

the different spheres are catalysed by conductive hydrothermal circulation in the oceanic crust which 

enables efficient removal of heat from the oceanic crust (34 %, Stein and Stein, 1994). This circulation 

buffers the chemical and isotopic composition of both seawater and oceanic crust (e.g. Alt, 1995; 

Staudigel, 2003; German and Von Damm, 2003; Teagle et al., 2003) and contributes to heterogeneities in 

mantle composition due to subduction of altered oceanic crust (e.g. Morris and Ryan, 2003). A significant 

part of the conductive hydrothermal circulation activity occurs along oceanic spreading ridges where 

large-scale hydrothermal systems develop (e.g. Alt, 1995). These systems provide high fluxes of energy 

and nutrients required to support thriving microbial communities on the seafloor and within the crust (e.g. 

Kelley et al., 2002). High fluxes of metals are also associated with hydrothermal systems that transfer and 

concentrate large quantities of metals from deep source areas to the seafloor forming various styles of 

hydrothermal ore deposits (e.g. Hannington, 2014; Tornos et al., 2015; Petersen et al., 2016).   

The structure of the oceanic crust is highly variable depending on the tectonic setting, but a simplified 

oceanic crust averages 7 km thick (White et al., 1992) and is divided into 4 main units: the volcanic 

section, the transitional zone, the sheeted dyke complex and the plutonic complex (Fig. 1). The shallow 

crystallisation of magma in the plutonic complex triggers the development of hydrothermal systems within 

the oceanic crust (e.g. Alt, 1995). In Mid-Ocean Ridge (MOR) settings the hydrothermal system initiates 

with seawater penetration into the upper oceanic crust, leading to low-temperature alteration (<50°C-

185°C) of the volcanic section in oxidised conditions and at high water-rock ratios (Fig. 1; e.g. Alt, 1995; 

Alt et al., 1996; Alt et al. 2010). Further penetration of seawater at deeper levels of the oceanic crust leads 

to greater interaction between the fluids and the rock. Increasing geothermal gradient and mineral 

hydration during alteration causes evolution of the low-temperature, oxidised seawater to evolve into 

high-temperature, reduced hydrothermal fluids in the sheeted dyke complex. This results in increased 

extent of alteration rates from sub-greenschist facies to amphibolitic facies (Fig.1; >300°C; e.g. Alt, 1995; 

Alt et al. 2010). Eventually, the buoyant high-temperature hydrothermal fluids rise towards the seafloor, 

mixing locally with descending cold oxidised seawater, commonly in the transitional zone, leading to 

sulphide mineralisation (Fig. 1; Alt et al., 1995; Alt et al., 1996; Alt et al., 1998; Alt et al., 2010; Teagle et 

al., 2010; Patten et al., 2015; Patten et al., in press). 
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Figure 1. Hydrothermal alteration in a fast-spreading oceanic crust. Modified from Patten et al. (2015) 

b. Volcanogenic massive sulphide deposits

The well-known black-smoker chimneys and their rich ecosystems are the expression on the seafloor of 

the hydrothermal system that exists within the oceanic crust. These chimneys are the uppermost part of 

mineralised zones formed by sulphide precipitation from extensive mixing of hydrothermal fluids with 

seawater, and are referred to as Volcanogenic Massive Sulphide (VMS) deposits when economically 

significant. This type of ore deposit has been exploited on land by mankind over thousands of years (e.g. 

Bergslagen, Sweden and Troodos, Cyprus) and now produces a significant proportion of metals such as 

Cu, Zn, Pb, Au and Ag, as well as other elements as co- or by-products. Typical VMS deposits are 

characterised by a lenticular stratabound massive sulphide body on the seafloor underlain by a stockwork 

zone (Fig. 2), but can have many different morphologies depending on the tectonic settings and conditions 

in which they form (e.g. Tornos et al., 2015). VMS deposits occur in diversified tectonic settings, from 

MOR settings to volcanic arc, sedimented ridge and intracontinental rift settings (Fig. 3; e.g. Hannington 

et al., 2005) and have formed throughout most of the earth’s history, from the Archean to the present day, 

with VMS deposits being currently formed on the seafloor (e.g. Huston et al., 2010). Because of such 

diversity, VMS deposits show varied metal endowments and are commonly classified in five groups based 

on their host rock: mafic (Cu-Zn), bimodal-mafic (Zn-Cu), mafic-siliciclastic (Zn-Cu), bimodal felsic (Zn-

Pb) and bimodal-siliciclastic (Zn-Pb; e.g. Barrie and Hannington, 1999; Franklin et al., 2005; Herrington 

et al., 2005). 
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Figure 2. Internal structure of mound-like VMS deposits on the seafloor. Modified from Tornos et al. (2015) 

c. Fluxes of metals in the oceanic crust and source areas for VMS deposits

Despite the variability in age, tectonic setting, metal endowment and morphology, all VMS deposits are 

associated with the development of a hydrothermal system driven by a mantle heat source causing 

redistribution of metals in the oceanic crust. Solubilities of metals in fluids, such as Cu and Zn, increase 

significantly at temperatures >350 ºC (e.g. Seewald and Seyfried, 1990) and circulation of the 

hydrothermal fluids within the lower sheeted dyke section and the upper plutonic complex eventually 

leads to leaching of metals from the rocks. Evidence of metal mobilisation from modern-day oceanic crust 

(Fig. 1; Nesbitt et al., 1987; Alt et al., 1989; Alt, 1995; Alt et al., 1996; Gillis et al., 2001; Bach et al., 

2003; Heft et al., 2008; Teagle et al., 2006; Alt et al., 2010; Coogan and Dosso, 2012; Patten et al., 2015) 

suggests that mobilisation of metal from the lower sheeted dyke complex during on-axis high-temperature 

hydrothermal alteration of the oceanic crust is a systematic phenomenon. These metal-depleted zones 

within the lower sheeted dyke section represent a source area for the metals enriched in VMS deposits. 

The buoyant metal-enriched high-temperature hydrothermal fluids eventually rise towards the seafloor. 

During this ascent metals can be lost to mineralised horizons within the upper oceanic crust (Honnorez et 

al., 1985; Alt et al., 1998; Bach et al., 2003; Alt et al., 2010; Hannington, 2013), trapped within VMS 

deposits (e.g. Fouquet et al., 1988; Herzig and Hannington, 1995; Hannington et al., 1998; Wohlgemuth-

Ueberwasser et al., 2015) or vented in hydrothermal plumes and associated sediments (Fig. 1; e.g. Feely et 

al., 1994; Hannington, 2013; Patten et al., in press). Fluxes of metals from exsolved magmatic fluids also 

provide significant metal input into the hydrothermal system. Metal degassing from volatile-rich magmas, 
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mostly in supra-subduction zone oceanic crust, is an alternative source area for the metals enriched in 

VMS deposits (Herzig et al., 1998; Moss et al., 2001; Kamenetsky et al., 2001; Yang and Scott, 2002; Sun 

et al., 2004; Beaudoin and Scott, 2000; deRonde et al., 2005; Sun et al., 2015). 

 

Figure 3. World map of investigated sites and modern-day seafloor VMS deposits. Modified from Beaulieu et al. (2010) 

d. Epidosite zones in ophiolites 

Important mobilisation of base metals from the sheeted dyke complex and upper plutonic complex has 

also been observed in ophiolites such as Troodos, Cyprus (Fig. 4; Richardson et al., 1987; Schiffman et 

al., 1987; Jowitt et al., 2009; Patten et al., sub). Ophiolites represent obducted sections of the oceanic crust 

and are more extensively altered than modern-day MOR (Alt and Teagle, 2000). Intensive hydrothermal 

fluid circulation at high-temperatures (350-400 °C) and at high water-rock ratios (up to 1000, Seyfried et 

al., 1988) lead to the localised formation of epidosite zones where primary magmatic mineralogy is 

variably replaced to epidote, quartz, chlorite and Fe-oxide (Richardson et al. 1987; Gillis and Robinson 

1990; Bickle and Teagle, 1992; Jowitt et al., 2009; Jowitt et al., 2012; Cann et al., 2015). Epidosite zones 

are the product of extensive interaction between the focused high-temperature hydrothermal fluids with 

newly intruded dykes (Cann et al., 2015) and are interpreted as the source area of the base metals enriched 

in the associated VMS deposits located higher in the volcanic section (Fig. 4; Richardson et al., 1987; 

Schiffman et al., 1987; Bettison-Varga et al. 1992). Jowitt et al. (2012) precisely quantified base metal 

release within epidosite zones with Cu (-87 % to -91 %), Zn (-63 % to -65 %), Ni (-59 % to -78 %) and 

Mn (-52 % to -60 %) being significantly depleted depending on the degree of epidotisation. 
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Figure 4. Geological map of the Troodos ophiolite. Main epidosite zones, Au-bearing VMS and Au-rich umbers are 
displayed. Modified from Paper III. 

e. Gold-rich VMS deposits 

Although VMS deposits are mainly exploited for the base metals Cu, Zn and Pb, some VMS deposits can 

also have relatively high concentrations of Au, Ag, As, Sb, Se, Bi, Hg and Te, forming a sub-class of Au-

rich VMS deposits (Hannington et al. 1999; Huston 2000; Mercier-Langevin et al. 2011). Gold-rich VMS 

deposits are generally identified by an Au : base metals ratio superior to unity with Au expressed in g/t 

and base metals in wt.% (e.g. Poulsen and Hannington, 1996; Hannington et al., 1999; Dubé et al., 2007). 

More recently Mercier-Langevin et al. (2011) defined Au-rich VMS deposits by a Au grade over 3.46 

ppm and a tonnage of 31 t. Gold-rich VMS deposits occur mostly in arc-related tectonic settings 

commonly hosted in intermediate to felsic volcanic rocks (Herzig and Hannington 1995; Herzig et al., 

1993; Barrie and Hannington, 1999; Hannington et al., 1999). Arc settings have a number of 

characteristics that could potentially promote enrichment of Au and other elements such as As, Sb, Se and 

Te (hereafter referred to as Au and related elements) in VMS deposits. First, arc-related magmas are 

generally volatile-rich and undergo significant magmatic degassing, which may cause direct input of 

metals into hydrothermal fluids (e.g. Urabe et al., 1987; Stanton, 1990; Yang and Scott, 1996; Sillitoe et 

al., 1996; Kamenetsky et al., 2001; Moss et al., 2001; Yang and Scott, 2002; Sun et al., 2004). Second, 

oceanic crust produced in volcanic arc settings generally forms in relatively shallow seawater, which, due 

to the lower confining pressure, promotes sub-seafloor boiling of hydrothermal fluids and metal 

fractionation that could cause Au-enrichment during VMS formation (Urabe et al., 1987; Huston and 

Large, 1989; Butterfield et al., 1990; Poulsen and Hannington, 1996; Hannington, 1999; Barriga et al., 
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2007). Third, the source areas of arc-related settings generally have higher Au content than in MOR 

settings, which increases the Au budget available for hydrothermal mobilisation (Cawood and Fryer, 

1994; Huston, 2000; Moss et al., 2001; Pitcairn, 2011; Herrington et al., 2011; Jenner et al., 2015; Patten 

et al., sub). 

Although occurrences of these mechanisms, separately or simultaneously, are efficient at forming Au-rich 

VMS deposits, their significance varies depending on the tectonic settings and there is still little consensus 

about the prevalence of Au and related elements input from magmatic degassing relative to leaching from 

the basement rocks in arc-related settings (e.g. Moss et al., 2001). Unlike the base metals Cu, Zn and Pb, 

which have been thoroughly investigated, very little is known about the behaviour of Au and related 

elements during the hydrothermal alteration of the oceanic crust and the subsequent mobilisation towards 

VMS deposits in MOR, arc-related oceanic crust and in ophiolites (Keays and Scott, 1976; Nesbitt et al., 

1987; Korobeynikov and Pertsev, 1995). For example, Nesbitt et al. (1987) reported mobility of Au from 

the sheeted dyke complex during hydrothermal alteration of the oceanic crust at Oceanic Drilling Program 

(ODP) Hole 504B. However, a similar study from the same location but using a different analytical 

method suggested no such mobility (Korobeynikov and Pertsev, 1996). There have been no systematic 

reports of the behaviour of As, Sb, Se and Te during hydrothermal alteration in the oceanic crust. Detailed 

investigation of the behaviour of Au and related elements during hydrothermal alteration of the oceanic 

crust in different tectonic settings would greatly improve our understanding of the behaviour of these 

elements throughout oceanic crust history and provide better constraints on the source-area processes that 

generate Au and related elements-bearing fluids in the VMS environment. 

2. Thesis Aims

The aim of this thesis is to investigate the mobility of Au and related elements (As, Sb, Se and Te) during 

the evolution of the oceanic crust in order to provide insight into the formation of VMS deposits. The first 

objective is to quantify the mobilisation of metals including Au, related elements As, Sb, Se and Te and 

base metals during the alteration of the oceanic crust. Quantification is carried out by comparing variably 

altered samples from deep oceanic drill cores with unaltered fresh glass materials. Quantification of metal 

mobilisation during the hydrothermal alteration of the oceanic crust enables better constraining of metal 

fluxes in the oceanic crust and provides insights into the mechanisms responsible for VMS formation. The 

second aim is to determine the mineral reactions that promote this metal mobilisation. Microscope 

observation and in-situ mineral analyses enable determining of the controlling mineral reactions 

responsible for metal mobilisation. Investigation of these mineral reactions highlights the fact that several 

mineral reactions, which occur at various stages of hydrothermal alteration, are responsible for metal 

mobilisation. The third aim is to investigate the variability in metal mobility between three different 
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tectonic settings: fast-spreading MOR, forearc oceanic crust and ophiolite. Each tectonic setting shows 

variable metal mobilisation due to different primitive lithologies and alteration patterns. The fourth aim is 

to characterise the signature of the mineralised transitional zone in an oceanic crust of which the 

hydrothermal system has a strong magmatic component. Finally, we investigate the extent to which the 

composition of “source area” oceanic crust controls the composition of VMS deposits in different tectonic 

settings. Primitive source area composition controls the metal budget available for metal mobilisation and 

therefore plays a key role in the style of VMS mineralisation. 

3. Geological settings

The oceanic crust is generated in different tectonic settings and has highly variable structure and 

composition, so investigation of the behaviour of Au and related elements throughout oceanic crust 

evolution cannot be restricted to a single locality. Three localities representative of three different tectonic 

environments are investigated in this project: ODP Hole 1256D, the Troodos ophiolite and ODP Hole 

786B (Fig. 2). ODP Hole 1256D, located in the Cocos plate, is representative of fast-spreading MOR and 

is to date the only oceanic drill core to have recovered a complete section of the oceanic crust from the 

volcanic section to the plutonic complex. The Troodos ophiolite, Cyprus, is among the best-studied 

ophiolites and represents a Cretaceous segment of supra-subduction oceanic crust. ODP Hole 786B has 

recovered over 700 m of igneous basement of the Izu-Bonin arc and is representative of a forearc tectonic 

setting. 

a. ODP Hole 1256D

The oceanic crust at drilling site Hole 1256D is a 15 Myr-old oceanic crust generated from a superfast 

spreading ridge (~200mm/yr) and is located in the Cocos Plate (Fig. 3; Wilson et al., 2003). The oceanic 

crust can be divided into four main lithological units: the volcanic section from 250 to 1004 mbsf, the 

transitional zone from 1004 to 1061 mbsf, the sheeted dyke complex from 1061 to 1407 mbsf and the 

plutonic complex from 1407 to 1507 mbsf. Hole 1256D is a perfect locality to investigate mobility of Au 

and related elements in MOR settings because it has recovered a continuous section of the upper oceanic 

crust from the seafloor down to the plutonic section, unlike any other oceanic drill core. The hydrothermal 

system and the resulting alterations are also thoroughly described (Teagle et al., 2006; Alt et al., 2010; Alt 

and Shanks, 2011; Harris et al., 2015), providing a solid framework for investigation of the mobility of Au 

and related elements in a fast-spreading MOR setting, although no VMS deposits have been observed in 

the vicinity of OPD Hole 1256D because of sediment blanketing. 
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b. Troodos ophiolite

The Troodos ophiolite, Cyprus (Fig. 3), is among the most-studied ophiolites and shows a full exposure of 

an oceanic crustal sequence from seafloor sediments to ultramafic rocks (Fig. 4). It represents a supra-

subduction oceanic crust (e.g. Myashiro, 1973; Rautenschlein et al., 1985) that probably formed during 

subduction initiation (e.g. Pearce and Robinson, 2010). The Troodos ophiolite has contributed greatly to 

our understanding of the formation of VMS deposits. The ophiolite is host to the eponymous Cyprus-type 

VMS deposits: structurally controlled Cu-rich sulphide deposits hosted in mafic volcanic rocks that form 

at or near the seafloor (Constantinou and Govett, 1973; Adamides 2010a; 2010b). The ophiolite also 

exposes the hydrothermal reaction zones located at the base of the sheeted dyke complex that are 

considered to be the source areas for the base metals enriched in the deposits (Richardson et al., 1987; 

Schiffman et al., 1987; Schiffman and Smith, 1988; Richards et al., 1989; Bettison-Varga et al., 1992; 

Jowitt et al., 2012). The Au and related element content of the VMS deposits in Troodos is poorly 

documented (Herzig et al., 1991), but there is sporadic evidence of significant Au and related elements 

enrichment in several VMS deposits and associated sediments (Moiser et al., 1983; Hannington et al., 

1998; Herzig et al., 1991; Prichard et al., 1998). This suggests that the Troodos ophiolite is not deprived of 

Au and related elements and that significant mobilisation of these elements did occur. The Troodos 

ophiolite therefore provides an ideal locality for investigation of the mobility of Au and related elements 

during hydrothermal alteration of supra-subduction oceanic crust. 

c. ODP Hole 786B

ODP Hole 786B is located in the forearc basement of the Izu Bonin Arc (Fig. 3). Formation of the oceanic 

crust at Hole 786B occurred during subduction initiation within the Western Pacific, principally at 40-45 

Ma (Mitchell et al., 1992). Hole 786B is 827 mbsf deep and has recovered basement rocks from the 

oceanic crust volcanic section and the transitional zone. Lithological units in Hole 786B are highly 

variable, ranging from boninitic to rhyolitic (Arculus et al., 1992), and also variably altered (Alt et al., 

1998). The bottom of the drill core, from 800 to 827 mbsf, is characterised by a large mineralised interval 

formed from intensive mixing of hydrothermal fluids with seawater (Alt et al., 1998). Negative δ34S 

sulphide values and acidic alteration within the mineralised horizon imply a magmatic component to the 

hydrothermal fluids (Alt et al., 1998). Despite evidence of a magmatic component in the hydrothermal 

fluids, the metal endowment in the mineralised horizon has not been determined. Hole 786B is thus an 

appropriate location to investigate the behaviour of Au and related elements in forearc settings which 

show evidence for magmatic input in the hydrothermal system, and can also provide insights into the 

formation of Au-rich VMS deposits.  
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4. Method and analytical techniques

a. Analytical techniques

Gold and related elements occur as trace elements in MOR basalt (MORB) and in other rocks encountered 

in tectonic settings relevant to the oceanic crust (Pitcairn, 2011). Investigation of rocks which have 

sustained hydrothermal alteration and which are depleted in metals is a challenge, as Au and related 

elements in these rocks have extremely low concentrations (<1 ppb Au; Patten et al., 2015; Patten et al., 

sub). Analyses of such rocks require low detection limit analytical techniques. Whole rock Au analyses 

are carried out using the ultra-low-level Au method developed by Pitcairn et al. (2006a) which involves 

HF-aqua regia digest, chromatographic separation and analysis by inductively coupled plasma-mass 

spectrometry (ICP-MS). For As, Sb, Se and Te, whole rock analyses are carried out by hydride 

generation-atomic fluorescence spectrometry (HG-AFS), following the method described in Pitcairn et al. 

(2006b) and also involving HF-aqua regia digest. Major element whole rock analyses are carried out by X-

ray fluorescence spectrometry (XRF), whereas other trace elements are analysed by laser ablation-

inductively coupled plasma-mass spectrometry (LA-ICP-MS). Investigation of the mineral reactions 

releasing metals during hydrothermal alteration requires in-situ low detection limit techniques. Analyses 

of Au, related elements and other trace metals are carried out by LA-ICP-MS, whilst analyses of major 

elements are carried out by electron probe micro-analyses (EPMA). 

b. Primitive oceanic crustal composition

Whole rock analyses enable the distribution of Au and related elements within the oceanic crust to be 

determined and the zones where mobilisation occurred to be highlighted. To quantify the degree of 

mobility, the primary concentration of Au and related elements prior to hydrothermal fluid circulation 

must be determined. It is important to constrain this primary distribution, as it controls the metal budget 

available for the hydrothermal alteration. The distribution of Au and related elements within the primary 

crust is not homogeneous and varies with the degree of magmatic differentiation (e.g. Jenner al., 2010; 

Jenner et al., 2012; Jenner and O’Neill, 2012; Jowitt et al., 2012; Patten et al., 2015; Patten et al., sub). To 

assess Au and related elements behaviour during magmatic differentiation, metal concentrations from 

large numbers of fresh glass samples are used for each locality (e.g. Hamlyn et al. 1985; Flower and 

Levin, 1987; Muenow et al., 1990; Bednarz et al., 1994; Portnyagin et al., 1997; Pearce and Robinson, 

2010; Jenner et al., 2010; Jenner et al., 2012; Jenner and O’Neill, 2012; Jowitt et al., 2012; Regelous et al., 

2014). Upon eruption, MORB quenches from ~1200 °C to seawater temperature in less than a few 

minutes, leading to the formation of thin layers of glass which preserve the composition of the magma. 

The behaviour of Au and related elements during fractionation can be observed by plotting the element of 

interest against Y, which is used as a proxy for magmatic fractionation (Jowitt et al., 2012), and a series of 
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magmatic differentiation curves can be calculated using the following relationship from Jowitt et al. 

(2012): 

𝐸𝑒 = 𝐴𝑌𝐵      [1] 

Where Ee is the estimated element concentration for a given Y concentration and A and B are regression 

coefficients. Errors on differentiation curves are calculated using the root mean square deviation. 

c. Mass balance 

Mass balance calculations are carried out from the differentiation curves using the method described by 

Jowitt et al. (2012): 

% Change = (𝐸𝑠 − 𝐸𝑒)/ 𝐸𝑒 ∗ 100    [2] 

where 𝐸𝑠 is the measured value from the samples and 𝐸𝑒 the estimated primary crust composition from 

equation [1]. This mass balance calculation is relevant only if the sample has not sustained absolute mass 

change (Jowitt et al., 2012). To monitor this, Al2O3 is used as a proxy (Jowitt et al., 2012; Patten et al., 

2015; Patten et al., sub) and absolute mass changes are negligible in the following studies. Errors from 

whole rock analyses and differentiation curves are propagated to determine mass balance errors. 

5. Paper I: Mobility of Au and related elements in a fast-spreading MOR setting 

ODP Hole 1256D is an extensively studied locality which provides great insight into the hydrothermal 

system in fast-spreading oceanic crust (e.g. Wilson et al., 2003; Teagle et al., 2006; Alt et al., 2010; Harris 

et al., 2015). The volcanic section is dominated by low-temperature (50°C-185°C) and mostly oxidised 

fluid circulation whereas, in the sheeted dyke and plutonic complexes, fluid circulation is dominated by 

high-temperature (300°C to >650°C) and reduced fluid circulation (e.g. Alt et al., 2010). In this study a 

representative suite of samples has been analysed for Au and related elements using low detection limit 

methods in order to determine the behaviour of Au and related elements during hydrothermal alteration of 

the oceanic crust. 

 A mass balance of metal mobility has been carried out through comparison with fresh MORB glass 

database from Jenner and O’Neill (2012). The mass balance suggests that depletions of Au (−46±12 %), 

As (−27±5 %), Sb (-2.5±0.5 %), Se (−27±6 %), S (-8.4±0.7 %), Cu (-9.6±1.6 %), Zn (-7.9±0.5 %) and Pb 

(-44±6 %) in the sheeted dyke and plutonic complexes are significant due to mobilisation by hydrothermal 

fluid circulation. Arsenic and Sb are enriched in the volcanic section due to low-temperature fluid 

circulation. In the transitional zone, where mixing between the low-temperature and high-temperature 

fluids occurs, metal enrichment is associated with sulphide precipitation. Comparison of the amount of 
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metals mobilised from the lower part of Hole 1256D with modern-day seafloor VMS suggests that 

sufficient metals are mobilised to form low-tonnage mafic type VMS deposits but not enough to form Au-

rich VMS deposits (Fig. 5). Furthermore, an increase in the ratio of Au : base metals in the metal 

mobilised from the source area would be required for Au-rich VMS. The lack of apparent VMS deposits 

in the vicinity of Hole 1256D implies that mobilisation of large masses of metals from alteration zones at 

deeper levels in the oceanic crust does not lead to systematic VMS deposit formation, and that metal 

trapping processes are perhaps more important parameters in the formation of a VMS deposit. 

Figure 5. Mass of metals mobilised from a 5 km3 reaction zone and the efficiency of metal trapping mechanisms needed to 
form a) the TAG active mound and b) the axial graben VMS deposits at 12°50'N on the East Pacific Rise. 
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6. Paper II: Mineral reactions controlling metal mobilisation in the oceanic crust

Although the hydrothermal system in the crust at Hole 1256D and the resulting alteration are well 

determined, the mineral reactions which lead to metal mobilisation are poorly constrained. Gold, related 

elements and base metals are variably chalcophile elements and their distribution is influenced by the 

presence of sulphide minerals within the oceanic crust (e.g. Peach et al., 1990; Li and Audétat, 2012; 

Patten et al., 2013) and their mobilisation during hydrothermal alteration of the oceanic crust is thought to 

be partly controlled by sulphide leaching (e.g. Keays, 1987; Alt, 1995; Jowitt et al., 2012). The extent, 

however, to which this mineral reaction controls the release of metals into the hydrothermal fluids is 

neither constrained nor quantified, while reactions involving oxide and silicate minerals have been shown 

to mobilise metals including Zn (Doe, 1994; Jowitt et al., 2012). In this study we investigate the sulphide 

and oxide populations in Hole 1256D and their impact on metal mobilisation throughout oceanic crust 

evolution.  

The sulphide population at Hole 1256D is divided into five groups based on mineralogical assemblage, 

lithological location and texture: the magmatic, metasomatised, high-temperature hydrothermal, low-

temperature and patchy sulphides (Fig. 6). The initiation of hydrothermal alteration by the downward flow 

of moderate-temperature (250-350 °C) hydrothermal fluids under oxidising conditions leads to 

metasomatism of the magmatic sulphides in the sheeted dyke and plutonic complexes. Subsequent 

increases in the degree of hydrothermal alteration at temperatures >350 ºC under reducing conditions then 

lead to the leaching of the metasomatised sulphides by rising hydrothermal fluids (Fig. 6). Most of Cu, Se 

and Au are mobilised by sulphide leaching during hydrothermal alteration at high temperature, although 

Zn, As, Sb and Pb mobility is not controlled by this reaction. Sulphide leaching is not complete at Hole 

1256D and more advanced alteration could mobilise a greater abundance of metals. Alteration of oxide 

minerals do not significantly release metals in Hole 1256D. Mixing of rising high-temperature fluids with 

low-temperature fluids, either in the upper sheeted dyke section or in the transitional zone, triggers local 

high-temperature hydrothermal sulphide precipitation and metal trapping. In the volcanic section, low-

temperature fluid circulation (<150 °C) leads to low-temperature sulphide precipitation as pyrite fronts, 

which have high As concentrations due to uptake from the circulating fluids (Fig. 6). Deep late low-

temperature circulation in the sheeted dyke and the plutonic complexes results in local precipitation of 

patchy sulphides and local metal remobilisation. The main outcome of this study is that different mineral 

reactions control the mobilisation of metals during hydrothermal alteration of the oceanic crust. Sulphide 

minerals play a key role on mobilisation of Au, Se and Cu but not on other poorly chalcophile elements. 
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7. Paper III: Mobility of Au and related elements in ophiolite

The Troodos ophiolite is an ideal location to investigate Au and related elements mobility in supra-

subduction oceanic crust and the relationship between source areas and VMS deposits. Unlike oceanic 

drill cores, which are a one-dimensional section of the oceanic crust, ophiolites provide a three-

dimensional overview of the oceanic crust. Previous studies have shown that epidosite-altered portions of 

the lower sheeted dyke section are significantly depleted in base metals, including Cu and Zn (Richardson 

et al., 1987; Schiffman et al., 1987; Schiffman and Smith, 1988; Jowitt et al., 2012). The VMS deposits in 

the Troodos ophiolite are generally Cu-rich but also host significant Au, As, Sb and Se. The behaviour of 

Au and related elements, however, during the hydrothermal alteration of the Troodos ophiolite has not 

been investigated. In this study we apply the same methodology as in Paper I by analysing a representative 

suite of samples for Au and related elements. Fresh glass samples are also analysed to determine the 

primary crust composition of Troodos ophiolite in Au and related elements. 

Figure 6. Paragenesis of the sulphide population in the oceanic crust at ODP Hole 1256D. See Manuscript II for details. 
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The first main outcome of this study, based on fresh glass analyses and a fresh glass database, is that the 

Troodos primitive crust composition in metals is more similar to modern-day arc-related environments 

than to MORB. Compared to MORB, the Troodos primitive crust is enriched in As, Sb and Pb due to slab 

contamination, and shows high Au concentrations. The Manus basin appears as an appropriate modern-

day analogue for Au and related elements behaviour during magmatic differentiation. Both settings have 

high oxygen fugacity conditions, which lead to sulphide-undersaturated magmas during the first stage of 

magmatic differentiation, until magnetite saturation occurs and triggers sulphide saturation (Jenner et al., 

2010; 2012; 2015) or magmatic fluids exsolution (e.g. Kamenestky et al., 2001; Sun et al., 2004; Sun et 

al., 2015). The behaviour of Au, Se and Cu during magmatic differentiation is controlled by the oxidation 

state of S, whereas other metals behave as incompatible throughout magmatic differentiation (Fig. 7). 

Metal behaviour during magmatic differentiation ultimately controls the metal budget available for 

hydrothermal alteration in the sheeted dyke complex and, possibly, the specific metal endowment 

observed in Troodos and Manus Basin VMS deposits (Fig. 7). 

Figure 7. Cumulative frequency plots of the Troodos and Manus Basin fresh glass databases along with the Troodos 
source and Manus Basin hypothetical source areas. Troodos ophiolite and Manus basin oceanic crusts have different metal 
fertility. The Troodos source area has high metal fertility in Cu, Se and Au whilst the Manus Basin has high metal fertility 
in Zn, As, Sb and Pb. See Manuscript III for details. 
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The source area of Troodos ophiolite shows high Au fertility with higher concentration than MORB and 

possibly Manus Basin source areas, and the quantity of Au mobilised would be sufficient to form Au-rich 

VMS deposits (Fig. 7). The lack, however, of Au-rich VMS deposits observed in Troodos ophiolite 

suggests that the source area composition cannot solely account for Au-rich VMS formation, and that 

magmatic fluid input in the hydrothermal system or boiling at a shallow level are required, such as in the 

Manus Basin (e.g. Yang and Scott, 2002; Barriga et al., 2007). 

The second main outcome of this study is the mass balance calculation of metal mobilisation from 

epidosite zones. They show significant depletion in Au (-88±16 %), As (-88±23 %), Sb (-61±12 %), Se (-

92±20 %), Cu (-85±18 %), Zn (-63±9 %) and Pb (-60±8 %). Background altered diabases from outside 

epidosite zones also show similar metal depletion, which suggests that the source areas of VMS deposits 

are not restricted to epidosite zones but should be extended to the lower sheeted dyke section. Comparison 

of metal mobilised form the Solea graben with hosted VMS deposits shows that relatively poor trapping 

efficiency occurs within VMS deposits, with most of the metals lost either during transport, venting, 

sedimentation or late fluid mobilisation (Fig. 8).  

8. Paper IV: Evidence for magmatic input in supra-subduction oceanic crust 

ODP Hole 786B, located in the Izu-Bonin forearc, has recovered over 700 m of basement rocks 

representative of the volcanic section and transitional zone of a young supra-subduction zone oceanic 

crust. Lithological unit compositions are highly variable, ranging from boninitic to rhyolitic (e.g. Aruclus 

et al., 1992) and are also variably altered (Alt et al., 1998). The bottom of the hole is characterised by a 

conspicuous mineralised horizon from 800 to 827 mbsf altered to secondary smectite, chlorite-smectite, 

chlorite, quartz, calcite and common pyrite, chalcopyrite and sphalerite (Alt et al., 1998). Between 815 

and 820 mbsf the mineralised horizon is completely recrystallised to Mg-chlorite, quartz, sericite, albite, 

K-feldspar and pyrite with trace chalcopyrite and sphalerite (Alt et al., 1998). Due to negative δ34S 

sulphide values and acidic conditions of alteration this horizon has been interpreted to have been formed 

by hydrothermal fluids rich in magmatic volatiles (Alt et al., 1998). The mineral paragenesis and the trace 

metals endowments in the transitional zone have not been previously investigated but may provide insight 

into the trace metal signature of a magmatic volatile-rich hydrothermal system. In this study, using a 

similar approach to that in Paper II, we characterise the paragenesis of the sulphide population in the 

mineralised horizon, the associated metal endowment and the source of the metals trapped in the 

transitional zone. 
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The sulphide mineralisation in the transitional zone can be divided into two main zones: the upper 

alteration zone and the central and lower alteration zones. The upper alteration zone mineralisation is 

characterised by vein-hosted pyrite, sphalerite, galena, chalcopyrite and marcasite. Pyrite has positive δ34S 

values. Mineralisation occurred in the upper alteration zone during mixing of seawater with reduced and 

near-neutral pH rock-buffered hydrothermal fluids at 150-200 °C (Alt et al., 1998). The central and lower 

alteration zones mineralisation is characterised by disseminated pyrite, bornite, covellite and chalcopyrite. 

Pyrite has negative δ34S values. Mineralisation in the central and lower alteration zones occurred by 

intensive mixing of oxidised and acidic magmatic hydrothermal fluids with seawater at ~250 °C (Alt et 

al., 1998). Copper, Zn, As, Ag, Hg, Au and Pb are preferentially concentrated in the upper alteration zone 

whilst Sb, Se, Te and Bi are preferentially concentrated in the central and lower alteration zones. This 

metal zonation is mostly controlled by temperature, acidity and redox variations in the transitional zone. 

Possible zone refining could also have contributed to the observed metal zonation. 

The source of the Au, S and Se trapped in the transitional zone is interpreted to be of magmatic origin 

whilst As and Sb could have been mobilised by rock-buffered hydrothermal fluids. No significant whole 

rock enrichments in Cu, Zn and Pb occurred in the transitional zone, suggesting that the fluids were not 

significantly enriched in these metals at the time of sulphide precipitation. Whole rock TiO2 and V 

variations in the main magmatic series suggest that a magnetite crisis event has occurred in the oceanic 

crust at Hole 786B during magmatic differentiation. Significant S, Cu and possibly Au and Se depletion is 

associated with the magnetite crisis, which suggests loss by magmatic fluid exsolution and/or by sulphide 

segregation. The behaviour of metals during magmatic differentiation and sulphide precipitation in the 

transitional zone of Hole 786B oceanic crust suggests that significant metal fractionation occurred from 

the source areas to the site of mineralisation. This process is highlighted by the high Au : base metal ratio 

close to unity in the transitional zone. This implies that large scale metal fractionation of Au relative to 

base metals can occur during metal transfer from source areas to the seafloor in arc-related oceanic crust, 

increasing the likelihood of formation of Au-rich VMS deposits. 

9. Conclusion and future work

This thesis provides an overview of the cycling of Au and related elements during hydrothermal alteration 

in different tectonic settings in the oceanic crust (Fig. 10). Large masses of these metals are mobilised 

from the deeper portions of the oceanic crust. Comparisons between quantities of metals mobilised with 

the composition of relevant VMS deposits in each area suggests that only a small fraction of the metals are 

trapped as VMS deposits. The primary composition of the primitive crust is important because it controls 

the metal budget available for hydrothermal mobilisation, and also the mineral hosts for the metals. Metal 

abundance and mineral hosts vary between different tectonic settings and are strongly controlled by the  
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Figure 9. Fluxes of metals in the oceanic crust at Hole 786B and paragenesis of the mineralisation in the transitional zone. 
Simplified physico-chemical profiles in transitional zone are shown. See Manuscript IV for details. 
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sulphide saturation state of the primary magma. Sulphides have an important impact on the cycling of Au, 

Cu and Se by controlling both their distribution in the primary crust and their behaviour during 

hydrothermal alteration. In fast-spreading MOR and ophiolites, the source area strongly controls the type 

of VMS deposits that form on the seafloor but, ultimately, it is trapping mechanisms which control VMS 

formation. In arc-related settings large metal masses are mobilised, probably enough to form Au-rich 

VMS deposits, but additional mechanisms are needed to fractionate metals, mechanisms such as the input 

of magmatic fluids or subseafloor boiling. 

Several avenues for future research emerge from this thesis. Investigation of the mobilisation of Au and 

related elements from other deep oceanic crust materials would enable their cycling during the evolution 

of the oceanic crust to be further constrained. Tectonic windows such as Hess Deep or Pito Deep on the 

East Pacific Rise (EPR) would provide more information about intermediate to fast-spreading oceanic 

crust (e.g. Bach et al., 2003; Heft et al., 2008; Barker et al., 2010). Slow-spreading ridges represent 60 % 

of the MOR (Hannington et al., 2005) and the behaviour of Au and related elements in this tectonic setting 

is still poorly constrained. Investigations similar to that of Paper I on material recovered from oceanic core 

complexes such as Hole U1309D at the Atlantic Massif in the Atlantic Ocean or Hole 735B at Atlantis 

Bank in the Indian Ocean (e.g. Ildefonse et al., 2014) could provide information on slow-spreading ridges. 

Investigations on other ophiolites would allow evaluation of whether the behaviour of Au and related 

elements in the Troodos ophiolite is a characteristic feature of ophiolites or a singularity. 

The outcomes of Paper II show that sulphide leaching is responsible for mobilisation of Au, Se and Cu 

during hydrothermal alteration of a sulphide-saturated oceanic crust, but results from Paper III suggest that 

mobilisation of these elements is more efficient in sulphide-undersaturated oceanic crust. The reasons for 

this remain unclear, but it would appear that metals are more easily mobilised from a silicate matrix than 

from sporadic sulphide minerals. Experimental investigations similar those carried out by Seewald and 

Seyfried (1990) on sulphide-saturated and sulphide-undersaturated basalt samples could test this 

hypothesis.  

In-situ analyses of sulphide minerals in Paper II show that high As enrichment occurs during pyrite front 

formation. Alt and Shanks (2011) highlighted that part of the S present in these sulphides is seawater 

sulphate reduced by bacterial activity. The striking similarity in texture and trace element composition of 

the pyrite fronts with the patchy pyrites occurring deep in the oceanic crust at Hole 1256D implies similar 

paragenesis. Sulphur isotope analyses on these sulphides could show if any S reduced by bacterial activity 

is present in these sulphides and provide information on deep bacterial activity in the oceanic crust.
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Finally, the most exciting avenue for research concerns the debated magnetite crisis event which is 

suggested to have occurred during magmatic differentiation of arc-related magma and which triggers 

either sulphide precipitation (Jenner et al., 2010; 2012; 2015; Park et al., 2015) or magmatic fluid 

exsolution (Kamenetsky et al., 2001; Sun et al., 2004; Sun et al., 2015). Additional investigation of the 

most fractionated rocks in the Troodos ophiolite and in Hole 786B, such as plagiogranites and rhyolites, 

would be interesting targets to look for evidence of sulphide segregation and/or metal-rich fluid inclusions 

associated with magnetite crystallisation.  
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12. Appendix: Conference abstracts

Session: Economic and petroleum geology/ore forming processes 

Title: Behaviour of Au, As, Sb, Se and Te during the hydrothermal alteration of the oceanic 

crust: a study case from IODP site 1256D. 

Authors: Patten C. and Pitcairn I. 

Metals enriched in volcanic massive sulfide (VMS) deposits such as Cu and Zn are known to have 

been mobilized from areas of highly altered oceanic crust.  An important sub-set of VMS deposits are 

enriched in Au and associated elements As, Sb, Se and Te but despite this, the mobility of these elements 

during seafloor alteration is not well known.  The concentrations of Au, As, Sb, Se and Te have been 

determined in a suite of 65 oceanic crust samples from IODP site 1256D in the Cocos Plate, Pacific 

Ocean. Gold concentration has been determined by ultralow-level Au technique and As, Sb, Se and Te 

have been determined by hydride generation-atomic fluorescence spectrometry (HG-AFS) at Stockholm 

University, Sweden. 

Gold, As and Sb show decreasing concentrations with increasing depth in the oceanic crust from 

the volcanic section to the gabbroic zone whereas the concentrations of Se and Te show no systematic 

changes. This distribution implies that Au, As and Sb are mobilised during hydrothermal alteration of the 

oceanic crust whereas Se and Te are unaffected. All elements also show local high concentrations in the 

transitional zone most likely due to incorporation into hydrothermal sulfides that are abundant in this 

zone. The primitive composition is estimated to be 0.18±0.05ppb Au, 106±51ppb As, 27.5ppb Sb, 

220±76ppb Se and 23±5ppb Te. Comparison with primitive composition shows that the volcanic section is 

locally enriched in As and Sb which can be attributed to off axis late stage seawater circulation.    
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Behaviour of Au, As, Sb, Se and Te During the Hydrothermal Alteration of 
the Oceanic Crust: a Study Case from IODP Site 1256D 

Clifford Pattena, Iain Pitcairna, Damon Teagleb, and Michelle Harrisb

a Department of Geological Sciences, Stockholm University, Sweden, Clifford.patten@geo.su.se,  b Ocean 

and Earth Science, National Oceanography Centre Southampton, United Kingdom. 

Metals enriched in volcanic massive sulfide (VMS) deposits such as Cu and Zn are known to 

have been partly mobilised from areas of highly altered oceanic crust [1,2]. An important sub-set 

of VMS deposits are enriched in Au and associated elements such as As, Sb, Se and Te but 

despite this, the mobility of these elements during seafloor alteration is not well constrained. The 

concentrations of Au, As, Sb, Se and Te have been determined in a suite of 65 oceanic crust 

samples from Integrated Ocean Drilling Program (IODP) site 1256D in the Cocos Plate, Pacific 

Ocean. Hole 1256D penetrates a complete in-situ section of the upper oceanic crust providing a 

unique sample suite to investigate the behaviour of metals during hydrothermal alteration. Gold 

concentration has been determined by ultralow-level Au technique and As, Sb, Se and Te have 

been determined by hydride generation-atomic fluorescence spectrometry (HG-AFS) at 

Stockholm University, Sweden. Mass balance of metal mobilised during hydrothermal alteration 

has been calculated by coupling our data with fresh mid-oceanic ridge basalt (MORB) glass 

database [3] and Hole 1256D major and trace elements database [4]. 

During hydrothermal alteration, metals are mobilised to variable extent: Au, As, Se, Sb, S, Cu, Zn 

and Pb are depleted in the sheeted dyke complex and the plutonic rocks with mobilities of -46%, -

47%, -6%, -27%, -13%, -10%, -9% and -46% respectively. Zinc shows enrichment in the upper 

sheeted dykes indicating fractionation relative to other metals which could explain the Cu-rich 

affinity of mafic VMS. Important metal enrichment occurs in the transitional zone associated with 

sulphide precipitation except for Cu. Arsenic and Sb are enriched in the volcanic section due to 

seawater-derived fluid circulation. Calculations suggest that large quantities of metal are 

mobilised but only a portion is eventually trapped as VMS mineralisation. Metal composition and 

Au to base metals ratio in hydrothermal fluids are similar to that of mafic VMS and a ten times 

enrichment of Au would be needed to form an Au-rich VMS. 
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Abstract. Volcanogenic Massive Sulphide (VMS) 

deposits are commonly enriched in Cu, Zn and Pb and 
can also be variably enriched in Au, As, Sb, Se and Te. 
The behaviour of these elements during hydrothermal 
alteration of the oceanic crust is poorly constrained. 
Ocean Drilling Program (ODP) Hole 1256D penetrates a 
complete section of the oceanic crust providing a unique 
sample suite to investigate the behaviour of metals 
during hydrothermal alteration. A representative suite of 
samples was analysed for Au, As, Sb, Se and Te using 
low detection limit methods, and a mass balance of metal 
mobility has been carried out. The mass balance shows 
that Au, As, Se, Sb, S, Cu, Zn and Pb are depleted in the 
sheeted dyke  and plutonic complexes with mobilities of -
46%, -27%, -2.5%, -27%, -8%, -10%, -8% and -44% 
respectively. Arsenic and Sb are enriched in the volcanic 
section due to seawater-derived fluid circulation. 
Calculations suggest that large quantities of metal are 
mobilised but only a portion is trapped as VMS 
mineralisation. Metal composition and Au to base metals 
ratio in hydrothermal fluids are similar to that of mafic 
VMS and a ten times enrichment of Au would be needed 
to form a Au-rich VMS. 
 
Keywords. Volcanogenic Massive Sulphide deposits, Au-

rich VMS, IODP Hole 1256D, hydrothermal alteration in 
the oceanic crust, metal mobility,  
 
 

1 Introduction 
 

Volcanogenic Massive Sulphide (VMS) deposits are 
formed from hydrothermal mobilisation of metals in the 
oceanic crust (e.g. Barrie and Hannington 1999). It is 
generally accepted that the metals enriched in these 
deposits where partly leached from deeper levels in the 
oceanic crust itself during hydrothermal alteration 
especially in ridge-related deposits (e.g. Jowitt et al. 
2012). 

VMS deposits have high concentrations in the base 
metals Cu, Zn and Pb (e.g. Galley et al. 2007) but can 
also be enriched in Au, Ag, As, Sb, Se and Te (here after 
referred as Au and related elements). The latter group of 
elements are often enriched in Au-rich VMS deposits 
(Mercier-Langevin et al. 2011). Although mobility of 
base metals during alteration of the oceanic crust is 
relatively well documented, very little is known about 
the effects of hydrothermal alteration on Au and related 
elements. Systematic investigation of the behaviour of 
Au and related elements during hydrothermal alteration 

of the oceanic crust would greatly improve our 
understanding of the source area processes that generate 
metal-bearing fluids in the VMS environment. 

ODP Hole 1256D in the Cocos Plate, Pacific Ocean 
is an ideal location to investigate these processes. The 
Hole 1256D drill core is unique in being the only core to 
sample a complete section of oceanic crust through the 
volcanic section, transitional zone, sheeted dyke 
complex and plutonic complex (e.g. Teagle et al. 2006). 
The alteration in Hole 1256D resulting from fluid 
circulation is well described (e.g. Alt et al. 2010) 
providing a solid framework for the investigation of Au 
and related elements mobility. In this study we 
investigate the behaviour of Au, As, Sb, Se and Te as 
well as base metals Cu, Zn and Pb and S during the 
hydrothermal fluid circulation in the oceanic crust 
sampled by Hole 1256D. The objectives of the study are 
to quantify the mobility of Au and related elements and 
highlight the implications for VMS and Au-rich VMS 
deposits formation enabling to improve our 
understanding of the VMS deposit system. 
 
 

2 Methodology 
 
A suite of 63 samples distributed along the whole length 
of the hole (from 261 mbsf to 1495 mbsf) representative 
of the variation in lithology and the style and intensity 
of alteration have been selected for Au and related 
element analyses. Gold analyses were carried out at 
Stockholm University using a Thermo XSeries 2 ICP-
MS following the ultra-low detection limit method 
described in Pitcairn et al (2006a). The 3σ method 
detection limit is 0.033 ppb Au. Arsenic, Sb, Se and Te 
analyses were carried by Hydride Generation-Atomic 
Fluorescence Spectrometry (HG-AFS) using a PSA 
10.055 Millenium Excalibur instrument following the 
method described in Pitcairn et al. (2006b). The 3σ 
instrumental detection limits are 0.043 ppb, 0.079 ppb, 
0.038 ppb, and 0.22 ppb for As, Sb, Se and Te, 
respectively. Analytical accuracy and precision was 
controlled through analysis of CANMET reference 
material TDB1 and USGA reference materials WMS-1, 
and CH-4. Data for S, Cu, Zn, Pb, major and trace 
elements used in this study are from Harris (2011). 
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Figure 1. Concentrations of Au, As, Sb, Se and Te in drill 
core samples from ODP Hole 1256D. The type of alteration is 
indicated on the figure. Hole 1256D median value and MORB 
average value are also shown (Webber et al. (2013) for Au; 
Arevalo and McDonough (2010) for As, Sb and Se and Yi et al. 
(2000) for Te). 

3 Results 

The distribution of Au and related elements is shown in 
Figure 1. They show a positively skewed distribution due 
to few samples showing very high concentrations. The 
ranges of concentration are 0.05 to 8.2 ppb for Au, 17 
ppb to 18.2 ppm for As, 8.2 to 592 ppb for Sb, 3.9 ppb to 
2.6 ppm and 8.3 to 92 ppb for Te. The median values are 
shown in Figure 1 and are similar to that of average 
MORB compositions. In the volcanic section Au, As and 
Sb are variably affected by the different low temperature 
alterations whereas Se and Te show homogeneous 
distribution. In the transitional zone all elements show 
the highest concentrations associated with sulphide 
mineralised breccias formed during mixing of rising 
hydrothermal fluids and cold seawater-derived fluids. 
Below the transitional zone in the upper sheeted dykes, 
high concentrations also occur in sulphide-rich breccias 
and veins. Decreasing pattern with depth can be 
observed for Au, As and Se in the sheeted dyke and 
plutonic suggesting mobilisation by the hydrothermal 
fluids; Sb and Te show less concentration variations in 
these two units. 

4 Discussion 

4.1 Mass balance calculation 

Primary crust composition in Hole 1256D has to be 
determined in order to carry out mass balance 
calculations associated with the hydrothermal alteration 
of the oceanic crust. Assuming that the rocks of Hole 

1256D were generated from the same magmatic source 
and that compositional variation in the primary crust 
composition is controlled by magmatic fractionation the 
primary crust composition can be estimated by using 
fresh glass MORB database from Jenner et al. (2012). 
Using Y as a proxy for magmatic fractionation the 
behaviour of Au and related elements can determined 
(Fig. 2) and differentiation curves can be calculated for 
all elements, except Te, following the method from 
Jowitt et al. (2012): 

 𝐸𝑒 = 𝐴𝑌𝐵            [1] 
where Ee is the estimated element concentration for a 
given Y concentration and A and B are regression 
coefficients (Fig. 2). Specific differentiation curves to 
Hole 1256D are calculated using average composition of 
the least altered samples (Fig. 2). Mass balance 
calculations are carried out from the differentiation 
curves (Jowitt et al., 2012): 

%Change = (𝐸𝑠 − 𝐸𝑒)/ 𝐸𝑒 ∗ 100          [2] 
 where Es the measured value from the samples and Ee  
the estimated primary crust composition from equation 
[1]. Tellurium mass balance calculation is determined 
following Nesbitt et al. (1979) method because a 
differentiation curve could not have been determined. 
Mass balance calculation are also carried out for S, Cu, 
Zn and Pb 

4.2 Metal mobility during deep hydrothermal 
alteration 

In the sheeted dyke and plutonic complexes, where 
intense hydrothermal alteration occurs (Alt et al., 2010), 
almost all of the elements have significantly lower 
concentrations than primary crustal compositions 
implying that they have been mobilised during 
hydrothermal alteration. Gold and Pb are the most 
depleted elements over the two units (-46% and -44%, 
respectively) followed by As and Se (-27% and -27%, 
respectively) and Cu, S, Zn and Sb (-9.6%, -8.4%, -7.9% 
and -2.5%, respectively). 
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Figure 2. Au and related element concentrations plotted 
versus Y concentrations. Light grey crosses correspond to 
MORB fresh glass samples from Jenner et al. (2012) 
except for Te which are from Yi et al. (2000). Light grey 
differentiation curves are calculated from the Jenner et al. 
(2012) database and the red ones correspond to the Hole 
1256D corrected differentiation curves. The style of 
alteration is indicated on the figure. Plain red squares 
represent the average composition of least altered samples 
from Hole 1256D. Arrows are outliners. 

Sulphur mass variation calculation is an underestimation 
of the S mobilised by hydrothermal fluid circulation as 
the whole S rock data comprise S from anhydrite and 
from pyrite that formed by seawater sulphate reduction. 
Although Cu and Zn have similar over-whole depletion 
values they appear to have different behaviour during 
hydrothermal alteration. Copper is less depleted in the 
plutonic complex than Zn suggesting that it is less 
mobilised; however, Zn show enrichment in the upper 
sheeted dykes which could be associated with Mg-
bearing minerals such as chlorite (Jowitt et al., 2012).  

4.3 Metal mobility during shallow seawater 
dominated alteration

In the volcanic section As and Sb show noticeable mass 
variations being respectively enriched by +30% and 
+25%. Correlation with K2O and Rb, which are sensitive 
indicator of seawater alteration, suggest that As and Sb 
are being added up to the volcanic section during 
seawater-derived fluid alteration. Other elements do not 
appear to be strongly influenced by seawater-derived 
fluid circulation. 

 In the transitional zone and in the upper sheeted 
dykes important enrichment of all elements is associated 
with sulphide precipitation that forms during mixing of 
cold seawater derived fluids with hot rising 
hydrothermal fluids (Alt et al., 2010). This process, 

similar to VMS deposit formation, is not considered as a 
metal-sink implying that the bulk composition of the 
hydrothermal fluid is not affected.  

4.3  Implications for VMS formation 

Mid-ocean ridge (MOR) VMS deposits are classified as 
“mafic deposits” (Barrie and Hannington 1999). They 
have been reported to occur along all mid-ocean 
spreading ridges so far investigated including the East 
Pacific Rise, the Mid-Atlantic Ridge (e.g. TAG 
hydrothermal field) and the Juan de Fuca Ridge. They 
are typically smaller in size than other classifications of 
VMS deposits ranging from 1 to 5 Mt with an average 
size of 2.8 Mt and a composition of 2% Cu, 1.1% Zn, 
0.1% Pb and 1.7ppm Au (e.g. Barrie and Hannington 
1999). The mass balance reported above indicates that 
significant amounts of Au, As, Sb, Se, S, Cu, Zn and Pb 
are mobilised from the deep crust to the seafloor 
throughout the hydrothermal alteration history of the 
oceanic crust. 
The hypothetical volume of altered source rocks needed 
to form the modern-day seafloor VMS deposits such as 
the TAG active mound (3.8 Mt at 42.1% S, characteristic 
of slow-spreading ridge systems; e.g. Hannington et al. 
1998) and the hydrothermal field near 12°50’N on the 
East Pacific Rise (EPR, 0.02 Mt at 34.3% S, 
characteristic of fast-spreading ridge systems; Hekinian 
and Fouquet, 1985) are calculated and shown in Figure 
3. The sizes of reaction zones suggest that a relatively
small source area is required to mobilise sufficient 
metals from fast spreading ridge systems. 
The size of hydrothermal reaction zone on fast spreading 
ridges has been estimated to be 5 km3 (Tolstoy et al., 
2008). Using this size of reaction zone in the Hole 
1256D crust, a total of 2.9 t Au, 339 t As, 9 t Sb, 741 t 
Se, 1.45 Mt S, 0.13 Mt Cu, 0.13 Mt Zn and 2270 t Pb 
would be mobilised. 
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 Figure 3. Hypothetical reaction zones from which enough 
metals are mobilised from the oceanic crust at Hole 1256D by 
hydrothermal fluids to form the a) TAG active mound and b) 
the VMS deposits at 12°50’N on the EPR. The Sb reaction 
zone could not be calculated for b).  

Such quantities of metals are sufficient to form ~300 
VMS deposits of hydrothermal field near 12°50’N on the 
EPR suggesting that of the significant quantities of 
metals mobilised from the oceanic crust at fast spreading 
ridge, only a portion is trapped as VMS deposits. Larger 
deposits on slower spreading ridges most likely 
correspond to larger reaction zone size and/or greater 
depletion of metals in the reaction zone. 

Although Au-rich VMS deposits are a complex 
sub-classification of VMS deposits (Mercier-Langevin et 
al. 2011) they are generally identified by an Au to base 
metals ratio superior to unity with Au expressed in g/t 
and base metals in wt.%. ). The hypothetical Au to base 
metals ratio of the hydrothermal fluids generated from 
Hole 1256D alteration (0.12) is similar to that of the 
TAG active mound (0.21), in the same order of 
magnitude as average mafic VMS deposits (0.53, Barrie 
and Hannington 1999) and one order of magnitude 
higher than the hydrothermal field near 12°50’N on the 
EPR (0.02, Hekinian and Fouquet 1985). These values 
are one order of magnitude lower than that of Au-rich 
VMS deposits indicating that at least a ten-fold 
enrichment of Au over base metals would be required to 
form a Au-rich VMS deposit from the metals mobilised 
from Hole 1256D. 
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The Troodos ophiolite is an ideal location to investigate 

the relationship between metal mobility from source areas 

and the formation of volcanogenic massive sulphide deposits 

(VMS). Previous studies have shown that epidosite altered 

portions of the lower sheeted dyke section of are significantly 

depleted in base metals including Cu and Zn. The VMS  in 

the Troodos ophiolite, are Cu rich but also host non-

negligible Au, As, Sb and Se. However the behaviour of Au 

and related elements during the hydrothermal alteration of the 

Troodos ophiolite has not been investigated. 

Fresh glass analyses reveal that the Troodos primitive 

crust has a similar metal distribution to modern day back arc 

environments such as the Manus basin. Sulphur 

concentrations suggests that the crust is sulphide-

undersaturated during most of the magmatic differentiation 

(until 3.5 % MgO). Au, Se and Cu, which are strongly 

chalcophile, thus behave as incompatible elements until 

sulphide saturation. As, Sb, Zn and Pb also behave as 

incompatible elements but are not affected by sulphide 

saturation. VMS in the Manus basin are Au-rich and different 

from those of Troodos. This difference can be attributed to 

the difference in metal potential of the primitive crust 

combined with magmatic fluid input and seafloor boiling. 

Mass balance of metal mobilisation from epidosite zones 

shows that significant depletion of Au (-87.9±16.3 %), As (-

88.5±21.3 %), Sb (-60.9±11.8 %), Se (-91.6±20.1 %), Cu (-

84.2±17.9 %), Zn (-61.7±8.7 %) and Pb (-69.6±9.8 %) 

occurs. Greenschist altered diabases show also significant 

metal depeltion which suggests that source areas of VMS are 

not restricted to epidosite zones. The metal quantity 

mobilised from the lower sheeted dykes of the Solea graben is 

compared with three VMS within the graben. Of the large 

masses of metals mobilised from the source areas,  20 % Au, 

19 % As, 2 % Sb, 38 % Se, 51 % Cu and 6 % Zn are trapped 

within VMS deposits which suggest relatively high metal 

trapping efficiency relative to other tectonic settings.  
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