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The fate of sulphide minerals as they age on the seafloor and the processes involved in early
diagenesis of near field hydrothermal sediments are largely unknown. This study investigates near
field metalliferous sediments from two relict high temperature zones within the Trans Atlantic
Geotraverse (TAG) hydrothermal field at 26°N on the Mid-Atlantic Ridge. The cores were analyzed
for bulk mineralogy and geochemistry in order to identify diagenetic alteration processes and their
impact on bulk geochemical signatures and the evolution of these deposits in space and time.
Specific attention was paid to sulphide-rich layers and sulphur isotopes and SEM imaging were used
to unravel the complex paragenetic sequence. Microbial interactions were investigated by
geochemical, textural and strontium isotope analysis of Fe oxide filaments and associated gypsum.

The downcore mineralogy and geochemistry of cores CD102/58 & 60 indicate deposition from a
complex mix of sources. The sulphide layer of CD102/58 represents mass wasting of high
temperature chimney and upper mound debris. The sulphide layer of CD102/60 represents mass
wasting of an inner mound pyrite-quartz breccia. Downcore metal distributions reflect
mineralogical variability and the relative proportions of sulphide and oxide as well as remobilisation
due to oxidative dissolution of sulphide (e.g. Cu & Cr), secondary mineralisation (e.g. atacamite),
redox cycling (e.g. Mn), precipitation from low temperature diffuse fluids (e.g. opaline silica) and
scavenging from seawater (V & P).

CD102/58 has 8**S values ranging from +4.7-+14.7%o. The heaviest values are associated with
primary sulphide phases and reflect precipitation initially at the mound surface followed by high
temperature precipitation (>250°C) in the subsurface where the isotopic composition is controlled by
partial reduction of seawater sulphate. CD102/60 has &>'S values ranging from +3.4-+13.0%o. The
&S values of primary sulphides reflect reaction of hydrothermal fluid with pre-existing anhydrite
sulphate in the stockwork zone. The sulphur isotopic composition of secondary sulphides is
controlled by mixing of hydrothermal fluid and reduced seawater sulphate and reaction with
previously precipitated sulphides. These new data have extended the range of §*S at the TAG
hydrothermal site from +4.4-+10.3%o to +3.4-+14.7%o. The upper end of this range is substantially
heavier than values of 'S from other sediment free mid ocean ridge hydrothermal sites and
suggests that sulphur contributions from reduction of seawater sulphate are much more important
than previously recognised.

Sulphide alteration is driven by oxidative dissolution and acid leaching. The mechanisms of
sulphide alteration resemble sub-aerial supergene processes. However, submarine supergene
processes within the sediment pile are dominated by locally important grain-scale remineralisation
and secondary enrichment, as opposed to the much larger scale, downward migrating zones of
oxidation and secondary enrichment observed in sub-aerial deposits.

Based on morphological similarities with structures formed by Fe oxidising bacteria a biogenic
origin is invoked for Fe oxide filaments from CD102/58. The biogenicity of these structures is
supported by the geochemistry and isotopic composition of associated gypsum which for the first
time has directly linked these structures to sulphide oxidation. These filament morphologies can
therefore be used as biomarkers for bacteriogenic Fe oxide precipitation. However, Fe oxide
filaments make up only a minor percentage of the total volume of Fe oxide and are restricted to oxic
layers in the upper portion of the core where circumneutral pH conditions are inferred and there are
steep redox gradients. Thus, biogenic Fe oxide precipitation is only locally important and abiogenic
precipitation dominates.

This study has contributed to our understanding of sediment formation and diagenesis in
hydrothermal metalliferous sediments, in particular the fate of sulphide minerals during early
seafloor alteration.
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Chapter 1:

Introduction

Polymetallic massive sulphide deposits are observed throughout the geological record. Many of these
deposits are associated with ophiolite sequences, e.g. the Troodos ophiolite in Cyprus, and are inferred to have
formed on the seafloor during hydrothermal circulation through the ocean crust (e.g. Constantinou and Govett,
1973; Zierenberg et al., 1988; Hall et al., 1989). These deposits typically consist of massive or layered
sulphides which are underlain by an extensive mineralised stockwork zone. Mineralogical zoning and
secondary metal enrichment are common to such deposits and are inferred to result from reworking by
reaction with hydrothermal fluids and sub-aerial supergene weathering processes (e.g. Constantinou and

Govett, 1973; Large, 1977, Lydon, 1984; Zierenberg et al., 1988).

Another characteristic feature of these deposits are the extensive umbers and ochres which form a metal-rich
sedimentary apron around the massive sulphide body (e.g. Constantinou and Govett, 1973; Fleet and
Robertson, 1980, Robertson and Boyle, 1983). The ochre deposits, which are predominantly composed of
goethite with some hematite, limonite, jarosite and magnetite, are widely regarded as the products of
submarine weathering and oxidation of massive sulphide on the seafloor (e.g. Constantinou and Govett, 1973;
Fleet and Robertson, 1980). However, gossanous deposits can also be formed as a result of terrestrial

weathering processes (c.f. Lydon, 1984).

Similar massive sulphide deposits and metal-rich, gossanous sediments are also common to seafloor
hydrothermal vent sites and these have been identified as the modern analogue of terrestrial massive sulphide
and umber and ochre deposits (e.g. Hannington et al., 1988; Thompson et al., 1988; Herzig et al., 1991;
Goulding et al., 1998). The mechanisms and reactions involved in seafloor oxidation of sulphides and gossan
production are not well understood. Despite the intense investigation of metalliferous sediments from the
TAG site important questions regarding post depositional diagenetic processes remain. This thesis considers
both the bulk geochemistry and mineralogy of two metalliferous sediment cores from the TAG field in order
to investigate diagenetic mineral alteration processes and their impact on bulk geochemical signatures and the

evolution of these deposits in space and time, specific attention is paid to sulphide-rich layers.

1.1 Historical Context

Deep-sea metalliferous sediments were first documented in 1891 on the eastern flank of the East Pacific Rise
(EPR) during the RV Challenger expedition to traverse the world’s oceans sampling sediment en route
(Murray and Renard, 1891). However, metalliferous sediments received very little attention until the late
1960°s when work by Bostrom et al. (1969) revealed a direct correlation between the occurrence of such
sediments and the active mid-ocean ridge system; metalliferous sediments are characterised by high

(Al+Fe+Mn)/Al ratios, markedly higher than average detrital material of continental origin, the distribution of
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Al-poor sediments (high ratios) effectively delineating the ocean ridges (Figure 1.1). It was initially suggested
that these sediments were the products of co-precipitation of Mn from seawater with Fe and Pb from ridge
basalts (Bender et al., 1971). With the discovery of low temperature venting on the Galapagos Rift in 1976
(Corliss, 1979) and high temperature ‘black smoker’ style venting on the EPR in 1979 (Edmond et al., 1979a;
Edmond et al., 1979b) hydrothermal vents and material derived from the fallout of hydrothermal plumes were

finally identified as the source of metal enrichment.

Marine hydrothermal systems occur in a range of tectonic environments (German et al., 1995), although they
are mostly confined to actively spreading ridges. 42% of all known vent sites occur on fast spreading ridges
(Fouquet, 1997) primarily in the Pacific Ocean on the EPR (Baker et al., 1995), however, the Trans-Atlantic
Geotraverse (TAG) hydrothermal field at 26°N on the eastern side of the median valley of the Mid Atlantic
Ridge (MAR) (e.g. Rona, 1985) is perhaps the most documented site. Hydrothermal fluid flow is restricted to
areas of high permeability (e.g. faulting and fracture zones) and high volcanic activity (Zierenberg et al.,
1993). The almost continuous faulting and fracturing of crust adjacent to fast spreading ridges, as a result of
near continuous magmatic intrusion, constantly creates conduits for fluid flow and therefore the discharge of
hydrothermal fluids (Fouquet, 1997; Rohr, 1994; McClain et al., 1993). Slow spreading ridges, in contrast,
are characterised by discontinuous magma intrusion from localised volcanic centres and less frequent faulting
and fracturing (e.g. Kong et al., 1992; Eberhart et al., 1988). However, the tectonic and magmatic events
associated with slow spreading ridges are larger and more localised than those occurring in fast spreading
systems, these condition lead to deeply penetrating faults providing long-term, sustainable, focused conduits
for hydrothermal fluid flow which result in larger more mature hydrothermal deposits (e.g. Rona, 1988,
Hannington et al., 1995a; Fouquet, 1997). Hydrothermal circulation is important for our understanding for
oceanic geochemical processes since seafloor hydrothermal circulation is now known to be the principle agent

of energy and mass transfer between the crust and the oceans (e.g. Elderfield and Schultz, 1996).

1.2 Hydrothermal Heat and Water Fluxes

Early models of the thermal evolution of the lithosphere (e.g. McKenzie, 1967) consistently predicted greater
heat flow for crust <70Ma than was observed (e.g. Stein and Stein, 1994). This difference between predicted
heat loss from cooling plates as they move away from ridge axes and the observed conductive heat flow (the
global heat flow anomaly, or ‘missing heat’) can be attributed to advection of heat by hydrothermal circulation
(e.g. Stein and Stein, 1994) (Figure 1.2). Despite the fact that known active hydrothermal discharge only
covers a minimal percentage of the ridge axis crust (Baker et al., 1995) estimates by Stein and Stein (1994),
using global seafloor heat flow datasets, suggest that 34% (11x10°MW) of the total oceanic heat flux
(32x10°MW) occurs by hydrothermal circulation. Of this 30% (3.3x10°MW) occurs on crust <1Ma however,
this is an upper limit since the observed conductive heat flow may be depressed (Stein and Stein, 1994).
Taking this into account Elderfield and Schultz (1996) suggest a heat flux of 2.6+0.5x10°MW for crust <1Ma.
The other 70% occurs over crust up to 65+10Ma. This age, often referred to as the oceanic crust ‘sealing age’,
is remarkably consistent on all oceanic crust, independent of spreading rate, and is in agreement with the
‘missing heat’ age predicted by modelling. Uncertainties however, remain in determining the role of

hydrothermal heat fluxes on a global scale as the relative importance of axial vs. off axis flow, and high
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temperature ‘black smoker’ style venting vs. low temperature diffuse flow are not constrained (e.g. Mottl and

Wheat, 1994).

The global hydrothermal water flux (WF) can be estimated from the heat flux (HF), the water temperature

anomaly (AT) and the specific heat capacity of seawater (C,):

= i (1.1
(AT Cp)

Assuming that the entire hydrothermal water flux is due to high temperature (~350°C) black smoker fluids
with a specific heat capacity of =~5.8J/g°K at 350bars the hydrothermal water flux lies in the range of 3-
6x10Pkg/year (Elderfield and Schultz, 1996). However, this assumption is an extreme over simplification,
although the partitioning of axial flow into high and low temperature is not well constrained on a global scale,
at individual vent sites the heat flux associated with diffuse and low temperature flow may exceed that from
high temperature flow. For example estimates of the diffuse heat flux at the TAG hydrothermal mound (26°N
MAR) are an order of magnitude greater than the heat flux from black smoker style venting (Rudnicki and
Elderfield, 1993, Schultz et al., 1996). Taking this into account, recalculation of the hydrothermal water flux
based on partitioning 10% of the flow to high temperature fluids (350°C; C,=~5.8]/g°K) and 90% to low
temperature flow at 5°C with a specific heat capacity of ~4J/g°K yields an estimated water flux which is
increased by two orders of magnitude to 280-560x10'*kg/year (Elderfield and Schultz, 1996). In addition, off
axis flow is also important, since 70% of the hydrothermal heat flux occurs on crust >1Ma off-axis diffuse and
low temperature flow must also be considered in any calculation of the hydrothermal water flux. Assuming an
off-axis heat flux of 7x10°MW and a temperature range of 5-15°C Elderfield and Schultz (1996) calculate the
off-axis water flux to be 370-1100x10"’kg/year.

Given the water fluxes calculated above and a total water volume for the oceans of 1.37x10%'kg (Kadko, 1993)
the cycling time for ocean water through high temperature axial flow is in the order of 10 million years, and
the cycling time for off-axis flow is in the order of 100-400 thousand years (Elderfield and Schultz, 1996).
This is about 3 and 1 orders of magnitude, respectively, smaller than the riverine water flux calculated from

the strontium isotope budget (Palmer and Edmond, 1989).

1.3 Generation of Hydrothermal Fluids

As ambient seawater penetrates the ocean crust through faults and fractures, heat is transferred to the
downward permeating fluid and extensive interaction and chemical exchange occurs between the superheated
seawater and basalt resulting in fluxes of elements to and from basalt and the downwelling fluid (e.g. Edmond
et al., 1982; Seyfried and Janecky, 1985; Von Damm, 1988). Experimental and theoretical modeling of
seawater recharge and circulation in the upper crust has shown that as down-welling seawater is heated to
temperatures of ~150-200°C, sulphate, Ca and Sr are removed from the fluid due to anhydrite precipitation
(Shanks et al., 1981, Janecky and Shanks, 1988; Alt et al., 1989; Bowers, 1989). At these temperatures Mg is
also removed from the fluid due to subsurface saponite precipitation (e.g. Mottl and Wheat, 1994; Alt et al.,

1996). At temperatures >150°C all remaining Mg is removed from solution as Mg undergoes mole for mole
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exchange with basaltic Ca (Von Damm, 1990, Mottl, 1983) which is released to the superheated fluid (Blount
and Dickson, 1969). Due to the quantitative removal of Mg from the downwelling fluid, end member
hydrothermal fluid compositions are commonly extrapolated to [Mg] =0 which allows for comparison in fluid

compositions at different vent sites.

Si is also precipitated at depth during high temperature subsurface circulation. Thermodynamic calculations
suggest that this Si is in equilibrium with quartz (Bowers, 1989); the prevalence of quartz in hydrothermally
altered oceanic crust is consistent with this (e.g. Alt et al., 1986; Alt et al., 1996). Based on the temperature
variation of Si-Qtz equilibrium the Si content of some end-member hydrothermal fluids has been used to infer

the depth of reaction assuming the temperature from the alteration assemblage (e.g. Von Damm, 1990).

As the downwelling fluid approaches temperatures in excess of ~250°C any remaining seawater sulphate is
reduced to H,S as a consequence of the oxidation of ferrous Fe in pyroxene or olivine, or via conversion of
basaltic pyrrhotite (FeS) to secondary pyrite (FeS,) (Shanks et al., 1981; Ohmoto and Lasage, 1982; Shanks
and Seyfried, 1987). Whilst seawater SO, is fixed in the crust as anhydrite the sulphide component in basalt,
which is highly soluble at high temperature, is leached from the basaltic wallrock (e.g. Shanks et al., 1981,
Shanks and Seyfried, 1987; Alt et al., 1989; Bowers, 1989). Direct leaching of basaltic sulphur in this way
produces 5**S values in the fluid close to 0% (Seyfried and Janecky, 1985). At the simplest level the
observed range of 8**S values in modern seafloor hydrothermal deposits and vent fluids (~-5.6%o - +7.3%o)
can be attributed to variable mixing of basaltic (5**S = +0.1%.: Sakai et al., 1984), and seawater (5*'S =
+20.9%o: Rees et al., 1978) sulphur as up-welling hydrothermal fluids with basalt dominated &°*S, are
modified in the shallow subsurface around vent sites and within individual chimneys, as entrained ambient

seawater undergoes sulphate reduction (Bowers, 1989; Janecky and Shanks, 1988).

At high temperature metals including: Fe, Cu, Zn and Pb are also leached from basalt and become enriched in
the fluid phase. Since these metals are typically carried by chloride compiexes, which are extremely
temperature dependant, their content in end member fluids is also strongly temperature dependant, e.g. rapid
increases in Zn contents occur at temperatures >310°C and in Cu and Fe at >320°C (Scott, 1997). Figure 1.3

shows a schematic model of common processes in the generation of hydrothermal fluids.

Whilst the seawater entering the crust is slightly alkaline (pH~7.8) all sampled vent fluids are acidic (e.g.
Edmond et al., 1982; Von Damm, 1990; Gamo et al., 1996). This change in acidity is due to subsurface
mineral-formation during chemical exchange between the basaltic wallrock and the downwelling seawater.
This can be demonstrated by consideration of epidote formation; epidote is a common alteration product in
hydrothermally altered basalts (e.g. Alt et al., 1986; Alt et al., 1996). Subsurface precipitation of epidote
removes Ca, Fe, Al and Si from the fluid and produces 13 moles of H" for every mole of epidote (Equation
1.2). Subsurface sulphide precipitation also generates acidity (e.g. Equation 1.3; this is an overall reaction

however, pyrite precipitation proceeds via a FeS precursor) (Seewald and Seyfried, 1990).
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2Ca™ + Fe™ + 241" +38i0,,,,, + TH,0 = Ca,Fedl,Si,0,,(OH) +13H" (1.2)
Epi\;ote ’
Fe** +2H,S = FeS, +4H" (1.3)
\T/

Pyrite

Although the concentration of salts and metals in the hydrothermal fluids are largely controlled by the
composition of the source-rocks, e.g. the abundance of Ba (which is readily leachable from basalt under
hydrothermal conditions) at the Explorer ridge can be directly linked to high Ba contents in basalt at this site
(Scott et al., 1990), depending on the temperatures and pressures experienced by the fluid, phase separation
may take place and this can also affect the final composition (Von Damm, 1995). Large variations in
measured vent fluid salinities suggest that phase separation is a common phenomenon in seafloor
hydrothermal systems (e.g. Von Damm, 1990; Von Damm, 1988). For seawater with 3.2wt% NaCl, at 2-3km
depth (the depth of most vent systems on MORs) the temperature of the two phase boundary is between 385-
405°C (Bischoff and Pitzer, 1985), fluids with temperatures below this are unlikely to undergo phase
separation. The temperatures experienced by some vent fluids however, do exceed the temperatures required
for phase separation e.g. vent fluids from the Endeavour Ridge are at ~420°C (Delaney et al., 1984), in
addition, some fluids with venting temperatures below 385°C may have experienced higher temperature

conditions at depth in the reaction zone.

Phase separation of hydrothermal solutions results in the production of a more saline fluid and a low salinity,
vapor-rich fluid, at higher temperatures and pressures phase separation leads to conjugate fluids with
increasingly different salinities (Bischoff and Rosenbauer, 1984; Bischoff and Pitzer, 1985). Experimental
studies have shown that the high salinity brines which are produced during phase separation have an impact on
the overall metal carrying potential of the fluid since these brines are enriched in the chloride species required
for metal complexation (Bischoff and Rosenbauer, 1987). However, for the effects of phase separation to be
observed in hydrothermal fluids venting at the seafloor physical separation of the individual phases is required.
Although MacGregor et al. (2001) show that a high salinity fluid phase may be retained in the crust due to its
greater density, at the pressure conditions of most hydrothermal systems density differences between the brine
and the vapor-rich fluid are small, and physical separation due to density differences is unlikely (Bischoff and
Pitzer, 1985). An alternative method of physical separation based on the relative permeability of fluid barriers
has been proposed by Fox (1990) who suggested that the saline phase is confined to flow conduits but the low
salinity vapor-rich phase flows diffusively through the surrounding rock. Recombination of the separated
fluids, at varying mixing proportions, at lower temperature could produce the range of salinities observed (Fox,

1990).

At shallower depths near to the seafloor, and at vent sites on shallow parts of the MOR system, phase
separation and subsurface boiling have been observed (e.g. Reykjanes Ridge: German et al., 1994). The
production of the gas phase in these cases requires that the partial pressure of gases in the hydrothermal fluid
exceeds that of the water column. Boiling of the hydrothermal fluid raises the E;, and pH by removal of CO,,
H,S and H, this in turn leads to sulphide precipitation and the formation of an extensive subsurface

mineralized stockwork with a depth range related to the depth of boiling (Drummond and Ohmoto, 1985).
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The hydrothermal fluid rises back to the seafloor when supercritical density is approached. The resultant
hydrothermal discharge has a temperature of ~250-400°C and is acidic, reducing and enriched in sulphide and
ore forming metals scavenged from the basalt (e.g. Seyfried and Janecky, 1985) (Table 1.1). Hydrothermal
fluids can re-enter the ocean in several ways e.g. high temperature (black smoker style) focused flow through
mineralised chimneys or cracks and fissures; low temperature (white smoker style) focused flow; and diffuse
flow through sediment piles (e.g. Edmond et al., 1982; Hannington et al., 1995a; Tivey et al., 1995). As the
hydrothermal fluid debouches onto the seafloor mixing with cold bottom waters occurs and ore-forming
metals precipitated in response to changes in temperature and composition forming chimney structures and
sulphide and oxide deposits in close proximity of the vents (e.g. Styrt et al., 1981, Janecky and Seyfried, 1984;
Haymon, 1983).

1.4 Chimney Formation

The mineralogical composition of hydrothermal chimneys indicates complex growth histories with often
multiple stages of precipitation and replacement driven by changes in the temperature and chemical
composition of the fluids (e.g. Haymon and Kastner, 1981; Styrt et al., 1981; Haymon, 1983, Janecky and
Seyfried, 1984; Zierenberg et al., 1984; Woodruff and Shanks, 1988). Despite this, paragenetic sequences in
high temperature vents from both Atlantic and Pacific sites, are broadly similar suggesting that chimney

formation processes are also more or less comparable.

1.4.1 Black Smoker Chimneys

As high temperature hydrothermal fluids vent onto the seafloor mixing with ambient seawater causes
precipitation of anhydrite (CaSQ,) (e.g. Spiess et al., 1980; Goldfarb et al., 1983; Haymon, 1983). The Ca’* in
this anhydrite is largely derived from the high temperature fluid however, isotopic evidence indicates that the
SO,* component is derived from seawater (e.g. Spiess et al., 1980; Styrt et al., 1981; Kusakabe et al., 1982).
During this initial anhydrite formation minor Zn-sulphide (e.g. Equation 1.4) and pyrite (Equation 1.5) and/or
FeS (Equation 1.6) are also precipitated (e.g. Haymon, 1983; Goldfarb et al., 1983).

Zn™ + H,S+Ca® +S0,” =  ZnS  +CaSO, =2H" (1.4)

Sphalerite! wurtzite
Fe*™ +H,S, = FeS, +2H" (1.5)

Fe* + H,S = FeS+2H" (1.6)

The existence of both sphalerite and wurtzite in the early growth stages of chimneys requires explanation
since sphalerite is the low temperature (up to ~250°C; cubic habit) Zn sulphide polymorph, and wurtzte is the
high temperature (250-350°C; hexagonal habit) polymorph. Several possibilities for their coexistence have
been suggested: the first relates to the presence of impurities, including Mn, Cd or ZnO, within the crystal.
These elements are more soluble in wurtzite than in sphalerite such that an impurity content >10 mole% may
favour metastable wurtzite precipitation at temperatures below 250°C (Barton and Skinner, 1979; Haymon and
Kastner, 1981). The second possibility is the occurrence of non-stoichiometric conditions, i.e. S/Zn+Fe <1

under these conditions and with low fS, stable formation of wurtzite may occur {e.g. Scott and Barnes, 1972;



Element

Concentration in

Concentration in

hydrothermal fluid seawater
mmol/kg
Ca 10.5-55 10.2
H,S 2.9-12.2 <0.001nm
Mg 0 53
pmol/kg
Fe 750-6470 ~0.5nm
Zn 40-106 0.01
Cu 9.7-44 0.007
Mn 360-1140 ~0.37nm
Ba >8->42.6 0.14
Li 411-1322 26
CH, 25-100 <0.001nm
nmol/kg
Pb 9-359 0.01
Co 22-227 0.03
As 30-452 27
Ag 26-38 0.02

Table 1.1: Comparison of the concentrations of the principal chemical species in hydrothermal fluids
with their concentrations in seawater. Adapted from Elderfield and Schultz, (1996).
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Haymon and Kastner, 1981). Alternatively, the co-existence of sphalerite and wurtzite may represent
conditions of ZnS supersaturation where rapid precipitation of disordered hexagonal wurtzite is kinetically

favoured over precipitation of ordered cubic sphalerite (e.g. Haymon and Kastner, 1981).

Given that most chimneys are in equilibrium with respect to pyrite, the co-existence of pyrite and pyrrhotite in
some chimneys (e.g. at 21°N EPR: Haymon and Kastner, 1981; Snake pit MAR: Hannington et al., 1991) also
requires explanation. Haymon and Kastner (1981) suggest that pyrrhotite could precipitate as a metastable
phase, as a result of rapid crystallisation, as emerging hydrothermal fluids mix with ambient seawater; the
dramatic changes in temperature and E,-pH conditions that occur during mixing may kinetically favour
pyrrhotite formation. This is consistent with precipitation experiments which show that simple cooling of
hydrothermal fluid results in preferential precipitation of pyrrhotite over pyrite (Equation 1.6) (e.g.
Murowchick and Barnes, 1986; Graham et al., 1988). Pyrrhotite however, is unstable in oxidizing conditions
and over time may be converted to more stable phases (e.g. pyrite) or will dissolve and return to the fluid (e.g.

Haymon, 1983; Goldfarb et al., 1983).

The initial anhydrite chimneys then act as a substrate for further sulphide and sulphate precipitation. As the
chimney becomes consolidated vent fluids are insulated, seawater mixing is restricted and the interior
temperature rises this leads to precipitation of high temperature Cu-Fe-sulphides, e.g. chalcopyrite and
cubanite, either by replacement of the outer anhydrite-Zn sulphide wall or by direct precipitation from the
fluid. The central chimney orifice typically becomes lined with chalcopyrite whilst the exterior remains

anhydrite-rich (e.g. Goldfarb et al., 1983; Haymon, 1983).

Chalcopyrite formation is more complex than pyrite precipitation. This is because precipitation of
chalcopyrite requires an oxidising agent to convert Cu* to Cu®*. This role may be carried out by O, produced
by water dissociation (Equation 1.7 & 1.8) which reaction modelling has shown to be a major control on the

redox state of vent fluids (Janecky and Seyfried, 1984).

H,0y, = 0.50,, + H, a.7

2(g)

Cu* + Fe* +2H,S +0.50, = CuleS, +3H" +0.5H,0 (1.8)

chalcopyrite

SO,” from seawater could also act as the oxidising agent however, the location of chalcopyrite precipitation at
the inner chimney wall, where seawater mixing is restricted, means that this is much less likely (e.g. Woodruff

and Shanks, 1988).

Chalcopyrite can also form by the replacement of pre-existing anhydrite and sphalerite or wurtzite (Equation
1.9). In this case the anhydrite sulphate acts as the oxidising agent and the acidity to drive the reaction comes
either from the fluid itself or from sulphide precipitation reactions (e.g. Equations 1.5 & 1.6) (e.g. Graham et
al., 1988; Woodruff and Shanks, 1988).

15ZnS + CaSO, +8Cu" +8Fe** +8H™* = 8CuleS, +15Zn** +Ca®™ + H,0 (1.9)

10
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Where extensive growth of Cu and Fe sulphides in the chimney interior prevents any further reaction of the
venting fluid with anhydrite, chalcopyrite may precipitate by reaction of Cu and Fe-bearing hydrothermal
fluids with pyrite and sphalerite, using dissociated water as the oxidising agent (e.g. Graham et al., 1988)
(Equation 1.10).

2Cu* + Fe** +27nS + FeS, = 2CuFeS, +27n* (1.10)

Since fluids in equilibrium with chalcopyrite typically move towards the stability fields of other Cu-sulphides
during cooling (Ohmoto et al., 1983) replacement of chalcopyrite by bornite (CusFeS,)-chalcocite (Cu,S) solid
solution at the transition to the outer anhydrite-sphalerite wall is common (e.g. Goldfarb et al., 1983; Haymon,
1983; Graham et al., 1988; Woodruff and Shanks, 1988). This is a response to the steep temperature, Ej, and
pH gradients across the chimney wall (e.g. Tivey and McDuff, 1990; Graham et al., 1988).

As the chimney structure matures, the inner wall grows inwards as Cu and Fe sulphide are deposited, and the
outer wall grows upwards and outwards as anhydrite precipitation continues due to conductive heating (above
150°C) of locally entrained seawater (e.g. Haymon and Kastner, 1981; Woodruff and Shanks, 1988;
Hannington et al., 1995a). Other sulphates including Mg-hydroxysulphate-hydrate (MHSH) and barite, have
also been reported from the outer zones of black smoker chimneys and are similarly attributed to conductive
heating of seawater (e.g. Haymon and Kastner, 1981; Tivey and Delaney, 1986; Koski et al., 1994). Minor or
trace amounts of marcasite, Fe-oxide and amorphous silica may also be present in a black smoker chimney
and these occurrences are controlled largely by the composition and temperature of the vent fluid, the porosity
and permeability of the chimney wall and its capacity for seawater entrainment (e.g. Haymon and Kastner,

1981; Tivey and Delaney, 1986; Graham et al., 1988; Woodruff and Shanks, 1988; Koski et al., 1994).

Mature chimneys commonly exhibit mineralogical zonation (Figure 1.4) this is largely due to variations in
dissolved metal contents and changes in the temperature, E;, and pH of venting fluids during the growth of a
black smoker chimney which produce the varying physiochemical conditions required for the precipitation of

a range of sulphide phases and their alteration over time.

1.4.2 White Smoker Chimneys

White smoker chimneys, so called because of the white particles of silica, anhydrite and barite which
precipitate as the fluids are quenched by cold seawater, are at lower temperatures (100-300°C) than black
smokers and have distinctly different fluid chemistries (e.g. Hannington and Scott, 1988; Koski et al., 1994;
Edmond et al,, 1995; Tivey et al., 1995). The fluids responsible for white smoker construction are produced
from end-member, high temperature fluids which have undergone modification in the subsurface due to
conductive cooling and/or local mixing with entrained seawater (e.g. Janecky and Seyfried, 1984; Koski et al.,
1994; Tivey et al., 1995). Subsurface cooling of end-member fluids results in precipitation of metals and
sulphur within the vent complex and this leads to a drop in fluid pH (e.g. Equation 1.5, 1.6 & 1.8) (e.g. Tivey
et al., 1995). This acidity causes the remobilisation of pH sensitive metals, in particular Zn which is abundant
in white smoker chimneys and fluids (e.g. Koski et al., 1984; Thompson et al., 1988; Koski et al., 1994;

Edmond et al., 1995, Tivey et al., 1995). Conductive cooling is also important for precipitation of silica, since

11



High temperature emmisions P
: it - P

Seawater

| entrainment into

\\ the buoyant plume
/
/

S F

e o
SO,".
SO
entrainment of seawater SO,
into the outer chimney wall '\

leads to anhydrite precipitation

SO,%. / i

Pyrite and sphalerite

Hydrothermal Fluid Chalcopyrite

Anhydrite +/- ZnS +/- FeS, yrrhotite, pyrite and sphalerite
Fine-grained I'eS +FeS, + ZnS
intergrowths in an anhydrite matrix

| Initial anhvdrite chimney ! | Mature hlack smoker chimney |

Figure 1.4: Schematic diagram of black smoker chimney growth. The initial growth is dominated by anhydrite precipitation with minor Zn-sulphide +/- minor pyrrhotite or
pyrite precipitation as the hydrothermal fluid is rapidly cooled. The initial anhydrite chimney then acts as insulation for the emanating hydrothermal fluids and high temperature
Cu-Fe sulphides begin to form. Pyrrhotite within the chimney is converted to more stable pyrite or removed by dissolution. Minor silicate phases are precipitated at the outer
chimney walls as hydrothermal fluids are conductively cooled. Further anhydrite precipitation within the chimney wall occurs as entrained seawater is heated to temperatures

in excess of 150°C. Red arrows indicate direction of chimney growth. (Adapted from Haymon, 1983).



Introduction Chapter 1

silica is undersaturated in mixtures of hydrothermal fluid and seawater (Janecky and Seyfried, 1984; Tivey et
al., 1995). The white smoker fluids which result from subsurface modification of end-member hydrothermal
fluids are typically Si-, SO,- and Zn- rich, 200-300°C, with low H,S and low pH (~3-4) (e.g. Edmond et al.,
1982; Tivey and Delaney, 1986, Hannington and Scott, 1988; Edmond et al., 1995; Tivey et al., 1995;
Edmonds et al., 1996; James and Elderfield, 1996a).

Initially white smoker chimneys are constructed of amorphous silica (Si0,) + barite (BaSQ,), which are
precipitated largely in response to conductive cooling (e.g. Koski et al., 1984; Hannington and Scott, 1988;
Paradis et al., 1988; Koski et al., 1994). Whilst silica is ubiquitous in all seafloor sites barite is not. The
presence of barite at some hydrothermal sites, particularly at sites on the Juan de Fuca Ridge (JAFR) (e.g.
Explorer Ridge: Scott et al., 1990; Axial Seamount: Hannington and Scott, 1988) and its absence elsewhere
can be directly related to the Ba content of the source rock at depth (e.g. Scott et al., 1990). Although
anhydrite precipitation begins at ~150°C (Figure 1.5), it is not commonly a major constituent of white smoker
chimneys as it usually precipitates at much higher temperatures and is more typically associated with black
smoker chimneys (Janecky and Seyfried, 1984). The initial silica-barite structure is stable since both minerals
are insoluble in ambient seawater (Blount, 1977; Chen and Marshall, 1982; Williams et al., 1985). The
stability of silica and barite has led the formation of white smoker structures on the JdFR which are several

tens of meters high (e.g. Tivey and Delaney, 1986; Hannington and Scott, 1988).

As the silica-barite chimneys grow they insulate the venting fluid and sulphide minerals begin to form.
Analyses of fluid inclusions and direct sampling of white smoker fluids indicates that the earliest sulphide
formation occurs at temperatures of ~150-200°C (e.g. Koski et al., 1984; Hannington and Scott, 1988; Koski
et al., 1994). Marcasite (a pyrite polymorph) is typically the first sulphide to form and is co-precipitated with
amorphous silica and barite contributing to the growth of the outer chimney wall, as the interior temperature
rises pyrite-marcasite and sphalerite are precipitated (e.g. Koski et al., 1994; Hannington et al., 1995a; Tivey
et al.,, 1995). The walls of the chimneys are often porous (up to ~70%) and this allows entrainment of
seawater into the structure where mixing with the venting fluid occurs, this results in temperature and
chemical gradients across the wall leading to mineralogical zoning (e.g. Tivey et al., 1995) and the

replacement of early formed minerals by sulphides (e.g. Koski et al., 1994).

Mature white smoker chimneys are dominated by low-Fe sphalerite with minor marcasite, pyrite and
chalcopyrite (e.g. Paradis et al., 1988; Koski et al., 1994; Tivey et al., 1995). They also contain trace minerals
such as galena (PbS) and show significant enrichments in Cd, Pb, Ag, Au, As and Sb, and are lacking the
significant Co, Mo and Ni contents which are associated with high temperature black smoker fluids (e.g.
Koski et al., 1984; Hannington and Scott, 1988; Paradis et al., 1988; Koski et al., 1994; Tivey et al., 1995).
Finally, in the waning stages of white smoker venting, late stage, colloidal deposition of amorphous and
opaline silica takes place cementing the chimney structure and filling any remaining pore space (e.g. Koski et

al.,, 1994; Tivey et al., 1995).
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1.5 Growth of Large Sulphide Deposits
1.5.1 Mound Formation

When a black smoker becomes inactive, either because of changes in the underlying plumbing system as old
conduits are filled by mineral precipitates, or as hydrothermal activity wanes, collapse of the chimney is
facilitated by the dissolution of the supporting anhydrite structure in cold seawater owing to its retrograde
solubility (Bischoff and Seyfried, 1978) (Figure 1.5). The resultant chimney debris contributes to the growth
of a sulphide talus (e.g. Humphris and Kleinrock, 1996; Hannington et al., 1995a). New chimneys develop at
the outer surface of the talus deposit and may eventually overgrow and cement the sulphide debris destroying
the primary mineralogical associations, concurrent cementation of the debris by silica-rich diffuse fluids
results in the formation of a sulphide mound (e.g. Lydon, 1988; Hannington et al., 1995a; Hannington et al ,

1998) (Figure 1.6).

Following ODP drilling of the active TAG mound (detail is discussed in Chapter 2) it was suggested that
seafloor hydrothermal deposits grow largely as in situ breccia piles (e.g. Humphris et al., 1995; Humphris and
Kleinrock, 1996; Hannington et al., 1998; Honnorez et al., 1998; Knott et al., 1998). Indeed, in many cases
the largest seafloor deposits contain debris of older sulphide structures (e.g. Scott et al., 1990; Thompson et
al., 1985) or appear to have formed via coalescence of adjacent chimney and mound deposits (e.g. Emberly et
al., 1988). However, subsurface sulphide-sulphate and silica precipitation is also important for mound growth
and occurs due to convective cooling of ascending hydrothermal fluids and mixing with seawater. At some
sites this is aided by the presence of impermeable caps which inhibit the escape of hydrothermal fluids which
instead circulate within the deposit recrystallising and redistributing primary mineral phases (e.g. TAG:
Humphris et al., 1995; Lau Basin: Fouquet et al., 1993a; Lucky Strike: Langmuir et al., 1997). As the
sulphide mound accumulates seawater is entrained into the structure where conductive heating produces the
conditions required for anhydrite precipitation (e.g. Janecky and Seyfried, 1984; Janecky and Shanks, 1988;
Tivey et al.; 1995) and this causes inflation of the deposit (e.g. Hannington et al.,, 1998). This anhydrite may
be cumulatively replaced by quartz (e.g. Knott et al.,, 1998; Honnorez et al., 1998) or in long lived systems
with intermittent high temperature activity it will dissolve as a result of retrograde solubility during periods of
hydrothermal quiescence (e.g. Bischoff and Seyfried, 1978) creating new pore space and permeability. The
growth of large mounds in this manner and subsurface circulation and remineralisation processes are
important in the development of mineralogical zoning in seafloor deposits (e.g. TAG: Tivey et al., 1995,
Honnorez et al., 1998; Snake Pit: Detrick et al., 1986; Fouquet et al., 1993b; Galapagos mounds: Emberly et
al., 1988; Escanaba Trough: Zierenberg et al., 1993). Mature mounds typically have a Cu-rich interior
dominated by a high temperature assemblage of chalcopyrite and pyrite, and a Zn-rich exterior dominated by
sphalerite, pyrite and marcasite, overlying a mineralised Cu-Fe stockwork in the hydrothermal upflow zone
(e.g. Fouquet et al., 1993b; Honnorez et al., 1998). This pattern of mineralogical zonation resulting from
hydrothermal reworking is also common to terrestrial ancient massive sulphide deposits associated with
ophiolite sequences (e.g. Constantinou and Govett, 1973; Lydon, 1988). Large complex deposits develop
where numerous episodes of venting lead to several stages of sulphide precipitation and overprinting earlier
mineral assemblages. The importance of multiple episodes of high temperature activity at any one site is

supported by modelling experiments (e.g. Lowell and Rona, 1985). The proposed model for the generation of
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seafloor massive sulphide deposits by Lowell and Rona (1985) suggests that large (>3Mt) deposits are formed

from composites of sulphide lenses and pods formed by multiple episodes of high temperature activity.

1.5.2 Morphologies of Seafloor Sulphide Deposits

The morphology of a seafloor deposit appears to be chiefly controlled by the nature of the hydrothermal
discharge zone. The effect of sub-seafloor permeability and the development of broad alteration zones on the
morphology seafloor deposits can be demonstrated by comparison of the Galapagos mounds and the
Endeavour vent field. The upflow zone beneath the Galapagos mounds is up to 100m wide with several
focussed fluid conduits and a large sub-seafloor stockwork zone where there is evidence for extensive shallow
seawater entrainment (Emberly et al., 1988). The upflow zones of the Endeavour vent field however, are
steep and narrow and the chemistry of the venting fluids implies that almost no mixing with seawater is
occurring (e.g. Delaney et al., 1984; Butterfield et al., 1994). In contrast to the many coalesced, large
diameter, low relief sulphide mounds of the Galapagos deposit, the Endeavour vent field is characterised by
tall (up to ~45m), free standing chimney structures venting >350°C tluids (Emberly et al., 1988; Hannington et
al., 1995a; Fouquet, 1997, Robigou et al., 1993) (Figure 1.7).

The eventual size and the stability of a seafloor massive sulphide deposit is ultimately controlled by the supply
of hydrothermal fluids, this is turn is controlled by the stability of fluid conduits and local permeability, the
longevity of the heat source and the style of venting at a particular site (e.g. Lowell and Rona, 1985; Krasnov
et al,, 1995; Fouquet, 1997) (Figure 1.8). Deeply penetrating faults that provide long term conduits for
focussed hydrothermal flow, broad sub-seafloor alteration zones, extensive seawater entrainment and a wide
variety of venting styles characterise the largest deposits such as TAG, Explorer Ridge and the Galapagos
mounds (e.g. Hannington et al., 1998; Scott et al., 1990; Emberly et al., 1988).

1.6 Hydrothermal Plumes
1.6.1 Origin and Dispersal in the Water Column

As hydrothermal fluids discharge on to the seafloor they rise up above their source as a buoyant plume
dominated by Fe oxide and oxyhydroxide particles (e.g. Edmond et al., 1982; Feely et al., 1990; Campbell,
1991; Rudnicki and Elderfield, 1993). During discharge hydrothermal fluids are rapidly diluted with ambient
seawater by a factor of 10* to 10° (e.g. Baker et al., 1995; Lupton, 1995) as shear flow at the boundary
between the buoyant hydrothermal fluid and bottom waters produces eddies causing turbulent entrainment of
large quantities of cold, alkaline, well-oxygenated seawater into the ascending plume (e.g. Kadko, 1993;
Lupton, 1995). The emanating plume will continue to rise until neutral buoyancy (or density equilibrium) is
achieved typically 200-350m above the vent site, at which point, in the absence of topographic constraints, the
plume is dispersed laterally as a hydrographic and chemical anomaly with a spatial scale of tens to thousands
of kilometers (e.g. German et al., 1991; Lupton, 1995; Baker et al., 1995). Plumes originating from sites on
the EPR, which has a shallow rift (Figure 1.9) can be traced as far as 2000km off-axis by *He and Mn
anomalies (e.g. Lupton and Craig, 1981; Klinkhammer and Hudson, 1986). However, the height of plumes

originating on the MAR is well below the steep sides of the deep median valley (Figure 1.9) as a result plume
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material is not dispersed throughout the Atlantic Ocean but is generally confined to the rift valley (e.g. Trefry
et al., 1985; Klinkhammer et al., 1986; Trocine and Trefry, 1988; German et al., 1990).

1.6.2 Geochemistry of Hydrothermal Plumes

Plume fluids are chemically complex representing a highly diluted mixture of fluids from several different
sources: the initial vent fluid; ambient seawater at the depth of neutral buoyancy; and deeper water
incorporated by turbulent entrainment during plume rise (e.g. Mottl and McConachy, 1990; Rudnicki and
Elderfield, 1993; Lupton, 1995). In addition, the water entrained during plume ascent is not derived from a
single depth, but consists of seawater from all water column depths between the source of the fluid and the
depth of neutral buoyancy (e.g. Klinkhammer et al., 1983; Feely et al., 1991; Rudnicki and Elderfield, 1993).

Whilst approximately 50% of the Fe** component in hydrothermal fluids is deposited as sulphides within the
first 8m of plume rise (Feely et al., 1990; Mottl and McConachy, 1990) the remaining Fe*" is rapidly oxidised
and precipitated as Fe oxyhydroxide particles, which with Mn oxides and oxyhydroxides are the dominant
plume phases (e.g. Campbell, 1991; Rudnicki and Elderfield, 1993). In the near field environment Fe
precipitation strongly predominates over Mn precipitation. This is because Mn oxidation kinetics, and thus
Mn oxide/oxyhydroxide formation, are considerably slower than Fe, as a result Mn remains in solution and is
dispersed in the hydrothermal plume (e.g. Feely et al., 1990; Mottl and McConachy, 1990). These Fe and Mn
oxide and oxyhydroxide particles are sites for chemical interaction and exchange with dissolved species in
seawater. Uptake of dissolved trace elements by adsorption or co-precipitation with particulate hydrothermal
Fe and Mn results in removal of numerous elements, including V, P, As, REE, Th, and Pb from seawater (e.g.
Trefry et al., 1985; Trocine and Trefry, 1988; Trefry and Metz, 1989; Mottl and McConachy, 1990; Kadko,
1993; Rudnicki and Elderfield, 1993; James and Elderfield, 1996b). Trace element vs. particulate Fe plots
indicate that there are three dominant styles of chemical behaviour in buoyant and neutrally buoyant plumes
(e.g. Trocine and Trefry, 1988; Feely et al., 1990; German et al., 1991). Oxyanions such as P, V, and As all
behave conservatively during co-precipitation and adsorption onto Fe oxyhydroxide particles during plume
rise and dilution and show linear relationships to particulate Fe contents (e.g. Trefry and Metz, 1989; Feely et
al., 1990; German et al., 1991). V, As and Cr typically exist as large oxyanions which do not readily undergo
adsorption to Fe oxyhydroxides. The rapid initial uptake of these phases during early plume rise most
probably reflects changes in the surface charge of Fe oxyhydroxides, in the buoyant plume. At pH <6.7
FeOOH has a positive surface charge (Strumm and Morgan, 1981) and as such is an efficient scavenger of
anions (Ludford et al., 1996), however, as the vent fluid is diluted by seawater the pH rises (pH~7.8), the
surface charge becomes negative, and the Fe oxyhydroxides scavenge cations instead (e.g. Ludford et al.,
1996). Uptake of P, V, and As by plume particles is an important removal mechanism in the marine
geochemical cycles of these elements. For example, V concentrations in plume particles from both the
Atlantic and Pacific suggest that hydrothermal Fe oxyhydroxides remove 10-60% of the riverine input of V to
the oceans (Trefry and Metz, 1989) and P concentrations suggest that 10-30% of the riverine P input is
removed (Feely et al., 1990).

More particle reactive elements including REE, and Th have element particulate Fe ratios that increase with

distance from the site of active venting and exhibit non-conservative behaviour with a positive departure from
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simple linear correlation (e.g. German et al., 1990; German et al., 1991; Kadko, 1993; Ludford et al., 1996).
The continuous uptake of these elements from seawater reflects long term adsorption and absorption processes
occurring during plume rise, dilution and settling from the neutrally buoyant plume (e.g. German et al., 1990;
German et al., 1991). Although the net removal of these elements during plume scavenging is not yet fully
quantified it is likely to be important in oceanic geochemical cycles (e.g. Olivarez and Owen, 1989; German et

al., 1990; Mottl and McConachy, 1990; Kadko, 1993).

The chalcophile elements, e.g. Cu, Zn, Co and Pb which are enriched in vent fluids, show negative deviations
from simple linear correlation with particulate Fe reflecting the precipitation of these elements as sulphide
phases which are then deposited in close vicinity to the vent orifice or which undergo oxidative dissolution
(e.g. German et al., 1991; Rudnicki and Elderfield, 1993; Ludford et al., 1996). Plume processes are

summarized in Figure 1.10.

1.6.3 Global Significance of Trace Element Scavenging

Although the cycling time for ocean water through the oceanic crust is ~3 orders of magnitude slower than the
renewal time for ocean water through riverine input {e.g. Elderfield and Schultz, 1996; Palmer and Edmond,
1989) the ability of hydrothermal plumes to entrain large quantities of seawater means that hydrothermal
scavenging maybe significant in the geochemical budgets of plume reactive elements (e.g. Trocine and Trefry,
1988; Olivarez and Owen, 1989; Trefry and Metz, 1989; Feely et al., 1990; German et al., 1990; Mottl and
McConachy, 1990; German et al., 1991). Because each gram of plume matenial is associated with an effective
scavenging volume (SVF), the net flux of material from a vent field can be equated to the volume of seawater
with which the effluent material can interact (Kadko, 1993). Since this flux is dependant upon the scavenging
efficiency for different chemical species, elements that behave conservatively in the plume will have zero
effective flux, whereas elements which display non-conservative behaviour will have a large flux (Kadko,
1993). Using the SVF of the Endeavour Ridge hydrothermal site Kadko (1993) estimates a global scavenging
flux of 5.7x10"I/year. Given an ocean volume of 1.37x10"1, and a global scavenging flux of 5.7x10"|/year
the entire volume of the oceans is chemically processed by hydrothermal plumes approximately every
2.4x10°years (Kadko, 1993). This is ~1 order of magnitude smaller than the riverine water flux calculated

from the strontium isotope budget (Palmer and Edmond, 1989).

Elderfield and Schultz (1996) however, estimate a much shorter time scale, 4-8x10° years, for the cycling of
ocean water through hydrothermal plumes. In this case the flux is calculated from a seawater entrainment
ratio of 10" at the height of neutral buoyancy. The flux estimated by Elderfield and Schultz (1996) is ~1 order
of magnitude larger than the riverine flux (3-4x10* years: Palmer and Edmond, 1989). This implies that the
removal of large quantities of reactive trace elements during plume scavenging will have a significant effect
on the geochemical cycles of these elements, and settling of plume particles and their incorporation into the
underlying sediments means that these sediments act as sinks for these elements not sources (e.g. Trefry and

Metz, 1989; Feely et al., 1990; Kadko, 1993; Elderfield and Schultz, 1996).

The magnitude of chemical fluxes associated with seafloor massive sulphide deposits are much less well

known. For example, mineral precipitation rates calculated as a function of the heat flux at the TAG active
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mound are of the order of 10°-107 kg/year for sulphide and silica and 5-15x10 kg/year for anhydrite (James
and Elderfield, 1996a). Estimates of the mineral inventory from ODP drilling suggest that all TAG anhydrite
is contemporary with the present episode of high temperature venting (<50yr: Lalou et al., 1993; Lalou et al.,
1995;James and Elderfield, 1996a). This supports the interpretation that anhydrite dissolves during
hydrothermally inactive periods (Humphris and Kleinrock, 1996; Hannington et al., 1998). The dissolution of
anhydrite in high temperature mounds means that it is unlikely to be a significant sink for Sr, Ca and SO.>
from seawater (James and Elderfield, 1996a). In contrast, comparison of sulphide and silica precipitation rates
and the mineral inventory indicates that these phases are not contemporary but represent 300-3000 years of
accumulation (James and Elderfield, 1996a). The recrystallisation and redistribution of primary sulphide and
silica phases during high temperature activity, and mass wasting, reworking and oxidation during periods of
hydrothermal quiescence undoubtedly leads to chemical fluxes from the hydrothermal mound to seawater and
to the surrounding sediment. However, because the mechanisms and reactions involved in recrystallisation,

reworking and oxidation are not fully understood the magnitude of mound fluxes remain unconstrained.

1.7 Metalliferous Sediments

Metalliferous sediments comprise a complex mixture of sources. The fine-grained particulates within the
buoyant and neutrally buoyant plume settle out, forming sediments dominated by Fe oxyhydroxides (e.g.
QOlivarez and Owen, 1989; Mills and Elderfield, 1995a; Cave et al., 2002). These sediments are the ultimate
repository for many hydrothermal derived elements and the associated plume particulate scavenged sink (e.g.
Trefry and Metz, 1989; Feely et al., 1990; Mills and Elderfield, 1995a). The hydrothermal component of
plume derived sediments is diluted by biogenic and detrital components (e.g. Mills et al., 1993) this may be
illustrated by a decrease in the (Al+Fe+Mn)/Al ratio with distance from active vents (Bostrom, 1969) (Figure
1.1). Since hydrothermal plumes may be dispersed over thousands of kilometres (e.g. Lupton and Craig, 1981,
Klinkhammer and Hudson, 1986) metal enriched sediments also extend long distances off axis (Bostrom,

1969).

Erosion, mass wasting and re-sedimentation of fresh and weathered sulphides and Fe oxides from the surface
of active and relict hydrothermal mounds produces metalliferous sediments around a vent complex and is a
significant component of near field sediments(e.g. Metz et al., 1988; Mills et al., 1993; German et al., 1999;
Severmann, 2000). Slumping and mass wasting of mound material is facilitated by mass gravitational
sediment transport, fault activation and micro-earthquakes related to seafloor spreading and magma
emplacement in the ocean crust (e.g. Hannington et al., 1988; Thompson et al., 1988; Mills et al., 1993;
Severmann, 2000). The bulk geochemistry of these sediments is largely controlled by the mineral input and

compositions (e.g. Metz et al., 1988; German et al., 1999).

Geochemical tracers allow identification of different sources, e.g. Pb and Nd isotopes have been used to trace
mixing of the MORB signatures of sulphide debris with detrital sources (e.g. Dymond et al., 1973; Barrett et
al., 1987; Godfrey et al., 1994; Mills and Elderfield, 1995b; German et al., 1999) and 29Th and the REE have
been utilised to assess the extent of seawater interaction and the contribution from hydrothermal plumes (e.g.
Barrett and Jarvis, 1988; Olivarez and Owen, 1989; Mills and Elderfield, 1995b). A number of studies have
utilised these and other geochemical tracers (e.g. Metz et al., 1988; Shimmield and Price, 1988; Mills et al,,
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1993) to identify and quantify plume vs. mass wasting vs. pelagic and detrital inputs to metalliferous
sediments (Figure 1.11). For example, Dymond (1981) proposed a five component model to explain sources
of material to metal-rich sediments from the southeast Pacific Ocean. This multi-variant analysis estimates
the percentages of the following components: detrital aluminosilicates; hydrothermal precipitates; biogenic
tests; hydrogenous ferromanganese precipitates; and the insoluble residue of organisms (Dymond, 1981).
Various elements were chosen as indicators of end member inputs, e.g. Fe was assigned to a hydrothermal
source. This approach was also utilised for sediments from the Galapagos Rift and the EPR (Walter and
Stoffers, 1985). However, identification of the sources to sediments by this type of analysis requires a large

dataset with good spatial coverage.

A simpler three component mixing mode! for identification of sources to a metalliferous sediment core from
the TAG field was designed by Metz et al. (1988). In this case the proposed components are biogenic
(CaC0O;%), detrital (10xA1%) and a hydrothermal component calculated by difference. The excellent linear
correlation of this independently calculated hydrothermal component and Fe contents (r*=0.92) in the Metz et
al. (1988) core justifies the use of this mixing model as an index of hydrothermal sedimentary inputs (Metz et

al., 1988; Mills et al., 1993). Figure 1.11 summaries sources to deep-sea metalliferous sediments.

1.8 Post Depositional Processes in Near Field Sediments

Detailed investigations of the metalliferous sediments surrounding vent sites have revealed that primary
phases are subject to physical and chemical change over time (e.g. Barrett et al., 1987; Metz et al., 1988;
Hannington, 1993, Mills et al., 1996; German et al., 1999; Severmann, 2000; Severmann et al., 2004;
Severmann et al., in review). Physical changes include dissolution of primary phases and secondary
mineralisation. Chemical changes include alteration of sulphide material which leads to remobilisation of

metals and fluxes of material both to and from seawater.

Near field sediments are enriched in the chalcophile elements since these elements are precipitated as
sulphides within the first few meters of plume rise and are therefore deposited in close proximity to vent sites
(e.g. Haymon and Kastner, 1981; Haymon, 1983, Barrett et al., 1987; Metz et al., 1988; German et al., 1993,
Zierenberg et al., 1993; German et al., 1999). For example, samples of near field sediments from the TAG
field have Fe contents up to ~40%, Cu contents typically ~0.5-3.5% and Zn contents of ~350-20000ppm (e.g.
Metz et al., 1988; Mills et al., 1993; Severmann, 2000). Samples of near field sediments from 19°S on the
EPR show a similar trend of enrichment: Fe 25-39%, Cu 0.1-0.5%, and Zn 500-1000ppm (e.g. Barrett et al.,
1987). Whilst near field metal concentrations are largely controlled by the sulphide mineralogy, re-
mobilisation of base metals during diagenesis accounts for some of this enrichment (Barrett et al., 1987,
Hannington et al., 1988; Hannington et al., 1995b; Severmann, 2000; Severmann et al., in review). Diagenetic
re-mobilisation appears to be particularly important for base metals which are redox and pH sensitive. For
example, Zn and Pb in a core from the TAG area show diffusion out of sulphide-rich, mass wasted layers,
whereas Cu is retained in the sulphide layers, presumably as a result of pH gradients which are driven by the

acidity produced during oxidative dissolution of sulphide phases (e.g. Severmann et al., in review).
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1.8.1 Sulphide Alteration

Mound models suggest that the initial alteration of primary phases is contemporaneous with high temperature
venting as seawater entrained into the mound mixes with hydrothermal fluid and circulates recrystallising and
redistributing primary mineral phases (e.g. Humphris et al., 1995; Fouquet et al., 1993a; Langmuir et al.,
1997). For example, ODP drilling of the active TAG mound showed zones of enrichment in Cu, Zn and Au
which can be attributed to zone refining processes driven by subsurface circulation of mixed fluids and
variable pH and E;, conditions within time and space (e.g. Edmond et al., 1995; Tivey et al., 1995; Hannington
et al., 1998; Knott et al., 1998). During hydrothermally inactive periods, modification of primary material
continues as circulation of seawater and low temperature fluids within sulphide mounds and near field
sediments persists (e.g. Hannington and Jonasson, 1992; Humphris et al., 1995; Tivey et al., 1995, Humphris
and Kleinrock, 1996; Mills et al., 1996; Severmann et al., 2004).

The dissolution of primary sulphide phases, which are thermodynamically unstable in oxidising seawater, in

general terms can be written as:

MS +4H,0 <> M* +50,” +8H " +8¢” (1.11)

where MS denotes any metal sulphide. The metal ions released will then form complexes with anions
including SO,*, CI', F, HCO5™ (minor at low pH) (Thornber, 1985). Since pyrite is the most abundant
sulphide in these deposits the dissolution of primary sulphide is dominated by the oxidation of pyrite to Fe

oxyhydroxide with the overall reaction:

4FeS, +150, +10H,0 <> 4FeO(OH) +850,> +16H* (1.12)

goethite

\ﬁ——/
+/—hematite(Fe,05)

This leads to the production of acidic pore fluids which are important in the remineralisation of primary Cu
and Zn phases (e.g. Thornber, 1985; Hannington et al., 1988; Mills et al., 1996, Severmann et al., in review;).
For example, the Cu®” ions released during dissolution of primary chalcopyrite form cuprous chloride
complexes such as CuCl;* (e.g. Rose, 1976; Thornber, 1985; Hannington, 1993). Where the solutions
carrying such complexes are exposed to ambient seawater, basic Cu salts such as atacamite are precipitated
(e.g. Emberly et al., 1988; Hannington, 1993). Remobilisation and enrichment of other metals including Au,
Ag, Sb, Pb, Cd may also be attributed to the generation of acidic pore fluids (e.g. Hannington et al., 1988;
Herzig et al., 1991; Tivey et al., 1995).

During mass wasting events primary, partially altered and secondary phases are transported to the near field
sediments and are intermixed with material derived from plume fallout and background pelagic sedimentation.
The above processes of oxidative decay of sulphide, and the remobilisation and remineralisation of base
metals, continues within the sediment pile. Over time this may lead to complete oxidation to Fe oxide.
Several authors have likened sulphide alteration within metalliferous sediments to sub-aerial supergene
processes (e.g. Hannington et al., 1988; Herzig et al., 1991) However, sulphide alteration processes and the
ultimate fate of the chalcophile elements in these deposits are largely unknown. Whilst sulphide dissolution in

sub-marine and sub-aerial systems is likely to be similar, secondary mineralisation and alteration processes
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may be significantly different. Sulphide alteration mechanisms, secondary mineralisation in the sediment pile
and the validity of comparisons of seafloor processes with terrestrial supergene processes are discussed in

detail in Chapter 4: Sulphide Mineralogy and Alteration.

1.8.2 Interaction with Low Temperature Fluids

Diffuse low temperature venting and fluid flow through hydrothermal sediments plays an important role in the
heat and chemical fluxes of a hydrothermal system. Indeed diffuse and low temperature flow commonly
accounts for more of the heat flux at a vent site than focussed high temperature venting (e.g. Rona and Trivett,
1992; Rudnicki and Elderfield, 1993; Schultz et al., 1996). The low temperature of these fluids, typically <10-
50°C, means that they are not able to transport significant concentrations of dissolved metals and sulphur,
however they may be responsible for a considerable proportion of amorphous Fe oxyhydroxide, Fe oxide, Mn
oxide, authigenic clay and amorphous silica precipitation (e.g. Alt, 1988b; Hannington and Jonasson, 1992).
These Jow temperature fluids are inferred to be cooled mixtures of end member hydrothermal fluid and
seawater (e.g. Edmond et al., 1979a; Alt, 1988b; Hannington and Jonasson, 1992; Mills et al., 1996;
Severmann et al., 2004). For example, mass balance calculations from pore water compositions suggest that
end member hydrothermal fluids contribute 15-18% to the diffuse fluids at the active TAG mound (Mills et
al., 1996). Depending on the rate of mixing, the proportion of hydrothermal fluid to seawater and the Fe/H,S
ratio the resultant, mixed low temperature fluid will be rich in either some or all of the following; Si, Mn and
Fe. Subsurface precipitation of Si and Fe during mixing in the mineralised stockwork zone has an effect on
the chemistry of the low temperature fluid (e.g. Alt, 1988b; Mills et al., 1996). For example, for end member
hydrothermal fluids with Fe/H,S ratios <1 Fe is essentially quantitatively removed from the fluid as sulphide
during subsurface mixing; this produces evolved fluids which are Mn-rich (Edmond et al., 197%a; Alt, 1988b).
However, if the Fe/H,S ratio of the end member hydrothermal fluid is >1, excess Fe remains in solution
following subsurface sulphide precipitation; this produces evolved fluids which are Fe-rich or both Fe- & Mn-

rich (Edmond et al., 1979a; Alt, 1988b).

The precipitation in near field sediments of various phases from these low temperature fluids, principally Si,
Fe and Mn oxides and oxyhydroxides and authigenic clays, (most commonly nontronite: e.g. Alt, 1988b;
Thompson et al., 1985; Hekinian et al., 1993; Severmann et al, 2004) is dependant upon the prevalent redox
conditions. For example, nontronite forms by reaction of poorly crystalline Fe oxyhydroxide in low E,
conditions where Fe** and Si are in solution (Harder, 1976). Where E, is higher and Fe*" is in solution
goethite will form instead (Singer and Stoffers, 1987). Because Fe can be precipitated in slightly reducing
conditions it is decoupled from M, the Mn is then either transported further in the fluid phase, or is deposited
in the more oxic conditions at the sediment surface forming Mn crusts (e.g. Alt, 1988b; Thompson et al.,
1985; Goulding et al., 1998). The Mn concentration of seawater is ~037nM; Mn concentrations of vent fluids
however, fall in the range of 360-1140pumol/kg (Table 1.1) (Elderfield and Schultz, 1996). Whilst the vast
majority of hydrothermal Mn is deposited in distal sediments, at the TAG site there is also evidence for near
field hydrothermal Mn precipitation. This near field Mn precipitation is related to low temperature venting
and diffuse flow away from the locus of high temperature activity (e.g. Thompson et al., 1985, Mills et al ,
2001).
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Whilst some Si is removed from the low temperature fluid during nontronite precipitation there is also
evidence, at some sites, for late stage amorphous Si precipitation and silicification of Fe-rich metalliferous
sediments (e.g. Alt, 1988b; Hannington and Jonasson, 1992; Magenheim and Gieskes, 1992; Mills and
Elderfield, 1995a). For example, silicification of Fe-rich metalliferous sediments at the TAG site has
produced distinctive red cherts (Hannington and Jonasson, 1992) and at the Guaymas Basin site authigenic,
amorphous, hydrothermal Si phases are precipitated in the sediment pile (Magenheim and Gieskes, 1992). At
the Guaymas Basin, the precipitation of amorphous Si is the ultimate control on the permeability of the
sediments during low temperature flow (Magenheim and Gieskes, 1992). Most near field hydrothermal
sediments contain a mixture of nontronite, Fe and Mn oxides and oxyhydroxides and Si phases and Mn-oxide-
Fe-oxide-nontronite assemblages are widely observed (e.g. Barrett and Friedrichsen, 1982; Singer et al., 1984;
Mills et al., 1996, Goulding et al., 1998). These sequences reflect (a) precipitation of nontronite and
amorphous phases under slightly reducing conditions within the sediment pile; (b) Fe and Mn oxide
precipitation in more oxic conditions typically close to or at the surface of the sediments; and (¢) changes in

porosity and redox conditions in space and time.

1.8.3 The role of micro-organisms

Seafloor hydrothermal environments are host to unique ecosystems where primary biomass is dominated by
chemolithoautotrophic micro-organisms (e.g. Jannasch and Mottl, 1985; Edwards et al., 2003a). The large
enrichment of transition metals and the existence of sharp redox, pH and temperature gradients observed in
near field hydrothermal sediments, provides the conditions required for microbial activity which is thought to
play a role in the formation of hydrothermal Fe-oxide deposits and in the production of seafloor gossans (e.g.
Alt et al., 1987; Juniper and Fouquet, 1988; Hannington and Jonasson, 1992; Juniper and Sarrazin, 1995,
Emerson and Moyer, 2002; Edwards et al., 2003a; Edwards et al., 2003b; Edwards et al., 2003c). While
microbial populations are ubiquitous in deep-sea sediments (Parkes et al., 2000) their in situ metabolic activity
and their influence on reaction mechanisms are poorly constrained (e.g. D'Hondt et al., 2002; Edwards et al.,
2003b; Edwards et al., 2003¢). In most deep-sea sediments organic carbon is the main electron donor (e.g.
Sorensen et al., 1981) however, experimental evidence suggests that some Fe oxidising bacteria utilise CO,
instead (e.g. Walsh and Mitchell, 1972; Balashova et al., 1974; Ehrlich, 1981). In near field sediments
reduced sulphur compounds, Fe**, Mn*", H, and CH, are also available and may be utilised as electron donors
with metal oxides acting as electron acceptors (e.g. Jannasch and Mottl, 1985; McCollom and Shock, 1997).
To date, most microbial studies at vent sites have focussed on chemosynthetic bacteria which gain energy
from these reduced, dissolved chemical species (e.g. Jannasch and Mottl, 1985; Wirsen et al., 1986;
McCollom and Shock, 1997) however, a few studies have investigated microbial utilisation of the abundant
metal sulphides and oxides in hydrothermal deposits as a metabolic substrate (e.g. Wirsen et al., 1993;

Emerson and Moyer, 2002; Edwards et al., 2003b).

Fe-oxidising microbes are capable of influencing the growth and dissolution of a number of minerals by
exerting controls over reaction kinetics and pathways and as such maybe important in sulphide oxidation and
Fe** precipitation. Extensive sampling of hydrothermal vent sites over the last few decades has led to many
observations of Fe oxide and silicified filamentous textures in low temperature Fe oxide-rich deposits adjacent

to high temperature vent sites, a significant number of these are from seamounts where diffuse low
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temperature flow is the dominant venting style (e.g. Alt, 1988b; Juniper and Fouquet, 1988; Al-Hanbali and
Holm, 2002; Kohler et al., 1994; Edwards et al., 2003b). These textures are very similar to structures formed
by neutrophilic Fe-oxidising bacteria including Gallionella ferruginea which grows Fe encrusted stalks (e.g.
Hanert, 1973; Hanert, 2002) and Leptothrix ochracea which forms Fe oxide sheaths (e.g. Emerson and
Revsbech, 1994), although neither of these taxa have been conclusively identified (by culture or molecular

analysis) from marine hydrothermal Fe oxide deposits.

In addition to enzymatic metabolic interactions, templating of microbes through passive and/or active sorption
of inorganic ions to the cell surface, promoting mineral nucleation, appears to be important for preservation of
microbial structures at seafloor hydrothermal sites. Templating arises from passive or active uptake of
inorganic ion species into or onto the cell which are then converted to oxides and salts for cellular protection
(e.g. Ehrlich, 1996b). Once Fe oxides have formed they provide nucleation sites for further precipitation (e.g.
Ghiorse, 1984; Ehrlich, 1996b). In addition to Fe oxides, microbial templating by Si and clay phases may
occur. Most hydrothermal Fe oxide deposits are intermixed with clay minerals such as nontronite which form
in the suboxic conditions associated with sulphide weathering (e.g. Singer et al., 1984; Alt, 1988b; Severmann
et al., 2004). The nontronite is often intimately associated with Fe oxide filaments (e.g. Alt, 1988b), and
nontronite filaments, tubes and sheaths have been observed in white smoker chimneys (e.g. Kohler et al.,
1994). This bio-mineralisation is inferred to arise from templating of the clays around the biogenic structure
(Kohler et al., 1994). In addition, oxygen isotope thermometry on separated nontronites suggests formation
temperatures of ~50-92°C, which coincide with the optimum temperatures for meso and thermophilic bacteria

(Severmann et al., 2004; Severmann et al., in review).

The extent to which precipitation and mediation of iron, silica and clay minerals is the result of the metabolic
activity of the bacteria, or a more passive process where the functional groups on the bacterial surfaces react
with positively charged ions is unclear (e.g. Banfield et al., 2000, Glasauer et al., 2001; Emerson and Moyer,
2002; Kennedy et al., 2003a; Kennedy et al., 2003b; Kennedy et al., 2003¢). In addition, the role of microbes
in Fe oxidation and other diagenetic processes at vent sites has not been quantified. Although several studies
have suggested that microbes play an important role in Fe oxide production and sulphide dissolution (e.g. Alt
et al., 1987; Juniper and Fouquet, 1988; Hannington and Jonasson, 1992; Wirsen et al., 1993; Emerson and
Moyer, 2002; Edwards et al., 2003a), filamentous Fe oxides make up only a small percentage of Fe oxide at
any particular site (e.g. Little et al., 2004). In addition, a recent study by Severmann et al. (in review) suggests
that the role of bacteria in the weathering of seafloor deposits is only important in the upper portions of these
deposits that are directly exposed to circumneutral pH conditions and seawater. Whilst Bach and Edwards
(2003) estimate that the oxidation of Fe** and sulphide in the oceanic crust could sustain a bacterial population
of up to 48x10'°g cellular carbon/year, the findings of Severmann et al. (in review) suggest that this number is
over estimated as Fe*" oxidation is likely to restrict chemolithoautotrophic biomass to the upper ocean crust
where the circulating fluids are at circumneutral pH. Fe oxidation and bio-mineralisation processes in near
field hydrothermal sediments are investigated in detail in Chapter 6: Fe oxidation and bio-mineralisation in

metalliferous sediments from the A/vin relict high temperature zone.
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1.9 Aims and Objectives of this Thesis

This study focuses on two metalliferous sediment cores from the A/vin and Mir relict high temperature zones
of the TAG hydrothermal field. Previous studies at the TAG site have focused on growth of the active mound
(e.g. ODP drilling leg 158 Scientific results; Tivey et al., 1995; Humphris and Kleinrock, 1996); the
production of sulphide sediments (e.g. Thompson et al., 1985; Metz et al., 1988; Mills, 1995); plume derived
sedimentation and the impact of seawater scavenging at this site (e.g. German et al., 1991; German et al.,
1993; Mills et al., 1993); and quantification of various sources to the sediments (e.g. Metz et al., 1988; Mills
et al., 1993). Other research has considered sulphide alteration and supergene enrichment (e.g. Hannington et
al., 1988; Herzig et al., 1991; Hannington, 1993); the interaction of bacteria with, and their role in
modification of metal-rich sediments (e.g. Wirsen et al., 1993; Severmann et al., in review); and the
importance of low temperature diffuse fluids in the alteration of metal-rich deposits (e.g. Mills et al., 1996;
Severmann et al., 2004). In addition, comparisons have been made between the TAG deposits and terrestrial
ophiolite sequences e.g. the Troodos Ophiolite (e.g. Herzig et al., 1991; Goulding et al., 1998; Hannington et
al., 1998).

Although post-depositional and post-venting, diagenetic processes associated with low temperature fluid flow
have been investigated (e.g. Mills et al., 1996; Severmann, 2000; Severmann et al., 2004; Severmann et al., in
review) almost without exception the work on TAG sediments has focused on the bulk geochemistry (e.g.
Metz et al., 1988; German et al., 1993). Whilst a few studies have considered the impact of diagenetic
alteration with respect to some specific mineral phases (e.g. clays: e.g. Severmann et al., 2004; Fe-Mn oxides:
e.g. Thompson et al., 1985; Mills et al., 2001; atacamite: Hannington, 1993) there has been little investigation
of full mineral assemblages in conjunction with bulk geochemistry. Since the bulk geochemistry of near field
sediments is largely controlled by the mineral composition (e.g. Metz et al., 1988; German et al., 1999) a full
understanding of sediment genesis and evolution can only be achieved by combined petrological and
geochemical studies. This study is the first to systematically investigate the mineralogy of hydrothermal

metalliferous sediment cores from the TAG hydrothermal field.

The specific objectives of this study are:

1. To identify mineral sources to near field sediments and to relate the bulk geochemistry to the
mineralogical assemblage

2. To identify the sequence of sulphide paragenesis, mineral scale alteration processes and the fate of
sulphide material during seafloor weathering

3. To assess the role of microbes in Fe oxidation and to estimate the physiochemical conditions under which
this alteration occurs

4. To evaluate the validity of comparisons of seafloor alteration and enrichment mechanisms with terrestrial

supergene processes

Chapter 2: Geological Setting and sampling the TAG hydrothermal field
This chapter describes, in detail, the geology of the TAG hydrothermal field and the nature of hydrothermal
fluid flow and venting at this site. The sampling strategy and the core locations for this study are given and

set in the context of previous sediment studies at this site.
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Chapter 3: General Sediment Geochemistry and Mineralogy
This chapter outlines sediment formation and diagenetic alteration processes identified from synthesis of

geochemical and petrological data.

Chapter 4: Sulphide Mineralogy and Alteration

Although several authors liken sulphide alteration and metal enrichment in hydrothermal deposits to terrestrial
supergene processes (e.g. Hannington et al., 1988; Herzig et al., 1991; Hannington, 1993) there has been no
systematic study of sulphide alteration within near field sediments. This chapter focuses on the sulphide-rich
layer of each core and identifies paragenetic sequences, formation and sediment emplacement histories,
alteration processes and reaction pathways during diagenesis, the validity of comparisons of seafloor

processes with terrestrial supergene processes are then evaluated.

Chapter 5: S Isotope Variation of Sulphide-Rich Sediments from the Alvin and Mir Relict High
Temperature Zones.

Sulphur isotope systematics have been shown to be a useful tool in the understanding of the complex
paragenetic sequences of sulphide precipitation and alteration at hydrothermal sites (e.g. Alt, 1988a; Woodruff
and Shanks, 1988; Herzig et al., 1998a; Knott et al., 1998). This chapter investigates mineral scale S isotope
variation of diagenetically altered, mass wasted sulphide, from the relict A/vin and Mir zones and compares S
isotope variations with paragenetic sequences identified in Chapter 4 in order to identify sulphide precipitation

and dissolution mechanisms during the evolution of the deposit.

Chapter 6: Fe oxidation and bio-mineralisation in metalliferous sediments from the Alvin relict high
femperature zone.

This chapter investigates Fe-oxide filaments and associated minerals in hydrothermal sediments from the
Alvin relict high temperature zone at TAG and examines their relationship to, and impact on sediment

diagenesis with an aim to discriminate between abiogenic and biogenic formation processes.
Chapter 7: Conclusions

This chapter syntheses the findings of chapters 3-6 and considers the wider implications of these findings for

future studies of near field hydrothermal sediments.
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Chapter 2:
Geological Setting and Sampling: The TAG Hydrothermal Field

The TAG system is one of the largest known active hydrothermal fields on the seafloor. Since the first
discovery of hydrothermal activity at 26°N on the Mid-Atlantic Ridge (MAR) during the early 1970’s by the
NOAA Trans-Atlantic Geotraverse (T AG) project the active TAG system has been the subject of extensive
multidisciplinary studies and is perhaps the most documented seafloor hydrothermal site and is also the most
similar to the cuprous deposits associated with ophiolite VMS deposits. As a result processes occurring in the
active mound are reasonably well understood (e.g. Tivey et al., 1995; Humphris and Kleinrock, 1996; Herzig
et al., 1998b; Fouquet et al., 1998; Knott et al., 1998), the chemistry and temperatures of the currently venting
fluids at the active TAG mound have been well characterised (e.g. Elderfield et al., 1993; Edmond et al., 1995,
Edmonds et al., 1996; Gamo et al., 1996; James and Elderfield, 1996a); and the deposition and alteration of
near-vent sediments have been extensively documented ( e.g. Shearme et al., 1983; German et al., 1993;

Thompson et al , 1988; Mills et al., 1996; Goulding et al., 1997; Severmann et al., 2004).

The TAG field occupies an area of ~25km” ~2.5km east of the ridge axis at 26°N, in the centre of a 40km long
segment trending north-north-east bounded by non-transform discontinuities on the eastern wall of the rift
valley (Rona et al., 1986; Purdy et al., 1990). The segment is spreading asymmetrically at half rates of 1.1cm
yr' to the west and 1.3cm yr' to the east (McGregor et al., 1977). Assuming linear spreading rates the TAG
field lies on crust which is ~190Ka. The TAG field comprises an active high temperature sulphide mound at
26°08°N in a water depth of ~3620m (Rona et al., 1986), and two relict high temperature zones that occur
between 3400 and 3500m water depth and 2 to 3km north and northeast of the active mound: the A/vin and
Mir zones respectively (Rona et al., 1986; Rona et al., 1993a; Rona et al., 1993b) (Figure 2.1). A region of
low temperature hydrothermal Mn + Fe oxide and nontronite mineralisation occurs near the base of the eastern
rift valley wall 3.7km upslope of the active mound (Rona et al., 1993b). Chemical and physical parameters
indicate that diffuse low temperature flow occurs in this area (e.g. Scott et al., 1974; Rona et al., 1975; Jenkins
et al., 1980; Thompson et al., 1985) and the formation of Mn crusts can be attributed to a combination of
direct precipitation from these low temperature diffuse fluids and contributions from Mn-rich plume particles

(Scottet al., 1974; Mills et al ., 2001).

2.1 The Active TAG mound

The presently active TAG mound is situated ~1.5-2km east of the ridge axis close to the juncture between the
rift valley floor and the eastern wall, (Rona et al., 1986) at the edge of a volcanic dome ~500m in diameter
(Rona et al., 1993b). This region is cross cut by ridge parallel (NNE) and obliquely oriented (ENE) faults and
fissures that are interpreted to provide the pathways for focussed hydrothermal upflow (Kleinrock and

Humphris, 1996). The mound is a roughly circular feature ~200m in diameter and SOm high, composed of
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Adapted from Knott et al. (1998).
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two distinct platforms (Rona et al., 1986; Humphris and Kleinrock, 1996). The lower platform is ~150m in
diameter; the southern and eastern edges lie at ~3670m water depth and are characterised by moderate to
shallowly dipping scarps (< 25°), the northern and western sides lie at > 3680m water depth and are typified
by more steeply dipping scarps (35-45°) (Humpbhris and Kleinrock, 1996). The change in seafloor depth is
interpreted to be the result of sub-surface faulting beneath the mound (Humphris and Kleinrock, 1996). This
is supported by gravity data that show the thickness of massive sulphide decreasing from 50m in the northemn
portion of the mound to ~10m in the southern portion (Evans, 1996). The upper platform, ~90m in diameter
at ~3650m water depth, is asymmetrically superimposed on the NNW portion of the lower platform. Whilst
the transition between the platforms on the northem side is obscured by a steep scarp that extends from 3700-

3650m water depth, the transition at the southem side is delineated by 5m high scarps.

U-series dating suggests that hydrothermal activity began ~50Kya (Lalou et al., 1995). Subsequent activity at
the TAG mound has been sporadic with high temperature events approximately every 5Ka, the current episode
of high temperature venting commenced ~80 years ago after a hiatus of about 4Ka (Lalou et al., 1990; Lalou
etal., 1993; You and Bickle, 1998).

There are three principal venting styles at the TAG mound: high temperature black smokers, white smokers
and diffuse low temperature flow (Figure 2.3). Although diffuse low temperature (<50°C) fluids emanate
from both platforms and percolate through the sides of the mound as well as through the surrounding talus and
sediments (e.g. Humphris and Kleinrock, 1996; Tivey et al., 1995), high temperature activity is highly
localised. High temperature fluids (363 £3°C) (Edmond et al., 1995) are vigorously discharged through a
cluster of pyrite-chalcopyrite-anhydrite chimneys (up to 15m high: Tivey et al., 1995) situated on a cone
structure (20-30m diameter by 10-15m high) located 25m NW of the centre of the upper platform: the black
smoker complex (BSC) (Figure 2.2) (Rona et al., 1986; Thompson et al., 1988; Tivey et al., 1995; Humphris
and Kleinrock, 1996). These high temperature fluids are acidic (~pH 3.3) and have high H,S (3 £0.5mmol/l)
and base metal concentrations (Fe ~5500umol/l; Cu ~150umol/l; Zn ~45umol/l) (Edmond et al., 1995;
Edmonds et al., 1996; Gamo et al., 1996). As the hydrothermal fluid is vented, mixing with ambient seawater
occurs and sulphides are precipitated, contributing to a particle laden, buoyant plume that obscures the summit

of the BSC (Humphris and Kleinrock, 1996).

Lower temperature fluids (260-300°C: Edmond et al., 1995) are discharged from smaller (1-2m high), white
smoker, sphalerite-rich chimneys with minor amorphous silica and marcasite or pyrite (Thompson et al., 1988,
Tivey et al., 1995) located in the SE portion of the lower platform (Humphris and Kleinrock, 1996): the
Kremlin Area (e.g. Thompson et al_, 1988). The white smoker fluids are also acidic (~pH 3) but are severely
depleted with respect to H,S (~0.5mmol/l), Fe (~3800umol/1) and Cu (~3umol/l). Zn (300-400umol/l)
concentrations however, are greatly increased (Edmond et al., 1995; Edmonds et al., 1996; Gamo et al., 1996).
Differences in the fluid chemistries of the black and white smokers reflect the evolution of the end member
hydrothermal fluid by conductive cooling and mixing with locally entrained seawater and concomitant

mineral precipitation. The temperature and Mg values of white smoker fluids indicate addition of 15-20%
seawater. Entrainment of seawater and precipitation of Fe sulphide within the mound causes a drop in

temperature and pH promoting large-scale remobilisation of Zn. This results in an order of magnitude
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increase in Zn concentrations in white smoker fluids over black smoker fluids (Tivey et al., 1995; Edmond et

al., 1995; Edmonds et al., 1996).

Diffuse fluids at the TAG mound are also produced by mixing of hydrothermal fluids with seawater;
deviations from ideal mixing lines can be attributed to mineral precipitation and dissolution within the mound
(e.g. James and Elderfield, 1996a). These fluids play an important role in low temperature supergene
alteration of sulphide and basalt, which leads to precipitation of secondary minerals at the mound surface.
Diffuse flow also forms a significant proportion of the heat flux at the TAG mound. Estimates of the diffuse
heat flux are in the order of 2000MW (Schultz et al., 1996). This greatly exceeds the heat flux from black
smoker style venting at TAG estimated to be ~940MW (Rudnicki and Elderfield, 1993).

2.1.1 Internal structure of the TAG mound

The active TAG mound was drilled in 1994 during ODP leg 158. Cores were recovered from fifteen drill
holes concentrated in five areas of the mound: TAG-1 through to -5 (Figure 2.2). Drilling revealed a complex
composite structure dominated by breccias of various types, and constrained the lateral extent of the
mineralised upflow zone and associated intense crustal alteration to ~80m (Humphris et al., 1995). The
mound is estimated to contain ~4 million tonnes of sulphide with a bulk copper content of 30-60,000 tonnes

(Humpbhris et al., 1995), comparable in size to average Cyprus-type deposits (Strens and Cann, 1986).

Based on the samples recovered during drilling, the mound can be lithologically divided into four major zones
(Humphris et al., 1995) (Figure 2.4). The upper 10-20m of the mound at TAG-1 through to -5 are dominated
by clast supported massive pyrite (typically >75% volume) breccias. These are composed of compact,
granular pyrite clasts a few millimetres to > Scm in size within a matrix of fine- to medium-grained pyrite,
with minor chalcopyrite and anhydrite (zone 1) (Humphris et al., 1995; Knott et al., 1998). Underlying this at
TAG-1 and -5 are anhydrite-rich breccias (zone 2). These breccias can be further subdivided into two types.
The upper 10m (down to 30 meters below seafloor (m.b.s.f)) are matrix supported pyrite-anhydrite breccias;
below this, to a depth of ~45m.b s f, are pyrite-silica-anhydrite breccias (Humphris et al., 1995). Both breccia
types are composed of compact granular pyrite clasts. These are cemented by either anhydrite, containing 5-
50% fine-grained disseminated pyrite and chalcopyrite, or anhydrite and silica (Knott et al., 1998). Extensive
anhydrite veining occurs in this zone as multi-stage fracture fillings and cavity linings with vein widths of <
Imm to > 40cm (Humphns et al., 1995). Pyrite and chalcopyrite mineralisation associated with the anhydrite
veining is a minor component within the veins and is seen as localised bands, clots and in rare cases as
disseminated sulphide. Sulphide mineralisation at vein edges is much more common, here pyrite and
chalcopyrite selvages range in thickness from 1-10mm (Knott et al., 1998). Beneath the anhydrite rich zone,
intensely silicified wall rock breccias mark the upper portion of the hydrothermal stockwork (zone 3)
(Humphris et al., 1995). This zone shows considerable heterogeneity. The upper part is dominated by pyrite-
quartz breccia with clasts of silicified, paragonitic basalt 0.1-70mm in size (Honnorez et al., 1998). With
depth, the abundance of basalt fragments increases whilst the pyrite content decreases. The degree of
silicification also becomes less intense with depth and the breccia is cut by quartz and pyrite veins (Knott et
al., 1998; Honnorez et al., 1998). The quartz-paragonite wall rock breccia grades into chloritised basalt and

weakly mineralised basalt fragments below ~100m.b.s.f, (zore 4) (Humphris et al., 1995; Knott et al., 1998;
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Honnorez et al_, 1998). This is the deepest part of the stockwork and consists of at least 15m of chloritised
basalt (Honnorez et al., 1998) cut by pyrite and quartz veins (Humphris et al., 1995; Knott et al., 1998).

2.1.2 Mound growth

The complexities of mineralogical and lithological relationships revealed during drilling of the active TAG
mound (e.g. Humphris et al., 1995; Honnorez et al., 1998; Knott et al., 1998) indicate that it has undergone
multiple stages of development. The growth of the TAG mound can be attributed to hydrothermal
replacement and mineralisation in the stockwork zone coupled with mass wasting and cementation of material
precipitated at the surface of the mound (Humphris and Kleinrock, 1996; Hannington et al , 1998) (Figure
2.5). In the initial stages of mound growth, hydrothermal fluids venting at the seafloor precipitate sulphide
minerals and form chimney structures. As sulphide accumulates, seawater is entrained into the chimney walls
where conductive heating produces the conditions for anhydrite precipitation, causing inflation of the mound
(Hannington et al., 1998). At the seafloor, collapse of chimneys and mass wasting and faulting events
contribute to the growth of a sulphide talus. Whilst Humphris et al. (1995) suggest that the TAG mound has
grown largely as an in situ breccia pile; subsurface precipitation is also important and occurs due to
convective cooling of ascending hydrothermal fluids and mixing with seawater. Cementation and replacement
of the sulphide talus by silica rich solutions, and sulphide and sulphate, results in the formation of complex

sulphide-anhydrite-silica breccias.

Whilst anhydrite precipitation had been predicted prior to drilling (e.g. Edmond et al., 1995; Tivey etal.,
1995) its abundance was not. The anhydrite mineral inventory estimated from drilling results is ~3x10%g
(Humpbhris et al., 1995). Precipitation of anhydrite occurs by conductive heating of seawater that is entrained
into the mound (e.g. Janecky and Seyfried, 1984; Janecky and Shanks, 1988). A range of *’St/*Sr values
between ~0.70630 and 0.70912 (Mills et al., 1998) for TAG anhydrites, indicates significant seawater
entrainment into the subsurface around the site of venting (Teagle et al., 1998a; Chiba et al., 1998; Mills and
Tivey, 1999). Permeability within the active mound is enhanced by the dissolution of anhydrite owing to its
retrograde solubility. During periods of quiescence, continued seawater entrainment causes temperatures to
drop below 150°C resulting in the dissolution of anhydrite and the creation of pore space and collapse breccias
(Humphris et al., 1995). Estimates of anhydrite formation rates (which lie in the range of 5-15x10’kg/yr) and
the mineral inventory suggest that the anhydrite sampled from Leg 158 drill cores is all contemporary (James
and Elderfield, 1996a). This supports the interpretation that anhydrite dissolves during hydrothermally
inactive periods. Renewed activity channels fluid through collapse breccias re-cementing earlier sulphides
with a new generation of anhydrite which is then cumulatively replaced by quartz (e.g. Humphris et al., 1995;

You and Bickle, 1998; Hannington et al_, 1998).

The transient and episodic nature of high temperature venting at the TAG site contributes to the protracted and
complex evolution of the massive sulphide mound. The importance of multiple episodes of high temperature
activity in the formation of large sulphide deposits is supported by Lowell and Rona (1985) who modelled the
generation of seafl oor massive sulphides and suggested that large (>3Mt) massive sulphide deposits, like the

TAG mound, formed by multiple episodes of high temperature hydrothermal activity.
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2.1.3 Fluid flow within the TAG mound

Fluid flow regimes within the active mound are complex. Seawater entrainment is controlled by both the
subsurface permeability and highly focussed high temperature fluid flow. The clustering of black smoker
chimneys in one area reflects a structural control on fluid flow within the TAG mound. This highly focussed
fluid flow causes entrainment of seawater in the main portion of the mound below ~3650m water depth by
producing a pressure differential (Tivey et al., 1995). Mixing of entrained seawater with the ascending
hydrothermal fluid and conductive heating results in the precipitation of sulphides and anhydrite (Janecky and
Seyfried, 1984; Janecky and Shanks, 1988). Several studies have used the Srisotope systematics of
hydrothermal anhydrite to trace fluid mixing during mound formation (e.g. Mills et al., 1998; Teagle et al.,
1998a; Mills and Tivey, 1999). The range of *’Sr/**Sr values for TAG anhydrites (~0.7063-0.70912) allows
identification of seawater recharge zones (values close to 0.70916) and areas where seawater entrainment is

restricted (values close to 0.7063) (Mills et al., 1998) (Figure 2.6).

A range of sulphide 8>S values between +5.5-+10%o (e.g. Gemmell and Sharpe, 1998; Herzig et al ., 1998b;
Chiba et al,, 1998; Knott et al , 1998) interpreted to be the result of mixing of seawater sulphate (6**S +21%o:
Rees et al., 1978) and MORB derived sulphur (5**S ~0-+1%o: Sakai et al., 1984) also allow identification of
mixing processes. According to deep subsurface processes outlined by Alt (1995) and Shanks et al (1995),
initial fluids entering the TAG system at depth should have 5°'S values of MORB. Mixing of this fluid with
partially reduced, locally entrained seawater sulphate in the upper parts of the subseafloor stockwork produces
amodified fluid with a heavier 8**S value of +6-+7%o. Sulphides precipitated within the stockwork zone have
the same &°*S value as the modified fluid. As this fluid approaches the seawater interface further mixing with
cold seawater occurs and massive sulphides are deposited with 8*S values of +6-+8%o0 (Gemmell and Sharpe,
1998).

Oxygen isotopes indicate that basalt chloritisation at depth occurred at temperatures of ~250-350°C and
water/rock ratios of > 300 by variable mixtures of seawater and hydrothermal fluid (Alt and Teagle, 1998).
Oxygen isotope studies of stockwork quartz indicate that it formed in equilibrium conditions with the
hydrothermal fluid (Teagle et al., 1998b; Alt and Teagle, 1998). 8'%0 values of quartz from the mound are
generally higher than those from the stockwork and result from precipitation during seawater mixing and
cooling (Alt and Teagle, 1998). Variations in 8'°0 values reflect differences in water/rock and seawater/

hydrothermal fluid mixing ratios throughout the mound.

The occurrence of silica indicates conductive cooling of hydrothermal fluids during transport since it is
undersaturated in mixtures of hydrothermal fluid and seawater (Janecky and Seyfried, 1984; Tivey et al
1995). Surficial silica occurrence is inferred to be a result of percolation of Fe-Si low temperature
hydrothermal fluids across the mound (e.g. Tivey et al., 1995; Humphris et al., 1995). Amorphous silica
precipitation in porous sulphide near the surface of the mound creates an impermeable cap. This silica cap
enhances conductive cooling and restricts seawater mixing by trapping the fluid in the near surface (Fouquet
etal., 1998). This in turn enhances the efficiency of silica precipitation. A lack of abundant quartz within the

massive sulphide at depth, suggests that cooling by seawater mixing is dominant over conductive cooling.

40



Black Smoker Complex

.-T.': I_ 3640

Kremlin area
White smokers
Seawater recharge
: "’\Seawater recharge .
3680
Metalliferous sediments g
= ) e s _‘7/ | -
K
5
| ! | 5
o | Decreasing 3
g ,‘_,_Zone ! permeability
S| c 3720
g ‘,_a_._Zone 2 3 :
9 <}
3 | ] i
£ Zone 3 o |
3 3
L e / |
Zone 4 UpTe S
(S L 3800
% Anhydrite

/ precipitation |

Figure 2.6: Schematic cross section of circulation within the TAG mound, Arrows demonstrate
the path of ascending high temperature hydrothermal fluid, seawater recharge, fluid circulation and
areas of focussed venting. Lithology as for Figure 2.4 Adapted from Mills et al. (1998).

>1wt%Zn

<0.1wt%Zn

N <2wt%Cu /

g /

Figure 2.7: Schematic representation of Cu and Zn zonation within the TAG mound. During metal
mobilisation, Cu is retained in the mound interior and Zn is concentrated at the seawater interface
(adapted from Hannington et al. 1998).



Geological Setting and Sampling Chapter 2

2.1.4 Zone refining and oxide formation

Cementation of the various breccias within the mound inhibits the escape of hydrothermal fluids, which
instead circulate within the mound recrystallising and redistributing primary mineral phases (e.g. Hannington
et al., 1988; Humphris et al., 1995; Honnorez et al., 1998; Knott et al., 1998; You and Bickle, 1998;
Hannington et al., 1998). Precipitation of pyrite, anhydrite and silica within the mound decreases the pH of
the circulating hydrothermal fluid and causes remobilisation of base metals including Zn, Cu, Au, Ag, Pb, and
Cd. This produces distinctive zoning of metals, in particular the effective separation of Cu and Zn (Figure
2.7). Whilst Cu is retained with Fe in the mound interior Zn is stripped and concentrated at the seawater
interface (e.g. Edmond et al., 1995; Tivey et al., 1995; Knott et al., 1998 Hannington et al., 1998): surficial

bulk Cu/Cu+Zn ratios are <0.5, ratios from the mound interior are ~1 (Hannington et al., 1998).

Remobilisation of metals also occurs at the surface of the mound as exposed sulphide debris undergoes
extreme oxidative weathering (e.g. Herzig et al., 1991; Hannington, 1993; Hannington et al., 1998).
Reprecipitation of metals during secondary mineralisation occurs within the sediment pile and at the seawater
interface as crusts and coatings including hematite, jarosite, covellite and atacamite (e.g. Herzig et al., 1991;
Hannington, 1993; Hannington et al., 1998). Whilst initial alteration of primary phases is contemporaneous
with high temperature venting, modification continues during hydrothermally inactive periods, as circulation
of seawater and low temperature fluids persists. During mass wasting events primary, partially altered and
secondary phases are transported to the surrounding sulphide talus and near field sediments where they are
intermixed with material derived from plume fallout and background pelagic sedimentation. Oxidative decay,
metal remobilisation and secondary mineralisation continue within the sediment pile. Over time, this may

lead to complete oxidation to Fe-oxide.

2.2 The Mir Zone

The Mir zone is situated ~2km east of the active TAG mound and covers an area ~1km in diameter, on the
lower east wall of the rift valley, between 3430 and 3575m water depth (Rona et al., 1993a; Rona etal,
1993b; Stepanova et al., 1996) (Figure 2.1). The Mir zone is flanked on the southeast and northwest sides by
volcanic centres, and is cut by axis-parallel and obliquely oriented normal faults and fissures (Rona et al,
1996). Heat flow across this zone is variable; the highest values (8.9-13 3W/m®?) are recorded from the
northwest quadrant, close to the western volcanic centre, whilst measurements from the southeast quadrant,
furthest from the volcanic centre, record background values (~0.3W/m?) (Rona et al., 1996). Photo-profiling
of the Mir zone indicates that it is dominated by a large mound ~400m in diameter and up to 70m high (Rona
et al., 1986; Stepanova et al., 1996) predominantly composed of sulphide deposits with Fe-oxides, silica and
red metalliferous sediments interspersed with carbonate lutite (Rona et al., 1993a; Rona et al., 1993b). The
summit is covered by toppled and standing inactive chimneys of various sizes, and sulphide blocks some of
which are covered by a thin cover of metalliferous sediment (Rona et al., 1993a; Rona et al., 1993b;

Stepanova et al., 1996).

The Mir zone can be divided into three sub-zones based on the mineralogy and morphology of the deposits

(Ronaetal.,, 1993a; Rona et al., 1993b) (Figure 2.8):
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Subzone 1: An area ~200m wide with a mean slope of 30°, at the western margin of the Mir zone close to the
western volcanic centre, between 3500-3575m water depth. This subzone comprises mixed hydrothermal
deposits and basaltic breccias. Weathered and altered sulphides and metalliferous sediment are derived from
mass wasting of massive sulphide at the top of the subzone and basaltic breccias exposed by normal faulting
(Rona et al., 1993b). Radiometric dating of massive sulphide fragments indicates that there have been at least
3 episodes of sulphide precipitation: ~100kya; ~50kya and ~20kya (Lalou et al., 1995).

Subzone 2: Comprises semi-continuous sulphide outcrop in an area ~400m wide (E-W) by 700m long (N-S)
with a mean slope of 8°. Subzone 2, lies to the east of subzone 1 in water depths of 3450-3500m (Rona et al.,
1993a). Itis characterised by numerous standing and toppled inactive chimneys up to 25m in length and 3m
in diameter, many of which appear to have grown on top of a pre-existing sulphide talus. Oxidative alteration
is most pervasive in the southern and central areas of the subzone. In the northem portion, sulphides are

silicified and oxidation is more limited (Rona et al., 1993a).

Subzone 3: A series of small mounds ~5m in diameter by 2m high extending ~200m east of subzowne 2,
between 3420-3460m water depth. The mounds are composed of black and yellow low temperature
hydrothermal material that is similar to Fe-oxyhydroxide and nontronite deposits from the low temperature
zone, higher up on the eastern wall of the rift valley. These mounds are variously covered by thin deposits of
low temperature hydrothermal material intermixed with pelagic carbonate. Mn crusts and coatings up to
several centimetres thick occur on exposed pillows, hydrothermal talus and at the surface of the sediment

(Rona et al, 1993a; Rona et al., 1993b).

2.2.1 Mineralogical zonation of the Mir mound: implications for formation

Several different types of chimney and massive sulphide mineral assemblages have been identified from the
Mir zone, these are summarised in Table 2.1, The distribution of the various mineral assemblages, and
deposit types at the Mir mound shows a well-defined zonation. The NE quadrant of the mound is enriched in
Cu and is dominated by Cp-Py and Bn-Cp-Op assemblages showing granular and relict colloform textures
(Stepanova et al., 1996). High Zn and Si contents, related to Sp-Py-Op and Sp-Cp-Py-Op assemblages are
located in the centre of the mound (Stepanova et al., 1996; Rona et al., 1993b). Siliceous rocks are
predominantly seen at the periphery of the mound and in the southern quadrant. These are variously quartz,

recrystallised opal, (in the west) and opal (in the east) (Stepanova et al., 1996).

Models for mound growth inferred from mineralogical studies are very similar to those for the active mound.
The early stages of formation are dominated by precipitation of opaline silica (which is later transformed to
quartz and replaced by sulphide) from low temperature pre-ore fluids. In the early stages of sulphide
deposition and high temperature activity massive pyrite and pyrite and marcasite dendrites are precipitated.
This is followed by deposition of chalcopyrite and recrystallisation of early pyrite. As high temperature
activity waned, temperatures within the mound dropped and metal remobilisation occurred resulting in the
deposition of Py-Sp-Op and Sp-Op assemblages. Cu-rich assemblages are found in the northem portion of the
mound, Zn-rich assemblages are most developed in the central portion and siliceous formations are dominant

in the south (Stepanova et al., 1996). The occurrence of several breccia types, a large sulphide talus and metal
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whereas Fe + Ag are depleted and Pb, Co and Cd are severely
depleted.

Py-Mc chimneys are silicified and have low Cu (<3.2wt%), Se (<3
ppm) and Cd (<5 ppm) contents, and high Si (~25wt%) and Co
(370ppm).

Massive and colloform Py and Sp, bulbous shaped chimneys similar
to those from the Kremlin area at the active TAG mound. High Zn (18
wt%), Ag (200 ppm) and Pb (350 ppm)

Moderately high Cu (~14 wt%) and Zn (10 wt%), low Pb (26 ppm)
and Co (11 ppm).

Cu minerals are replacing the opaline matrix. Colloform Sp is found
in the centre of the chimneys. Enriched in Ag, Au, Cd, Ga, Hg, Sb
and Pb.

Composed of friable aggregates. Covellite and chalcocite are also
present.

Py forms course-grained aggregates with relict colloform textures.
Hydrothermal reworking and replacement is evident. Grain sizes of 1-
2 mm. Anhedral Cp replaces Py. Trace element depleted.

Dendritic structures are dominant and are replaced by Py. Late Py and
Si form veinlets.

Porous assemblage showing considerable heterogeneity and irregular
layering. Colloform Sp is associated with Si fills. Py is locally
replaced by Mc. Enriched in Ag, Au, Cd, Ga, Hg, Sb and Pb.

Distribution of individual minerals is extremely variable. Py is
extensively recrystallised to euhedral crystals or fine-grained
aggregates. Sp has a colloform texture. Late Py forms rims, veinlets
and cavity fills. Cp forms interlayers up to 5 mm thick separating
pyrite generations.

Table 2.1: Summary of major chimney and massive sulphide types recorded from the Mir mound.
Minerals: Py —pyrite; Cp-chalcopyrite; Sp-sphalerite; Op-opal; Bn-bornite; Mc-marcasite. Sources:
Stepanova et al., 1996; Rona et al., 1993a; Rona et al., 1993b; Thompson et al., 1985; Hannington et al.,

1988.
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zonation, in particular the separation of Cu and Zn, suggest that, like the active mound, the AMir mound has
grown largely as an in situ breccia pile which has undergone extensive hydrothermal reworking, zone refining

and subsurface precipitation.

2.3 The Alvin Zone

The Alvin zone is a discontinuous, elongate group of several inactive sulphide mounds approximately 2km in
length (NE-SW) by 1km width (NW-SE), and is located 2-4km NNE of the active TAG mound at water
depths of 3400-3600m (Ronaet al., 1986, Rona et al., 1993b). The Alvin zone is flanked on its east and west
sides by pillow lava domes. The pillow lavas to the west extend over an area ~400m in diameter and 15m
high and contain glassy flows. Those to the east are fractured and coated by manganese oxide (Rona et al ,
1993b). The southern most mound, the AAin mound, is ~200m in diameter and 28m high (Tivey et al., 1996),
similar in size to the active TAG mound. Radiometric dating of massive sulphides from the A/vin mound
gives a uniform age of ~50ka (Lalou et al., 1993). Heat flow across the mound is at background levels (Rona
etal., 1996). A zone of low magnetisation occurs below the mound similar to anomalies measured at the

active TAG mound suggesting the presence of a hydrothermal upflow zone (Tivey et al., 1996).

The mounds are covered by standing and toppled chimneys, layered hydrothermal crusts and metalliferous
sediments intermixed with carbonate lutite. Samples from the mound tops and flanks consist of coarse-
grained pyrite with minor chalcopyrite and trace amounts of sphalerite (Rona et al., 1996). The interiors of
the sulphides are protected from oxidation by a thin covering of Fe-oxide (Lisitsyn et al., 1989). The presence
of atacamite coatings and crusts indicates leaching of Cu from the underlying sulphides (Hannington, 1993;
Rona et al.,, 1996). The mounds are currently undergoing extensive erosion, mass wasting and dissection by
faulting and are now heterogeneously covered, and surrounded by deposits of Fe-oxyhydroxides and oxides
(Rona et al., 1993a) and capped with pelagic carbonate (Severmann, 2000). A gravity core from the southern
periphery of the A/vin zone contained two distinct layers of sulphide debris intercalated with metalliferous
sediment and pelagic carbonate. Radiometric dating of these sulphidic layers indicates slumping events at
8.5ka and 6ka B.P. (Metz et al , 1988).

2.4 Sampling

2.4.1 Core locations

The sediment samples for this study were collected by RV Charles Darwin during cruise CD102 in 1996
(Palmer and scientific party, 1996). Table 2.2 gives brief descriptions and locations of cores recovered during
CD102. Two gravity cores were selected for this investigation: CD102/60 (26°08.48 N 44°48.50° W) from
the south-western margin of the Mir zone; and CD102/58 (26°09.26'N; 44°48.90' W) from the southern
periphery of the Alvin southern mound (Figure 2.9). There have been several studies of metalliferous
sediments from the TAG hydrothermal field (e.g. Scottet al., 1974; Shearme et al., 1983; Metz et al., 1988,
Mills et al., 1993; German et al., 1993, Severmann, 2000). These studies have characterised the major and
trace element geochemistry of these deposits (e.g. German et al., 1993); rare earth element signatures (e.g.
Mills et al., 1993; Mills and Elderfield, 1995b); clay mineralogy (e.g. Severmann et al., 2004); isotopic tracers

used to characterise the various inputs to these sediments and age relationships, including U-series, Pb, Sr and
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Station  Latitude Longitude Core Recovery Action’ Comments
No. ™ W) type (cm)

10 29°23.55 43°25.00 Gravity 221 P Carbonate ooze

11 29°23.44 43°24.92 Multi 30 P Carbonate ooze

13 29°23.64 43°24.92 Box 36 p Carbonate ooze

17 26°08.65 44°48.39 Gravity 65 A Fe-stained carbonate

18 26°08.53 44°48.38 Gravity 221 p Carbonate ooze grading into Fe-oxide
rubble.

19 26°08.59 44°48.22 Box 33 P Fe-stained carbonate ooze, some Mn-
oxide staining, filamentous organisms
on surface

24 26°08.63 44°48.32 Gravity 26 A Fe- stained carbonate ooze

25 26°08.61 44°48.42 Multi 15 p Carbonate ooze grading into Fe-oxide
rubble, Mn-oxide crusts on surface

27 26°08.51 44°48.45 Gravity 120 A Fe-oxide rubble, some chimney
fragments.

31 26°08.47 44°48.47 Gravity 20 A Sulphide debris

32 26°08.49 44°48.49 Gravity 142 A Fe-oxide rubble — 14 sections.

37 26°08.56 44°48.42 Gravity 205 P Carbonate ooze grading into Fe-oxide
rubble.

41 26°09.20 44°48.93 Gravity 120 A Carbonate ooze grading into Fe-oxide
rubble — 4 sections.

42 26°09.26 44°48.95 Gravity 150 A Carbonate ooze grading into Fe-oxide
rubble, some sulphide layers? — 5
sections.

43 26°09.26 44°48.90 Gravity 228 P Carbonate ooze grading into Fe-oxide
rubble

52 26°09.28 44°48.92 Gravity 229 A Carbonate ooze grading into Fe-oxide
rubble — 3 sections.

53 26°09.26 44°48.93 Multi 25 P Fe-stained carbonate ooze, nontronite
(?) layer, some Fe-oxide rubble

55 26°08.48 44°48.48 Gravity 79 A Fe-oxide rubble

56 26°08.59 44°48.39 Box 35 P Carbonate ooze grading into Fe-oxide
rubble, weathered chimney fragments
with filamentous organism on the
surface, some atacamite

57 26°08.54 44°48.44 Gravity 140 A Carbonate ooze grading into Fe-oxide
rubble and nontronite (?) at base

58 26°09.26 44°48.90 Gravity 200 A Carbonate ooze grading into Fe-oxide
rubble -2 sections

60 26°08.48 44°48.50 Gravity 112 A Carbonate ooze grading into Fe-oxide
rubble with sulphides.

66 26°08.51 44°48.47 Multi 4 p Fe-oxide rubble

7P = processed on board, A = archived
Table 2.2: Core locations and brief description of cores recovered during cruise CD102
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Nd (e.g. Mills et al., 1993; Severmann et al., 2004; German et al., 1993; Lalou et al., 1993); and biological
interactions during diagenesis (e.g. Severmann et al., 1998; Wirsen et al,, 1993). In addition, comparisons
have been made between oxic metalliferous sediments from the TAG hydrothermal field and the umber and

ochre deposits associated with ophiolite sequences (e.g. Goulding, 1998).

The Severmann (2000) and Severmann et al. (2004) studies of core CD102/43 are of particular interest with
regards to the present study, since core CD102/43 was also collected during the CD102 cruise and its
recovery location was adjacent to CD102/58 (Figure 2.9). The Metz et al. (1988) core was also collected
close to the Southern A/vin mound NNE of CD102/58 (Figure 2.9). Both the Metz et al. (1988) core, which
was also the subject of the Mills et al. (1993) study, and CD102/43 consist of sulphide-rich layers,
predominantly pyrite, intercalated with Fe oxides and oxyhydroxides capped by pelagic calcium carbonate.
These different layers record periods of intense hydrothermal input from mass wasting events (sulphide-
rich layers) interspersed with periods of hydrothermal quiescence during which sulphidic material has
undergone oxidation and reworking, and pelagic background sedimentation dominates. In addition, there is
geochemical evidence for diffuse evolved low temperature fluid flow through these sediments which 1s
responsible for some Fe oxide and amorphous silica precipitation (e.g. Severmann, 2000), and for the

formation of low temperature hydrothermal clays (e.g. ¥'Sr/*

Sr ratios: Severmann et al., 2004), as well as
the redistribution of redox sensitive metals (e.g. Mn: Metz et al., 1988; Severmann, 2000; and U: Mills et
al.,, 1993) and the immobilisation of seawater sourced elements due to adsorption onto and co-precipitation

with Fe oxide and oxyhydroxide phases (e.g. Ni, V and Cr: Metz et al., 1988; REE: Mills et al., 1993).

Cores CD102/58 and CD102/60 investigated in the present study share many of the geochemical and
sedimentalogical features of CD102/43 and the Metz et al. (1988) core however, despite the fact that cores
58 and 60 were collected in relatively close proximity to these previously described sediments they are
significantly less altered. The similarities and differences between cores 58 and 60, and previously studied

metalliferous sediments from the TAG site are dealt with in the following chapters of this thesis.

2.4.2 Core logging and sub sampling

The cores were stored in their liners at 4°C, initially at the University of Bristol before being transferred to
Southampton Oceanography Centre (SOC) where sub-sampling was undertaken. The cores were sectioned
longitudinally, lithologically (Figure 2.10 & 2.11) and petrophysically logged (see appendix A), and
photographed before 10-20g sub-samples were taken at 1-3¢cm depth intervals downcore, the sub-samples
were then dried in an oven at 55°C for a period of five days. Following drying, the sub-samples were
stored in glass bottles ready for chemical analysis. The preparation of polished blocks and thin sections for

mineralogical and isotopic analyses 1s dealt with in Chapter 3 and 5.
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Chapter 3:

General Sediment Geochemistry and Mineralogy

3.1 Introduction

Geochemical analyses have shown that hydrothermal metalliferous sediments comprise a complex mixture of
sources (e.g. Hodkinson et al., 1986; Metz et al., 1988; Mills et al., 1993; German et al., 1993) (Studies from
key locations are summarized in Table 3.1). The fine grained particulates within the buoyant and neutrally
buoyant plume settle out, forming metalliferous sediments dominated by Fe-oxyhydroxides. These sediments
are the ultimate repository for many hydrothermally derived elements and the associated plume particulate
scavenged sink (e.g. German et al., 1991; Mills and Elderfield, 1995b; Cave et al., 2002). The hydrothermal
component of plume derived sediments is diluted by biogenic and detrital sediment, this is illustrated by a
decrease in the (Al+Fe+Mn)/Al ratio with distance from active vents (Bostrom, 1969). Debris from mass
wasting of hydrothermal mounds is a significant component of metalliferous sediments close to vent sites (e.g.
Metz et al,, 1988; Mills et al., 1993). Slumping and mass wasting is facilitated by mass gravitational sediment
transport, fault activation and micro-earthquakes related seafloor spreading and magma emplacement in the
ocean crust. During mass wasting events primary, partially altered and secondary phases are transported to
near field sediments where they are intermixed with material derived from plume fallout and background
pelagic sedimentation. During weathering and oxidation of the hydrothermal material at the seafloor low
temperature mixed hydrothermal and seawater fluids may circulate within the sediment pile and this leads to
modification of primary phases and results in remobilization of some elements and secondary mineralisation.
This chapter summarizes the general geochemistry and mineralogy of cores CD102/58 and CD102/60, and

identifies the principal sources to the sediment, and sediment formation processes.

3.2 Materials and Methods

Down core general geochemistry and bulk mineralogy of cores CD102/58 and CD102/60 were obtained from

investigation of selected sub-samples.

3.2.1 Inductively Coupled Plasma—Atomic Emission Spectroscopy (ICP-AES)

Sample preparation

Prior to chemical treatment all samples were dried at ~55°C and ground to a homogeneous fine powder in
tungsten carbide TEMA vessels. Total dissolution of 0.2g of bulk sediment using HNO;-HF-HCI and Aqua
Regia was performed in Teflon beakers. Samples were reacted for 30 minutes with 15 drops of concentrated
HNO; following which 3ml of HF was added and the beakers sealed and refluxed at ~125°C for 24 hours.
The solutions were then evaporated to dryness and treated with 3ml of Aqua Regia to ensure complete

digestion of sulphide phases. Once all sulphide was dissolved the samples were evaporated to dryness and
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Location Sulphide and chimneys: Near field sediments Far field sediments
mound formation

East Pacific Rise (EPR) | Ilaymon and Kastner, 1981; Oudin et Dill et al., 1994; German et al., Bender et al., 1971, Dymond et
al., 1981; Styrt et al., 1981; Vidal and 1999; Alt et al., 1987 al., 1973; Dymond and Veeh,
Clauer, 1981; Bischoff et al., 1983, 1975; Marchig et al., 1982;
Goldfirb et al., 1983} Zierenberg et al., Barrett et al., 1987; Barrett and
1984; Woodruff and Shanks, 1988, Jarvis, 1988; Barrett et al..
Graham et al., 1988; Marchig etal., 1988: Hekinian et al., 1993
1990

South West Pacific: Von Stackelberg, 1985: Hawkins and Von Stackelberg, 1985 Bertine and Keene. 1975;

Lau Basin Helu, 1986; Herzig et al., 1998a Cronan, 1983; Cronan et al.,

1986; Hodkinson et al., 1986;
Reich and-Marchig, 1990,
Hodkinson and Cronan, 1991

The Epdeavour
Segment:

Juan de Fuca Ridge
and Middle Valley

Bischoff et al., 1983; Tivey and
Delaney, 1986; Koski et al.,, 1984,
Hannington and Scott, 1988;
Goodfellow and Franklin, 1993; Koski
et al., 1994; Duckworth-et al., 1994,
Stuart et al., 1994

Brettetal., 1987; Goodfellow and
Blaise, 1988; Ballu et al., 1998

German et al.. 1997

Escanaba Trough,
Southern Gorda Ridge

Morton et al., 1987, Zierenberg et al.,
1993

Koski et al., 1988; Zierenberg and
Schiffman. 1990; Hoyt, 1992;
Zierenberg et al., 1993

Galapagos Corliss, 1979; Edmond et al., 1979b; Edmond et al., 1979b; Walter
Emberly et al., 1988; Herzig et al., and Stoffers, 1985
1988; Lalou et al., 1989; Knottetal.,
1995
TAG Rona, 1985; Thompson et al., 1988; Shearme et al., 1983; Thompson Mills and Elderfield, 1995a;
Rona et al., 1993b; Rona et al., 1993a; et al.. 1985; Hannington et al.. Thompson et al., 1985;
Humphris et al., 1995; Humphris and 1988; Metz et al., 1988; Lalou et Bogdanov et al., 1998; Mills et
Kleinrock, 1996; Chiba et al., 1998; al., 1989; Lalou et al., 1990, al., 2001
Fouquet et al.. 1998 Gouiding et al.. German et al.. 1993; Hannington,
1998; Hannington et al.. 1998; Herzig et~ 1993 Mills et al., 1993; Mills et
al., 1998b; Honnorez et al.. 1998: Knott  al__ 1994; Hannington et al..
et al,, 1998 Tivey et al., 1995; Teagle et 1995b; Mills, 1995; Mills and
al., 1998a; Teagle et al.. 1998¢c; Mills Elderficld. 1995b; Mills et al.,
and Tivey, 1999 1996: Goulding et al., 1997,
Goulding et al., 1998; Severmann,
2000, Severmann et al., 2004
Snake Pit Detrick et al., 1986; Thompson et al., Detrick et al., 1986: Gillis et al.,
1988; 1990; Lalou et al., 1993
Lucky Strike Langmuir et al., 1997; Von Damm et
al., 1998
Rainbow Fouquet. 1997 Bogdanov. 1999 German et al.. 1996; Cave et
al., 2002
Broken Spur Duckworth et al., 1995; Butler et al., Duckworth et al.. 1995

1998

Table 3.1: Key references and locations of massive sulphide and associated metalliferous sediment
studies in the Pacific and Atlantic Oceans. Near field sediments are those collected close to sulphide
mounds and which contain a significant percent of reduced sulphur species, far field sediments are
principally composed of Fe oxide and are related to sedimentation from overlying hydrothermal
plumes and distal low temperature diffuse fluids.
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converted to chloride by addition of 6M HCL. Sml aliquots of these solutions were diluted 10-fold in Milli-Q

water.

Analysis

The resulting, 0.6M HCI solutions and reagent blanks were then analyzed for Na, Mg, AL, P, S, K, Ca, Ti, V,
Cr, Mn, Fe, Co, Ni, Cu, Zn, Sr and Ba by ICP-AES on a Perkin Elmer Optima 4300DV at Southampton
Oceanography Centre (SOC). All ICP-AES measurements were calibrated using matrix-matched, multi
element solutions of appropriate dilutions of standards of known concentration (standard concentrations are
listed in appendix A). The analytical accuracy was monitored by simultaneous analysis of these standard
solutions; the full standard set was run at the beginning of the analysis with standard solution 3 run as every
tenth measurement as a drift monitor (the samples and standards running list is shown in appendix B), and
from the measurement of standard three, a drift correction was applied. Analytical precision, expressed as a
coefficient of variation, was <1% (1c) for Fe, Cu, Zn, Ca, Mg, Na, Mn, Al, K, Sr, Ba, V, Ni, Cr and Co and 1-
1.4% (1) for S, P and Ti. Downcore elemental concentrations determined by ICP-AES are listed in Table

3.2a (CD102/58) and b (CD102/60).

3.2.2 X-Ray Diffraction (XRD)

3.2.3.1 Bulk Mineralogy

An overview of the bulk mineralogy downcore for CD102/58 and CD102/60 was obtained from X-ray
diffraction patterns of selected samples on a Philips PW 1730 automated powder diffractometer using Co-K,
radiation. Samples were ground to a fine powder using a ceramic pestle and mortar. Dry powder mounts
were then scanned between 2-60° at 0.2° 28/min. The detection limit is dependant on the crystallinity of

individual minerals and typically ranges between 1-5%.

3.2.3.2 Clay Separations
Prior to chemical treatment all samples were dried at ~55°C and ground to a homogeneous fine powder in

tungsten carbide TEMA vessels.

Removal of Carbonate Phase

4g of bulk sediment were treated with ~50ml of 10% acetic acid, agitated in an ultra sonic bath for ~3 minutes
and left to settle overnight. When the reaction was complete the overlying acetic acid was carefully decanted
and replaced with distilled water and left to settle overnight. Samples were washed with distilled water until
the smell of acetic acid was gone and the sample thoroughly washed.

Removal of amorphous Fe-oxide phases

Samples were then treated with sodium citrate-bicarbonate dithionite buffer solution (CBD) following the
method of Mehra and Jackson (1960). CBD was prepared by mixing eight parts of 0.3M sodium citrate
solution (Tri-basic sodium citrate — Na;CsHsO7. 1H,0) with one part 1M bicarbonate solution (NaHCO»).
180ml of the mixed reagent was added to the wetted sediments and incubated in a water bath at ~75°C for 15
minutes. During the incubation three 4g aliquots of sodium-dithionate were carefully added at S minute

intervals and the solution stirred constantly for 1 minute and intermittently for the further 4 minutes between
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Depth Fe Cu Zn Ca Mg Na Mn Al P K Ti Sr Ba v Ni Cr Co
(em) () (%) (%) (%) (%) (o) () () (k) (h) (pm) ___ (ppm) (ppm) __ (ppw) _ (ppm) (ppm) (ppin) _
) 11.2 0.27 0.05 24.0 0.59 1.01 0.18 095 020 025 660 1442 43.1 263 20.4 18.2 35.1
i9 386 0.10 0.09 115 1.20 4.04 0.73 038 031 039 226 722 123 279 26.9 6.48 16.8
31 23.0 0.33 0.18 115 1.07 3.86 0.84 063 018 043 359 650 179 152 348 16.0 427
38 427 0.85 0.60 0.5 0.73 1.22 0.11 011 034 016 44.2 170 326 165 11.7 40.0 193
52 218 0.74 0.50 114 0.94 1.67 1.17 123 020 052 768 626 388 198 253 253 60.1
60 397 0.85 052 0.82 0.95 264 0.25 023 024 035 128 174 100 132 5.04 13.7 112
66.25 428 0.65 0.93 0.61 1.06 1.88 0.10 055 037 038 361 153 140 230 10.7 279 133
74.5 432 0.22 2.69 0.37 0.69 1.36 0.05 034 049 025 171 96.6 232 306 135 30.1 24.6
78.5 29.9 12.02 9.87 0.14 0.29 0.63 0.02 0.12 008 0.10 27.3 27.0 24.2 198 8.89 19.1 725
82 30.1 6.66 11.90 0.10 0.44 0.83 0.02 010 006 0.18 15.7 282 286 177 10.3 143 98.3
83 326 5.95 13.79 0.12 0.41 0.84 0.03 011 006 017 273 33.0 101 205 9.56 15.3 118
8425 349 4.11 9.62 0.15 0.36 0.78 0.02 012 008 016 312 34.0 244 183 7.77 15.0 100
85.75 339 5.57 14.72 0.11 0.32 0.80 0.02 008 005 015 14.3 52.0 309 181 10.5 10.5 61.5
87.25 382 1.75 3.79 0.20 0.65 1.38 0.03 011 023 030 40.2 53.0 452 180 10.2 23.5 124
101 375 0.67 1.40 0.21 0.90 1.3% 0.04 004 015 046 173 53.6 76.8 95.5 6.95 541 217
105 415 0.59 1.29 0.22 1.08 1.60 0.04 005 018 053 19.2 60.8 202 140 5.69 9.17 17.3
111 362 0.91 1.18 0.27 1.11 2.44 0.04 0.04 013 06D 14.2 83.5 5.46 84.4 6.08 451 257
117.5 39.1 0.94 2.60 0.14 0.85 1.28 0.04 004 013 046 10.3 422 4.04 98.3 7.04 5.09 294
127 347 0.06 1.12 0.29 1.14 2.15 0.05 070 027 082 423 82.0 250 186 8.78 17.7 12.3
143 347 0.06 1.24 0.34 1.25 321 0.04 069 025 100 408 91.8 252 181 9.89 17.8 9.41
147 23 0.43 5.99 0.15 0.89 1.39 0.04 002 008 054 9.15 375 4.15 85.8 6.32 4.52 25.0
154 417 0.05 0.76 0.24 1.0% 1.62 0.07 003 020 066 14.3 66.3 353 89.5 2.60 3.42 10.8
162 38.4 0.06 0.64 0.19 0.96 1.24 0.06 002 017 054 8.69 56.2 28.6 93.1 1.85 4.43 19.1
172 37.1 349 0.89 0.60 0.50 1.46 0.02 085 030 o011 9.13 229 14.1 212 3.76 255 5.85
182 35.0 0.28 0.26 0.20 0.94 1.63 0.07 004 026 061 8.87 68.5 230 125 1.37 126 6.46
186 41.6 0.43 d.30 0.27 1.12 1.66 0.09 0.11 032 050 50.2 76.2 4338 116 83.2 15.9 8.31
Precision
% (1o) 0.64 0.50 0.71 0.70 0.49 0.46 0.59 0.45 105 056 1.40 0.55 0.56 0.95 0.62 0.67 _0.81

Table 3.2a: Major and minor element concentrations, determined by ICP-AES, in core CD102/58.



Depth Fe Cu Zn Ca Mg Na Mn Al P K Ti St Ba A% Ni Cr Co
(cm) (“o) (o) (%) (%) (%) (%) (%) o) () (%) _(ppm) (ppin) (ppmn) (ppm) (ppm) (ppm) (ppm)
1.5 143 0.62 0.17 222 0.79 1.41 0.22 1.05 022 026 725 1183 47.0 303 25.7 240 20.3
16 23.1 0.80 0.47 11.5 141 248 1.64 0.33 027 044 304 710 130 229 137 146 10.6
30 393 4.04 0.97 0.95 1.66 1.28 0.03 0.31 044 016 64.0 320 24.3 153 4.13 41.4 227
38 23.7 0.73 0.87 1.87 1.22 2.66 0.12 0.50 040 0.14 33.1 214 16.1 303 13.6 56.5 6.67
46 37.9 0.04 0.33 0.23 1.30 221 0.05 0.02 0.23 1.17 12.0 59.2 15.4 74.3 1.11 1.33 5.35
49 442 1.78 0.82 0.22 0.30 0.82 0.02 0.51 0.06 0.05 9.18 49.8 3.77 159 283 8.54 114
57 18.9 4.40 1.40 0.25 1.28 0.57 0.01 0.22 0.08 0.04 26.7 11.1 1.49 85.1 15.2 7.52 24.8
64 20.6 4.23 1.37 0.50 1.37 0.79 0.02 2.28 0.04 005 1858 17.7 3.88 158 42.0 97.3 64.3
72 21.6 0.83 2.07 1.88 2.91 1.37 0.04 5.68 0.06 0.08 5018 48.1 10.9 261 101 253 60.6
78 11.9 033 3.17 4.04 4.01 2.07 0.05 9.39 009 0.10 7967 136 25.9 263 119 420 482
86 353 821 0.72 0.12 0.48 0.89 0.02 0.79 0.11 0.13 85.0 17.1 3.68 307 10.5 25.1 20.2
93.5 237 12.1 0.40 0.12 0.49 0.99 0.01 0.89 005 014 162 15.0 5.45 395 11.7 30.2 21.4
97 26.5 0.56 0.72 0.48 2.80 3.58 0.05 2.66 019 098 1899 62.8 574 173 21.8 58.5 36.4
101 36.5 0.27 0.69 0.97 1.36 3.15 0.05 1.04 029 045 373 69.3 33.6 313 8.79 26.8 9.28
11 37.1 0.17 0.63 0.31 1.42 3.34 0.05 0.82 027 052 152 78.1 13.5 196 5.51 15.4 2.21
117.5 374 4.04 0.77 0.26 0.85 1.44 0.05 1.00 032 024 217 343 11.5 304 6.06 28.1 7.29
122 458 1.30 0.34 0.93 0.74 1.63 0.08 0.80 044 0.5 146 324 10.2 614 6.45 38.7 561
Precision
% (10). 0.64 0.50 0.71 0.70 0.49 0.46 0.59 0.45 1.05 0536 1.40 0.55 0.56 0.95 0.62 0.67 0.81

Table 3.2b: Major and minor element concentrations, determined by ICP-AES, in core CD102/60.
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each addition. Following this ~10ml of saturated NaCl solution was added and the mixture centrifuged at
3000rpm for 3 minutes and the supernatant carefully discarded. To ensure complete removal of amorphous
Fe-oxide the treatment was repeated with 90ml CBD and three aliquots of 2g sodium-dithionate. After the
second treatment the sediments were washed with 100ml of Milli-Q water to which 5ml of saturated NaCl
solution was added.

Removal of amorphous silica phases

Following removal of amorphous Fe-oxides the samples were resuspended in 200ml of 2% sodium
bicarbonate solution and heated to ~85°C in a water bath for 45 minutes. The mixture was then centrifuged at
3000rpm and the supernatant discarded. The sediments were then washed with 100ml of Milli-Q water to

which 5ml saturated NaCl solution was added and centrifuged for a further 3 minutes.

Separation of the <2y fraction

The wetted sediments were re-suspended in 80ml of a 1% sodium hexa-metaphosphate solution (Calgon®) to
aid dispersion, and ultra sonically agitated for 30 minutes. Immediately upon removal from the ultra sonic
bath samples were centrifuged at 750rpm for 3 minutes. The supernatant was carefitlly discarded and the
residue washed with 80ml of Milli-Q water and re-centrifuged at 3000rpm for 3 minutes. The wash stage was
then repeated. Smear slides of the clay residue were then prepared for XRD analysis and air dried for 24
hours and the remaining sample dried at ~50°C after which the samples were ground to a fine powder in an

agate pestle and mortar then weighted to calculate the percent of clay in the bulk sediment (Table 3.4).

XRD Analysis

X-ray diffraction patterns of the air dried, clay smear slides were obtained on a Philips PW 1730 automated
powder diffractometer using Co-K, radiation. The air dried slides were scanned between 1-17° at 0.2° 26/min.
The slides were then heated in a dessicator with ethyl glycol overnight at ~55°C. This replaces interlayer
water with ethyl glycol and allows identification of swelling clays e.g. smectite. The slides were scanned
between 2-40° at 0.2° 26/min. Following this the slides were heated in an oven at 375°C overnight, to drive
off loosely bound and interlayer water, removed individually and scanned between 2-17° at 0.2° 26/min.
Finally the slides were heated in an oven at 550°C overnight to drive off all remaining water, removed

individually and scanned between 2-17° at 0.2° 26/min.

3.2.3 XRF

Since Si and S cannot be analysed by ICP-AES, Siand S, as well as other major element (Ti, Al, Fe, Mn, Mg,
Ca, K, Na, P, Co, and Cu) concentrations were measured on a Philips MAGIX-PRO fully automated
sequential, wavelength dispersive XRF (WD-XRF). 1 gram samples of bulk sediment were ignited at 980°C
in ceramic crucibles to remove volatiles prior to preparation of firsed beads. Samples were fused at 1200°C in
platinum crucibles with a lithium tetraborate flux (Spectroflux® 100) at a dilution of 1:20. Final
concentrations were corrected for loss on ignition (LOI). Accuracy for the analysis was monitored by
simultaneous analysis of standard reference material of known concentration. Analytical accuracy and
precision of the measurements was poor, +6.9-34% (1c). The poor accuracy and precision of the XRF data
can be related principally to homogenisation and liberation difficulties. Although attempts were made to solve

and/or minimize these problems, e.g. addition of a non-wetting agent to the melt, and increasing the flux to
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sample ratio, satisfactory data could not be obtained. As such, the XRF data set is excluded from the

following discussion of the general sediment geochemistry.

3.2.4 Optical Microscopy

Three polished thin sections of a resin impregnated section from 76 to 87cm depth, in CD102/58, were

examined and photographed in both transmitted and reflected light on a binocular polarizing microscope.

3.3 Results and Discussion

3.3.1 Bulk Mineralogical Composition and Stratigraphy

Mineralogical data for cores CD102/58 and CD102/60 are summarised in Figure 3.1 and 3.2. Both cores are

capped by a carbonate layer with varying amounts of iron staining underlain by poorly consolidated fine-

medium grained Fe-oxyhydroxide-rich sediment. Underlying the Fe-oxyhydroxide-rich layers are medium-

coarse grained, sulphide-rich layers dominated by pyrite and sphalerite with lesser amounts of chalcopyrite

and covellite in Core 58 and pyrite with minor chalcopyrite and sphalerite and trace covellite in Core 60. The

sulphide layer, in both cases, is underlain by a further Fe-oxyhydroxide layer and below this in Core 60 is a

Fe-oxide layer. Plume inputs to both cores are low; these are near-field hydrothermal sediments. Both cores

are extremely heterogeneous in nature with a wide range in grain size (<2pum - ~lcm) and composition.

3.3.1.1 CD102/58

Although the stratigraphic relationships within this core are complex and reflect inputs from several different

sources the core can be divided into four mineralogically distinct units (Figure 3.1):

1.

0-33cm Carbonate Cap. Dominated by calcite-rich, fine-grained, pelagic sediments intermixed with

goethite of hydrothermal origin. The CaCOj; content was calculated from bulk Ca content assuming that
Ca is held as CaCOs, this assumption is justified by XRD analyses which indicate that calcite is the only
Ca bearing mineral phase, and by clay contents which are <1% in this part of the core indicating minimal
detrital inputs. Calcium carbonate concentrations range from ~60-29wt%, with the lowest values
occurring towards the base of this layer and corresponding to an increase in the abundance of
hydrothermally sourced goethite downcore. This range in carbonate contents is consistent with the range
reported for other metalliferous sediment cores collected nearby; CD102/43 CaCQ;% =~1-62.5
(Severmann et al., 2004); Metz et al. (1988) core CaC(0;% =~4-64. A further lens, ~0.5cm thick, of
carbonate (28.Swt% of the bulk sediment) occurs at 52cm.

33-76cm Fe-oxvyhydroxide rubble laver 1. Dominated by goethite and quartz, gypsum occurs as a
minor phase below ~68cm depth downcore. Alignment of elongate clasts and minor layering indicate
deposition via a mass flow event. Quartz may have been transported to the sediment from the nearby
mound during the mass flow event; alternatively it may represent in situ precipitation from a low
temperature Si-rich fluid; or contributions from both. The origin and evolution of Si phases is discussed
in detail in Section 3.3.3. This layer is the product of sulphide oxidation; element distributions (Section
3.3.4 and 3.3.5) indicate that contributions of Fe-oxide and oxyhydroxide phases from plume fallout are

minimal.
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Figure 3.1: Mineralogical occurrence and adundancies downcore CD102/58 determined from XRD
and optical microscopy. Stratigraphic subdivisions are based on the dominant mineralogy and
sedimentary relationships.
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76-138.5cm Sulphide layer. Dominated by pyrite and sphalerite with minor chalcopyrite and covellite.

Goethite is also abundant. Between 76-87cm the sediment is laminated with alternating black, sulphide-
rich and orange, goethite-rich layers typically about 0.7cm thick. The sulphide layers in the laminated
section are graded suggesting sedimentation via turbidity flows. Gypsum is present as a minor phase
down to ~117cm downcore. Secondary Cu salts, atacamite and paratacamite, are also present. The
genesis and alteration history of the Core 58 sulphide layer is discussed in detail in Chapter 4: Sulphide
Mineralogy and Alteration.

138.5-188cm (base) Fe-oxyhydroxide rubble Iayer 2. Goethite is the principle phase with minor quartz

and trace atacamite. This layer is mineralogically and sedimentalogically very similar to Fe-
oxyhydroxide layer 1 and is also inferred to be the product of sulphide oxidation and alteration of primary

mound material following transport from the A/vin mound to the surrounding sediments.

3.3.1.2 CD102/60

Stratigraphic relationships within this core are also complex reflecting inputs from several sources. The core

can be divided into five mineralogically distinct units (Figure 3.2):

1.

0-33cm Carbonate Cap. Dominated by calcite-rich, fine-grained, pelagic sediments intermixed with

goethite of hydrothermal origin and intercalated with elongate lenses of Fe-oxide, and to a lesser extent
atacamite. Major quartz and minor opal (an amorphous variety of quartz) occur throughout this layer.
Calcium carbonate concentrations (calculated from ICP-AES data assuming all Ca is present as
carbonate) range from 55.5wt% at the top of the core to ~2.5wt% at the base of this layer where the
abundance of goethite and hematite increase. The range in carbonate contents for Core 60 is comparable
to Core 58 and to CD102/43 (Severmann et al., 2004) and the Metz et al. (1988) core. The boundary with
the Fe-oxide and Fe-oxyhydroxide layer underlying the carbonate cap is gradational.

33-47cm Fe-oxide and oxyhydroxide rubble layer 1. Dominated by goethite, hematite and quartz with

minor cristobalite (a quartz polymorph). The sediment is medium-coarse grained, except between 44-
47cm where it is fine~-grained and laminated. Throughout this layer bands and elongate lenses of fine-
grained Fe-oxide-rich material occur within the dominant, medium-grained, Fe-oxyhydroxide material.
These laminae are the result of sediment transport and are not related to alteration processes occurring in
situ.

47-96cm Sulphide layer. Dominated by pyrite with chalcopyrite, minor sphalerite and trace covellite.

Minor quartz, opal and cristobalite occur throughout. Plagioclase and chlorite occur between ~64-96cm
depth downcore. The presence of plagioclase feldspars and chlorite indicate inclusion of partially altered
basalt fragments. This is consistent with the paragenesis model (Chapter 4: Section 4.4.3) of formation of
the sulphide layer from an inner mound pyrite-quartz breccia transported to the surrounding sediments
during a faulting event. Normal faulting within the Mir zone, which has exposed apparent, hydrothermal,
basaltic breccias, has previously been invoked to account for basalt supply to surrounding sediments
(Rona et al., 1993b; Rona et al., 1993a). The genesis and alteration history of the Core 60 sulphide layer
is discussed in detail in Chapter 4: Sulphide Mineralogy and Alteration.
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Figure 3.2: Mineralogical occurrence and adundancies downcore CD102/60 determined from XRD
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4. 96-119cm Fe-oxide and oxyhvydroxide rubble layer 2. Principally goethite and quartz with minor

plagioclase and hematite of hydrothermal origin. The material is fine-medium grained sandy silt with
patches of dark brown or grey/black material randomly occurring throughout. The base of this layer is
inclined at ~25° suggesting that the core was recovered from the edge of an infilling basin or local hollow,
or as drape cover over a faulted block.

5. 119-126cm (base) Fe-oxide layer. Dominated by fine-grained hematite and quartz with minor goethite

and opal.

The major mineralogical compositions of CD102/58 and CD102/60 compare well with previously published
data for metalliferous sediments from hydrothermal sites in both the Atlantic and Pacific (Table 3.3). The
most striking difference between cores 58 and 60, and those of previous studies, is the predominance of clay
phases other than nontronite. In Core 58 kaolinite and micas dominate whilst in Core 60, chlorite is

important.

3.3.2 Clay Mineralogy

Clay mineralogy and wt% recovery from bulk sediments are shown in Table 3.4. XRD spectra of clay
separates from Core 58 and Core 60 show well defined peaks indicating that the clays are well crystallised.
There is no indication of amorphous phases, i.e. no raised backgrounds, confirming their successful removal
during chemical treatment (Figure 3.3). Both cores contain a mixture of detrital, hydrothermal and basaltic
clays. Smectite is present in all samples analysed. Although the variety of smectite cannot be identified from
XRD spectra it is most likely to be nontronite since nontronite is the most common clay mineral in
hydrothermal deposits (e.g. Alt, 1988a; Thompson et al., 1985; Hekinian et al., 1993). More specifically the
clay mineralogy of an adjacent core, CD102/43, is almost exclusively nontronite (Severmann et al., 2004).
Clay contributions from detrital sources, with a typical assemblage of kaolinite and illite, are restricted to the
carbonate cap and upper Fe-oxyhydroxide rubble layers in both cores. Chlorite, a product of basalt alteration
(e.g. Alt, 1995 Honnorez et al., 1998) (Section 3.3.3.3), is present between 0-~90cm (base of the laminated
section of the sulphide layer) in Core 58, and throughout Core 60, except at a depth of 37-39¢m, where it is

typically associated with plagioclase occurrence relating to the inclusion of partially altered basalt fragments.

Calculated clay recoveries (Table 3.4) range from 0.54-18.1% of the bulk sediment in Core 58 and from 0.69-
5.5% of the bulk sediment in Core 60. The highest clay contents in both cores are found in Fe-oxyhydroxide
and Fe-oxide rich sediment below the sulphide layers. These recoveries, except for basal clays from Core 58
(154cm:18.1wt% clay; and 182cm: 11.4wt% clay) are significantly less than the <2pum fraction reported for
sediments from the surface of the TAG mound (20-43wt% clay), surficial carbonate sediments from the TAG
area (11-14wt% clay) and buried Fe-oxysilicates from the A/vin Zone (34-64wt% clay) (Severmann et al ,
2004). The lower clay wt% values in this study compared to previously published data from the TAG area
reflect the lesser extent of oxidation of sulphide material in these cores, especially Core 60, and may also
indicate that the low temperature diffuse fluids and the E;, conditions required for the in situ precipitation of
hydrothermal clays, e.g. nontronite, are less extensive in these sediments. The nontronitic clays from Core 43

were all precipitated during authigenic alteration and re-crystallization of primary detrital material and have
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Reference: This This Severmann Metzetal | Germanetal | Goulding Zierenberg
study study (2000) (1988) (1993) (1998) et al (1993)
Core number/ | CD102/58 | CD102/60 CD102/43  |Alvin Zone ~120m NE SW of Escanaba
Location Alvin Mir Alvin Mound of active BS Kremlin Trough
mound mound complex area TAG
TAG
Mineral General
Formula
Pyrite FeS, X X X X X X X
Marcasite FeS,
Pyrihotite FeS X
Sphalerite ZnS X X X X X X
Chalcopyrite CuFeS, X X X X X X
Covellite CuS X X X
Alacamite Cu,CI(OH) X X X X X
Paratacamite Cu;CI(OH),- X X X X
Quartz S10, X X X X X X
Cristobalite Si0; X
Opal Si0,. X X X
Amorphous Si X X
Amorphous FFe- X X X X X X
oxide/ oxyhydroxide
Goethite FeO(OH) X X X X X
Hematite FeyOs X X X X X
Pyrolusite MnO, X X
Birsenite X X X
Calcite CaCQ;, X X X X X X X
Gypsum CaSO,.nH,0 X
Barite BaSO, X
Plagioclase MNa,ADSi;05 — X X X X
(Ca,AD)Si;05
Nontronite NaFe, (Si,Al), X X X X
0,(OH),.H;O
Other clays X X X X
Reference: Hékinian et al (1993) EPR
Core number/ Society Pitcaim Austral 21N 12°N 11°N Hess Deep
Location Region Region Region 29§
18°S 25§
Mineral General
Formula
Pyrite FeS, X X
Marcasite FeS,
Pyrrhotite TFeS
Sphaleritc ZnS X
Chalcopyrite CuFeS; X
Covellite CuS
Atacamite Cu,CI(OH),
Paratacamite Cu,Cl{OH);
Quartz S10, X
Cristobalite SiO,
Opal Si0; X X X
Amorphous Si
Amorphous Fe- X X X X X X X
oxide/ oxyhydroxide
Goethite FeO(OH) X X X X X X X
Hematite Fe,O5
Pyrolusite MnO),
Birsenite
Calcite CaCO,
Gypsun CaSQ,.nH,O
Barite BaSOq X X X
Plagioclasc Na,ADS1,05 —
(Ca,AD)S1;0s
Nontronite NaFe; (Si,Al)g
0,(OH):. H,O
Other clays X X X

Table 3.3: Mineral occurrences in CD102/58 and CD102/60. Mineral occurrences in metalliferous sediments
from Atlantic and Pacific sites are shown for comparison.




Clay Bulk
Depth content | Sediment Description of bulk
Sample ID (cm) wit%)§ | Al wit% Clay mineralogy sediment

Alvin Mound - This study

CD102/58

14-17 0-3 0.84 0.95 Sm, Chl, Kao, IlI, Qtz, trace Plag and Mica Carbonate ocoze

d46-47 32-33 1.01 ~ Sm, Chl, Kao, IIl, Qtz, trace Plag and Mica | - 00Rte 0oze intermixed with Fe-
oxyhydroxide

65-67 51-53 7.99 123 Sm, Chl, Kao, IIL Qtz, trace Plag and Mica | | c0Xvhydroxide and quartz with
minor carbonate

79-81.5 65-67.5 6.43 0.55 Sm, Chli, minor Qtz and Kao

87.5-89.5 73.5-75.5 0.34 0.34 Sm, Chl, Kao, IlI, Qtz, trace Plag and Mica

102-104 88-90 9.62 ~ Sm.minar Tt and Mica Sulphide debris admixed with Fe-
oxyhydroxides

118-120 104-106 8.51 0.05 Sm minor [l and Mica

130.5-132.5 1165-118.5 853 0.04 Sm minor [l and Mica

167-169 153-155 18.05 0.03 S minor Il and Mica .
Fe-oxyhydroxide

195-197 181-183 11.41 0.04 Sm minor Ml and Mica

Mir Mound - This Study

CD102/60

11-14 0-3 0.69 1.05 Sm, Chl, Kao, IlI, Qtz, minor Plag and Mica | Carbonate ooze

48-50 37-39 1.52 05 Sm minor Qlz, [l and Mica Fe-oxyhydroxide

74-76 03-65 2.51 228 Sin, Chl, Kao, minor Qtz, Plag and Mica Sulphide and Quartz breccia

96-98 82-84 3.51 ~ Sm and Chl Sulphide and Quartz breccia with
Fe-oxyhydroxide

111-113 100-102 4.24 1.04 Sm, trace Chl . .

) Clastic Fe-oxyhydroxide

132-134 121-123 55 0.8 Sm, Crist, Qtz, minor Chl]

Alvin Zone

CD102/43

435 20-25 14 1.0 Sm, Kao, Qtz, Plag minor 111 L'e-oxyhydroxide.rich carbonate

43-8 35-40 11 0.9 ooze

43-15 70-75 39 0.7 Fe-oxysillicate layer between

43-21 100-105 52 0.2 sulphide debris from

43-25 120-125 38 0.0 nearby mound

43-32 155-160 64 0.5 Sm

TAG Active mound

2508 04 33 0.1 Sgrtlicial Atacamite crust from area
ot'ditfusc flow

2897-1 04 43 0.0 Sm minor Qtz Sulphide debris

2897-2 4-8 35 0.0 Carbonate ooze

2901-1 0-3 19 0.3 . -, " 1

290122 16 20 02 Sulphide debris and Fe-oxides

~50km west of MAR - Background core

CD102/10

10-3 3-8 2 0.6 Carbonate ooze

10-5 13-18 4 ~ 111, Kao, Qtz, Plag Carbonale ooze

10-25 113-118 3 0.9 Carbonate ooze

10-38 178-183 2 0.9 Carbonate ocoze

§ Mimmum clay % based on physical recovery following clay separation
Al for CD102/58 and CD102/60 analyzed by ICP-AES (this study), Al for CD10243; CD102/10 and TAG Active mound

samples analyzed by XRF (Severmann pers. comm.). Clay recoveries and sample descriptions for CD102/43; CD102/10 and
TAG Active mound from Severmann et al. (2003).
Mineral abbreviations: Sm=smectite; Chl=chlorite; Kao=kaolinite, [ll=1llitc; Qtz=quariz. Plag=plagioclasec.

Table 3.4: Location of clay separates and bulk sediment descriptions. Data from the TAG Active Mound, a
previous study of the Alvin zone and background sediments from the Mid-Atlantic are shown for comparison.
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Figure 3.3: Typical XRD clay scans from this study: scan A = core CD102/58 from a depth of 32-33cm

(sampling depth of 46-47cm); scan B = core CD102/60 from a depth of 63-65cm (sampling depth of
74-76cm).
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inferred formation temperatures of 54-96°C (Severmann et al., 2004). However, despite the close proximity of

Core 58 to Core 43 the alteration of Core 58 sediments is much less extensive.

3.3.3 Sources to the Sediment: Calculation of the Hydrothermal Component

Previous studies of metalliferous sediment cores from the TAG hydrothermal field (Metz et al., 1988; Mills et
al., 1993) have invoked a three component mixing model to explain the distribution of biogenic, detrital and
hydrothermal material in these sediments. The biogenic component is calculated as wt% CaCO; since organic
carbon and biogenic opaline silica contributions combined account for <2% of the sediment in this area
(Broecker and Peng, 1982). The detrital component is calculated as 10 times the Al concentration, based on
typical values for North Atlantic clays (Lambert et al., 1984). The hydrothermal component is then calculated
by difference. Figures 3.4a-f and Table 3.5 show the downcore variation in these components calculated using

the data from this study.

3.3.3.1 Correlation to Fe Concentration

In contrast to data from the Metz et al (1988) TAG core, which showed a strong linear relationship between
sediment Fe concentrations and the independently determined hydrothermal component (r*=0.92) (Metz et al.,
1988; Mills et al., 1993), the correlation between sediment Fe concentrations and the independently
determined hydrothermal component from this study is very poor; Core 58 r*=0.598 and Core 60 r*=0.481.
The poor correlations for the Alvin and Mir cores appear to be related to the abundance of pyrite. If only data
from non pyrite bearing depths are considered, the linear correlation for Core 58 improves to *=0.77 and Core
60 improves to r’=0.67. The correlation is poorest for both cores where pyrite is abundant; r* for Fe
concentration vs. hydrothermal component in the sulphide layers is 0.01 for Core 58 and 0.39 for Core 60.
These data are consistent with r* values calculated for pyrite bearing depths (23-46¢m) in the Metz et al.
(1988) TAG core where r'=0.16. The lack of correlation in the pyrite bearing layers of Cores 58 and 60
reflects less Fe in these layers than expected. Metz et al. (1988) predict Fe concentrations of 44% for a 100%
hydrothermal component and >35% for samples with a hydrothermal component in excess of 80%. Whilst the
calculations of this study indicate a mean hydrothermal component of 98.2% in the sulphide layer of Core 58,
and a mean of 67.3% in the sulphide layer of Core 60, Fe concentrations in the sulphide layers are low
compared to the Metz et al (1988) prediction, ranging from 29.9-41.5% in Core 58, and 11.9-44.2% in Core
60.

The discrepancy between predicted and measured Fe concentrations can be explained by consideration of
mineral chemistry. The best correlations between sediment Fe concentration and the independently
determined hydrothermal component, for all three cores, occur where the dominant Fe bearing phase is an
oxide or oxyhydroxide, the most common of which are goethite (FeO(OH)) and hematite (Fe,0s). The Metz
et al. (1988) predictions for Fe% at variable hydrothermal component are based on Fe occurring
predominantly as oxide or oxyhydroxide. The problem in the sulphide layers of Cores 58 and 60 is that Fe is
present principally as pyrite (FeS;) and, mole for mole, pyrite contains 16.3 and 23.4% less Fe than goethite
and hematite respectively. This suggests that overtime the oxidation of the sulphide layers, and conversion of
pyrite to goethite and hematite, should improve the correlation between sediment Fe concentrations and the

independently determined hydrothermal component. Although the good overall correlation (r’=0.98) between

66



Depth (cm)

Depth (cm)

0

20

40

140

160

180

20

8

100

120

A) Biogenic component % B) Detrital component % C) Hydrothermal component %

w 0 20 40 &0 80 100 0 2 40 6] a 100

0 20 40 ¢} 80 1
, . . . . ; 0+ . . . . . ) . . . . -
20 2
40 40
4] 604
K a0
100 100
120 120 +
140 140
160 160 4
180 180
0

Depth (cm)
Depth (ecm)

8

D) Biogenic component % E) Detrital component % F) Hydrothermal component %
0 20 40 [¢4] 80 100 0 P-4 40 [¢4] 80 100 -10 10 30 50 70 90
: L r 1 i " L s 3 O : . i L ) n ] L G 1 1 i L
4 m i
4 40 i
)
» g :
g — m 4
2 £
= =
@ o
a a
> *
1}
4 120

Figure 3.4: Downcore variation in calculated components for Core 58: A) biogenic; B) detrital; and
C) hydrothermal; and Core 60 D) biogenic; E) detrital; and F) hydrothermal . For comparison
downcore Fe wt%¢(open circles) is plotted with the hydrothermal component (solid circles).

Shaded areas denote the extent of each sulphide layer identified from mineralogical studies



Depth Biogenic Detrital Hydrothermal
(cm) component % component % component % Fe (%)
CD102/58
L.5 59.9 9.5 306 11.2
19 28.7 3.8 675 386
31 28.7 63 64.9 23.0
38 1.2 1.1 97.7 427
52 28.5 12.3 59.2 21.8
60 2.0 23 95.7 39.7
66.25 1.5 5.6 92.9 428
74.5 09 34 95.7 432
78.5 04 1.2 98.5 29.9
82 0.3 1.0 98.7 30.1
83 0.3 1.1 98.6 326
84.25 04 12 98.4 349
85.75 03 038 98.9 339
87.25 0.5 1.1 98.4 38.2
101 0.5 04 99.0 375
105 0.5 0.5 98.9 41.5
111 0.7 04 98.9 36.2
117.5 04 04 993 39.1
127 0.7 7.0 923 347
143 0.9 6.9 92.2 347
147 04 02 99.4 325
154 0.6 03 99.1 417
162 0.5 02 99.3 384
172 1.5 8.5 90.0 37.1
Mean 6.2 3.0 90.8 35.1
Depth Biogenic Detrital Hydrothermal
(cm) component % component % component % Fe (%)
CD102/60
LS 55.5 10.5 340 143
16 28.8 53 65.8 23.1
30 24 31 94.6 393
38 4.7 5.0 90.4 237
46 0.6 02 99.2 379
49 0.5 5.1 94 4 442
57 0.6 22 97.2 18.9
64 13 22.8 76.0 20.6
72 47 56.8 385 21.6
78 10.1 93.9 -4.0 11.9
86 03 8.0 91.8 353
92.5 03 8.9 90.7 23.7
97 1.2 26.6 722 26.5
101 24 104 872 36.5
111 0.8 8.2 91.0 371
117.5 0.7 10.0 89.3 374
122 2.3 8.0 89.7 458
Mean 6.9 16.8 7.6 17.8

Table 3.5: Downcore distribution of calculated biogenic, detrital and hydrothermal components, and Fe
wt% in CD102/58 and CD102/60.
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sediment Fe concentration and the calculated hydrothermal component in the Metz et al. (1988) TAG core
justifies its use as an index of hydrothermal activity, the sulphide-rich nature of CD102/58 and CD102/60

mean that it is not appropriate in this study.

3.3.3.2 The Use of Al as a Proxy for Detrital Inputs

The use of the Al content of bulk hydrothermal sediments as an index of detrital input (e.g. Metz et al., 1988;
Shimmield and Price, 1988; Mills et al., 1993) assumes that all Al in these sediments has a detrital origin, and
that the sedimentary accumulation of Al depends on the extent of dilution by hydrothermal phases. Since the
Al content of North Atlantic clays is typically ~9.5% (e.g. Thomson et al., 1984) detrital input is calculated as
10 times the Al% of bulk sediments. Al contents from the TAG area are generally <1% (e.g. Metz et al
1988; Thompson et al., 1985; German et al., 1993) this is because background detrital input to the Mid-
Atlantic is low; clay recovery from CD102/10 (29°N), a background core, was <4% (Severmann et al., 2004).
Good agreement between sediment mineralogy, Fe content and detrital inputs calculated from the Al content
for the Metz et al. (1988) TAG core and Core 58 justify the use of the Al detrital proxy, in these cases.
However, the assumptions used to calculate the detrital component of bulk hydrothermal sediments from Al

content are not valid for Core 60.

3.3.3.3 Additional Non-Detrital Al in CD102/60

The downcore Al content of Core 60 ranges from 0.02-9.39% with the highest values (2.28-9.39%) occurring
within the sulphide layer (64-78cm depth). Calculation of the detrital component using the method described
above gives a detrital input of <1% to ~94%, the highest values, when combined with the biogenic component
are >100% which is clearly incorrect. In addition, where Al content is highest sulphide minerals, quartz and
plagioclase dominate the bulk mineralogy and smectite (nontronite?) and chlorite the clay mineralogy, the
common assemblage of illite and kaolinite for North Atlantic clays is not observed. This suggests that there is

an additional, non detrital, source of Al to Core 60.

There are two potential sources for the additional Al in Core 60. The first possibility to consider is
contributions from non-detrital clay phases. Although the clay content of Core 60, which ranges from <1%-
5.5%, is consistent with that expected from detrital inputs (background core clay contents range from 2-4%:
Severmann et al., 2004) the clay mineralogy is dominated by the hydrothermal phases smectite and chlorite,
rather than illite and kaolinite which are the dominant phases in North Atlantic clays (Table 3.4). Since
nontronite (NaFe,(Si,Al),0,4,(OH),.H,0), from the smectite clay group, is the most common clay mineral in
hydrothermal deposits (e.g. Alt, 1988a; Hekinian et al., 1993; Severmann et al., 2004) and the clay separates
are deep green in colour, implying a significant Fe(Il) component, the smectite from Core 60 is inferred to be
nontronitic. Collomorphic textures and layering of nontronite in these sediments indicates precipitation
occurred in situ, during sulphide alteration; nontronite precipitates from low temperature hydrothermal fluids
under low E;, conditions where Fe?* and Si are present in solution (Harder, 1976). In contrast, chlorite
(Mg, AL Fe ), [(Si,Al)s050] (OH)s), a common alteration product of basalt at temperatures in excess of
~200°C (e.g. Alt, 1995; Honnorez et al., 1998), is not precipitated in situ but is transported to the sediment
during mass wasting events and its presence reflects the inner mound origin of the Core 60 sulphide layer

(Chapter 4, Section 4.4.3).
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Whilst both nontronite and chlorite can accommodate Al in their crystal structure their presence cannot
explain the high Al contents of the bulk sediments. Published chemical data show that nontronite from the
TAG Active mound and the A/vin zone is extremely Al-poor, including several samples containing Al below
detection limits (Severmann et al., 2004). Assuming that this trend applies to all nontronite from the TAG
hydrothermal field, the nontronite in Core 60 1s also likely to have low Al contents. While chlorite can
contain a maximum Al content of ~54% mass balance considerations indicate that even an Al-rich chlorite
cannot account for the high Al content of the bulk sediment: the relative percentages of each clay phase are
not known, but if it is assumed that Al-rich chlorite accounts for 100% of the clays recovered from Core 60,
the maximum clay content of 5.5% could account for 2.97wt% Al in the bulk phase which is significantly less
than the maximum bulk Al content of 9.4%. In addition, if the non-detrital clays were the source of the
additional Al one would expect the Al and clay contents to correlate such that the highest Al% would be
expected to be associated with the highest clay content, however, Al wt% and Clay wt% do not show any

correlation.

The second potential source of the additional non-detrital Al is plagioclase. Optical inspection and XRD
analyses of bulk sediments show that plagioclase occurs as a major mineral constituent between depths of 64-
~80cm and at 97cm, and as a minor phase between depths of 94-~110cm. The occurrence of plagioclase
coincides with high Al content; the highest Al contents occurring where plagioclase is a major mineral phase.
Plagioclase feldspars form a solid solution series of pure anorthite (An) (CaAl,Si,0g) and pure albite (Ab)
(NaAlSi;Og); as such they exhibit a range of chemical compositions. Since plagioclase is the only major Ca-
bearing mineral observed in the samples with high Al (i.e. no CaCQs) it can be assumed that the bulk sediment
Ca content is solely derived from plagioclase. From the Ca content of the bulk sediments the Al contribution
from plagioclase can be calculated for different mixtures of anorthite and albite. The validity of the resultant
predictions of the maximum contribution of Al from plagioclase to the bulk sediment can be checked by

comparison of known and calculated Na wt% (Figure 3.5 and Table 3.6).

These calculations suggest that where plagioclase is a major mineral phase it accounts for a maximum of ~70-
85% of the Al in bulk sediment samples. The remaining 30-15% of Al that is not accounted for by plagioclase
contributions constitutes 0.68-1.54% of the bulk sediment. Bulk Al contents, minus the plagioclase
contribution, are comparable to other sediments from the TAG area where bulk sediment Al contents are
generally <1% (e.g. Metz et al., 1988; Thompson et al., 1985; German et al., 1993; Severmann et al., 2004).
This significant source of non-detrital Al in Core 60 means that the use of the bulk sediment Al content, as an
index of detrital input, from which the hydrothermal input is then computed, is not justifiable in this case.

This also suggests that the methods described above for calculation of the major sources to near-field

hydrothermal sediments should be used with caution.

3.3.4 Silica Occurrence

Large areas of the active TAG mound exhibit low temperature diffuse flow. These low temperature fluids are
a mixture of conductively heated seawater, and hydrothermal fluids which have undergone extensive
conductive cooling during circulation within the mound (Tivey et al., 1995). As the temperature of these

modified mixed fluids drops, they become supersaturated with respect to silica (e.g. Janecky and Seyfried,
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Figure 3.5: Predicted Al% in bulk sediment, based on known Ca% content, for varying mixtures
of anorthite and albite. Crosses indicate the variety of plagioclase based on anorthite % and
maximum Al contribution assuming all Ca and Na are derived solely from plagioclase. The open
circle indicates a revised An% for sample depth 97cm as significant Na contributions to the bulk
sediment from halite result in the prediction of Al% exceeding that measured.

T ~ Predicted Measured

bulk bulk
Sample Measured Measured Calculated sediment sediment Al
depth(ecm) Ca%  Na%  An% Al% %
64 0.5 0.79 27.8 1.6 228 X
72 1.88 137 45.6 414 568 <
78 4,04 2.07 54.4 7.87 939 X
97 0.48 3.58 76 485 2.66

Calculation of Al and Na in 97 revised as initial prediction contains too much Al

This is because of high Na contents due to contributions from halite in the bulk sediments

Predicted
bulk
Sample Measured Measured Calculated sediment
depth (cm) Ca% Al% An% Na% i
9. . D048 086 U6 L1

Anorthite (An) = CaAl,Si,04
Albite (Ab) = NaAlSi;Oyg

Table 3.6: Comparison of calculated bulk Al% from plagioclase with measured bulk sediment Al%.
These data indicate that plagioclase could account for a maximum of ~70-85% of the measured bulk
sediment Al content.
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1984; Tivey et al., 1995). Consequently, silica occurs with abundance in a variety of hydrothermal samples
from TAG (e.g. Humphris et al., 1995; Mills et al., 1996; Hopkinson et al., 1999; see Chapter 2). Amorphous
silica and a range of crystalline quartz polymorphs have been reported from the TAG area, several studies
suggest that hydrothermal crystalline silica is secondary to an amorphous precursor (e.g. Koski et al., 1994;

Hopkinson et al., 1998). The inferred transformation path for conversion of amorphous silica at TAG is:
Silica gel/siliceous solution —chalcedony —granular microquartz —macroquartz.

During hydrothermal synthesis of amorphous silica by Bettermann and Liebau (1975), several alternative

transformation paths were observed:

Amorphous silica —cristobalite —keatite —quartz;

Amorphous silica —cristobalite —quartz and amorphous silica —keatite —quartz.

The transformation path of amorphous silica to quartz is dependent upon pressure and temperatures

constraints (Bettermann and Liebau, 1975).

Diffuse low temperature flow and abundant silica are also common to the Ahvin and Mir relict high
temperature zones (e.g. Rona et al., 1993b; Stepanova et al., 1996). Quartz and opal occur in both Core 58
and Core 60. Cristobalite, a high temperature polymorph of quartz, is also present in Core 60 and is consistent
with a high temperature inner mound origin of the sulphide layer of this Core. The presence of both quartz
and cristobalite in Core 60 may be related to the ‘sluggishness’ of the reconstructive transformation paths
described above, these transformations require considerable energy and consequently several quartz phases
can co-exist metastably for long periods (e.g. Bettermann and Liebau, 1975). Mineralogical textures and
associations of quartz and silica in the laminated section at the top of the sulphide layer in Core 58 indicate
authigenic precipitation. Here the quartz and silica act as a cement and preservation casing for filamentous
Fe-oxides and Fe-oxyhydroxides (Filaments Fe phases are discussed in detail in Chapter 6: Fe-oxidation and

bio-mineralisation).

3.3.5 Metal Distributions

Concentrations of the most abundant metals in CD102/58 and CD102/60 are listed in Table 3.2a & b,
comparison of average metal contents in Core 58 and Core 60 with metal rich sediments from other
hydrothermal sites are given in Table 3.7. Downcore variations in Fe, Cu and Zn are shown in Figure 3.6a-d;

variations in Mn, Cr, Co and Ni are shown in Figure 3.7a-f.

3.3.5.1 CD102/58

Iron, Copper and Zinc

Fe concentrations are uniformly high downcore ranging from 11.2-43.2%. Cu and Zn concentrations are also
high (mean values of 1.85 and 3.34% respectively) with the highest values found within the sulphide layer
(76-138.5cm) where Cu increases to a maximum of 12% and Zn increases to a maximum of 14.7%. The

mineralogical data suggest that these high metal contents are due to the presence of Cu and Zn principally as
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Fe Cu Zn Ca Al Mg Mn Cr Co Ni
Location (wt%) (wt%) (wi%) (wt%) (wi%) (wt%) | (ppm) (ppm) (ppm) (ppm) | Reference
OBS vent field core 1636 24.40 17.30 9.00 0.20 0.10 1.90 182.00 321.00 German et al 1999
EPR SO 12/A 26.87 0.50 1.37 34.55 Marchig et al 1982
Bauer Deep SO 12/B 12.92 2.05 1.86 6.84 Marchig et al 1982
DSDP 92 32.70 0.10 0.10 2.60 0.80 0.80 95930.0 148.00 658.00 | Barrett et al 1987
Juan de Fuca Ridge core
G(C88-6 820 0.00 0.00 7.10 4800.00 German et al 1997
TAG core 2182 31.00 4.00 0.20 6.10 0.70 0.50 1244.00 German et al 1993
TAG 31.50 1.89 0.23 1940.00 23.10 18.50 | Metz et al 1988

Mills and Elderfield

TAG (Metz et al core) 29.24 1.76 0.29 1737.85 1993
ALVIN CD102/58 35.11 1.85 3.34 2.49 0.30 0.83 1600.44 15.45 38.05 13.42 | This study
MIR CD102/60 29,29 2.61 0.94 2.76 1.68 1.43 1463.94 67.48 28.22 32.83 | This study
Average marine sediment J 410 0.00 0.01 ‘ | 770,00 7200 5200 | Bowen 1979

Table 3.7: Comparison of mean concentrations of the most abundant metals in CD102/58 and CD102/60 with metalliferous sediments from hydrothermal sites in the
Atlantic and Pacific. Mean values for average marine sediments are also shown for comparison, note that the hydrothermal derived metals (Fe, Cu & Zn) are always

enriched over average marine sediments and that seawater derived Cr and Ni are typically depleted in near-field mietalliferous sediments compared to dverage maririe
sediments.
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Figure 3.6: Downcore profiles of (a) Fe, (b) Cu and Zn in CD102/58, and (c) Fe, (d) Cu and Zn in
CD102/60. Shaded area denotes location of the sulphide layer in each core.



Cr and Ni ppm ¢) Co ppm

L5 200 100 200 300 400 500 O 20 40 60 80 100 120
= 1 1 0‘ SR L

Depth (¢m)

140 1

160 -

180 -

d Mn wt% e) Cr andNi ppm D Co ppm
0.0 0.5 1.0 1.5 20 0 100 200 300 400 500 o0 20 40 60 80 100 120
— - 0 | i 1 1 J 0 E

= el

20 4

40 -

60 |

60

Depth (¢m)

100

120 120 4

Figure 3.7: Downcore profiles of (a) Mn, (b) Cr and Ni and (¢) Co in CD102/58 and (d) Mn, (e) Cr
and Ni and (f) Co in CD102/60.



General Sediment Geochemistry and Mineralogy Chapter 3

sulphide phases; no other major Zn bearing phase is identified and Cu contributions from secondary Cu salts
are only minor. Neither Cu nor Zn correlated with Fe; Figure 3.8a-¢ illustrates all correlations with r values
>0.60. In a previous study of metalliferous sediment core from the TAG area the lack of correlation between
Fe, Cu and Zn was attributed to the mineralogical variability of mass wasted deposits (German et al., 1993),
the distributions of these metals in Core 58 reflects similar variability. Even where no sulphides are reported
Cu and Zn contents throughout the core are typically two orders of magnitude greater than average marine
sediments. This enrichment reflects the presence of secondary Cu salts, i.e. atacamite and paratacamite, and
Cu and Zn-rich secondary Fe-oxides and oxyhydroxides resulting from the oxidation of primary sulphide
phases, which are common in similar sediments from the TAG area (e.g. Metz et al., 1988; Thompson et al.,

1985).

Cu/Fe molar ratios in Core 58 have a mean value of 0.05; this is approximately twice those measured in black
smoker vent fluids at the active TAG mound (Cuw/Fe = 0.027: Edmond et al., 1995) but similar to Cu/Fe ratios
of near field sediments at TAG (Cu/Fe = ~0.09: e.g. Metz et al., 1988; German et al., 1993) In contrast, mean
Zn/Fe ratios of 0.09 are ~10 times higher than Zn/Fe in TAG black smoker fluids and 15 times greater than
Zn/Fe of near field sediments (Zn/Fe = ~0.006: e.g. Metz et al., 1988; German et al., 1993). However, they
are identical to Zn/Fe of white smoker fluids at TAG (Zn/Fe = 0.09: Edmond et al., 1995). The differences in
Cu/Fe and Zn/Fe ratios reflect the different physiochemical regimes of Cu and Zn precipitation and the
juxtaposition of material derived from high temperature black smoker fluids and lower temperature white
smoker fluids in these sediments. This is in agreement with sulphide mineralogy textures within the sulphide
layer which indicate a mix of high temperature black smoker and lower temperature white smoker
assemblages (Chapter 4). The relative enrichment of Cu in Core 58 sediments compared with previous
sediment studies within the TAG field (e.g. Metz et al., 1988; German et al., 1993) is a reflection of the lesser
extent of alteration in this core, the persistence of primary chalcopyrite and the presence of secondary Cu

minerals including covellite and atacamite.

Manganese and Fe/Mn ratios

Mn contents range from 0.02-1.17% with the highest values occurring near the core top. Two peaks in Mn
content are observed downcore, the first occurs at 31cm depth, where Mn content is 0.84% and the second at
52cm depth and coincides with the occurrence of carbonate lense, here Mn reaches a maximum of 1.17%.
Below 65cm Mn accounts for <0.1% of the bulk sediment. The range in Mn content in Core 58 is comparable
with reported Mn contents for adjacent cores (Severmann, 2000; Metz et al., 1988). The upper Mn peak most
likely marks the transition from Mn*" to MnO, where Mn-bearing, reducing fluids encounter the more
oxidising conditions of the carbonate cap. The origin of the second peak at 52cm depth is more problematic.
Since the core was recovered from a location in close proximity to manganese oxide deposits inferred to result
from low temperature diffuse flow (e.g. Rona et al., 1993b) and inputs from Mn-rich water from low
temperature seeps during periods of hydrothermal quiescence one possible source for this secondary peak is
input from a laterally flowing, diffuse, low temperature, Mn-rich fluid precipitating Mn-oxides. However,
given the oxic nature of the upper Fe-oxyhydroxide rubble layer enrichment via remobilisation within the
sediment column is unlikely. The most probable cause of the secondary Mn peak is a change in fluid fluxes

and mixing as a result of non-steady state processes.
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Figure 3.8a-e: Scatterplots of element pairs from CD102/58 which show correlation coefficients
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r=0.89.
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Hydrothermal Fe is almost completely removed from solution by precipitation, either as sulphide or Fe-
oxide/oxyhydroxide, close to the site of venting, Mn oxidation and precipitation, however, are considerably
slower than Fe, as a result Mn remains in solution and is dispersed in the hydrothermal plume, this is reflected
in the high Fe/Mn ratio of near field sediments (e.g. Feely et al., 1990; Mottl and McConachy, 1990). The
Fe/Mn ratio of the bulk sediment is variable, mean Fe/Mn ratios are 48 in the carbonate cap, 388 in the upper
Fe-oxyhydroxide rubble layer, 1195 in the sulphide layer and 815 in the lower Fe-oxyhydroxide rubble layer.
The lowest Fe/Mn ratios in the carbonate cap reflect the mobility of Mn in suboxic conditions and
immobilisation in oxic conditions rather than dilution of hydrothermal phases by background pelagic
sedimentation. The high Fe/Mn ratios below the carbonate cap reflect the near field hydrothermal provenance

of this core.

Nickel

Ni concentrations range from 1.37-83.2ppm with the highest values occurring at the base of the core. With the
exception of the highest value, Ni has a mean concentration of 34.8ppm, this is considerably lower than Ni in
average marine carbonate sediments (mean = 52ppm: Bowen, 1979) and reflects low detrital inputs and only
limited scavenging from seawater. Ni shows no correlation with Fe, Cu or Zn which is consistent with a
detrital rather than hydrothermal origin. With the exception of the high Ni content of the basal sample (186cm
depth) an association with Mn is observed, r=0.82 (Figure 3.8a). A similar relationship between Ni and Mn is

reported for the Metz at al. (1988) core.

Chromium

Cr contents range from 3.42-40ppm with a mean value of 15.5ppm. Again, these values are considerably
lower than those for average marine sediments (mean = 72ppm: Bowen, 1979). Similar Cr contents in the
Metz et al., (1988) TAG core were attributed to adsorption of Cr from seawater onto hydrothermal Fe-oxides
and oxyhydroxides, this hypothesis was supported by a correlation between Cr and Fe (r=0.84). However, Cr
and Fe in Core 58 do not show a correlation and in this core and the Cr content cannot be chiefly attributed to
scavenging of Cr from seawater. An alternative source for Cr in these sediments might be detrital input
however, the lack of any correlation with other detritally derived elements (e.g. Al, Ti, Mg, and K) suggests
that this if this is the case, the lack of correlation may reflect hydrothermal reworking since Cr is mobile under

hydrothermal conditions (e.g. Marchig et al., 1982).

Cobalt

Co ranges from 38.1-124ppm with a mean value of 5.85. The highest Co contents are observed in the
sulphide layer (76-138.5cm mean Co = ~61.9ppm), here the mean Co content is 3 times that elsewhere in the
core (0-76cm and 138.6-188cm mean Co = 20.6ppm). The downcore distribution of Co and a correlation with
Zn content (r=0.74) (Figure 3.8b) suggests that Co concentrations are related to the occurrence of sphalerite
within the high temperature hydrothermally derived sediment. Indeed Co is an indicator of high temperature
processes and sedimentary enrichment is symptomatic of a high temperature chimney source (e.g. Tivey et al.,

1995).
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Calcium, Magnesium and Strontium

Ca concentrations within the carbonate cap (0-33cm) are high ranging from 11.5-24%. Below this Ca
accounts for <1% of the bulk sediment except at 52cm depth (11.4%) where a thin, <0.5¢m thick, lens of
pelagics are observed. Below the Carbonate cap Ca contents are significantly lower, typically ~<1%, this
reflects the absence of a major Ca-bearing mineral phase within the hydrothermally derived material.
Gypsum, which is only present in minor to trace amounts, is the only Ca-bearing mineral observed in the

hydrothermally derived material below 33cm depth,

Sr shows an excellent correlation with Ca (r=0.99) (Figure 3.8c), this reflects the ability of Sr to substitute for
Ca in the CaCO; and CaSO,4.nH,0 crystal lattices. Mg can also substitute for Ca in the crystal lattice
however, no correlation between Ca and Mg is observed. Bulk sediment Mg contents are generally ~1%,
since Mg concentration in vent fluids is effectively zero (e.g. Elderfield and Schultz, 1996) all of this Mg must
be sourced from seawater or detrital inputs. Since Mg does not correlate with Al a detrital origin is unlikely.
Another potential process for transport of Mg from seawater to the sediment is scavenging of Mg by Fe and
Mn oxides during early plume rise; a moderate correlation between Fe/Mn and Mg (r=0.66) (Figure 3.8d)
suggests that adsorption of Mg from seawater onto Fe and Mn oxide and oxyhydroxides maybe important. In
addition low temperature clay phases in which Mg is a common interlayer cation are likely to be another

important source for Mg in this core.

Titanium
Excepting one sample with relatively high Al at 172cm depth, Ti shows an excellent correlation with Al

(r=0.99) (Figure 3.8e). Tiand Al are both relatively immobile elements and are detrital in origin.

Vanadium and the V/Fe ratio

Vanadium contents range from 84.4-306ppm with a mean value of 168ppm. The downcore distribution of V
is highly variable but is consistent with previously published V concentrations for sediment from the TAG
area (Metz et al., 1988). Several studies indicates that V is scavenged from seawater by co-precipitation with
plume particles (e.g. Trefry and Metz, 1989; Rudnicki and Elderfield, 1993; Kadko, 1993) The V distribution
in the Metz et al. (1988) core is controlled by the efficiency of V scavenging from seawater onto ferric
hydroxide plume phases prior to sedimentation. However, V in this core does not correlate with either Fe or
Mn. This may indicate that V originally supplied to the sediment via seawater scavenging onto ferric
hydroxides is re-mobilised and redistributed during diagenesis. In addition scavenging of V may continue in
the sediment pile via diffusion of seawater into the sediment or adsorption from seawater rich alteration fluids.
V/Fe ratios suggest that unmodified plume input to this core is minimal. V/Fe ratios of the TAG plume range
from 0.004 to 0.0078 whilst V/Fe ratios of Core 58 sediments are an order of magnitude less with a mean
value of 0.0006. This is consistent with comparison of Core 58 and TAG plume P/Fe ratios which are also an

order of magnitude lower (Section 3.3.6).
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3.3.5.2 CD102/60

Iron, Copper and Zinc

Fe concentrations are uniformly high downcore ranging from 11.9-45.8%. Cu and Zn concentrations are also
high (mean values of 2.61 and 0.94% respectively) with the highest values found within the sulphide layer
(47-96cm) where Cu increases to a maximum of 12.1% and Zn increases to a maximum of 3.17% (Figure 3.6¢
& d). The mineralogical data suggest that these high metal contents are due to the presence of Fe, Cu and Zn
principally as sulphide phases. The mineralogical data indicate that goethite and hematite are only present at
trace or minor amounts if at all. Sphalerite is the only major Zn bearing phase identified. Non-sulphide Cu-
bearing minerals, e.g. atacamite (precipitated as a result of chalcopyrite and covellite oxidative dissolution
(Chapter 4)) are present but only at minor levels. Neither Cu nor Zn correlated with Fe, this is attributed to the
mineralogical variability of the deposit; Figure 3.9a-m illustrates all correlations with r values >0.60. Where
no sulphides are reported, Cu contents are consistently 2 to 3 orders of magnitude greater than average marine
sediment values, and Zn contents are typically two orders of magnitude greater than average marine
sediments. This enrichment is similar to that observed in Core 58, and again most likely reflects the presence
of Cu and Zn-rich secondary Fe-oxides and oxyhydroxides resulting from oxidation of primary sulphide
phases, which are common in similar sediments from the TAG area (e.g. Thompson et al., 1985; Metz et al |

1988).

Cu/Fe molar ratios in Core 60 have a mean value of 0.1; this is approximately 3 times those measured in black
smoker vent fluids at the active TAG mound (Cu/Fe = 0.027: Edmond et al., 1995) but is comparable with
Cu/Fe ratios of near field sediments at TAG (Cu/Fe = ~0.09: e.g. Metz et al., 1988; German et al., 1993).
Mean Zn/Fe ratios of 0.04 are 4 times those measured in TAG black smoker fluids (Zn/Fe = 0.01), about half
those measured from white smoker fluids at TAG (Zn/Fe = 0.09: Edmond et al., 1995) and ~6.5 times the
Zn/Fe ratio of previous studies of near field sediments (e.g. Metz et al., 1988; German et al., 1993). The
differences in Cu/Fe and Zn/Fe ratios reflect the different physiochemical regimes of Cu and Zn precipitation
and hydrothermal reworking which ultimately results in the separation of Cu and Zn. The greater Cu/Fe ratio
in Core 60 compared to Core 58 reflects the principally high temperature origin of this material characterised
by the greater abundance of Cu bearing sulphides, and the less extensive weathering and oxidation of this
core. Lower Zn/Fe ratios in Core 60 compared to Core 58 reflects lower inputs from lower temperature

(possibly white smoker) assemblages.

Manganese and Fe/Mn ratios

Mn contents show a mean value of 0.15%, the highest values occur in the carbonate cap in the top 33cm of the
core. A peak in Mn content of 1.64% is observed at 16cm depth. Below the carbonate cap Mn typically
accounts for <0.1% of the bulk sediment. The peak in Mn content marks the transition from Mn** to MnO,

where Mn-bearing, reducing fluids encounter the more oxidising conditions of the carbonate cap

The Fe/Mn ratio of the bulk sediment is variable, mean Fe/Mn ratios are 511 in the carbonate cap, 475 in the
upper Fe-oxyhydroxide rubble layer, 1240 in the sulphide layer, 674 in the lower Fe-oxyhydroxide rubble
layer and 550 in the Fe-oxide layer. The moderately Fe enriched Fe/Mn ratios in the carbonate cap result from

mixing of pelagic sediment with Fe-oxides and oxyhydroxides of hydrothermal origin. The high Fe/Mn ratios
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Figure 3.9: Scatterplots of elemental pairs from CD102/60 which show correlation coefficients
where r is >0.6. Plot 1) shows the correlation between V and Fe above the sulphide layer and plot m)
shows V and Fe below the sulphide layer. Note the open circle in plots a), b), and c) this denotes data
from 16cm where Ni is at a maximum value of 137ppm.
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of the sulphide layer confirm the near field hydrothermal provenance of this layer which was formed as an
inner mound pyrite-quartz breccia similar to those reported following ODP drilling of the active TAG mound

(Chapter 4).

Nickel

Ni concentrations range from 1.11-137ppm. The highest value occurs within the carbonate cap and
corresponds to the Mn peak which marks the transition between low oxygen, reducing conditions present
within the hydrothermally derived material and the more oxic conditions present in the carbonate cap. Mean
Ni contents of 32.8ppm are considerably lower than Ni contents in average marine sediments (mean = 52ppm:
Bowen, 1979) reflecting low detrital inputs. With the exception of the maximum Ni content of 136.79ppm at
16cm depth, Ni shows excellent linear correlations to Al (r=0.95), Ti (r=0.96) and Cr (r=0.95) (Figure3.9a-c)
but no correlation with Fe, Cu or Zn. This suggests that Ni in this core has a detrital, rather than hydrothermal
origin. The high Ni contents (>100ppm) at 72 and 78cm depth within the sulphide layer correspond to a
decrease in the Fe/Mn ratio. This enrichment may reflect hydrothermal reworking and redistribution of Ni or
scavenging and absorption from mixed low temperature hydrothermal fluids and seawater circulating within
the sediment during diagenesis. An association of Ni with Mn rather than Fe was also reported for the Metz et

al. (1988) core.

Chromium

Cr contents range from 1.33-420ppm with a mean value of 67 5ppm. Whilst the mean value is comparable to
Cr in average marine sediments (mean = 72ppm: Bowen, 1979), values >72ppm indicate enrichment of Cr.
Samples which show enrichment are restricted to the sulphide layer at depths of 64-78cm. Linear correlation
between Cr and Zn (r=0.91) (Figure 3.9d), in the sulphide layer suggests that this layer may include Cr spine}
and suggests that Cr enrichment is due to inclusion of hydrothermal/basaltic sourced Cr. Excellent
correlations of Cr with Al (r=0.98) and Ti (r=0.98) and a correlation with Mg (r=0.83) (3.9e-g) indicates that
elsewhere in the core Cr is related to detrital inputs. The lack of correlation with other detritally derived
elements (e.g. K) suggests that at least some hydrothermal reworking of Cr has taken place. No correlation is
observed between Cr and Fe, therefore, in contrast to the Metz et al. (1988) TAG core, contributions from

scavenging of Cr from seawater onto hydrothermal Fe-oxides and oxyhydroxides must be minimal.

Cobalt

Co ranges from 2.21-114ppm with a mean value of 28.2. Similar to Core 58, the highest Co contents are
observed in the sulphide layer (47-96cm mean Co = 50.5ppm), here the mean Co content is 4 times that
elsewhere in the core (0-47cm and 96-126cm mean Co = 12.6ppm). Whilst Co contents do not show a
correlation with any of the measured elements, the downcore distribution of Co suggests that it is associated
with sulphide minerals, and is therefore, hydrothermal in origin but may have been redistributed during zone

refining processes.

Calcium, Magnesium and Strontium
Ca concentrations in the carbonate cap at the top of the core are high with a maximum value of 22.2%.

Steadily decreasing Ca downcore in the carbonate cap reflects the extent of admixed Fe-oxides and
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oxyhydroxides present. Below the carbonate cap Ca contents have a mean value of 0.87% however Ca
contents as high as 4.04% are observed. The high Ca contents below the carbonate cap do not reflect an
increased biogenic component but the present of calcic plagioclase (anorthite). The presence of plagioclase (a
mineral component of basalt) and chlorite (a basalt alteration product) are indicative of a basaltic input to
these sediments, this is in agreement with paragenesis as a pyrite-quartz breccia in the inner Mir mound close

to the upper hydrothermal stockwork zone (Chapter 4).

Sr shows an excellent correlation with Ca (r=0.97) (Figure 3.%h), this reflects the ability of Sr to substitute for
Ca in the CaCQj; and anorthite crystal lattice. Mg can also substitute for Ca in the crystal lattice however, no
correlation between Ca and Mg is observed. Bulk sediment Mg contents have a mean value of 1.43%, since
Mg concentration in vent fluids is effectively zero {(e.g. Elderfield and Schultz, 1996) all of this Mg must be
sourced from seawater or detrital inputs. Mg shows a correlation with Al (r=0.85), Ti (=0.87) (Figure 3.9i
and j) and Cr (r=0.83) (Figure 3.9g) all of which are derived from detrital inputs; this suggests that Mg is also

principally detrital in origin and is most probably associated with the detrital clays as an interlayer cation.

Titanium
Ti concentrations range from 9.18-7967ppm. A general decrease in Ti content is observed downcore. Ti
shows an excellent correlation with Al (=0.99) (Figure 3.9k) and is inferred to be associated largely with

detrital inputs and the plagioclase phase.

Vanadium and the V/Fe ratio

Vanadium contents range from 74.3-614ppm with a mean value of 252.ppm. The distribution of V is variable
but shows a general trend to increasing contents downcore. The concentration of V in this core is consistent
with previously published V concentrations for sediment from the TAG area (Metz et al., 1988). The
distribution of V is controlled by adsorption of V from seawater onto freshly precipitated Fe/Mn-
oxyhydroxides. When data from the sulphide layer are excluded V contents above the sulphide layer (0-
47cm) show a negative correlation with Fe, r=0.89 but no relationship to Mn, and V contents below the
sulphide layer (96-126¢m) show a correlation with Mn, r=0.86 but no relationship to Fe (Figure 3.91 and m).
Thus the V content of the sediment is controlled by the availability of Fe/Mn-oxyhydroxides and efficiency of
seawater scavenging prior to sedimentation. Plume input to these sediments is relatively low; V/Fe ratios of
bulk sediments in Core 60 are consistently less than plume ratios, low plume input is also consistent with P/Fe

ratios for Core 60.
3.3.6 Distribution of Non-Metallic Elements

Concentrations of Ba, P, K in Core 58 and Core 60 are listed in Table 3.2a & b. Downcore variations in Ba,

P, and K are shown in Figure 3.10a-d. Figure 3.11a-e illustrates all correlations with r values >0.60.
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3.3.6.1 CD102/58
Barium
Ba concentrations are highly variable and range from 4.04-388ppm with a mean value of 106ppm. Ba does

not correlate with any other element measured.

Phosphorus and the P/Fe ratio

P contents range from 0.05-0.49% with a mean value of 0.21%. The lowest values are associated with the
laminated section of the sulphide layer. The distribution of P above the sulphide layer (0-76cm) correlates
with Fe, =0.79 (Figure 3.11a), and is inferred to be controlled by co-precipitation and adsorption to ferric
oxides and oxyhydroxides in the hydrothermal plume and from pore fluids within the sediment. However,
contributions from unmodified plume material to these sediments are low. P/Fe ratios in Core 58 are at least

an order of magnitude lower than those of the TAG plume (P/Fe ratio = 0.137: Feely et al., 1991).

Potassium

K contents range from 0.1-1.0% with a mean value of 0.41. A general trend of increasing concentration with
depth is observed. The lowest values are again observed in the laminated section at the top of the sulphide
layer. This is consistent with the hydrothermal origin of the laminated section as K is sourced from seawater.
Above the sulphide layer K correlates with Mn, r=0.77 (Figure 3.11b). This suggests that K distribution in the
upper 76¢m of the core is controlled by adsorption to Mn oxides and hydroxides. Interestingly P and K do not

show a correlation with each other or the other detritally sourced elements (e.g. Al and Ti).

3.3.6.2 CD102/60

Barium

Ba concentrations are range from 1.49-130ppm with a mean value of 24.3ppm. Three peaks in Ba content are
observed. The largest peak occurs at 16cm depth where Ba contents are 130ppm, two smaller increases occur
at 78cm and 97cm depth where Ba contents are 25.9ppm and 57.4ppm respectively. Ba shows a good
correlation to Mn, r=0.89 (Figure 3.11c). This suggests that Ba and Mn are associated in the solid phase and
may be sourced from low temperature hydrothermal fluids percolating through the sediment pile during

diagenesis.

Phosphorus and the P/Fe ratio

P contents are low throughout the core reflecting minimal plume input to these sediments and they are almost
identical to data from Core 58; P/Fe ratios in Core 60 are also at least an order of magnitude lower than TAG
plume values. P wt% ranges from 0.04-0.44% with a mean value of 0.21%. The lowest values are associated
with the sulphide layer. Below the sulphide layer (96-126¢m) P shows an excellent correlation to Fe, =0.96
(Figure 3.11d), and is inferred to be controlied by co-precipitation and adsorption to ferric oxides and
oxyhydroxides in the hydrothermal plume and from pore fluids within the sediment. Above 96cm depth no

correlation between Fe and P is observed.
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Potassium

K contents are low throughout the core and range from 0.04-1.17% with a mean value of 0.3. There are two
distinct peaks in K content downcore, these peaks occur at the upper and lower limits of the sulphide layer
(47-96cm). The first peak at 46¢cm depth shows an increase from ~0.15% to 1.17%, the second peak at 97¢cm
depth shows an increase from contents of <0.15% within the sulphide layer to 0.98%. The lowest values,
observed in the sulphide layer, are consistent with the inner mound origin of this layer since K is sourced from
seawater. Below 96cm depth K shows a negative correlation to Fe, r=-0.93 (Figure 3.11e), this suggests that
the seawater source of K is diluted by Fe-rich hydrothermal inputs. Above 96cm K does not correlate with

any of the other elements measured in this study.

3.3.7 Sediment Formation and Diagenesis

The bulk mineralogy and downcore elemental variations of metalliferous sediments from the Avin
(CD102/58) and Mir (CD102/60) relict high temperature zones indicate deposition from a complex mixture of
sources and physical and chemical alteration of the sediment pile over time. Physical changes include
dissolution of primary phases and secondary mineralisation; chemical changes include alteration of sulphide

material which leads to remobilisation of metals and ultimately fluxes of material both to and from seawater.

Downcore Ca contents indicate that both cores 58 and 60 are capped by ~30cm of carbonate of pelagic origin.
These carbonate caps becoming increasingly admixed with Fe-oxyhydroxides towards their bases. This can
be seen from increasing Fe contents and the occurrence of goethite with orange staining in Core 58, and
hematite and goethite with red staining in Core 60. This goethite and hematite is sourced from oxidised

material transported from the 4/vir and Mir mounds during mass wasting and plume fallout.

Increases in Mn towards the base of the carbonate layers mark the locus of Mn**/MnOQj transition where Mn-
rich reducing fluids diffusing upwards encounter the increasingly oxic conditions of the carbonate caps
resulting in precipitation of Mn-oxides. The depth and magnitude of the Mn-redox transition at ~30cm in
Core 58 (the upper Mn peak) is consistent with the downcore Mn profile of adjacent cores (Metz et al., 1988,
Severmann, 2000). The depth of the Mn peak in Core 60 is also comparable with published data however, Mn
is enriched~2-fold in Core 60 compared to Core 43 and the Metz et al. (1988) core (Metz et al., 1988;
Severmann, 2000) (Figure 3.12). The secondary Mn peak in Core 58 is interesting as it coincides with a thin
carbonate lens. If the carbonate cap is undergoing acidic dissolution, a process which has been inferred for the
carbonate cap of the adjacent Core 43 (Severmann, 2000) then this secondary Mn peak and carbonate
occurrence may represent the original depth of the Core 58 carbonate layer where the basal carbonate lens has
been protected from dissolution. It might also represent non steady state processes, where there are changes in
the Mn flux when Mn is not only sourced by release from sulphide layers at depth in the sediments, following
reduction and dissolution of oxidised species, but also from evolved low temperature alteration fluids. Local
changes in redox conditions during diagenesis will also have an impact. This is consistent with the extreme
heterogeneity in Mn transport and reaction across the TAG field where surficial enrichments are common (e.g.
Scott et al., 1974; Metz et al., 1988; Mills et al., 2001; Shearme et al., 1983, Severmann, 2000) and Mn
enrichments in the upper tens of centimetres of sediments, up to 15% have been reported (Goulding, 1998;

Goulding et al., 1998). Interestingly, in Core 58 Ni and Mn show a linear correlation, r=0.82, and in Core 60
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outside of the sulphide layer Mn and Ni also show an excellent linear correlation (r =0.99), this suggests that

accumulation of Ni is also controlled by the bulk redox conditions.

The carbonate caps are underlain by Fe-oxyhydroxide rubble. Sedimentary layering and alignment of
elongate clasts indicates deposition as a mass flow event. High metal concentrations and the mineralogy
indicate that these layers are the weathering products of sulphidic mound material rather than material from
plume fallout. The presence of quartz and opal in the upper Fe oxide layers of cores 58 and 60 suggest that
sulphide oxidation is not the only source of Fe oxide and oxyhydroxide in these cores and that some of
maybe precipitating from low temperature Fe-Si-rich fluids (e.g. Alt, 1988b; Hannington and Jonasson,
1992) . The collomorphic textures of Fe oxides in these layers support an authigenic origin (Figure 3.13), in
addition precipitation of dissolved Fe(Il) from low-temperature fluids rather than oxidation of sulphides or
contribution from the overlying hydrothermal plume has been invoked for similar Fe oxide-rich layers in
other sediments from the TAG field (e.g. Mills and Elderfield, 1995b; Mills et al., 1996; Severmann et al.,
2004). The occurrence of atacamite in the upper Fe oxide/oxyhydroxide of Core 60 suggests upward
diffusion of Cu bearing fluids from the underlying sulphide layer. Cu is soluble under oxidising conditions
and low pH (e.g. Large et al., 1989) precipitation may be related to neutralisation of the Cu bearing fluid via

dissolution of carbonate material resulting locally important changes in Ey, and pH.

Following cessation of high temperature venting, chimneys on the top of sulphide mounds collapse and
disintegrate producing sulphide debris. Subsequent slumping of this material is facilitated by mass
gravitational transport, fault activation and related micro-earthquakes. The occurrence of sulphides in
distinct layers is interpreted to be the result of episodic transport of sulphide debris from the A/vin and Mir
relict mounds. Similar sulphide layers reported from this area have also been attributed to mass-flow events
(e.g. Metz et al., 1988; German et al., 1993; Severmann, 2000). The sulphide layers of both cores are

enriched in the chalcophile elements.

The sulphide layer of Core 58 has been subject to extensive oxidation and alteration. The secondary
mineralogy of this core suggests that supergene processes have been important in the modification of this
material (for a full discussion of supergene processes see Chapter 4). Both Cu and Zn remain high
throughout this layer however, peak enrichments which are two orders of magnitude greater than for other
TAG cores (e.g. Metz et al., 1988; German et al., 1993) are associated with the laminated section. Here Cu
and Zn peak at ~12 and 15wt% respectively, the peak Co contents are coincident with the Cu and Zn peaks
and all three enrichments are related to inclusion of high temperature chimney material (Tivey et al., 1995).
The mineralogy shows that the Core 58 sulphide layer has undergone oxidative alteration; despite a high
percentage of sulphide minerals, Fe oxides are the dominant mineral phase. These Fe oxides are the result
of sulphide oxidation and dissolution which results in the production of acidic pore-fluids. Acidic pore-
fluids are then responsible for the redistribution of pH and redox sensitive elements and may explain the
varied distribution of Cr and Ni throughout this layer. However, Core 58 is much less altered than adjacent
sediments, this can be seen from the clay mineralogy, in contrast to other sediments described from this area,
where clay phases are almost exclusively nontronitic, e.g. Core 43 (Severmann, 2000; Severmann et al.,

2004), chlorite and kaolinite are also important. In addition, the nontronite from Core 43 is authigenic and
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Figure 3.13: SEM images (SEM method is given in Chapter 4) of collomorphic Fe oxides,

Fe oxyhydroxides and Fe silicates from the laminated section (76-87cm depth) at the top of the sulphide
layer of core 58. Note that all the images show compositional zoning, bright layers are rich in Fe oxide
and/or oxyhydroxide, duller layers are rich in Fe oxysilicates.
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shows evidence of re-precipitation of earlier phases whereas; the clays in Core 58 are inferred to be
allogenic. The presence of some nontronite in Core 58 indicates low Ey and pH conditions and Fe?* and Si
in solution (Harder, 1976). The presence of nontronite as only a minor phase suggests that although these
conditions may be locally important they are not pervasive and within the sulphide layer and the Fe oxide/

oxyhydroxide layers of Core 58, Fe oxide precipitation appears to dominate over nontronite formation.

The geochemistry and mineralogy of the sulphide layer of Core 60 indicates that the primary assemblage
was precipitated within the Mir mound, close to the upper hydrothermal stockwork zone which has
contributed basaltic material and led to high Al contents (Chapter 4). This sulphide layer is considerably
less oxidised than Core 58 and other cores from the TAG site (e.g. Thompson et al., 1985; Metz et al., 1988;
Mills et al., 1993; German et al., 1993; Severmann, 2000; Severmann et al., 2004). The mineralogy and Fe
and S contents suggest that unlike Core 58, Core 43 and the Metz et al. (1988) core Fe-sulphides
predominate over Fe-oxides and oxyhydroxides. Whilst Co contents are less than the enrichments (up to
470ppm) observed in TAG mound sulphides and Core 43 (~200-500ppm: Severmann, 2000) they are up to 6
times higher than elsewhere in Core 60 and are indicative of a high temperature source (e.g. Tivey et al.,
1995). High Cu contents with mean values of 2.6wt% are comparable to Cu contents of similar cores from
the TAG area (e.g. Metz et al.,, 1988; German et al., 1993), however, the most enriched value of 12.08wt% is
approximately twice that of previous studies. This reflects the fact that chalcopyrite is the predominant Cu
host in Core 60 whereas in other cores Cu is primarily held in secondary Cu salts, e.g. atacamite or is
associated with Fe oxides following oxidation and dissolution of primary Cu sulphides (e.g. Metz et al,,
1988; German et al., 1993; Mills et al., 1996). High Cu contents (up to ~4wt%) elsewhere in Core 60 reflect
remobilisation of Cu during diagenesis as a result of the acidic conditions produced during pyrite oxidation.
Zn concentrations in the sulphide layer of Core 60 are consistently higher (~1.4wt%) than in other TAG
sediments which typically have Zn contents <0.5wt% (e.g. Metz et al., 1988; German et al., 1993;
Severmann, 2000), these are related to Zn sulphides rather than adsorption to Fe oxide (Metz et al., 1988).

Fe-oxyhydroxide and Fe-oxide layers at the base of both cores are very similar to the upper Fe-
oxyhydroxide layers. These are also attributed to oxidation and alteration of primary sulphide material

during diagenesis and authigenic precipitation from Fe-Si-rich low temperature fluids.

3.4 Conclusions

The downcore mineralogy and geochemistry of both Cores 58 and 60 indicates deposition from a complex
mix of sources and subsequent physical and chemical alteration during diagenesis.
e Core 58 collected from the A/vin relict high temperature zone, was emplaced as a result of a mass
wasting event and comprises 4 distinct units:
1. 0-33cm: intercalated carbonate (pelagic) and Fe oxyhydroxide
2. 33-76cm: Fe oxyhydroxide layer 1 — product of sulphide oxidation and precipitation from diffuse
low temperature fluids.
3. 76-138.5cm: sulphide layer —high temperature sulphide material derived from mass wasting most

probably of the nearby Southern A/vin mound. Contains enrichment in Cu, Zn, and Co
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4.

138.5-188cm (base): Fe oxyhydroxide layer 2 — very similar to the upper Fe oxyhydroxide layer,

also the product of sulphide oxidation and precipitation from diffuse low temperature fluids.

o Core 60 collected from the periphery of the Mir mound, dominated by high temperature inner mound

material emplaced as a result of mass wasting most likely as a result of movement on the normal faults

which dissect the Mir mound. Core 60 comprises 5 distinct units:

1.
2.

0-33cm: intercalated carbonate (pelagic) and Fe oxyhydroxide

33-47cm: Fe oxyhydroxide layer 1 — product of sulphide oxidation and precipitation from diffuse
low temperature fluids. Upwards diffusing Cu-bearing fluids from the sulphide layer below
precipitate secondary Cu minerals.

47-96¢m: sulphide layer —high temperature sulphide matenal derived from mass wasting of the Mir
mound. Contains enrichment in Cu, Zn, Co, Cr and Ni.

96-119cm: Fe oxyhydroxide layer 2 — very similar to the upper Fe oxyhydroxide layer, also the
product of sulphide oxidation and precipitation from diffuse low temperature fluids. Base of this
layer is inclined at ~25° suggesting deposition at the edge of a basin or local hollow, or as drape
cover over a faulted block.

119-126¢cm (base): Fe oxide layer: hematite and opal rich

Downcore metal distributions reflect mineralogical variability and the relative proportions of oxides and

sulphides as well as remobilisation (e.g. Cr and Cu), due to oxidative dissolution of sulphide and secondary

remineralisation, (e.g. atacamite), redox cycling (important for redox sensitive elements e.g. Mn, and for Ni

which is not redox active but appears to be scavenged by MnQ,), precipitation from diffuse low temperature

fluids (e.g. opaline silica, nontronite and gypsum), and scavenging from seawater (V and P). The complex

mineralogy and geochemistry of these sediments reflects the extreme heterogeneity in the extent of

alteration and preservation of primary features across the TAG site.
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Chapter 4:
Sulphide Mineralogy and Alteration

4.1 Introduction

4.1.1 Sulphide mineralogy in seafloor hydrothermal deposits

Sulphide minerals in seafloor hydrothermal deposits are precipitated in the subsurface, and chimney
structures, in response to changes in temperature and pH/E, conditions driven by mixing of hydrothermal
fluid with seawater (e.g. Haymon and Kastner, 1981 James and Elderfield, 1996a Janecky and Seyfried,
1984 Styrt et al., 1981 Zierenberg et al., 1984). Basic models for chimney growth suggest that initially the
central orifice of a typical black smoker chimney is lined with chalcopyrite with an anhydrite-rich exterior
(Haymon and Kastner, 1981). With continued venting, debouching hydrothermal fluids are insulated by the
growth of chimney walls, this facilitates precipitation of high temperature Cu-Fe sulphides and results in
chimney interiors which are typically dominated by Cu-sulphides and exteriors dominated by lower
temperature, Zn-sulphides (e.g. Haymon, 1983 Styrt et al., 1981 Woodruff and Shanks, 1988). In strongly
reducing fluids pyrrhotite is an abundant chimney component, however it is unstable in oxidizing conditions
and over time may be converted to more stable phases (e.g. pyrite) or will dissolve and return to the fluid
(e.g. Haymon, 1983 Goldfarb et al., 1983). Some black smoker chimneys are dominated by Zn-sulphides
e.g. hexagonal wurtzite (e.g. Haymon and Kastner, 1981; Styrt et al., 1981; Zierenberg et al., 1984; Tivey
and Delaney, 1986). This suggests that some Zn-sulphides are stable at high temperature. Minor or trace
amounts of bornite, pyrite, marcasite, Fe-oxide and amorphous silica may also be present in a black smoker
chimney. Lower temperature, i.e. white smoker chimneys, in contrast to black smoker chimneys, are
commonly dominated by sphalerite with minor amounts of marcasite or pyrite and amorphous silica, with

trace amounts of chalcopyrite and Fe-oxide (e.g. Tivey et al., 1995).

At the seafloor, collapse of chimneys and mass wasting and faulting events contribute to the growth of a
sulphide talus. Circulation of hydrothermal fluid and mixing with entrained seawater within the sulphide
talus and hydrothermal stockwork zone leads to further sulphide precipitation in the subsurface, and
cementation and replacement of primary mineralogical features. The primary sulphide mineralogy of
seafloor massive sulphide deposits is subsequently modified by hydrothermal diagenetic alteration (e.g.
Hannington, 1993; Tivey et al., 1995; Hannington et al., 1998; Knott et al., 1998). Secondary sulphide
mineral phases include: pyrite, covellite, bornite, chalcocite, sphalerite and less commonly digenite. A
summary of sulphide mineralogy from modern, seafloor massive sulphide deposits, in the Pacific and

Atlantic Oceans is given in Table 4.1.

4.1.2 Sulphide alteration in seafloor hydrothermal deposits
Models of mound growth suggest that initial alteration of primary phases is contemporaneous with high

temperature venting as seawater entrained into the mound mixes with hydrothermal fluid and circulates
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Vent Site Mineral Textures and occurrences Abundance  Reference
Middle Pymhotite Open, interlocking network of hexagonal platelets; tabular Goodfellow and
Valley (Po) crystals X Franklin. 1993.
NJAFR
Sphalerite Anhedral; colloform; cubic; hexagonal, commonly X
(Sp) mterstitial to Po network
Pyrite (Py) Cubic aggregates; lacy network commonly replacing Po X
network
Marcastte Laths overgrowing Po network %
(Me)
Chalcopyrite  Anhedral cores and overgrowth rims; exsolution lamellae %
(Cp) in Iss and Sp
Isocubanite Central cores in Sp; anhedral crystals
(Is5) X
Covellite Anhedral replacement of Cp
X
(&)
Galena (Ga) Cubic and anhedral grains in Po Trace
Middle DPyrite Colloform; euhedral; massive aggregates; some-skeletal Duckworth et-al: 1994
Valley crystals; somc grains arc porous X
NJdFR
Pyrrhotite Interlocking laths some with hollow centres commonly X
overgrown by Py
Marcasite Small inclusions within Py; euhedral crystals X
Sphalerite Variable Fe content; ssme Cp and Po inclusions X
Chalcopyrite  Replaces Sp and Po X
Endeavour | Pyrite Cubic; anhedral-subhedral clusters intergrown with Tivey and Delaney. 1986
Segment 47 marcasite; blades;, Mc and Wt inclusions are common, X
°N JAFR rare inclusions of Cp, Iss and Po
Marcasite Anhedral crystals intergrown with Py; colloform X
aggregates; contains Wt inclusions; some Po inclusions
Wurtzite Hexagonal crystals X
Pymhotite Thin tablets; intergrown with Wt; inclusions in Py and Mc Trace
Sphalerite Dodecahedra within amorphous silica Trace
Chalcopyrite  Anhedral grains; surrounding or surrounded by Wt, Py
and/or Mc X
Isocubanite Interconnected grains, sometimes rimming Py; commonly
rimmed by Wt X
Galena Finegrained anhedral; imming Wt; occasionally as
. . - Trace
inclusions in Wt
Pyrite Layers and lenses of globular and columnar forms; Koski et al. 1984
SJdFR colloform bands; disseminated subhedral grains; euhedral X
cubes; framboids; blebs in Sp and opaline silica
Marcasite Aggregates along Py globules; rarely interstitial X
Pyrrhotite Tabular crystals Trace
Sphalerite Dendritic; colloform; globular. Occurs as overgrowths on Trace
Py and patches in Wt
Waurtzite Euhedral; columnar crystals; infills cavities and 1s X
(Wt) intergrown with Sp
Chalcopyrite  Subhedral grains associated with Sp and Wt X
Cubanite In cores of Cp grains contains Cp lamellae
(Cb) X
Galena Subhedral grains rim Sp; radiating and dendritic forms in X
cores ol colloform Sp
Jordanite Subhedral grains Trace
(Jd)
Cyamex Pyrite X Oudm et al. 1981
EPR
Marcasite X
Chalcopyritc X
Waurtzite X
Sphalerite X
%i;mte Trace
Covellite Trace
21°N EPR Pyrite Striated cubes; framboids; cryptocrystalline X Zierenberg et al. 1984;
Wurtzite Hexagonal platelets X Haymon and Kastner,
Sphalerite Cubes; dodecahedrons; tetrahedrons; rounded and X 1981
cryptocrystalline grains
Chalcopyrite  Mamillory and botryoidal masses, tetrahedrons; <
cryptocrystalline
Marcasite Trace
Covellite Trace
Cubanite Trace
Pyrrhotite Hexagonal plates, individual and in radiating clusters Trace
Galena Trace

Table 4.1: Mineral textures and occurrences at modern sea floor hydrothermal sites in the Pacific
and Atlantic Oceans. X = major constituent; X = minor constituent.



Vent Site Mineral Textures and occurrences Abundance  Reference
Green Pyrite Alt 1988
Seamount X
EPR
Marcasite X
Chalcopyrite X
Covellite Trace
Zn sulphide trace
Chimneys Chalcopyrite  Fine to coarsely crystalline (I-2mm) often intimately ¥ Styrt at el. 1981
21° N EPR associated with anhydrite; exsolution lamellae
Wurtzite Hexagonal crystals; very fine grained crystals associated
with Py, Cp and anhydrite; Fe-rich; as coatings on X
anhydrite; columnar crystals
Pyrite Very fined grained associated with Cp, Wt and anhydrite X
Sphalerite Trace
Bornite/chale
. Trace
ocite
Cubanite Tracc-

o Pyrite Subhedral cubes; dendritic; rounded blades; aggregates Graham et al. 1988
1° N and forming curved bands; colloform structures — relics of X
13°N EPR Fng anass

original marcasite
Marcasite Anhedral crystals; colloform; needles; rounded blades; x
inclusions in Py, disseminated grains
Waurltzite Anhedral crystals; colloform; elongate; hexagonal
crystals; inclusions in Py X
Sphalerite Anhedral and colloform crystals X
Pyrhotite. Inclusions in Py and.Cp cubes; prismatic and fractured Trace
crystals
Chalcopyrite  Overgrowths on Py and as Fracture; vug fill; anhedral x
grains
Bormnite Blebs within Py: irregular patches on Py grain boundaries, x
replaced by Cv and Dg
Digenite Replaces Bn Trace
Chalcocite Trace
Isocubanite Contain Cp exsolution lamellae X
Covellite Replaced Bn X
Broken Pyrrhotite Found in Diffuser and ledge type sulphides, more rarely in X Butler et al. 1998
Spur MAR chimneys
Pyrite Found in ledge, mature and brecciated sulphide types X
Marcasite Found in diffuser, ledge and brecciated sulphide X
Chalcopyrite  Found in all sulphide types X
Isocuabnite Found in diffuser and brecciated sulphide Trace
Bornite (Bn)  In chimney sulphide X
Chalcocite Found in chimney and brecciated sulphide X
(Co)
Covellite Found in chimney and brecciated sulphide Trace
Wurtzite Found in diffuser and ledge sulphides X
Sphalerite Found in diffuser, ledge and brecciated sulphide also a x
trace component in chimneys
Galena Found only in ledge sulphide Trace
Snake Pit Pyrnite Colloform; cemented by silica; as cores in Sp; dendritic X Kase et al. 1990
MAR forms encroaching Sp
Isocubanite Spherical grains and aggregates; some crystals contain
lamellae of Cp; overgrown by Cp; found as core of some X
Sperystals; blebs i Sp grains
Marcasite Spherical; colloform grains, Po cores; overgrown by Sp X
Chalcopyrite  Forms exsolution lamellae in Iss, some crystals altering to ¥
Cv along grain boundaries; rarely contains Iss lamellae,
Sphalerite As overgrowths on Me; Iss cores; cementing composite i
grains; contain blebs of Iss *
Pyrrhotite Long prismatic crystals also short forms; in cores of some
Iss grains, cemented by silica; found in centre of some Mc X
spheres; interstitial
Covellite As an alteration product along chalcopyrite grain
boundaries X
TAG Pyrite Disseminated; euhedral crystals; colloform bands and Knott et al. 1998
mound clots; microcrystalline aggregates; porous grains; veinlets X
MAR
Chalcopyrite  Anhedral; disseminated grains; intergrown with Py and
Sp; as inclusions in Sp; cuhedral blades in vugs; Trace to x
overgrowths on Py; rare veinlets
Sphalerite Anhedral grains disseminated in quartz zones; intergrown Trace
with Cp; overgrowths on Cp and quartz; inclusions in Py
Marcasite Late crusts in vugs, banded aggregates; inclusions T
. oo THCE
mtergrowths witlr Py
Pyrrhotite Boxwork pseudomorphed by porous Py; bladed crystals; Trace

late overgrowths on quartz

Table 4.1 cont.



Sulphide Mineralogy and Alteration Chapter 4

recrystallising and redistributing primary mineral phases (Humphris et al., 1995; Tivey et al., 1995; Scott,
1997; You and Bickle, 1998). In fact, the precipitation of pyrite (pyrite precipitation occurs via a pyrrhotite
precursor (Chapter 1) the full reaction is shown in Equation 1.3), anhydrite and silica, during high
temperature activity, effectively drives zone refining and alteration by decreasing the pH of the circulating
hydrothermal fluid (e.g. Seewald and Seyfried, 1990; Tivey et al., 1995). For example separation of Cu and
Zn may be achieved because of the different solubilities of chalcopyrite and sphalerite as a function of pH.
Under the low pH conditions sustained within active mounds, as hydrothermal fluid is conductively cooled,
Cu solubility is greater than Zn. Where hydrothermal fluid is mixed with entrained seawater, pH increases,
and Zn has greater solubility (Figure 4.1) (Large et al., 1989). This is well illustrated in the active TAG
mound where ODP drill cores have shown enrichment of Cu in zones 2 and 3, the upper hydrothermal
stockwork, and Zn in zone 1 at the seawater crust interface (Chapter 2). The presence of acidic fluids is also
important in the remobilisation and remineralised of other metals and enrichment of Au, Ag, Pb and Cd, in
addition to Cu and Zn, results from changes in E;, and pH conditions during diagenesis (Hannington et al.,

1988; Herzig et al., 1991; Humpbhris et al., 1995; Tivey et al., 1995; Severmann, 2000).

The presence of quartz and opaline silica in many seafloor deposits is indicative of the variable physical and
chemical conditions present during the growth and initial alteration of sulphide mounds since silica is
undersaturated in end member hydrothermal fluids and is precipitated from conductively cooled mixtures of
hydrothermal fluid and seawater (Janecky and Seyfried, 1984; Tivey et al., 1995). Much of the amorphous
silica and quartz in the TAG mound occurs as breccia cement but it is also seen as a replacement of
anhydrite and sulphide (e.g. Humphris et al., 1995; Honnorez et al., 1998; Hopkinson et al., 1998; Knott et
al., 1998; Hopkinson et al., 1999).

The precipitation of thin oxide crusts on the surface of seafloor massive sulphide deposits is also
contemporaneous with high temperature activity. There are two distinct mechanisms by which the
precipitation of oxide crusts may occur: the first of these is Fe-oxide precipitation where acidic solutions
carrying Fe leached from the underlying sulphide have migrated to the outer surfaces of a deposit, e.g. oxide
crusts at the surface of the active TAG mound (Hannington, 1993; Hannington et al., 1988). These surface
crusts have REE patterns that are consistent with the formation of Fe oxides via the alteration of sulphides
and which show the evolution of the fluid during transport (Mills and Elderfield, 1995b). Alternatively, Fe-
oxides maybe precipitated directly from cooled hydrothermal fluid when the Fe/H,S ratio is greater than
one, e.g. Fe-oxide crusts at the Red Seamount, EPR (Edmond et al., 1979a; Alt et al., 1987). These two
mechanisms of Fe-oxide precipitation may also occur simultaneously (e.g. Hannington et al., 1988;
Hannington and Jonasson, 1992; Mills and Elderfield, 1995b). The resultant Fe-oxide deposits have been
compared to the gossanous material overlying ancient massive sulphide deposits now exposed on land (e.g.
Alt et al,, 1987; Hannington et al., 1988; Herzig et al., 1991; Hannington, 1993; Dill et al., 1994; Goulding,
1998).

During hydrothermally inactive periods, modification continues as circulation of seawater and low
temperature fluids persists (e.g. Humphris et al., 1995; Tivey et al., 1995, Humphris and Kleinrock, 1996).

The dissolution of primary metal sulphide phases, which are unstable in oxidising seawater, in general
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Figure 4.1: Solubilities of sphalerite (ZnS) and chalcopyrite (CuFeS,) as a function of pH.
Changing pH conditions allows for the separation of Cu and Zn within an actively forming
seafloor massive sulphide deposit. Sustained low pH conditions in the core of a deposit allows for
separation of Cu and Zn, if a large increse in pH occurs rapidly sphalerite and chalcopyrite will
co-precipitate. (Adapted from Large et al., 1989).
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terms, is shown by Equation (1.11). Metal ions released into solution will then form complexes with anions
including SO,*, CI', ", or HCO5 (minor at low pH), subsequent precipitation of secondary sulphide
minerals may be explained by reduction of oxidising solutions carrying base metals (Thornber, 1985). The
dissolution of primary sulphides is most likely dominated by the oxidation of pyrite to Fe-oxyhydroxide and
Fe oxide (Equations 1.12 and 4.1: Nordstrom, 1982) via aqueous Fe* (Equation 4.6).

2Fe* +0.50, +5H,0 < 2Fe(OH ), +4H " (4.1)

However, this is not the only potential oxidation pathway, in low oxygen conditions, NO;', MnO, (e.g.
Equation 4.2: Schippers and Jorgensen, 2001) and Fe(I1I) (Equation 4.3: e.g. Wiersma and Rimstidt, 1984;
McKibben and Barnes, 1986; Schippers and Sand, 1999) may act as electron acceptors.

FeS, +7.5Mn0O, +11H* — Fe(OH ), +250,” +7.5Mn* +4H,0 42)

FeS, +8H,0 +14Fe* —15Fe™ +250,” +16H* 43)

In addition, chemical experiments have shown that pyrite oxidation rarely occurs as a straight forward
reaction, such as Equation 1.12, and more commonly proceeds via intermediate sulphur and Fe species (e.g.
Nordstrom, 1982; Schippers and Sand, 1999, Canfield, 2001a; Habicht and Canfield, 2001; Schippers and
Jorgensen, 2001). Equation 4.4 shows a two step oxidation mechanism for pyrite via a thiosulphate
intermediate (Schippers and Sand, 1999):

FeS, o +6Fe™ gy +3H,0 — 8,0, +TFe* (g +6H "

2(§)
(4.4)

S,0." + 8Fe™ (ag) + SH,0 — 280,” +8Fe™ (o) +10H *

Bacterial interaction in pyrite oxidation is well documented and Fe oxidising microbes are capable of
influencing the growth and dissolution of a number of minerals by exerting control over reaction kinetics
and pathways (e.g. Silverman and Ehrlich, 1964; Lacey and Lawson, 1970; Fowler et al., 1999; Kirby et al,,
1999; Schippers and Sand, 1999). In the ambient bottom water conditions present at the seawater TAG
sulphide mound interface Fe(I) has a half life of <1 minute and inorganic oxidation of pyrite will proceed
rapidly however, in the lower pH (~6) low oxygen (O, ~1ml/1) conditions present within massive sulphide
deposits, inorganic oxidation proceeds slowly with Fe(II) half lives >5 days ((Millero et al., 1987) this
environment potentially provides the conditions for significant biological mediation of Fe(1I) oxidation
(Emerson and Moyer, 2002). Fe oxidation, bacterial interactions and bio-mineralisation are discussed in

detail in Chapter 6.

The oxidation of pyrite via equations 1.12, 4.3 and 4.4 leads to the formation of acidic pore fluids which are
important in the remineralisation of primary Cu and Zn phases (Thornber, 1985 Hannington et al., 1988;
Large et al., 1989; Tivey et al., 1995). The pH of pore fluids from sulphidic material undergoing oxidation
at the TAG mound are reported to range from 3.6 to 5.5 (Hannington, 1993), Chalcopyrite solubility
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(measured in ppm) at pH 3.6 is 2 orders of magnitude greater than at pH 5 where solubility drops below
lppm, sphalerite is soluble to higher pH, dropping below 1ppm at ~pH 6 (Figure 4.1) (Large et al., 1989).

Once in solution E;—pH changes and chloride complexing dominate the geochemical behaviour of Cu at low
temperatures. Cu is soluble under oxidising conditions and low pH (e.g. Large et al., 1989), Fe®" is
considerably less soluble under these conditions and will either remain in the primary sulphide or will
precipitate as hematite and/or goethite as a result of hydrolysis reactions (e.g. Thornber, 1985; Baes and
Mesmer, 1976) (e.g. Equation 4.4). This difference in solubility provides an efficient mechanism by which
Cu may be fractionated from Fe. Remineralisation of primary chalcopyrite to pyrite with loss of Cu*" jons
can be achieved in this manner (e.g. Rose, 1976). Cu®" ions released during the remineralisation of
chalcopyrite to pyrite form cuprous chloride complexes such as CuCl,” and CuCly* (e.g. Rose, 1976;
Hannington, 1993). Since Cu solubility is highest at low pH, where the solutions carrying such chloride
complexes are exposed to ambient seawater, basic Cu salts, such as atacamite, which commonly occurs as a
product of secondary mineralisation in the weathered portions of sulphide mounds (e.g. Emberly et al., 1988;
Hannington, 1993), are precipitated (Detrick et al., 1986; Alt et al., 1987; Hannington et al., 1988). Since
atacamite is precipitated in response to pH increases resulting from exposure of the solutions carrying
copper chloride complexes to ambient seawater, the presence of atacamite delineates the extent of seawater

penetration within a deposit during remobilization of Cu (Hannington, 1993).

Although this mechanism of Cu dissolution and remineralisation 1s akin to sub-aerial supergene processes
(Section 4.1.3) atacamite is rarely observed from terrestrial massive sulphide deposits. This is because
under the high CI” concentration and pH of ambient seawater atacamite is only slightly soluble however, in
fresh waters where the Cl1” concentration and pH are lower atacamite is highly soluble (e.g. Rose, 1976;

Hannington, 1993).

During mass wasting events primary, partially aitered and secondary phases are transported to near field
sediments and are intermixed with material derived from plume fallout and background pelagic
sedimentation. Oxidative decay of pyrite and remobilisation and secondary mineralisation of the
chalcophile elements continues within the sediment pile. E; and pH gradients drive remobilisation of metals
in the sediment pile and these conditions are analogous to those discussed above relating to mound
processes. For example, investigation of a core collected close to CD102/58, the Severmann core (2000)
(CD102/43) there is evidence for diffusion of Zn and Pb out of sulphide layers whereas Cu is retained by the
pH gradient. Over time, these processes of oxidation and remobilisation may lead to complete oxidation to
Fe-oxide. Elevated metal contents in sediments from the FAMOUS hydrothermal site (37° N MAR) can be
attributed to diagenetic re-mobilisation of sulphides by low temperature alteration of primary phases and
post-depositional circulation of hydrothermal fluids and seawater through the sediment pile (Scott et al.,
1979). Similar trends of enrichment have been reported for samples of metalliferous sediments from DSDP
Leg 92 from 19° S on the EPR which demonstrate a range of concentrations in the chalcophile elements; Fe
25-39wt%, Cu 1000-2000ppm, Zn and Ni 500-1000ppm and Co 100-150ppm which are attributed to
remobilisation of base metals during diagenesis (Barrett et al., 1987). These are significantly higher than for

sediments derived from plume fallout e.g. sediments deposited from the Rainbow hydrothermal plume at
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36°N MAR have Fe contents of 1-2%, Cu 70-448ppm, Zn 20-33ppm, and Ni <100ppm (Cave et al., 2002).
A comparison of metal contents in metalliferous sediments from the Atlantic and Pacific with material from

this study is given in Chapter 3.

4.1.3 Supergene Processes

The term supergene relates to sub-aerial processes of mineral precipitation in which an existing ore body is
enriched to a higher grade (Figure 4.2). At the simplest level supergene enrichment can be viewed as a two
stage process (e.g. Bear, 1963 Constantinou and Govett, 1973; Boyle, 1979; Thornber, 1985): (1) Sulphides
in oxidising parts of the ore body, generally those areas above the water table, undergo oxidation resulting in
the production of acidic pore waters which leads to mineral dissolution via chemical leaching of base metals.
Since pyrite is typically the most common sulphide, the oxidation of pyrite is fundamental to this process.
Fe-oxides and oxyhydroxides are precipitated in the leached zone forming a gossanous cap, whilst metal
bearing solutions migrate downwards towards the water table. (2) Below the water table, where conditions
are usually reducing, the leached metals are re-precipitated as higher grade minerals. These reactions
typically involve replacement of unaltered sulphide by secondary sulphides. A classic example of this is the

conversion of chalcopyrite to covellite via Equation 4.5:

CuFeS, +Cu* — 2CuS + Fe** (4.5)

Whilst the two stage process described above is a valid summary of supergene processes, in reality, the
chemical reactions governing sulphide alteration and which ultimately lead to gossan formation are much

more complex (e.g. Boyle, 1979; Nordstrom, 1982; Thornber and Wildman, 1984; Thornber, 1985).

Metal sulphides, of which pyrite is the most abundant, are chemically unstable in oxidising and low pH
conditions. Where sulphides are exposed to such conditions spontaneous oxidation will occur, e.g. Equation
4.7, and base metals are solubilised. The solubility of an element and its hydrolysis and complexing
behaviour are the most important factors governing its fate during alteration, these in turn are controlled by
the prevailing pH and E,, conditions (e.g. Baes and Mesmer, 1976; Nordstrom, 1982; Thornber and Wildman,
1984; Thornber, 1985).

Most metals are transported chiefly in their complexed form, $,05%, SO.%, OH, CI, F, CO,* and HCOy
are important ligands for metal mobility (e.g. Sillen and Martell, 1964; Sillen and Martell, 1971; Rose, 1976;
Mann, 1984, Thornber, 1985; Herzig et al., 1991 Hannington, 1993). For example, in the low pH conditions
associated with mineral dissolution in the supergene oxidising zone, Cu will most commonly form
complexes with Cl” (e.g. Rose, 1976), however, it can also form stable complexes with F, SO.%, CO,%,
$,04%, and OH'. In the same conditions Fe(Il) and Fe(II) will also form complexes with CI’, F’, SO.%,
CO;”, and OH but are most commonly complexed with S$,05% (e.g. Sillen and Martell, 1964; Sillen and
Martell, 1971; Pitwell, 1973; Thornber, 1985). Experimental data show that the stability of a metal ion
complex in solution is dependant upon its proximity to the weathering sulphide and the extent of dilution as
it diffuses to areas of lower concentration (Sillen and Martell, 1964, Sillen and Martell, 1971; Thorber,

1985). Under laboratory conditions S,05> has been shown to be the dominant ligand close to the surface of
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a weathering sulphide, and hydrolysis reactions, and therefore re-precipitation, under these conditions are
inhibited, with dilution, as metals diffuse away from the surface of the weathering sulphide, SO,>and OH"
complexes, and transport as non complexed aqueous M>* becomes increasingly important and precipitation
via hydrolysis may take place (Sillen and Martell, 1964; Sillen and Martell, 1971; Baes and Mesmer, 1976;
Thornber and Wildman, 1984; Thornber, 1985).

Re-precipitation and hydrolysis reactions are principally controlled by changes in pH and E;, conditions
(Baes and Mesmer, 1976). This is because changes in pH and E,, alter the behaviour of particular ligands
which in turn affects the stability of metal bearing complexes and therefore metal solubility. The effect of
changing pH and E,, conditions, with respect to the role of gossan forming processes, may be demonstrated
by consideration of Fe?*, Below pH6 Fe?" is highly soluble, oxidation by dissolved oxygen and hydrolysis
by reaction (4.6) results in precipitation of unstable Fe(OH); and produces protons causing a further
decrease in pH, this in turn results in the solubilisation of base metals. At higher pH, >7, Fe*" has
significantly lower solubility and exists predominantly as Fe(OH)',q) and Fe(OH),. Whilst further oxidation
of Fe(OH), by dissolved oxygen also results in precipitation of Fe(OH); (reaction 4.7) no acidity is produced
and the precipitate remains stable (Thornber and Wildman, 1984; Thornber, 1985). This type of hydrolysis

behaviour causes Fe to be concentrated in precipitates formed where there are steep Ey, and pH gradients.

4Fe* +0, +10H,0 — 4Fe(OH ), +8H* (4.6)
4Fe(OH), + 0, +2H,0 — 4Fe(OH ), (4.7)

Where precipitation is rapid, i.e. at sharp Ey-pH gradients, goethite and amorphous Fe oxyhydroxides, e.g.
ferrihydrite, are precipitated. Ferrihydrite, however, is not stable and over time will transform to more
crystalline phases, commonly hematite (Fe,O;) (e.g. Thornber and Wildman, 1984; Cornell and
Schwertmann, 1996).

The end product of leaching processes occurring in the oxidising zone, are the Fe-oxide gossans which
overlie sub-aerial massive sulphide deposits. Gossans consist of hydrated Fe-oxides, e.g. goethite (FeO(OH),
and hydrated Fe sulphates, e.g. jarosite (KFe3(SO4),(OH)s) and are commonly enriched in elements which
have low solubility in the oxidising conditions associated with alteration and leaching processes, e.g. gold,
or which have strong adsorption affinities with Fe oxide and oxyhydroxide, e.g. Cu and Pb (e.g. Bear, 1963
Constantinou and Govett, 1973; Boyle, 1979; Thornber and Wildman, 1984; Thomber, 1985; Dold and
Fontbote, 2001; Dill et al., 2002). In deposits where the acidic weathering solution has come into contact
with carbonates, the gossan will contain base metal carbonates in addition to Fe-oxides: interaction of acidic
solutions with alkaline carbonate results in dissolution of the carbonate which neutralizes the acidity causing
the pH to increase and base metals to precipitate (e.g. Thornber, 1985; Scott et al., 2001; Dill et al., 2002).
Figure 4.3 shows a schematic representation of the major chemical and physical steps involved in gossan

formation.

Several authors have likened alteration within submarine massive sulphide deposits and metalliferous

sediments to sub-aerial supergene processes (e.g. Hannington et al., 1988; Herzig et al., 1991; Binns et al.,
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1993; Hannington, 1993). The elevated metal contents in submarine metalliferous sediments are attributed
to dissolution of sulphide phases and re-precipitation in the overlying oxide deposits as a result of the steep
E,-pH gradients which exist in these sediments (e.g. Barrett et al., 1987; Hannington et al., 1988; Herzig et
al, 1991; Dill et al., 1994; Goulding et al., 1997; Severmann, 2000). However, the mechanisms of sulphide
alteration and the ultimate fate of the chalcophile elements in submarine systems are largely unknown.
Although classic, sub-aerial supergene processes and sub-marine sulphide alteration and oxide formation are
both driven by oxidative dissolution, secondary mineralisation and alteration processes maybe significantly

different.

4.1.4 Aims and Objectives

The geochemistry of TAG cores collected in close proximity to those of this study has been studied in detail
(e.g. Metz et al., 1988, Mills et al., 1993; Severmann, 2000) and although post-depositional and post-
venting, diagenetic processes associated with low temperature fluid flow have been investigated (e.g. Mills
et al., 1996; Severmann, 2000; Severmann et al., 2004) alteration within near field, sulphide-rich sediments
and the impact of diagenetic oxidation processes on the geochemistry and mineralogy of these deposits

remains poorly constrained.

This study investigates sulphide-rich layers within two metalliferous sediment cores from the A/vin and Mir
relict high temperature zones within the TAG field. The objectives of this chapter are to identify: the
primary and secondary mineral assemblages; the paragenetic sequence of mineralisation; alteration
processes and pathways; and the formation and emplacement history of each sulphide layer, in order to
determine the impact of alteration processes on the mineralogy, geochemistry and evolution of near-field
sulphide-rich sediments and to evaluate the validity of comparisons of sub-marine sulphide alteration with

sub-aerial supergene processes.

4.2 Materials and Methods

Samples for this study were collected from the sulphide layers of cores CD102/58 (A/vin zone) at 76 to
138.5cm depth downcore, and CD102/60 (Mir mound) at 48 to 96¢m depth downcore (Figure 4.4). The

downcore bulk mineralogy and geochemistry of both cores are discussed in Chapter 3.

4.2.1 Sample preparation

Polished blocks for reflected light microscopy were prepared by setting hand picked sulphide mineral
separates in epoxy resin following which the epoxy blocks were ground and polished. Three sulphide-rich
rock nuggets at depths of® 49.5 to 53.5cm; 58 to 63cm; 67.5 to 71.5cm from CD102/60 (the Mir core) were
also set in polished blocks (Figure 4.5). Three polished thin sections, 30pum thick, were prepared for SEM
analysis, reflected and transmitted light microscopy, from a resin impregnated section, 1cm wide by 10cm
long, of the laminated section at 76 to 87cm depth within the sulphidic layer of CD102/58 (the A/vin core)
(Figure 4.6 and 4.7).
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layer of CD102/60 occurs between 48 and 96 cm depth.
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Figure 4.5: Sketch maps of the polished blocks of 3 rock nuggets from the Mir core: CD102/60.

Figure 4.6: Location of impregnated section from the top of the sulphide layer of core 58 marked by

white dashed box. Three 30pum thick, polished thin sections were prepared from this section for SEM
and transmitted and reflected light microscopy.
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4.2.2 Scanning Electron Microscopy (SEM)

The three polished thin sections from the resin impregnated stripped section at 76-87cm depth at the top of the
sulphide layer of Core 58 were examined on a LEO 1450VP, Tungsten Filament SEM at 20kV using a beam
current of 80nA and a probe current of 700pA. Qualitative X-Ray microanalyses were performed over 50

second periods using a Princeton Gamma Tec (PGT) microanalysis X-ray spot with a spot size of 2-3pum.

4.2.3 Transmitted and Reflected Light Microscopy
Polished blocks were examined and photographed in reflected light on a binocular polarizing microscope.
The polished thin sections were examined and photographed in both transmitted and reflected light on a

binocular polarizing microscope.

4.3 Results

The sulphidic portions of both cores show considerable heterogeneity both in mineral distribution and texture.
Pyrite is the dominant sulphide phase and is ubiquitous throughout the sulphidic portions of both Core 58 and
60. Lesser amounts of sphalerite and chalcopyrite, with minor covellite occur in Core 58 and chalcopyrite

with minor sphalerite and trace covellite in Core 60 (Figure 4.8 and Table 4.2).

4.3.1 The Alvin core (CD102/58)
4.3.1.1 Pyrite, FeS,

Pyrite is ubiquitous in the sulphidic portion of this core and locally constitutes up to 75% of a sample. It
occurs in the primary mineral assemblage and as a secondary phase associated with alteration. Primary pyrite
is most commonly seen as massive fine — medium grained aggregates of euhedral pyrite cubes (Figure 4.9a &
e), and less commonly as reworked randomly oriented collomorphic crusts (Figure 4.11d & e) and spheres
(Figure 4.9¢), medium—coarse singular euhedral cubes (Figure 4.9d, i & j), and as tube structures (sulphidic
tube structures are discussed in detail in Chapter 6). Much of this primary pyrite is porous and fractured
(Figure 4.9a & b). Primary pyrite cubes are frequently rimmed or overgrown by sphalerite and Fe-oxysilicates
(Figure 4.94, f, i & j; Figure 4.10a, b & e). Oxidative corrosion and dissolution of primary pyrite is illustrated
by the presence of irregular grain boundaries (Figure 4.9j; Figure 4.10c), which are enclosed by layered or
filamentous Fe-oxide (Chapter 6), and dissolution pits on grain surfaces (Figure 4.10d) which are frequently
filled with secondary mineral phases, most commonly Fe-oxides and Fe-oxyhydroxides but also Fe, Cu, Al,
Mg silicates. Fe-oxide/oxyhydroxide/and oxysilicate polymorphs of primary pyrite cubes resulting from
replacement of primary pyrite are observed and some have cores of relict pyrite. Figures 4.9, 4.10 and 4.11

show photomicrograph and SEM images of primary pyrite textures and mineralogical associations in Core 58.

Secondary pyrite occurs predominantly as medium-coarse grained euhedral cubes and aggregates often with
relict chalcopyrite inclusions (Figure 4.10g). It is also commonly seen as collomorphic rims around
sphalerite, chalcopyrite and covellite (Figure 4.11a, & b; Figure 4.15b). In addition pristine, cubic grains of
secondary pyrite are seen as replacements of highly porous subhedral primary pyrite and chalcopyrite, and as

rims on covellite (Figure 4.11¢). Secondary pyrite is also associated with co-precipitated secondary sphalerite
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Figure 4.8: Mineralogical occurrences and abundance downcore in the sulphide layers of cores

58 and 60. For both cores pyrite is the dominant sulphide phase and the abundance of Fe oxide and
oxyhydroxide increases downcore. Oxide and oxyhydroxide phases are much more abundant in core
58 where oxidation of the sulphide layer is pervasive. Chalcopyrite and sphalerite are spatially
separated in both cores. The primary mineral assemblage for core 58 consists of pyrite, chalcopyrite
and sphalerite; the secondary assemblage consists of pyrite, covellite, goethite, hematite, atacanite,
paratacamite, quartz and gypsum. The primary assemblage of core 60 consists of pyrite, chalcopyrite,
quartz and cristobalite, with a secondary assemblage of pyrite, sphalerite, atacamite and goethite.



Mineral Textures and occurrences Abundance | Reference
Pyrite (Py) Disseminated; euhedral crystals; Knott et al. 1998
TAG :
mound cqllofonn baqu and clots; x
microcrystalline aggregates; porous
MAR . .
grains; veinlets
Chalcopyrite | Anhedral; disseminated grains;
{Cp) %ntergfrown with Py and Sp; as'mcluswns Trace to x
in Sp; euhedral blades in vugs;
overgrowths on Py; rare veinlets
Sphalerite Anhedral grains disseminated in quartz
(Sp) zones; intergrown with Cp; overgrowths Trace
on Cp and quartz; inclusions in Py
Marcasite Late crusts in vugs; banded aggregates; Trace
(Mc) inclusions intergrowths with Py
Pyrrhotite Boxwork pseudomorphed by porous Py,
(Po) bladed crystals; late overgrowths on Trace
quartz
CD102/58 | Pyrite (Py) Euhedral fine to medium grained This study
Ablvin zone aggregates; Euhedral cubes; collomorphic
bands and colts; porous and fractured X
grains; rims on Cp, Sp and Cv; co-
precipitated with secondary Sp and Cp
Chalcopyrite | Sub-anhdral medium grained crystals;
(Cp) overgrowths on primary pyrite; co- X
precipitated with secondary pyrite
Sphalerite Coarse to medium grained; an-subhedral
(Sp) crystals; porous and fractured replacing X
Py and Cp; collomorphic rims and bands
Covellite (Cv) | Anhedral and extremely porous
replacement of Cp; overgrowth rims on
Cp; collomorphic bands and clots; X
interstitial cement within Cp
CD102/60 | Pyrite (Py) Medium to fine grained aggregates; This study
Mir zone euhedral crystals; collomorphic bands;
fine grained disseminated in silica
cement; porous and radially fractured; X
late overgrowths of euhedral cubic
crystals on Cp and Sp; co-precipitated
with Cp
Chalcopyrite | Coarse-grained anhedral crystals;
(Cp) fractured grains; fine-grained
disseminated within silica cement; co- X
precipitated with Py; altered to Cv at
grain boundaries.
Sphalerite An-subhedral rims on Py; fracture fill;
(Sp) replacement of Py *
Covellite (Cv) | Alteration rims at Cp grain boundaries Trace

Table 4.2: Comparison of mineral textures and occurrences from the TAG hydrothermal mound with near
field sulphide sediments from the adjacent relict hydrothermal zones: Alvin (CD102/58) and Mir (CD102/60).
X = major constituent; x = minor constituent.
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Figure 4.9: Photomicrographs in reflected light of the textures and mineralogical associations of
primary pyrite from core 58: a) Aggregate of porous euhedral pyrite cubes; b) Subhedral fractured pyrite
grain with corrosion pits concentrated along fractures; ¢) Layered, porous, collomorphic pyrite; d) Euhedral
pyrite grains. Central grain shows replacement by sphalerite along fractures; ¢) Aggregate of euhedral pyrite
cubes; f) Elongate pyrite grain overgrown by compositionally zoned sphalerite, within an Fe oxide matrix
which contains blebs of covellite; g) Spherical, colloform pyrite enclosed in anhedral sphalerite; h) Skeletal
subhedral pyrite grain within Fe oxide; i) Euhedral pyrite cubes. Central pyrite cube is partially overgrown
by anhedral chalcopyrite which is itself overgrown by anhedral sphalerite; j) Fine and medium grained
anhedral primary pyrite, and euhedral secondary pyrite, note that much of the primary pyrite is overgrown
or sheathed by anhedral sphalerite.



Figure 4.10: Photomicrographs in reflected light (h) and SEM images (a-g) of the textures and
mineralogical associations of primary and secondary pyrite from core 58: a) Subhedral primary pyrite
overgrown by compositionally zoned Fe oxysilicate; b) Fe oxide polymorph of fractured pyrite cubes, fractures
are cemented by Fe oxysilicate and the polymorph is overgrown by Fe oxysilicate and Fe oxide; ¢) Fractured,
subhedral primary pyrite with corroded grain boundaries; d) Secondary euhedral pyrite with dissolution pits
filled by Fe oxide; e) Primary euhedral pyrite with sphalerite overgrowth; f) Primary euhedral pyrite overgrown
by secondary pyrite; voids mark extent of primary pyrite grains; g) Euhedral secondary pyrite cube with core of
primary chalcopyrite; fractures subhedral primary pyrite; h) Primary anhedral chalcopyrite overgrown by
collomorphic secondary pyrite. =
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Figure 4.11: Photomicrographs in reflected light of primary and secondary pyrite from core 58:

a) Collomorphic and euhedral secondary pyrite overgrowing sphalerite which is itself overgrowing
chalcopyrite; by Anhedral chalcopyrite and sphalerite encased by sub-euhedral secondary pyrite aggregates;

¢) Extremely porous, subhedral covellite polymorph of primary chalcopyrite containing blebs of relict
chalcopyrite, overgrown by rim of secondary pyrite; d) Randomly oriented primary collomorphic pyrite crusts;
¢) Randomly oriented collomorphic primary pyrite crust; euhedral secondary pyrite cubes: fractured subhedral
chalcopyrite; f) Layers of secondary collomorphic pyrite, covellite and sphalerite forming sulphide crust
parallel to bedding at the base of the laminated section of the sulphide layer of core 58.
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(Figure 4.15¢ &f) and chalcopyrite (Figure 4.12g). In rare cases secondary pyrite is overgrown by anhedral

covellite or subsequent generations of pyrite and sphalerite (Figure 4.15e).

Although primary pyrite crusts have been reworked during sediment transport, and are randomly oriented,
crusts of secondary, collomorphic pyrite occur sub-horizontally, parallel to, and between, the alternating layers
of sulphide-rich and Fe-oxide-rich material in the top 10cm of the sulphidic layer (Figure 4.11f). The location
of these secondary crusts reflects changing redox conditions between sulphide-rich and oxide-rich laminae
and/or changes in effective porosity and/or mixing of evolved fluids from above and below the laminated
section. The proportion of secondary to primary pyrite increases downcore in the laminated upper 10cm of
the sulphide layer. A corresponding coarsening of pyrite grainsize downcore reflects this increase in
secondary pyrite. The textures and mineralogical associations of primary and secondary pyrite observed
indicate multiple stages of replacement, dissolution, overgrowth and re-precipitation. Figures 4.10 and 4.11
show photomicrograph and SEM images of secondary pyrite textures and mineralogical associations in Core

58.

X-ray microprobe analyses of random pyrite grains showed rare occurrences of arseno-pyrite inclusions and

uranium enrichments (for detail the reader is referred to Chapter 6)

4.3.1.2 Chalcopyrite, CuFeS;

Chalcopyrite occurrence downcore is considerably more variable than pyrite, where present, constituting only
5 to 20% of the sample, the majority of which is paragenetically early. Most of the chalcopyrite is
concentrated in the top 10cm of the sulphidic layer with occurrence becoming increasing sporadic downcore.
This observed decrease downcore in the abundance of chalcopyrite corresponds with a downcore increase in
the abundance of sphalerite. The change in the abundances of chalcopyrite and sphalerite correspond well
with downcore variation in bulk sediment Cu and Zn contents; at the top of the laminated section, Cu accounts
for ~12wt% of the bulk sediment; however, Cu contents decrease downcore to ~1.7wt% at the base of the
laminated section. In contrast, Zn contents are relatively low at the top of the laminated section accounting for
only ~2.7wt% of the bulk sediment increasing to ~14.7wt% at the base of the laminated section (Chapter 3).
This suggests that either a) some degree of zone refining, resulting in the separation of Cu and Zn, is taking
place during alteration within the sediment, or b) that the laminated section is sourced from higher temperature
chalcopyrite-rich mound material and sulphidic material below the laminated section is derived from

sphalerite-rich, lower temperature white smoker type material, this is discussed fully in Section 4.4.1.

In general, chalcopyrite occurs as sub-anhedral, medium-grained crystals (Figure 4.12 a-e & h-k), but is also
visible as rare sub-euhedral singular grains and aggregates (Figure 4.12f & g; Figure 4.13a & f); these are
typically secondary and in many cases indicate co-precipitation with secondary pyrite. In rare cases
chalcopyrite is observed as an overgrowth on primary pyrite cubes (Figure 4.12k). All primary chalcopyrite
grains show evidence of alteration, this is most frequently seen as corrosion of grain boundaries, dissolution
pitting, and replacement by porous covellite (Figure 4.12; 4.13; Figure 4.14b & d). Chalcopyrite grains are

frequently seen with covellite rims or with fractures cemented by covellite (Figure 4.12a-¢). In addition,
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replacement by sphalerite and pyrite is relatively common and is observed as partial replacement of, and
overgrowth rims on, some chalcopyrite grains (Figure 4.10h; Figure 4.12¢, I & j) and as secondary pyrite and
sphalerite grains with cores of chalcopyrite (Figure 4.10g). Figure 4.12 shows photomicrographs and Figure

4.13 shows SEM images of chalcopyrite textures and mineralogical associations in Core 58.

4.3.1.3 Covellite, CuS

Covellite is not part of the primary mineral assemblage and is the product of chalcopyrite alteration. Although
covellite is observed throughout the sulphidic layer of this core, like chalcopyrite, it is most abundant in the
upper 10cm of the core and is particularly concentrated at depths downcore of 81-87cm. Covellite most
typically occurs as anhedral, extremely porous replacement of chalcopyrite (Figure 4.12d; Figure 4.14b), but
is also observed as collomorphic crusts (Figure 4.14a, d, e), planar bands commonly spatially related to
sphalerite and pyrite bands as stacked mono-mineralic layers parallel to laminae (Figure 4.11f), as fracture fill
and interstitial cement of both sulphides and Fe-oxide (Figure 4.14b & f), and as overgrowth rims around
chalcopyrite and some pyrite grains (Figure 4.12a, b & d). In rare cases, covellite itself is overgrown by rims
of late pyrite or sphalerite (Figure 4.11c; Figure 4.12c; Figure 4.14c &e). Figure 4.14 shows

photomicrographs of covellite textures and mineralogical associations in Core 58.

4.3.1.4 Sphalerite, ZnS

Sphalerite is predominantly associated with the secondary mineral assemblage although some an-subhedral
primary sphalerite remains. Sphalerite is commonly coarse-grained and subhedral (Figure 4.15a-f), although
some rare euhedral examples are visible. The Fe content is variable and typically low with many grains
compositionally zoned. In transmitted polarized light sphalerite is translucent with zones of yellowish brown
(Fe-poor) and opaque dark brown (Fe-rich) (Figure 4.15a), this is consistent with precipitation in
disequilibrium conditions (e.g. (Knott et al., 1998)). Sphalerite occurs both as pristine, unaltered grains
(Figure 4.12j; Figure 4.14¢; Figure 415b & f) and porous fractured grains (Figure 4.15¢, d & e). Pristine
sphalerite is generally paragenetically late and is often co-precipitated with pristine secondary pyrite.
Anhedral, porous and fractured sphalerite replaces, and frequently contains inclusions of, primary pyrite and
chalcopyrite (Figure 4.9f, g, & i; Figure 4.10e; Figure 4.12i). Replacement of other sulphide phases by
sphalerite occurs along grain boundaries, fractures and in areas of high porosity (Figure 4.9d & g; Figure
4.13c). Pristine pyrite and chalcopyrite grains which have low to zero porosity tend to be overgrown rather
than replaced by sphalerite (Figure 4.9f; Figure 4.10e). Replacement and overgrowth of sphalerite by late
pyrite is also evident (Figure 4.11a & b; Figure 4.15b). Figure 4.15 shows photomicrograph images of

sphalerite textures and mineralogical associations in Core 58

4.3.1.5 Non-sulphide phases

Goethite (FeO(OH)) is the dominant hydrated Fe-oxide phase and is also the principal non-sulphide phase. It
is seen in transmitted polarized light as reddish-yellow amorphous and collomorphic masses (Chapter 3;
Figure 3.13). It is also seen as zoned collomorphic rims around sulphide grains, as filamentous overgrowths at
pyrite grain boundaries, as a replacement of pyrite and as filamentous meshes and clasts of layered
filamentous masses cemented by silica. Hematite (Fe,03) occurs as a minor phase and is seen almost

exclusively as filamentous masses (Goethite and hematite filamentous material is discussed in detail in
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Figure 4.12: Photomicrographs in reflected light of chalco pyrite textures and mineralogical
associations from core 58: a) Anhedral chalcopyrite with corroded grain boundaries overgrown by
covellite; b) Anhedral chalcopyrite undergoing replacement to covellite at grain boundaries; ¢) Porous
covellite replacing anhedral chalcopyrite, central core of chalcopyrite remains. The covellite is then itself
being overgrown by a circular aggregate of euhedral pyrite; d) Sub-euhedral porous covellite polymorph

of chalcopyrite, note that replacement is incomplete with relict chalcopyrite remaining; e) Fractured euhedral
primary pyrite cemented by chalcopyrite and rimmed by covellite; covellite replacing chalcopyrite at grain
boundaries; f) Aggregate of pristine euhedral secondary chalcopyrite; g) Secondary , pristine, chalcopyrite
with co-precipitated euhedral pyrite; h) Subhedral fracture chalcopyrite; i) sub-anhedral chalcopyrite with
co-precipitated sub-anhedral sphalerite, some alteration of chalcopyrite to covellite is evident along fractures;
j) Co-precipitated chalcopyrite, primary sphalerite (Sp 1) and pyrite in centre of view. Some alteration of
chalcopyrite to covellite is evident at grain boundaries as are overgrowths of secondary sphalerite (Sp 2);

k) Anhedral chalcopyrite with corroded grain boundaries; euhedral secondary pyrite cubes; primary pitted
pyrite cubes with overgrowths of secondary chalcopyrite; fine grained covellite associated with chalcopyrite
alteration.
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Figure 4.13: SEM images (a, b, d, f & g secondary images: ¢ & e backscatter images of chalcopyrite
textures and mineralogical associations from core 58: a) Subhedral chalcopyrite showing replacement to
porous covellite; b) Euhedral chalcopyrite showing onset of covellite replacement; near complete replacement of
anhedral chalcopyrite by porous covellite; ¢) Honeycomb textured, porous chalcopyrite with inclusions of
sub-anhedral sphalerite, some of which have corroded grain boundaries; d) Euhedral pyrite and subhedral
chalcopyrite overgrown by an atacamite crust; €) Subhedral relatively unaltered chalcopyrite grain encased in

Fe oxysilicate; f) Subhedral chalcopyrite undergoing replacement to covellite; g) Same view as (f) showing
covellite highlighted in blue demonstrating the dendritic, tunnel-like style of the covellite replacement.
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Figure 4.14: Photomicrographs in reflected light (unless otherwise stated) of covellite textures and
mineralogical associations from core 58: a) Radial porous, collomorphic pyrite replaced and cemented

by covellite; b) (reflected and transmitted light) Anhedral chalcopyrite partially replaced and cemented by
covellite within an Fe oxide matrix; ¢) Near complete replacement of chalcopyrite by porous covellite (note
relict inclusions of chalcopyrite), the porous covellite is overgrown by subhedral secondary pyrite; d) Anhedral
chalcopyrite with corroded grain boundaries, overgrown by covellite; fractures in Fe oxide and chalcopyrite
cemented by covellite; collomorphic covellite with relict chalcopyrite inclusions; e) (reflected and transmitted
light) Dendritic, collomorphic, layer of covellite containing very fine-grained relict chalcopyrite and pyrite
inclusions overgrown by layer of porous fractured sphalerite; f) porous covellite overgrown by porous sphalerite,
note that the covellite conatains some relict chalcopyrite inclusions.



Figure 4.15: Photomicrographs in reflected light (unless otherwise stated) of sphalerite textures and
mineralogical associations from core 58: a) (transmitted light) Fe poor sphalerite showing compositional
zoning, dark brown areas >Fe content than amber areas; b) same field of view as (a) (reflected light) Fe poor
sphalerite containing pyrite inclusions and overgrown by a rim of collomorphic pyrite; ¢) Secondary, zoned,
anhedral sphalerite with co-precipitated pyrite inlcusions; d) Subhedral sphalerite with variable porosity;
co-precipitated chalcopyrite and pyrite overgrown by covellite; e) Fractured, subhedral sphalerite intergrown
with fractured pyrite, in some cases the fractures are cemented by covellite; f) Co-precipitated pristine secondary
pyrite and sphalerite; porous an-subhedral primary pyrite not associated with sphalerite.



Sulphide Mineralogy and Alteration Chapter 4

Chapter 6). The bulk geochemistry indicates that the presence of goethite and hematite in the sulphidic layer
is principally the result of Fe-sulphide oxidation with some precipitation from low temperature Fe-Si-rich

fluids and only minor contributions from plume fallout (Chapter 3).

Quartz (Si0,) and amorphous silica are commonly contaminated by Fe-oxide and oxyhydroxide phases and
are present as interstitial cement, suggesting in situ precipitation, and amorphous masses which are
interlayered with goethite and Fe-oxysilicates in the upper 10cm of the sulphidic layer. Since seawater is
undersaturated with respect to Si the presence of authigenic Si phases suggests circulation of evolved silica
rich fluids within the sediment pile, resulting from conductive cooling of mixtures of hydrothermal fluid and
seawater. Surficial silica occurrence at the TAG mound is inferred to be a result of percolation of Fe-Si low
temperature hydrothermal fluids across the mound (e.g. Tivey et al., 1995; Humphris et al., 1995).
Furthermore, authigenic precipitation of Si from low temperature Fe-Si-rich fluids has been invoked for an
adjacent core (CD102/43) (Severmann, 2000; Severmann et al., 2004) and for similar sediments from other

hydrothermal sites (e.g. Alt, 1988b; Hannington and Jonasson, 1992).

Atacamite (Cu,CI(OH);) and paratacamite (a polymorph of atacamite) are secondary Cu phases and their
occurrence mirrors the distribution of chalcopyrite and covellite. They are seen in transmitted light as light
pea green to brilliant emerald green, translucent, collomorphic and amorphous masses which are oriented
parallel to bedding. These textures are very similar to those reported for atacamite from the surface of the
active TAG mound (Hannington, 1993). The morphology and orientation of atacamite and paratacamite
parallel to laminae suggests that they were precipitated in situ and not transported during mass wasting. The
juxtaposition of oxidised and reduced Fe phases and atacamite at several depths in the top 10cm of the

sulphidic layer indicates variations in redox and pH conditions between each laminae.

Gypsum (CaS0,.2H,0) is the dominant sulphate mineral, it occurs as medium to coarse-grained euhedral
crystals with abundant Fe-oxide/oxyhydroxide and pyrite inclusions. The included Fe-oxides and
oxyhydroxides have filamentous morphologies; the included pyrite is typically euhedral. Gypsum crystals are
a relatively late feature and frequently cross cut silica and goethite layers and clasts (see Chapter 6: Fe-

oxidation and biomineralisation).

X-ray microprobe analyses (spot size 2-3um) reveal the presence of a trace phase composed of Fe, S and O,
suggesting a hydrated Fe-sulphate which, in addition to Fe-oxide and goethite, is observed infilling dissolution

pits in pyrite grains.

Clay minerals are a minor phase constituting on average only 6.8% of a bulk sample. XRD analyses of clay
separations (Chapter 3: Table 3.4) indicate that the clays in the sulphidic layer are almost exclusively smectite
with trace amounts of illite. The deep green colour of the clay separates implies a large Fe(11) component.
This, and the low Al content, typically <0.5wt% of the bulk sediment, suggest that these clays are unlikely to
be detrital in origin and maybe low temperature hydrothermal nontronites (NaFe,(Si, Al);0,o(OH),.H0).

This is in agreement with published clay mineralogy for the A/vin zone (e.g. Severmann et al., 2004).
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4.3.2 The Mir core (CD102/60)
4.3.2.1 Pyrite, FeS,

Pyrite is the dominant sulphide phase, it is ubiquitous throughout the sulphide layer and locally constitutes up
to 75% of a sample. Primary pyrite is most commonly seen as aggregates (Figure 4.16b & d; Figure 4.17¢),
and individual, medium-grained, euhedral, cubic crystals (Figure 4.17d and g). It also occurs as collomorphic
bands typically 30pum thick (Figure 4.16 g & 1) and as bands of euhedral cubes typically 200um thick (Figure
4.16h), and as fine grained disseminated pyrite within the silica cement. In addition spherical pyrite grains
with moderate porosity and radial fractures are visible (Figure 4.16f). The onset of silica replacement at grain
boundaries, along fractures and within porosity is evident in these spherical pyrites. For some grains, the
initial growth is porous and collomorphic, these grains are typically overgrown by later precipitation of
secondary euhedral pyrite (Figure 4.17b). Co-precipitation of primary pyrite with primary chalcopyrite is also
evident (Figure 4.16a). In rare cases primary pyrite is overgrown by rims of anhedral sphalerite (Figure
4.17j). More commonly anhedral sphalerite is seen replacing primary pyrite along fractures or in areas of high

porosity.

Secondary pyrite is visible as pristine or lightly fractured medium-coarse grained euhedral crystals and
aggregates (Figure 4.17a & ¢). It is frequently observed as overgrowths on primary chalcopyrite (Figure 4.17f
& g). In contrast to primary pyrite, the grain boundaries of secondary pyrite are sharp and show no signs of

corrosion or replacement by sphalerite or silica phases.

4.3.2.2 Chalcopyrite, CuFeS;

Chalcopyrite is a primary mineral phase and is not part of the secondary mineral assemblage. Occurrence is
variable but typically, where present, it constitutes approximately 15-20% of a sample. Chalcopyrite is
principally coarse-grained (~0.25 to 1.5mm), commonly anhedral and moderately fractured (Figure 4.16a, b
&c; Figure 4.17d, e, f & g) but is also seen as disseminated fine-grained crystals within the silica cement
(Figure 4.16h & 1). Inthe upper 30cm of the sulphide layer chalcopyrite is frequently overgrown by
collomorphic silica phases and co-precipitated with primary pyrite (Figure 4.16a & ¢). In the lower 20cm of
the sulphide layer, chalcopyrite grain boundaries show alteration to covellite and/or secondary pyrite
overgrowths (Figure 4.17d,e,f & g). An increase in Cuwt% downcore from ~4.5- ~12wt% in the basal 20cm
of the sulphide layer is related to covellite occurrence and indicates enrichment of Cu as chalcopyrite alters to

covellite (Chapter 3)

4.3.2.3 Covellite, CuS

Covellite is a trace phase associated only with the secondary mineral assemblage. It is seen exclusively as
alteration rims on chalcopyrite in the lower half of the sulphide layer and is absent in the top 30cm (Figure
4.17d, e, f& g).

4.3.2.4 Sphalerite, ZnS
Sphalerite is also solely associated with the secondary mineral assemblage. Whilst rare occurrences are

visible in the upper 30cm of the sulphide layer, sphalerite is most commonly observed in the lower 20cm. It
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Figure 4.16: Photomicrographs in reflected light textures and mineralogical associations from core 60:
a) Coarse-grained, primary, fractured anhedral chalcopyrite co-precipitated with coarse-grained primary porous
euhedral pyrite. Both chalcopyrite and pyrite are cemented by collomorphic quartz; b) Medium-grained anhedral
primary chalcopyrite and euhedral primary pyrite cemented by quartz; ¢) Medium-grained, anhedral primary
chalcopyrite with euhedral primary pyrite. Chalcopyrite is ovegrown by banded collomorphic quartz cement;
d) Medium-fine-grained euhedral primary pyrite with anhedral fractured chalcopyrite, both cemented by

quartz; e) Dendritic, porous pyrite cemented by quartz containing fine-grained disseminated pyrite and
chalcopyrite; f) Fractured spherical pyrite with radially oriented fractures and porosity voids, within quartz
cement conatining fine-grained disseminated chalcopyrite; g) Collomorphic banded pyrite and anhedral porous
pyrite within quartz cement; h) Band of fine-grained euhedral pyrite within quartz cement which contains
fine-grained disseminated chalcopyrite and pyrite; i) Band of collomorphic pyrite and anhedral porous pyrite
cemented by quartz containing fine-grained disseminated chalcopyrite.



500 pm

ag

“5K MR G

Figure 4.17: Photomicrographs in reflected light textures and mineralogical associations from core 60:
a) Euhedral coarse-grained, secondary pyrite; b) Primary collomorphic pyrite overgrown by coarse-grained
euhedral secondary pyrite; ¢) Fractured aggregate of sub-euhedral secondary pyrite; d) Anhedral, fractured
coarse-grained primary chalcopyrite showing evidence of alteration to covellite at grain boundaries and overgrown
by euhedral secondary pyrite; e) Anhedral, coarse-grained primary chalcopyrite showing evidence of alteration
to covellite at grain boundaries; collomorphic primary pyrite; f) Coarse-grained aggregate of subhedral
chalcopyrite showing evidence of alteration to covellite at grain boundaries and overgrown by sub-euhedral
secondary pyrite; g) Fine-medium-grained fractured aggregate of euhedral secondary pyrite overgrowing

and replacing anhedral chalcopyrite. Anhedral chalcopyrite also shows evidence of altertion to covellite

at grain boudaries not enclosed by pyrite; h) Bands of primary, porous, collomorphic pyrite overgrown by
subhedral, coarse-grained secondary pyrite; i) Subhedral, coarse-grained primary pyrite overgrown by a rim of
anhedral sphalerite. Primary pyrite also contains inclusions of sphalerite along fractures and as porosity fill.
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occurs as an-subhedral rims and as replacements and overgrowths along fractures and within pore spaces of

primary pyrite grains (Figure 4.17j).

4.3.2.5 Non-sulphide phases

Quartz and cristobalite (a quartz polymorph identified from XRD scans of bulk sediment: {(Chapter 3)) are the
principal non-sulphide phases. They are commonly seen as collomorphic, vuggy amorphous masses, rims on
primary pyrite and chalcopyrite crystals and as interstitial cement containing fine-grained disseminated
sulphide (Figure 4.16a, ¢, e, h & i). In the upper 30cm of the sulphidic layer the presence of quartz cement has
protected the sulphides from oxidative decay. This cemented upper portion of the sulphide layer is similar to
the pyrite-silica breccias described from the ODP drilling of the active TAG mound (Chapter 2). The
abundance of quartz and cristobalite decreases downcore but locally constitutes as much as 50% of a sample

in the uppermost part of the sulphide layer.

Goethite is the dominant hydrated Fe-oxide phase however; it is only reported from the basal 15cm. It is seen
as amorphous masses and clasts, fine-grained dustings and crusts on sulphides, compositionally zoned

collomorphic bands and as a finely laminated horizon at the base of the sulphide layer.

Atacamite occurs as a trace mineral in the basal 20cm. It appears as collomorphic crusts and bands, often

interlayered with collomorphic goethite, and as amorphous clasts disseminated throughout goethite.

Clays are present only at trace levels, constituting on average 3% of a bulk sample. XRD analyses of clay
separates (Chapter 3) indicate that smectite is the dominant clay mineral with some chlorite (a product of

basalt alteration).

4.4. Discussion: Sulphide paragenesis and alteration

The general paragenetic sequence for sulphides from both the A/virn (CD102/58) and Mir (CD102/60) cores is:
primary pyrite and chalcopyrite, sphalerite, secondary pyrite, covellite, late pyrite and sphalerite. This simple
assemblage is typical of sulphide deposits at sediment free mid-ocean ridges (Table 4.1 and references there

in).

4.4.1 Sulphide precipitation and alteration in CD102/58: The Alvin core
The mineralogical textures and occurrences observed in the sulphide layer of the Core 58 indicate a polyphase
hydrothermal history with several cycles of sulphide precipitation, replacement, dissolution and overgrowth,

documenting hydrothermal reworking of material from the A/vin mound prior to and following mass wasting.

Consideration of metal solubilities suggests that precipitation of the primary sulphide assemblage, of pyrite
and chalcopyrite, occurred under high temperature black smoker conditions; precipitation of chalcopyrite from
a typical hydrothermal fluid requires temperatures in excess of 250°C (e.g. Haymon, 1983). The observed
mineralogical textures are consistent with precipitation from a black smoker fluid. The primary collomorphic

pyrite bands observed in this core are consistent with early precipitation from a moderately high temperature
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fluid between ~250 to 300°C (e.g. Koski et al., 1984; Kase et al., 1990; Duckworth et al., 1994; Knott et al_,
1998). These bands insulate and channel fluid flow leading to the precipitation of higher temperature Cu, Fe
sulphides. The fine-grained porous aggregates of pyrite with anhedral, locally coarse grained, granular and
porous chalcopyrite, which dominate the primary mound derived assemblage, are very similar to textures
described for sulphides precipitating into open space at the near surface, under diffuse, high temperature flow
close to active chimneys at the TAG mound (e.g. Hannington et al., 1995b; Tivey et al., 1995; Knott et al,,
1998).

The secondary mound derived sulphide assemblage of pyrite, sphalerite and minor quartz formed under
distinctly different conditions. The change from precipitation of Cu and Fe sulphides to Zn and Fe sulphides
and quartz is indicative of modification of the mineralising fluid and a drop in temperature. This suggests
precipitation from a conductively cooled, evolved hydrothermal fluid related to mixing and zone refining
processes within the A/vin mound, this general description could include white smoker fluids. The textural
associations of primary chalcopyrite and sphalerite are consistent with precipitation of sphalerite from a later,
low temperature fluid. Sphalerite is commonly seen as a replacement of, and overgrowth on primary

chalcopyrite, however, there is no evidence here for co-precipitation of these two phases.

The primary and secondary mound sulphides were then transported to near field sediments as a result of mass
wasting and slumping events. Sedimentary emplacement of sulphide-rich layers as a result of slumping and
mass wasting events is a commonly invoked process in metalliferous sediment cores from the TAG area (e.g.
Metz et al., 1988; Mills, 1995; Severmann, 2000). Since the laminated layers are inferred to result from
sedimentary processes and not in situ alteration (Chapter 3) the layering of black, graded, sulphide rich beds
with orange, Fe-oxide rich beds indicates that the initial oxidation of the mound sulphides occurred prior to
mass wasting. Following mass wasting and sedimentary emplacement secondary pyrite, sphalerite and
covellite are precipitated. The continued precipitation of sulphide phases within the sediment is facilitated by
oxidative dissolution of mound derived sulphides which leads to circulation of metal rich solutions within the

sediment and remineralisation from these fluids in response to changes in E, and pH conditions.

Pervasive low temperature oxidation has affected all parts of the sulphide layer but the continued presence of
primary chalcopyrite in the laminated section suggests this is less advanced in the top 10cm; chalcopyrite is a
primary phase whose abundance decreases downcore below the laminated section, where the contribution
from chalcopyrite alteration products, e.g. atacamite, increases. The alteration of the A/vin sulphides is most
likely dominated by the oxidation of pyrite to goethite (Equation 1.12). This type of oxidation is well
documented in mining and ore processing and may be catalyzed by bacterial interaction. This reaction is

consistent with the abundance of goethite in the sulphide layer.

The oxidation of pyrite to goethite produces 2H" for each mole of FeS, oxidised. The presence of acidic
conditions is important in the remineralisation of primary Cu and Zn phases (Thornber, 1985; Hannington et
al., 1988; Tivey et al., 1995). The Cu released during the oxidation of primary chalcopyrite has been re-
precipitated as atacamite and paratacamite (a polymorph of atacamite), secondary copper salts. Atacamite

commonly occurs as a product of secondary mineralisation in weathered portions of sulphide mounds (e.g.
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Emberly et al., 1988; Hannington, 1993). E; — pH changes and chloride complexing dominate the
geochemical behaviour of Cu at low temperatures and Cu®" ions released during the remineralisation of
chalcopyrite to pyrite form cuprous chloride complexes such as CuCl,” and CuCl;> (e.g. Rose, 1976). Where
the solutions carrying such chloride complexes are exposed to ambient seawater, basic Cu salts, in this case
atacamite and paratacamite, are precipitated (Detrick et al., 1986); Hannington, 1993). Thus the presence of

atacamite and paratacamite indicate ingress of ambient seawater into the sediment pile during Cu mobilization.

Free energies of formation for atacamite and paratacamite suggest only trivial differences in the stability fields
of the two minerals (Barton and Bethke, 1960). However, Garrels (1986) noted that the rate of crystallization
is dependent on the pH of the mineralising solution. Paratacamite is the most likely phase in strongly acidic
conditions, whereas atacamite will precipitate in solutions that are more alkaline. The occurrence of both
atacamite and paratacamite as elongate bands parallel to bedding in the oxide-rich beds of the upper 10cm of
the sulphide layer, suggests diffusion of the alteration fluids carrying Cu vertically through the sediment pile
from the sulphide-rich to the oxide-rich layers. This implies steep redox and pH gradients between the:
orange, goethite-rich laminae (more oxidizing conditions) and the black, sulphide-rich laminae (more reducing

conditions).

The occurrence of atacamite and paratacamite in Core 58 is very similar to the collomorphic masses and crusts
of atacamite reported from the TAG mound (Hannington, 1993) and veinlets and fracture fill described from
gossanous deposits on the East Pacific Rise (Alt et al., 1987). In both these cases the presence of atacamite
has been similarly attributed to the oxidation of Cu sulphides and re-precipitation of the resultant aqueous

2 . - .
Cu®" as atacamite on encountering ambient seawater.

Secondary enrichment of Cu is evident from the presence of covellite (covellite contains ~32% more Cu than

chalcopyrite). Precipitation of covellite is the result of enrichment processes akin to sub-aerial supergene Cu

enrichment and consists of two phases:

1. Oxidative fractionation of Cu from chalcopyrite during remineralisation to pyrite. The Cu®" ions released
during remineralisation in the upper 10cm of the sulphide layer migrate downwards in acidic solutions.

2. Where the Cu-bearing solutions encounter reducing conditions in the sulphide-rich laminae at the base of
the stripped section covellite is precipitated as a replacement of primary chalcopyrite (Equation 4.6).
Covellite mineralisation as a result of chalcopyrite replacement is clearly seen as overgrowths on chalcopyrite
at grain boundaries and along fractures. Covellite has also been precipitated directly from the Cu-bearing
solutions. The observed collomorphic masses and the porous band of covellite at the base of the stripped

section do not show evidence of a chalcopyrite precursor.

The acidity produced during oxidation of pyrite, which is responsible for the remobilization of Cu, may also
result in some degree of separation of Cu and Zn. In contrast to mound derived sphalerite in the upper 10cm
of the core which most commonly occurs as individual subhedral pristine crystals showing grading from fine
to coarse downcore within individual laminae, indicating precipitation prior to emplacement in sedimentary
layers, sphalerite textures below ~90 cm depth downcore typically indicate authigenic precipitation e.g.

secondary sphalerite is observed as collomorphic bands, often parallel to bedding, and as interstitial fracture
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fill. The growth of secondary, authigenic sphalerite maybe accounted for by precipitation from downwelling
Zn-rich fluids, sourced from the alteration of mound derived sphalerite at the top of the sulphide layer, and is
facilitated by sharp changes in redox and pH as oxidation proceeds. Growth appears to be enhanced by
nucleation on pre-existing sulphides and sphalerite overgrowths are typically more coarse-grained than

individual sphalerite crystals.

The processes governing dissolution of primary Cu and Zn phases in this core and re-precipitation,
particularly the conversion of chalcopyrite to covellite, resemble sub-aerial supergene processes. However,
the complex and intimate juxtaposition of contrasting E;, and pH conditions in time and space in Core 58 has
resulted in locally important, grain-scale re-mineralisation and secondary enrichment, rather than the much
larger scale zones of secondary enrichment observed in sub-aerial deposits (e.g. Hannington et al., 1988,
Herzig et al., 1991; Hannington, 1993). The end product of the sulphide alteration processes affecting Core 58
is goethite, the secondary sulphates e.g. jarosite, common in sub-aerial gossans are not present. This because

the SO,” produced during sub-marine sulphide oxidation is extremely soluble and is dissolved into seawater.

The occurrence of amorphous silica as a cement within the Fe-oxyhydroxide rich laminae in the top 10cm of
this sulphide layer suggests that circulation of cooled diffuse hydrothermal fluids, in addition to ambient
seawater and acidified pore waters, is sustained following sedimentation. These cooled hydrothermal fluids
are likely to be similar to the low temperature, diffuse hydrothermal fluids precipitating Fe-oxide and silica
described from the active TAG mound (Mills et al., 1996) and from Red Seamount on the EPR (e.g. Edmond
et al, 1979b; Alt et al., 1987).

4.4.2 Generalized paragenetic sequence in CD102/58: The Alvin core

The mineralogy and mineral textures of the A/vir core sulphide samples suggests two major phases of

sulphide precipitation. These sulphides have subsequently undergone alteration and remineralisation due to

oxidation and acid leaching:

1. Primary collomorphic pyrite is precipitated under moderately high temperature conditions between 250 to
300°C. This collomorphic pyrite insulates the hydrothermal fluid leading to precipitation of pyrite and
chalcopyrite from a high temperature hydrothermal fluid close to an actively venting black smoker at the
surface of the mound. The porous texture of primary pyrite and chalcopyrite from the A/vin sediment is
consistent with the textures described for pyrite and chalcopyrite precipitated recently from diffuse high
temperature hydrothermal flow at or near the surface of the TAG mound close to black smoker chimneys
(Hannington et al., 1995b; Tivey et al., 1995; Knott et al., 1998).

2. High temperature venting shifts to another area of the mound and lower temperature, Zn-rich fluids
circulate in the subsurface. Zone refining takes place and sphalerite is precipitated as Zn is moved to the
surface of the mound whilst chalcopyrite is dissolved and the Cu removed to the mound interior. The
dissolution of chalcopyrite is incomplete and some of the remaining chalcopyrite is transported to the
sediments as a minor component. Oxidation of primary sulphides is initiated prior to sedimentary
deposition of the Core 58 sulphide layer and results in precipitation of Fe oxyhydroxide phases e.g.

goethite.
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3. The mound derived sulphides and the oxidized material at the seawater interface are transported to the
sediment during a mass wasting event. Sedimentary settling processes result in deposition of alternating
oxide-rich and sulphide-rich laminated layers with graded grainsize.

4. Ingress of ambient seawater into, and the variable oxidation state of, the sediment results in the on set of
dissolution of mound derived sulphides followed by remineralisation as secondary sulphides, e.g.
covellite and sphalerite, or as other metal bearing alteration minerals e.g. goethite and atacamite.
Contemporaneous circulation of Fe’*-Si-rich, diffuse low temperature, evolved hydrothermal fluids,
similar to diffuse low temperature fluids precipitating Fe oxide and amorphous silica described from the
active TAG mound (Mills et al., 1996) and from Red Seamount on the EPR (e.g. Edmond et al., 1979b;
Alt et al., 1987), precipitate amorphous silica and Fe-oxyhydroxides in the laminated section of the
sulphide layer.

A schematic representation of the general paragenetic sequence is shown in Figure 4.18.

4.4.3 Sulphide precipitation and alteration in CD102/60: The Mir core

Alteration and oxidation of the Core 60 sulphide layer is much less pervasive than that evident in Core 58.

The upper 30cm of the Core 60 sulphide layer is moderately well cemented by quartz and cristobalite, this
cement has restricted fluid flow through the top section limiting oxidation and alteration of sulphide phases.
Consequently, in the upper 30cm the primary, high temperature (>250°C (e.g. Haymon, 1983)) mineral
assemblage of pyrite and chalcopyrite dominates and no secondary Cu minerals, and only very minor Fe-
oxides/oxyhydroxides are observed. The much more poorly consolidated sulphidic material in the lower 20cm
of the sulphide layer, in contrast to the upper portion, does show evidence of oxidative alteration and
secondary mineralisation. The secondary mineral assemblage is composed of pyrite, sphalerite, covellite,

atacamite and goethite.

The most striking feature of the sulphide layer of Core 60 is its resemblance to the pyrite-quartz breccias
described from the upper most parts of the hydrothermal stockwork zone in the TAG mound from ODP
drilling. Mineral textures and occurrences, with the exception of anhydrite, are virtually identical;
comparisons of petrographic features for the TAG pyrite-quartz breccia and the sulphide layer of Core 60 are
given in Table 4.3. These similarities suggest that the processes governing the formation of the Core 60
sulphide layer, prior to mass wasting and sedimentary emplacement, are likely to be comparable to those

effecting deposition of pyrite-quartz breccias in the TAG mound at the present.

ODP drilling results indicate that pyrite-quartz breccias develop from modification of pyrite-anhydrite
breccias through replacement of the original anhydrite matrix by quartz followed by further sulphide and
quartz precipitation (Humphris et al., 1995; Honnorez et al., 1998; Knott et al., 1998). The textures produced
are complicated with several generations of pyrite intergrown with quartz (Knott et al., 1998). The pyrite-

quartz textures observed in the sulphide layer of Core 60 are consistent with this.
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Figure 4.18: Schematic representation of sulphide paragenesis, oxidation and alteration of the A/vin core,
CD102/58. 1) precipitation of colloform early pyrite crusts; 2) insulated by pyrite crust high temperature
precipitation of chalcopyrite and pyrite commences; 3) high temperatrure activity switches to another area

of the 4lvin mound and lower temperature fluids circulate precipitating sphalerite, pyrite and quartz, and
redistributing copper minerals; 4) Oxidation at the mound seawater interface and precipitation of Fe-oxides

and oxyhydroxides, onset gossanisation, idealistic supergene weathering profile is shown for comparison to
sub-aerial supergene weathering processes; 5) Mass wasting of mound material and transport to the surrounding
sediment; 6) Ingress of seawater and circulation of diffuse low temperature hydrothermal fluids within the

sediment; continued oxidation and alteration; remobilization of base metals; precipitation of gossan minerals.
Note diagrams are not to scale.



Mineralogy TAG pyrite-quartz breccia Sulphide layer of Mir core, CD102/60
Pyrite (Py) 20-80 % 15-75%
Euhedral aggregates; Euhedral aggregates;
Locally fractured polycrystalline Euhedral grains locally corroded;
aggregates with porous cores; Irregular aggregates and bands;
Euhedral grains, corroded, Microcrystalline disseminated in quartz.
Irregular aggregates,
Microcrystalline disseminated in quartz.
Quartz (Qtz) 10-70 % ~50 %
Vuggy; Vuggy;
Polycrystalline; Collomorphic;
Collomorphic; Overgrowths on Py and Cp.
Vug linings;
Overgrowths on Py.
Chalcopyritc | Tracc-20 % 5-15%
(Cp) Anhedral intergrown with Py; Anhedral intergrown with Py;
Ragged grains; Ragged fractured grains;
Disseminated in Qtz; Disseminated in Qtz;
Inclusions in Py. Inclusions in Py.
Sphalerite Trace Trace
(Sp) Inclusions in Py; Inclusions in Py,
Late overgrowth on Qtz. Late overgrowths on Qtz and Py.
Fe- Trace Trace
oxyhydroxide | Very fine-grained, Very fine-grained;
Locally disseminated. Amorphous masses;
Dustings on sulphides;
Locally disseminated.
Clay minerals | Trace—5 % Trace—3 %
Dusty patches in Qtz, Dusty patches in Qtz;
Interstitial; Interstitial,
Fibrous aggregates;
Vug fill
Chlorite Trace te 3 % Trace
Atacamite Not reported Trace in lower 20 cm
Anhydrite 0-30 % Not reported

Table 4.3: Comparison of mineral textures and occurrences from the TAG pyrite-quartz breccia with

the sulphide layer of the Mir core (CD102/60).
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Pyrite-quartz relationships maybe further complicated over time because the hydrothermal crystalline silica at
TAG is secondary to an amorphous silica precursor (e.g. Hopkinson et al.,, 1998). For example precipitation
of silica in locally open pore space and its transformation to quartz results in a volume change and production
of collomorphic and vuggy textures. The resultant vugs may then be filled with later sulphides (Knott et al.,
1998). The collomorphic and vuggy textures, and the presence of both cristobalite and quartz in Core 60 are
consistent with the quartz textures described from the TAG mound and precipitation of quartz via an
amorphous silica precursor. The co-existence of the two silica phases may be related to the ‘sluggishness’ of

the transformation path/s which allow several quartz phases to coexist metastably (Chapter 3).

Altered basalt chips are reported from the TAG pyrite-quartz breccia and indicate that this zone was originally
basaltic. Whilst no basalt chips have been recovered from the Core 60 sulphide layer the presence of

plagioclase and chlorite suggests that prior to alteration basalt was a constituent of this layer.

Sphalerite only occurs in trace amounts and is related to the alteration rather than primary sulphide
assemblage. Only trace amounts of sphalerite are reported for the pyrite-quartz breccias at TAG since zone
refining processes within the TAG mound result in the removal of Zn from the mound interior and its
concentration near the crust-seawater interface (e.g. Edmond et al., 1995; Tivey et al., 1995; Hannington et al.,
1998; Knott et al., 1998). The Mir mound is comparable in size to the active TAG mound and is composed of
several breccia types, a large sulphide talus and shows metal zoning (Rona et al., 1993b; Rona et al., 1993a;
Stepanova et al., 1996). The processes and conditions governing zone refining in the Mir mound during
hydrothermally active periods are almost certainly the same as those operating in the active mound at the
present. As such, the absence of a primary Zn-sulphide indicates precipitation of the primary assemblage
within the mound interior from a high temperature hydrothermal fluid. Sedimentary emplacement of this
inner mound material is most likely due to mass wasting facilitated by the axis parallel and obliquely oriented

normal faults which dissect the Mir mound (Rona et al., 1996).

Alteration and oxidation of the sulphide layer has been retarded by the presence of quartz cement which has
limited the flow of oxidizing fluids through this sediment. The most advanced oxidation is observed in the

basal 20cm and is related to decreasing quartz percent and consolidation of the layer.

The alteration assemblage is dominated by goethite. The percentage of goethite increases downcore as quartz
and consolidation decrease. Goethite produced as a result of pyrite oxidation via the reaction shown in
Equation 1.12. The locally acidic pore fluids generated by this reaction facilitate the disproportionation of Fe
and Cu in chalcopyrite (Section 4.5.1.1). Where the released Cu®" ions encounter reducing conditions they
have been re-precipitated as covellite as a replacement and overgrowth of primary chalcopyrite. Cu* is also
precipitated as atacamite where fluids carrying dissolved Cu from chalcopyrite decay come into contact with

ambient seawater (Detrick et al., 1986; Hannington, 1993).

Clay minerals which are present only in trace amounts are not detrital in origin but are the result of basalt

alteration (i.e. chlorite) within the Afi» mound prior to mass wasting.
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Whilst downcore mineralogy suggests that the sulphide layer of Core 60 is restricted to depths of 44.5-96cm,
the Fe-oxide and oxyhydroxide-rich layers above and below suggest that size and oxidation of this sulphide-
rich, mass wasted section may be more extensive than that apparent from the downcore distribution of
sulphide minerals. There are two broad possibilities for the emplacement of the Fe-oxide and oxyhydroxide
layers. The first is that they represent sedimentation of oxidized material from two individual mass wasting
events, one prior to and one following the deposition of the altered pyrite-quartz breccia (the sulphide layer).
The second is that all three layers were deposited in one event. The most plausible explanation is in fact a

combination of these two possibilities.

The upper Fe oxide/oxyhydroxide layer has a gradational contact with the overlying carbonate cap and the
base shows sedimentary layering and a sharp contact with the underlying sulphide layer (Chapter 3). This
layering strongly suggests that this upper Fe oxide/ oxyhydroxide layer was deposited as a separate unit
following deposition of the sulphide layer. The gradational contact of the upper oxide layer with the
carbonate cap may indicate combined sedimentation of hydrothermally derived Fe oxide and oxyhydroxide
with background pelagic material and/or some dissolution of carbonate material as a result of acidic pore

fluids generated during sulphide oxidation in the layer below.

However, there is no geochemical or mineralogical evidence here for background pelagic sediment between
the lower Fe oxide/ oxyhydroxide layer and the sulphide layer. If these two layers represent distinct mass
wasting events then these must have occurred in rapid succession. The juxtaposition of highly oxidized
material and the relatively unaltered mound breccia via such rapid mass wasting events with no intervening
background sedimentation seems unlikely. Furthermore, the boundary between the sulphide layer and the
lower Fe oxide/ oxyhydroxide layer is not sharp (as it is between the sulphide layer and the upper Fe oxide/
oxyhydroxide layer) but is gradational, and plagioclase and chlorite (basalt alteration products) are reported
from the lower layer (Chapter 3). This suggests that the sulphide layer and the lower Fe oxide/ oxyhydroxide
layer were deposited at the same time, as one unit of pyrite-quartz breccia, and that oxidation of the bottom
half of the layer has been much more extensive than that observed in the upper portion where quartz cement
appears to have provided at least some protection from oxidative sulphide decay. Whether the extensive
oxidative alteration of the lower Fe oxide/ oxyhydroxide layer from the pyrite-quartz breccia precursor

occurred predominantly prior to the mass wasting event or following it is unclear.

4.4.4 Generalized paragenetic sequence in CD102/60: The Mir core

1. Precipitation of primary pyrite and chalcopyrite during high temperature fluid flow within the mound.
The presence of plagioclase and chlorite, remnants of basalt, suggest that this primary sulphide
precipitation took place in the upper parts of the hydrothermal stockwork zone.

2. Cementation of primary sulphide clasts by silica precipitated from a conductively cooled mix of end-
member hydrothermal fluid and seawater and formation of a pyrite-quartz breccia.

3. Sedimentary emplacement during a mass wasting event is most likely facilitated by movement on the axis
parallel and obliquely oriented normal faults which dissect the Mir mound (Rona et al., 1996).

4. Oxidation and reworking of the sulphide layer proceeds from lower extreme of the mass wasted layer.

The end product of the oxidation is goethite and hematite.
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A schematic representation of the general paragenetic sequence is shown in Figure 4.19.

4.5 Conclusions

4.5.1 The Alvin core

The primary and secondary mound derived minerals represent a pro-grade assemblage. Initial mineralisation
of porous, collomorphic pyrite crusts from diffuse, moderately high temperature hydrothermal fluid leads to
insulation and focusing of fluid flow facilitating precipitation of pyrite and chalcopyrite from a high
temperature, black smoker style fluid. As high temperature activity waned, the secondary sulphide

assemblage of pyrite, sphalerite and quartz was precipitated from a conductively cooled lower temperature,
Zn-rich solution. Initial alteration and oxidation of the mound material at the mound seawater interface and
within the mound as ambient seawater infiltrated the deposit was contemporaneous with hydrothermal activity.
Further substantial and pervasive oxidation and alteration of sulphidic material leading to the formation of
goethite, atacamite, gypsum (Chapter 6) and clays (Chapter 3) continued following transport of mound

derived material to the surrounding sediment via mass wasting and slumping events.

The precipitation of secondary and late sulphides, including covellite and sphalerite, is a consequence of acid
leaching processes which resemble sub-aerial supergene reactions. The results of these submarine supergene
processes are locally important, grain-scale re-mineralisation and secondary enrichment, rather than the much
larger scale, downward migrating zones of oxidation and secondary enrichment observed in sub-aerial
deposits. The end products of alteration in this core are dominated by goethite and are similar to gossans
overlying sub-aerial massive sulphides (e.g. Constantinou and Govett, 1973; Scott et al., 2001), and other
submarine Fe-oxide rich deposits which have also been compared to sub-aerial gossanous material (e.g. Oudin
et al, 1981; Alt et al., 1987; Hannington et al., 1988; Metz et al., 1988, Herzig et al., 1991; Hannington and
Jonasson, 1992; Hannington, 1993; Dill et al., 1994; Hannington et al., 1995b; Goulding, 1998).

4.5.2 The Mir core

The striking similarity of the Mir core sulphide layer to the pyrite—quartz breccias described from the active
TAG mound (e.g. Humphris et al., 1995; Humphris and Kleinrock, 1996; Knott et al., 1998) and the presence
of plagioclase and chlorite, which are remnants of basalt alteration, confirm that the primary sulphide
assemblage was precipitated under high temperature conditions during the formation of a pyrite—quartz
breccia at the top of the hydrothermal stockwork zone within the Mir mound. Mass wasting of the Mir mound
and transportation of sulphidic material to the surrounding sediment maybe a consequence of movement on
the axis parallel and obliquely oriented normal faults which dissect the Mir mound (Rona et al., 1996).
Following sedimentary emplacement alteration of primary sulphides due to acid leaching resulted in the
precipitation of secondary pyrite and covellite, and oxidation of primary and secondary sulphide resulted in
the formation of goethite and hematite with minor atacamite. The presence of quartz and cristobalite cement
is inferred to inhibit the flow of oxidising and alteration fluids through the upper parts of the sulphide layer.
The most advanced oxidation and alteration is observed below 83cm depth where the modal percent of quartz

and consolidation decrease.
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Similar to the A/vin core sulphide layer, precipitation of the secondary sulphides, covellite and sphalerite, is a
consequence of acid leaching of primary sulphide in processes resembling sub-aerial supergene reactions.
Secondary sulphide enrichment is locally important, and is typically seen as grain-scale re-mineralisation
rather than large scale pervasive oxidation and secondary enrichment. The end products of alteration in this
core are dominated by goethite and hematite and are again very similar to the gossanous weathering products
which overlying sub-aerial massive sulphides (e.g. Constantinou and Govett, 1973; Scott et al., 2001), and
other submarine Fe-oxide rich deposits compared to sub-aerial gossans (e.g. Oudin et al., 1981; Alt et al.,
1987; Hannington et al., 1988; Metz et al., 1988; Herzig et al., 1991; Hannington and Jonasson, 1992;
Hannington, 1993; Dill et al., 1994; Hannington et al., 1995b; Goulding, 1998).

4.5.3 Wider implications —comparisons with other metalliferous sediment studies.

The sulphide layer of Core 58, although much less altered than, compares well to similar sulphide layers in
nearby cores (Metz et al_, 1988; Mills et al., 1993; Severmann, 2000). Sulphide layers in core 43 (Severmann,
2000) and the Metz et al. (1988) core (Mills et al., 1993} are also attributed to mass wasting of sulphidic
mound material and the geochemistry of these layers is predominantly controlled by the mineralogy rather
than dissolution, remobilisation and seawater scavenging processes. The occurrence of Fe oxides and
oxyhydroxides in Core 58 and other sulphide dominated sediments from the TAG field can be variously
attributed to the oxidation of sulphide phases, which are thermodynamically unstable in ambient seawater, and
precipitation from diffuse low temperature fluids circulating within the sediment pile, with only minimal
inputs from plume fallout (Thompson et al., 1985; Metz et al., 1988; German et al., 1993; Mills et al., 1993;
Severmann, 2000; Severmann et al., 2004). The sulphide layer of Core 60 which represents a relatively large
scale mass wasting event, transporting inner mound material to the near field sediments appears to be more

unique.

Mound or chimney related sulphide debris is also an important sedimentary component at hydrothermal sites
elsewhere on the MAR. However, many of these sulphide bearing sediments do not have distinct sulphide
layers, like those reported at TAG, but contain sulphide admixed with Fe oxide and clay minerals suggestive
of extensive seawater alteration (e.g. MARK: Cherkashev, 1995, and Snake Pit: Detrick et al., 1986). Studies
of metalliferous sediments from the EPR, in contrast to studies from the MAR, have focussed largely on the
Fe oxide deposits of the ridge flanks where sulphide is not an important sedimentary component (e.g. Dymond
and Veeh, 1975; Dymond, 1981, Barrett et al., 1987, Shimmield and Price, 1988) with very little investigation
of near field sediments (e.g. German et al., 1999). The study by German et al. (1999) does identify a
relatively fresh sulphidic input to a core from the OBS vent field but again does not identify specific sulphide

layers like those reported from TAG.

The sediment thickness near to a vent site depends largely on the crustal age and longevity of hydrothermal
activity. It is not surprising therefore, that the TAG field exhibits the most extensive metalliferous sediments
in the Atlantic (e.g. Shearme et al., 1983; Metz et al., 1988; German et al., 1993; Mills, 1995). The occurrence
of distinct, relatively thick sulphide layers within TAG near field sediments appears to be related to the
longevity of high temperature hydrothermal activity at this site. Large, mature sulphide mounds like those of

the TAG field, where lots of mass wasting can occur, result in transport of a significant amount of sulphidic
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material to the surrounding sediments. Thus the occurrence of sulphide dominated near field sediments,
which are geochemically and mineralogically distinct from plume derived material and diffuse low
temperature deposits at Atlantic hydrothermal sites, and only minimal, often admixed sulphide inputs to
sediments at Pacific hydrothermal sites reflects the fact that Pacific sites are typically composed of many
small mounds and chimney clusters whereas Atlantic sites commonly comprise much larger massive sulphide
mounds which are stable over longer periods. The mineralogy and formation of distinct sulphide layers in
cores 58 and 60 can be related to the occurrence of the large, mature, relict mounds of the A/vin and Mir zones
which reflect the longevity and stability of hydrothermal activity at the TAG site. In particular, the pyrite-
quartz breccia assemblage of the Core 60 sulphide layer requires a mature mound where there have been
multiple episodes of high temperature activity. In this respect, the type of sulphide sediment, and the

formation of Core 60 maybe unique to the TAG field.
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Chapter 5:

Sulphur Isotope Variation of Sulphide-Rich Sediments from the
Alvin and Mir Relict High Temperature Zones.

5.1 Introduction: Sulphur isotope systematics in seafloor hydrothermal

systems
Sulphur isotope systematics in seafloor hydrothermal systems are complex; this is due to the existence of

several sulphur sources and sinks, and variable fractionation during sulphur cycling. There are two principal
sources of sulphur in modern seafloor hydrothermal systems: seawater, which contains very minor reduced
sulphur species and has ~2688ppm sulphate with §**S = +20.9%o (Rees et al., 1978); and Mid-Ocean Ridge
Basalt (MORB), with a range of sulphur content between ~600 to ~1600ppm and a mean value of ~810ppm
and 8**S = +0.1 £0.5%o (Sakai et al., 1984). Sulphur sinks during high temperature (>150°C) circulation
include: anhydrite precipitation during seawater recharge to the hydrothermal system at depth; conversion of
basaltic mono-sulphides to poly-sulphides as a result of water rock interactions in the deep hydrothermal
reaction zone; and formation of massive, vein and disseminated, mound and chimney sulphides. Variation in
the value of 5**S in high temperature systems can be attributed to mixing of sulphur from the seawater and
basalt reservoirs, fractionation during sulphate reduction and transformation of transient sulphur species.
However, the causes of variation in 8°*S values in the lower temperature conditions surrounding active vent
sites and relict sites, (including supergene alteration conditions), are much more complex. This is mainly due
to the action of metal/sulphur oxidizing and reducing bacteria in these systems and the numerous pathways of

sulphide oxidation and sulphate reduction possible during biogeochemical cycling of sulphur.

5.1.1 Sulphur isotope systematics in high temperature systems

Experimental and theoretical modelling of seawater recharge and circulation in the upper crust, has shown that
as down-welling seawater is heated to temperatures of ~150-200°C sulphate is removed from the fluid due to
anhydrite precipitation (Shanks et al., 1981; Janecky and Shanks, 1988; Alt et al., 1989; Bowers, 1989). Since
the calcium concentration of seawater is only one third that of sulphate, excess sulphate remains in the
hydrothermal seawater, despite addition of Ca leached from the basaltic wall rock (Blount and Dickson, 1969).
Deeper in the crust at temperatures >250°C inorganic sulphate reduction, as a consequence of the oxidation of
ferrous Fe in pyroxene or olivine (Equation 5.1) or via conversion of basaltic pyrrhotite (FeS) to secondary
pyrite (FeS,) (Equation 5.2) becomes important (Shanks et al., 1981; Ohmoto and Lasage, 1982; Shanks and
Seyfried, 1987).

8Fe” +10H* +S0,” =8Fe* + H,S +4H,0 (5.1)

TFeS+8H* +80, — 4FeS, + 4H,0 + 3Fe™ (5.2)

At low water/rock ratios and high temperatures, the inorganic reduction of seawater sulphate is rapid and

complete leading to no significant isotopic fractionation i.e. the seawater derived sulphide has 8°*S of the
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initial sulphate, (+20.9%o), (Shanks et al., 1981; Ohmoto and Lasage, 1982; Shanks and Seyfried, 1987; Alt et
al., 1989). Whilst seawater sulphur is fixed in the crust as sulphate and sulphide, igneous sulphur is leached
from the basaltic wallrock (e.g. Shanks et al., 1981; Shanks and Seyfried, 1987; Alt et al., 1989; Bowers,
1989). The sulphide component in basalt is highly soluble at high temperature and direct leaching of basaltic
sulphur produces 8°*S values in the fluid close to 0%o (Seyfried and Janecky, 1985).

The observed range of 5**S values in modern seafloor hydrothermal deposits and vent fluids (Figure 5.1) can
be attributed to variable mixing of basaltic (5**S = +0.1%o), and seawater (5°*S = +20.9%o) sulphur (Sakai et
al., 1984; Rees et al., 1978). It has been argued that sulphate reduction at depth in the hydrothermal reaction
zone characterizes 5°*S values in vent fluids and associated sulphide deposits (e.g. Shanks and Seyfried, 1987,
Bluth and Ohmoto, 1988; Woodruff and Shanks, 1988). However, incremental reaction modelling of vent
fluid compositions suggests that up-welling hydrothermal fluids have basalt dominated &**S, which is
modified in the shallow subsurface around vent sites and within individual chimneys, as entrained ambient
seawater undergoes inorganic sulphate reduction (Janecky and Shanks, 1988; Bowers, 1989). In reality, the
5*S values of vent fluids and their associated sulphide deposits are the result of a combination of deep
subsurface reactions and shallow, near-surface sulphide-sulphate precipitation and sulphate reduction, with
higher §**S values indicating a larger reduced seawater sulphate component (e.g. Zierenberg et al., 1984;

Janecky and Shanks, 1988; Woodruff and Shanks, 1988; Herzig et al., 1998a).

Since there is very little variation in the basaltic composition of the ocean crust, and therefore the 8>S value
of basalt, large-scale variations in 5**S between different vent sites reflect differences in the underlying
plumbing and permeability structures of each system. For example the Snake Pit (23°N MAR) and Broken
Spur (29°N MAR) hydrothermal sites exhibit very similar §**S ranges between ~0—+3.0%o (Kase et al., 1990;
Duckworth et al.,1995; Butler et al., 1998). However, the TAG mound (26°N MAR) has a range in 5°*S of
~+5-+9%o (Chiba et al., 1998; Gemmell and Sharpe, 1998; Herzig et al., 1998b). This difference in the vaiue
of 8**S at the TAG mound, compared to other vent sites nearby on the Mid Atlantic Ridge, is due to a number
of factors; notably the much larger size of the TAG mound in which high temperature conditions are
maintained, and the longevity and episodic nature of hydrothermal activity at this site (e.g. Chiba et al., 1998,
Gemmell and Sharpe, 1998; Knott et al., 1998). Smali-scale variations between hydrothermal fluid and coeval
sulphide may be explained by in situ processes relating to the permeability structure of chimneys and sulphide
mounds, and the extent of shallow seawater entrainment (e.g. Janecky and Shanks, 1988; Ohmoto and

Goldhaber, 1997; Chiba et al., 1998).

5.1.2 Sulphur isotope systematics in low temperature conditions

The rate of inorganic sulphate reduction is principally dependent upon the temperature, pH, and fO, of the
system (e.g. Ohmoto and Rye, 1979). Under hydrothermal conditions where pH and fO, are low and
temperatures are at or in excess of 200°C inorganic sulphate reduction via equilibrium isotopic exchange is
geochemically important (Ohmoto and Lasage, 1982). However under the low temperature, <50°C, conditions

operating at, and/or near to the surface of active vents sites, relict vent sites, and during alteration of near field

137



MORB SEAWATER

................................... e —t—— , . N Losta Rica Rilt, ODP hols
mem a mmmin » s mmenm & & u Valu Fa Ridge, Lau Basin
. g o A a » | am Atlantis II Deep
' © ©pghmm® m ®°° , Red Sea
| - ‘ Marianna Trough
AGRA A AL AMA A Guaymas Basin
o de Galapagos Rift
. AR 18.5°S EPR
PRV 21.5°S EPR
o % mmmaw A8 4 2 o R ! Middle Valley, NJdFR
R Y . . : Axial Seamount, CJdFR
cqmp—es | j SIdFR
Marcasite . mid \ Green Seamount (21°N EPR)
5 | AP 21°N EPR
Isocubanite ..- ; : 130N EPR
/ Pyrrbotite | ,ﬂ lloN EPR _
O “wmehs Snake pit
Wurtzite
o n Broken Spur
S MAR
* Bulk sulphide Lucky Strike
e e Y s e N S TAGmound e
A Chakcopyrite o oMo, MmE numEmm _ ] _ n | Alvin zone, TAG field] This Stlldy
P Wy u B X s Mir zone, TAG field
-20 -15 -10 -5 0 5 10 15 20 25 30 35
5s per mil

Figure 5.1:Sulphur isotope ratios in various types of modern seafloor massive sulphide deposits. Data from this study are included for comparison. References: TAG = Chiba et al. (1998);
Gemmell and Sharpe (1998); Herzig et al. (1998a); Knott et al. (1998); Lucky Strike =Rouxel et al. (2004); Broken Spur = Duckworth et al. (1995); Butler et al. (1998); Snake Pit = Kase et al. (1990);
11°N EPR = Bluth and Ohmoto (1988); 13°N EPR = Bluth and Ohmoto (1988); Stuart et al. (1995); 21°N EPR = Woodruff and Shanks (1988); Zierenberg et al. (1984); Green Seamount = Alt (1988);
SJdFR = Shanks and Seyfried (1987); Axial Seamount, CJdFR = Hannington and Scott (1988); Middle Valley, NJdFR = Goodfellow and Blaise (1988); Duckworth et al. (1994); Stuart et al. (1994);
Goodfellow and Franklin (1993); 21.5°S EPR = Marchig et al. (1990); 18.5°S EPR = Marchig et al. (1990); Galapagos Rift = Knott et al. (1995); Guaymas Basin = Peter and Shanks (1992); Marianna
Trough = Kasakabe et al (1990); Red Sea = Blum and Puchelt (1991); Atlantis Il Deep = Zierenberg and Shanks (1988); Valu Fa Ridge, Lau Basin = Herzig et al (1998b).

PO CQIMPat

Abbreviations: EPR = East Pacific Rise; SJAFR = Southern Juan de Fuca Ridge; NJdFR = Northern Juan de Fuca Ridge; CJdFR = Central Juan de Fuca Ridge; MAR = Mid-Atlantic Ridge



Sulphur Isotope Variation of Sulphide-Rich Sediments from the A/vin and Ai Relict High Temperature Zones Chapter 5

sulphide-rich sediments kinetically controlled bacterial sulphate reduction dominates (e.g. Ohmoto and Rye,

1979; Canfield, 2001a; Habicht and Canfield, 2001 and references there in).

Hydrothermal vent sites sustain large microbial communities including both heterotrophic and lithotrophic
organisms which are able to utilize sulphur species (e.g. Wirsen et al., 1993; Campbell et al., 2001). Tsotopic
fractionation arises from the fact that the chemical reaction rate is mass dependent and that microbes

preferentially utilize the lighter **S over the heavier **S because of the lower energy costs.

Assimilatory Sulphate Reduction (ASR)

Sulphur is a fundamental requirement for living cells and is assimilated from the surrounding environment
most commonly as sulphate. For incorporation of this sulphate into cellular compounds it must be reduced to
sulphide this occurs via ASR. Following uptake of sulphate there are two known pathways by which

reduction can occur. The first, known as the adenosine-5’-phosphosulfate (APS) pathway is generally
exploited by O, producing phototrophic eukaryotes, the second, known as the phosphoadenosine-5’-
phophosulfate (PAPS) pathway is favoured by anoxygenic microorganisms (e.g. Canfield, 2001a) (Figure 5.2).
The APS pathway leads to the formation of either sulphate esters or reduced sulphur compounds typically HS’,
the PAPS pathway results only in the formation of reduced sulphur compounds (e.g. Canfield, 2001a).

Isotopic fractionation is due to kinetic effects relating to the unidirectional and mass dependent nature of
sulphate uptake. Although both pathways include numerous intracellular steps which may result in isotopic
fractionations, observed fractionations associated with ASR are relatively small, e.g. measurements of

A 634Ssulp,me- 634sorgmic sulphur fOT E. coli, and some yeast and green alga species range from 0.9-2.8%. (Kaplan
and Rittenberg, 1964). This is a function of the unidirectional nature of ASR reactions; since there is no
isotopic exchange with external sulphur reservoirs, following cellular uptake of sulphate, no net fractionation
will be observed (e.g. Rees, 1973). It is however, important to note that isotopic fractionation generated in
laboratory culture experiments is never as large as the fractionations inferred from field observations. This
implies that real systems are much more complex involving multiple reaction steps and stages of

mineralisation that have not yet been resolved in laboratory cultures (e.g. Canfield, 2001a; Canfield, 2001b)

Dissimilatory sulphate reduction (DSR).
DSR is carried out by a specialized group of micro-organisms which utilize the energy gained from
catalysising exergonic reactions for cell growth, in which either organic carbon or gaseous hydrogen is

oxidized as sulphate is reduced (Equations 5.3 and 5.4: Canfield, 2001a).

SO,* +2CH,0 — H,S +2HCO, (5.3)

2H*+S0,” +4H, - H,S+4H,0 (5.4)

Although sulphate reducers are phylogenetically diverse and are known from several major lineages within the

bacterial domain, within hydrothermal environments DSR is predominantly carried out by heterotrophic
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Figure 5.2: The pathways of assimilatory sulphate reduction. In the APS pathway sulphur can either
be oxidized to cysteine or converted to sulphate esters. Uptake of sulphate into the cell is a
unidirectional process. ATP = adenosine triphosphate (Adapted from: Canfield, 2001a).
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Figure 5.3: Pathways of sulphur transformation of interest in isotope studies in the environment. Note

the numerous possible pathways and intermediate species for sulphide oxidation. (Adapted from
Canfield, 2001a).
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bacterial organisms, principally Desulfovibrio desulfuricans which is an obligate anaerobe (e.g. Trudinger et

al., 1985; Jorgensen et al., 1992; Campbell et al., 2001).

S isotopic fractionation as a result of DSR can be substantial with published measurements indicating
maximum A 634Ssulphate' 634Ssulphide of 40-~50%o (e.g. Kaplan and Rittenberg, 1964; Chambers et al., 1975;
Canfield and Teske, 1996; Canfield et al., 1998). The extent of fractionation during DSR is dependent on a
number of factors most notably the rate of sulphate reduction, sulphate concentration, and the variety of
electron donor (e.g. Kaplan and Rittenberg, 1964; Kemp and Thode, 1968; Chambers et al., 1975; Ohmoto
and Rye, 1979; Habicht and Canfield, 2001). For example, experimental data show that during DSR the
kinetic isotope effect increases with a decrease in the rate of reduction, e.g. a reduction rate of 10%°mole SO,*
/1 sec” results in a fractionation of ~1.5-2.5%o; a slower reduction rate of 10™*°mole SO,27/1 sec”’ results in a
fractionation of ~6.5%o. (e.g. Ohmoto and Rye, 1979). Where sulphate concentrations are in excess of 1mM §
isotopic fractionations of ~46%. have been observed, where sulphate concentrations are <ImM § isotopic
fractionations are considerably smaller, typically <5%o. (e.g. Canfield, 2001b). The type of electron donor also
has an effect on the extent of isotopic fractionation. Fractionation of S isotopes in laboratory cultures of
Desulfovibrio desulfuricans are greater when organic carbon is the electron donor (Equation 5.3) with
maximum fractionation of ~45%., than when H, (gas) is the electron donor (Equation 5.4) with fractionation
typically <10%o (Kaplan and Rittenberg, 1964; Chambers et al., 1975). Other factors which influence the
degree of isotopic fractionation as a result of DSR include the reaction pathway, the specific bacterial strain
involved and the temperature, e.g. the optimum growth temperature for Thermodesulfobacterium is 80°C
(Stackebrandt et al., 1995) whereas heterotrophic S-reducers have a wide optimum temperature range of 38-
68°C (Miroshnichenko et al., 2002).

Sulphide Oxidation

In addition to sulphate reduction, sulphide oxidation is important in effecting the range of 8**S values possible

under low temperature conditions. Although much less is known about the pathways of sulphide oxidation

several important mechanisms for the oxidation of sulphide in nature have been identified and include:

1. Biologically mediated oxidation of metal sulphide to elemental sulphur, and elemental sulphur to sulphate
affected by specialized bacteria which catalyze certain reactions. The most commonly involved types are
mesoacidophilic, chemolithotrophic. Three species dominate studies to date, these are:

o Thiobacillus ferrooxidans, an acidophilic species which can oxidize reduced sulphur compounds to
sulphate and Fe(1I) to Fe(III).
o Thiobacillus thiooxidans, which is only able to oxidize reduced sulphur compounds
o Leptospirillum ferrooxidans, which is only able to oxidize Fe(Il) to Fe(III) (Toran and Harris, 1989;
Ehrlich, 1996b; Bosecker, 1997, Schippers and Sand, 1999).
2. Inorganic oxidation of sulphide to sulphate and other intermediate sulphur compounds

3. Disproportionation of sulphur compounds via intermediate oxidation states

The first two oxidation mechanisms can be considered as true oxidation pathways requiring an external
electron acceptor; the third mechanism does not require an electron acceptor and instead balances the

production of sulphate by the production of sulphide. Only small S isotope fractionations may be expected to
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arise from simple sulphide oxidation since the oxidation rate is not controlled by metal-sulphur bond rupture
as such, the kinetic isotopic effect is negligible (e.g. Ohmoto and Rye, 1979; Canfield, 2001a). However,
sulphide oxidation most commonly proceeds via unstable intermediate sulphur species e.g. thiosulphate and
polythionates, disproportionation, or further oxidation of these intermediate species can result in S isotope
fractionation where sulphate is depleted in **S and polythionates are enriched (Figure 5.3) (e.g. Toran and

Harris, 1989; Jorgensen, 1990; Schippers and Sand, 1999; Bottcher, 2001; Canfield, 2001a).

It should be noted that there are, problems associated with using S isotope signatures to assign oxidation
reaction pathways as not all oxidation pathways produce a unique S isotope signature and both in nature and
in laboratory experiments sulphide oxidation can occur by several different pathways simultaneously (Figure

5.3).

Disproportionation

Most of the intermediate sulphur compounds formed during sulphide oxidation are unstable and therefore do
not accumulate in the environment. Although some of these intermediate species will undergo simple
reduction or oxidation to more stable phases others will be disproportionated by bacterial sulphate reducers.
Disproportionation of a sulphur intermediate to sulphide and sulphate does not require an external electron
donor or acceptor e.g. Equations 5.5; 5.6; and 5.7 (Bak and Pfennig, 1987; Bak and Cypionka, 1987; Canfield
et al., 1998; Canfield, 2001a):

4S° +4H,0 —3H,S+S0,” +2H" (5.5)
4S0,” +2H* — H,S +3S0,> (5.6)
S,0," +H,0 —» H,S +S0,” (5.7)

The fractionation of S isotopes during disproportionation reactions is highly variable. Laboratory
investigations of the disproportionation of elemental sulphur (Equation 5.5) show a narrow range in S isotope
fractionation with the resulting sulphide depleted in S A 634Sw1phur- 634Ssu19mde -6 to -9%o, and sulphate
enriched in >*S: A 63485ulp}m,— 634S5u1phate ~18%e. (Canfield et al., 1998). Much larger fractionations have been
observed during the disproportionation of sulphite (Equation 5.6). Experiments with pure cultures indicate
that disproportionation of sulphite results in A 634Ssulp,me— 634SSl,lphide -37%o and A 634Ssulphite' 634851.1plla,e ~12%0
(Habicht et al., 1998). In this case the 3:1 difference between the fractionation to sulphide and sulphate is
related to the stoichiometry of the reaction (Equation 5.6). Laboratory investigations of fractionation during
thiosulphate disproportionation in general yield sulphide which is depleted in **S and sulphate which is

enriched in **S (Cypionka et al., 1998; Habicht et al., 1998).

In the case of thiosulphate, isotope exchange between individual sulphur species is important in determining
the extent of fractionation. This is because thiosulphate is composed of sulphonate sulphur (-SO5’) and
sulphane sulphur (-§7). Sulphate resulting from the disproportionation of thiosulphate is derived from the
sulphonate sulphur and the sulphide is derived from the sulphane sulphur. The extent of fractionation during

disproportionation of thiosulphate is also dependant upon whether the system is open or closed with respect to
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H,S. In systems open to H,S, where sulphide is constantly removed (e.g. via formation of FeS,), laboratory
experiments with pure cultures indicate that kinetic fractionations are most important and the sulphate
produced is isotopically light compared to the original sulphonate (Cypionka et al., 1998). In systems closed
to H,S, e.g. where there is limited availability of metals to form sulphide minerals, and sulphide is allowed to
accumulate, differences between sulphane and sulphonate sulphur are related to isotopic exchange of these

two species with the thiosulphate pool (Habicht et al., 1998).

5.1.3 Observed &S values and S isotopic fractionation at modern hydrothermal vent

sites
Since equilibrium isotopic fractionation between aqueous H,S and precipitating sulphide is minor at elevated

temperatures (=300°C): A 8> Sates.ras <0.5%o (Ohmoto and Rye, 1979), the observed values of sulphide 5**S
should be a reasonable representation of the 8**S value of the fluid from which they precipitated, assuming
equilibrium conditions. However, the measured ranges of sulphide 5**S at modern seafloor hydrothermal sites
are generally >1.5%o, and in some cases are >10%o (Figure 5.1). This suggests that some or all of the
following maybe occurring;

¢  Sulphide precipitation is occurring in non-equilibrium conditions.

e %S enrichment is extremely variable through time and space: at several sites, e. g. TAG and 21° N EPR
time series studies of fluid chemistry suggest that water/rock reactions at depth have reached equilibrium
(Edmond et al., 1995; Edmonds et al., 1996; Campbell et al., 1988). This implies that any large-scale
variation at sites of stable end-member fluid chemistry is due to near surface seawater sulphate reduction.
However, near surface inorganic seawater sulphate reduction is not likely for several reasons: firstly,
inorganic sulphate reduction requires temperatures >200°C, the onset of anhydrite precipitation at lower
temperatures (~150°C) resulting in the removal of seawater SO,> from the fluid via anhydrite
precipitation, limits the availability of sulphate for reduction in the near surface (e.g. Janecky and
Seyfried, 1984; Janecky and Shanks, 1988). Secondly, entrainment of, and mixing with, cold (~2°C)
seawater should cool the hydrothermal fluid preventing the temperatures required for inorganic sulphate
reduction.

e Overprinting of primary ‘pristine’ sulphide during hydrothermal diagenesis: this results in **S enrichment
as mixing with, and sulphur contributions from, reduction of seawater sulphate increase (Gemmell and
Sharpe, 1998).

s  Bacterial sulphate reduction contributing isotopically light sulphur either within the massive sulphide
deposit at the seafloor or in the subsurface hydrothermal system. Sulphate reducing bacteria have been
reported at depths of 500m below seafloor (Parkes et al., 2000) and at temperatures of ¢.100°C (Jorgensen
et al, 1992).

¢ Leaching of sedimentary sulphides: this is only important for sedimentary-hosted hydrothermal deposits
e.g. Guaymas Basin and Middle Valley, and results in a shift to lighter §**S values (Peter and Shanks,
1992; Goodfellow and Franklin, 1993).

e Mixing of hydrothermal fluid with basement fluid, or pore waters contributing heavy 8**S, e.g. 21°N EPR
(Woodruff and Shanks, 1988), or with magmatic fluids contributing light 5*S, e.g. Valu Fa Ridge, Lau
Basin (Herzig et al., 1998a).
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The narrow range of reported sulphide 5**S values (~-1.0%o to ~+4.0%o) at sediment-free ocean ridge
hydrothermal sites (except the TAG site which has a range in 8°*S of +0.35-+10.3%o) reflect precipitation
from a fluid where sulphur is sourced principally from basalt with a smalier component derived from reduced
seawater sulphate (e.g. Styrt et al., 1981; Zierenberg et al., 1984; Shanks and Seyfried, 1987; Bluth and
Ohmoto, 1988; Hannington and Scott, 1988; Woodruff and Shanks, 1988; Duckworth et al., 1995; Knott et al.,
1995; Gemmell and Sharpe, 1998). For example, the lightest reported 5*'S values of coeval vent fluids and
sulphide phases at 21°N EPR are close to equilibrium fractionation values, shifts in §**Ss Of 2-3%o can be
accounted for by the addition of a few percent of reduced seawater sulphate (assuming quantitative suiphate
reduction) (Arnold and Sheppard, 1981; Styrt et al., 1981; Zierenberg et al., 1984; Shanks and Seyfried, 1987,
Woodruff and Shanks, 1988). Similarly, 8°*S values at the Broken Spur vent site (29°N MAR) which range
from -0.5%0-~+3%., also reflect a predominantly basaltic sulphur source and limited input of reduced seawater
sulphate (Duckworth et al., 1995; Butler et al., 1998). The heavier and broader range in 5**S values reported
from the TAG mound are the exception to the general pattern of light 8*S at sediment free mid ocean ridge
hydrothermal sites. Heavier °'S values at TAG, which indicate greater seawater influence result, in part from

the size, vigour and longevity of hydrothermal activity at this site (Section 5.1.4).

Sulphide 8°*S values in sediment hosted hydrothermal deposits, cover a much larger range: ~-10%o-t15%o,
reflecting additional sulphur contributions from sedimentary, bacteriogenic, basement fluid and porewater
reservoirs as well as basaltic sulphur and reduced seawater sulphate (e.g. Blum and Puchelt, 1991; Duckworth
et al., 1994; Stuart et al., 1994; Peter and Shanks, 1992; Goodfellow and Franklin, 1993). At the Middle
Valley vent site (N.JdFR) °*S ranges from ~+1.0%o to +10.0%o (Goodfellow and Blaise, 1988; Duckworth et
al,, 1994; Stuart et al., 1994). 5>*S enrichment is almost certainly acquired from seawater sulphate trapped in
the overlying turbidite sediments which has been inorganically reduced under hydrothermal conditions by

reaction with organic matter (Goodfellow and Blaise, 1988; Duckworth et al., 1994).

The range in 8°*S of ~-4.0%o-+5.0%o in hydrothermal sulphides from the Guaymas basin reflects mixing of
basaltic sulphur, bacteriogenic sulphide, sulphur from the thermal decomposition of organic sulphur bearing
compounds and reduced seawater sulphate. Negative 8°*S values, indicate contributions from biogenic
hydrogen sulphide from the underlying sediments, and positive values reflect contributions from reduced

seawater sulphate (Peter and Shanks, 1992).

The range of 8°*S values (-7.0%o-+13.6%o) at the Kebrit Deep in the Red Sea, also principally reflect
contributions from biogenic sulphate reduction and inorganic seawater sulphate reduction. Controls on S
isotope fractionation at this site include variable seawater/rock ratios during sulphate reduction, a wide range
in temperature and mixing between biogenic H,S and hydrothermal solutions. Heavy 8°'S values are related
to moderate to high temperature sulphides and result from inorganic reduction of seawater sulphate. Lighter
8°*S values are related to biogenic contributions from the sedimentary host rock. Tn addition bacterial
processes are inferred to play an important role in the oxidation of sulphidic material following cessation of

smoker activity and this also leads to moditication of the S isotopic composition (Blum and Puchelt, 1991).
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Negative 5°*S values may also arise via incorporation of sulphur from magmatic volatiles. The significantly
light 8**S values reported from the Valu Fa Ridge hydrothermal site in the Lau Basin may be the result of
several processes such as biogenic reduction of sulphate and isotopic fraction of sulphur between reduced and
oxidized species, but are most likely the result of direct contributions from **S enriched magmatic volatile

phases (Herzig et al., 1998a).

5.1.4 Sulphur isotopes in the active TAG mound

Prior to ODP drilling of the TAG mound, only 14 8>S values, with a range of +4.0 - +6.0%o (mean =+5.0%e),
had been reported from the surface of the TAG mound (Lein et al,, 1991). Drilling of the TAG mound
provided the first opportunity to study the lateral and vertical S isotope variation in an actively forming
massive sulphide deposit. The overall range of measured sulphide §**S values from the TAG mound is +0.4 -
+10.3%0 with a mean of +7.0%0 (n = 233) (Chiba et al., 1998; Gemmell and Sharpe, 1998; Herzig et al., 1998a;
Knott et al., 1998). This is heavier than the mean sulphide 5**S reported from other sediment-free mid-ocean

ridge hydrothermal sites by 3-4%o.

5.1.4.1 Sulphur isotope composition and variation

Despite significant lateral variations in lithology across the mound, mean values and ranges for 5**S at each

drilling site are almost identical:

e TAG-1: range +4.4 - +8.9%0, mean = +6.8%o (n = 114) (Chiba et al., 1998; Gemmell and Sharpe, 1998;
Herzig et al., 1998a; Knott et al., 1998).

e  TAG-2: range +5.4 - +8.5%o (with the exception of one value at +0.4%o; data outlier), mean = +7.1%o (n =
31) (Chiba et al., 1998; Gemmell and Sharpe, 1998; Herzig et al., 1998a; Knott et al., 1998).

e TAG -3: only one reported 8*S value = +7.3%o (Herzig et al., 1998b).

e  TAG-4: range +4.6 - +9.3%o, mean = +7.1%o (n = 45) (Gemmell and Sharpe, 1998; Herzig et al., 1998a;
Knott et al., 1998).

e TAG-5: range +5.4 - +10.3%o, mean = +6.9%o (n = 42) (Gemmell and Sharpe, 1998; Herzig et al., 1998a;
Knott et al., 1998).

The isotopically lightest mineralisation is vein-related; the mean 8°*S of vein-related sulphides is 1.5%o lighter
than the heaviest mean §**S associated with altered basalt (Table 5.1). Whilst still minor the largest variations
in 8**S occur between different textural types of sulphide (Table 5.2; Figure 5.4). Porous sulphide is the
isotopically lightest textural type with mean 8°*S =+5.74%o. Disseminated sulphide is the isotopically heaviest:
mean 8°*S =+7.65%o. In relation to lithology, porous sulphide is most commonly associated with the massive
pyrite and pyrite-anhydrite breccias in the upper part of the mound. Disseminated pyrite is largely related to
altered basalt from the base of the mound and the underlying stockwork (Gemmell and Sharpe, 1998; Knott et
al., 1998).

Existing interpretations of 8°*S values at the TAG mound are somewhat contradictory with some workers
inferring significant changes in 8*S with depth (Knott et al., 1998; Gemmell and Sharpe, 1998), and others
stating that there is no significant difference with depth (Chiba et al., 1998; Herzig et al., 1998b). Despite a
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Lithology Min Max Mean  Standard Standard Number of
5S% 3'S%  5'S% deviation error(lc) analyses

Massive pyrite +0.35 +83 +6.5 1.20 0.16 53
Pyrite breccia +5.1 +7.91 +6.6 0.94 0.24 15
Pyrite-anhydrite breccia +4.4 +10.27 +6.5 1.02 0.19 29
Pyrite-silica-anhydrite +5.1 +8.3 +6.4 0.75 0.17 20
breccia

Pyrite-silica breccia +5.7 +6.29 +7.3 0.77 0.10 60
Altered basalt +6.05 +8.9 +7.6 0.80 0.15 30
Veins +5.2 +7.51 +6.1 0.65 0.20 11
Total analyses 218

Table 5.1: Summary of 3*S variation with lithology in analyses from ODP drilling of the active TAG
mound. Lithological types are listed in descending depth order with the exception of veins, which occur
in all depths. For descriptions of the various lithogical types, the reader is referred to Chapter 2 section
2.1.1. There is no significant (95% confidence limit: two sample populations t-test) statistical difference
in 3*'S values between different lithological types. Data are compiled from: Chiba et al., 1998; Gemmell
and Sharpe, 1998; Herzig et al., 1998a; Knott et al., 1998.

Sulphide Texture Min Max Mean Standard  Standard Number of
5%S% 8'S% 5°'S%  deviation error(lc)  analyses

Porous sulphide +4.8 +6.6 +5.74 0.76 0.34 5
Massive sulphide +0.35 +83 +6.83 1.15 0.15 55
Vein sulphide +4.4 +8.41 +6.59 0.88 0.15 34
Crust +5.1 +6.2 +5.8 0.64 037 3
Disseminated sulphide +5.7 +10.27 +7.65 1.00 0.16 38
Clasts +5.8 +8.41 +7.24 0.65 0.11 33
Total analyses 168

Table 5.2: Summary of 8°*S variation with sulphide texture in analyses from ODP drilling of the active
TAG mound. In relation to lithology, porous sulphide is most commonly associated with the massive
pyrite and pyrite-anhydrite breccias in the upper part of the mound and disseminated pyrite is largely
related to altered basalt from the base of the mound and the underlying stockwork (Gemmell and
Sharpe, 1998; Knott et al., 1998). There is no significant (95% confidence limit: two sample populations
t-test) statistical difference in 5°*S values between different Textural types. Data are compiled from:
Chiba et al., 1998; Gemmell and Sharpe, 1998; Herzig et al., 1998a; Knott et al., 1998.
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link between lithological type and depth most interpretations of the data state that no significant variation is
observed between different breccia types. Associations between 8°*S and textural types have been made
(Gemmell and Sharpe, 1998). Herzig et al (1998) have argued that all data are insignificantly different.
Whilst these interpretations may hold true for the individual data sets concerned, if the entire 5*'S dataset from
TAG ODP drilling is considered it becomes apparent that there are statistically significant variations in the S
isotopic composition at TAG, and that these are related to textural variations and changes in lithological type

with depth.

Mean 8**S values for lithological zones 1 (massive pyrite and pyrite breccias) and 2 (pyrite-anhydrite and
pyrite-silica-anhydrite breccias) (Chapter 2) range from +6.4-+6.6%o and differences between the lithologies
are statistically insignificant. However, mean &°'S values for lithologies from zone 3, pyrite-silica breccias
and altered basalt, close to the hydrothermal stockwork at depth in the TAG mound, which are +7.3%o and
+7.6%o respectively, are statistically, significantly different from those of zones 1 and 2 (Table 5.3
summarizes statistical significance (95% confidence limit; two sample populations t-test) calculations). This
supports evidence for a trend to increasing 8°*S with depth (e.g. Knott et al., 1998; Gemmell and Sharpe,
1998), i.e. a temperature control, and can be explained by inorganic reduction of seawater sulphate at depth in
the TAG mound with only minor inorganic reduction in the upper parts of the mound. 8**S variations
associated with textural type are more complex. As might be expected, porous sulphide, which is
predominantly associated with zone 1 lithologies (e.g. Knott et al., 1998), has the lightest mean 5**S value of
+5.7%o, and disseminated sulphide, which occurs variously throughout all zones but is predominantly
associated with zone 3 lithologies, close to the hydrothermal stockwork zone (e.g. Gemmell and Sharpe, 1998;
Knott et al., 1998), has the heaviest mean 8°*S value of +7.7%0. 8°*S data for these two textural types are
significantly different (95% confidence limit; two sample populations t-test). Interestingly, 5**S values of
sulphide clasts, which occur principally in zone 1 (e.g. Knott et al., 1998; Gemmell and Sharpe, 1998) are
significantly different from porous sulphides and sulphide crusts which are also associated predominantly with
zone 1 and 2 assemblages. Vein and massive sulphide textures, which are ubiquitous, show varied
associations: vein sulphides are only significantly different from the disseminated sulphides of zone 3,
whereas massive sulphide is significantly different from both porous sulphide (zone 1) and disseminated
sulphide (zone 3). The &**S of various textural types and their relationships to lithological zones suggests that
different styles of sulphide precipitation (i.e. different sulphide textures) are not responsibie for the observed

range in 8*S, but they do support the lithogical evidence for a depth control on 8**S values.

5.1.4.2 Evolution of the sulphur isotope composition

Fluids entering the TAG system at depth should have 5*'S values close to MORB (Mid-Ocean Ridge Basalt)
(+0.1 £0.5%o: Sakai et al , 1984) (Alt et al., 1986, Alt et al., 1989; Shanks et al., 1995). Mixing of this fluid
with partially reduced seawater sulphate in the discharge zone produces a modified fluid with a heavier **S
value. However, modeling has shown that this process can only increase 8*S to a maximum of +4.5%o if the
initial end-member fluid has a value close to MORB and a full range of equilibrium and disequilibrium paths

occur (Janecky and Shanks, 1988). This is largely due to the fact that addition of seawater lowers the
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Lithologies

Massive Pyrite Pyrite- Pyrite- Pyrite- Altered Veins
pyrite breccia anhydrite | silica- silica basalt
breccia anhydrite | breccia
breccia

Ma§s1ve ~ Same Same Same Different Different Same
pyrite
Pyl’th Same ~ Same Same Different Different Same
breccia
Pyrite-
anhydrite Same Same ~ Same Different Different Same
breccia
Pyrite-
silica- . . .

. Same Same Same ~ Different Different Same
anhydrite
breccia
Pyrite-
silica Different Different Different Different ~ Same Different
breccia
:;;‘;:d Different Different Different Different Same ~ Different
Veins Same Same Same Same Different Different ~
Table 5.3a
Textures

Porous Massive Vein Sulphide Disseminated | Sulphide
sulphide sulphide sulphide Crusts sulphide clasts

Poroqs ~ Different Same Same Different Different
sulphide
Massn.ve Different ~ Same Same Different Same
sulphide
Vein . Same Same ~ Same Different Same
sulphide
Sulphide Same Same Same ~ Different Different
Crusts
Dlssel.nmated Different Different Different Different ~ Same
sulphide
Suiphide Different Same Same Different Same ~
clasts
Table 5.3b

Table 5.3a and b: Summary tables of statistical significance between 5*'S values for (a) different
lithological and (b) different textural types at the active TAG mound: Significance was calculated from a
null hypothesis that there is no difference in 5°*S values between each different lithology and textural type.
Pairs of data sets which are statistically significantly different (95% confidence limit: two sample
populations t-test) are labeled: Different; pairs of data sets which do not show any statistically significant
difference are labeled: Same. Lithological types are listed in depth order with massive pyrite from the
upper portions of the mound and altered basalt from the basal portions within the hydrothermal stockwork
zone; veins are ubiquitovs Tnpovynovt oAk Artnoloyiec. 5**S data from the active TAG mound are
complied from: Chiba et al., 1998; Gemmell and Sharpe, 1998; Herzig et al., 1998a; Knott et al., 1998.
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temperature of the precipitating fluid and causes an increase in E;, such that mixtures of seawater and

hydrothermal fluid do not have the capacity to reduce the quantity of sulphate required to increase 8**S by

more than 4.5%o (Janecky and Shanks, 1988). This is not sufficient to explain the heavy 8°*S values reported
from the active TAG mound. Several processes have been suggested to explain heavy 8°*S values at TAG:

e Reaction of the upwelling hydrothermal fluid with previously formed sulphides within the mound and the
underlying stockwork leading to a modified fluid slightly enriched in S (Gemmell and Sharpe, 1998).
However, modelling suggests that under optimum conditions this will only increase 8**S values by ~2%o
(Janecky and Shanks, 1988).

e Local reduction of seawalter sulphate in the shallow subsurface (Herzig et al., 1998b; Knott et al., 1998).
The onset of anhydrite precipitation at 150°C means that shallow sulphate reduction is unlikely to result in
significant increases in 8**S since inorganic sulphate reduction required temperatures >200°C (see below).

e Thermochemical reduction of pre-existing anhydrite at temperatures exceeding 300°C contributing
reduced seawater sulphate to the upwelling hydrothermal fluid (Janecky and Shanks, 1988; Shanks et al,,
1995; Herzig et al., 1998b).

The presence of anhydrite to depths of at least 125metres below seafloor (m.b.s.f.) indicates entrainment of
seawater into the mound subsurface and maintenance of high temperatures (e.g. Teagle et al., 1998a; Mills and
Tivey, 1999). Measurements of anhydrite, sulphate §'°0 indicate precipitation under disequilibrium
conditions (Chiba et al., 1998). Since the half-reaction time of oxygen isotope exchange between aqueous
sulphate and water under the conditions operating in the TAG mound is calculated to be less than a few
minutes (Chiba et al., 1998) the failure to reach equilibrium suggests that anhydrite precipitates rapidly within
the anhydrite precipitation zone (Chiba et al., 1998). Additionally, it has been argued that reduction of
entrained seawater sulphate would not have a significant effect on the S isotopic composition of the
hydrothermal fluid, as seawater sulphate reduction at hydrothermal temperatures is kinetically limited and
fluid flow rates are high (e.g. Bluth and Ohmoto, 1988 Woodruff and Shanks, 1988). However, significant
contributions from local reduction of entrained seawater sulphate are unlikely since anhydrite precipitation is
initiated at ~150°C (removing SO,*) and inorganic sulphate reduction requires temperatures in excess of
~200°C, in addition, mixing with cold (~2°C) seawater should result in cooling of the hydrothermal fluid.
Despite this, S and O isotopic compositions of anhydrite suggest that at least some sulphate reduction is taking
place in the mound (Chiba et al., 1998). 8**S values of anhydrite from the TAG mound are slightly enriched
in heavy 5*'S (8**S values up to +23%o: Chiba et al., 1998) compared with seawater (+20.9%o: Rees et al.,
1978) which suggests that partial reduction of seawater sulphate has taken place during mixing of the
ascending hydrothermal fluid with entrained seawater in the anhydrite precipitation zone. During sulphate
reduction at temperatures <380°C isotopically light sulphur is preferentially partitioned into precipitating
sulphide and the remaining aqueous sulphate becomes isotopically heavier than the original seawater sulphate

(e.g. Ohmoto and Lasage, 1982; Chiba et al., 1998).

An alternative mechanism for generation of heavy 8°*S is sulphate reduction via oxidation of ferrous Fe in
basalt, in a shallow circulation system, near the hydrothermal feeder zone at depth (Janecky and Shanks, 1988).

However, this effect is insignificant in large, >10° tonne, deposits as the volume of basalt available for
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reaction is limited, restricting sulphate reduction in the shallow subsurface, which in turn, leads to

homogenisation of the S isotopic composition (Janecky and Shanks, 1988).

The limited potential for sulphate reduction within the TAG mound, and shallow subsurface as a result of
anhydrite precipitation, the high fluid flow, temperature constraints and the limited availability of basalt for
SO,* reduction via oxidation of Fe(II) implies that the heavy 5**S values must be inherited deep in the
hydrothermal upflow zone. Consideration of the lightest 8**S values within the TAG mound has led Knott et
al. (1998) to suggest an end-member fluid with 8%*S = ~ +5.5%0. This seems to be a reasonable estimate since
the 8°*Sys of the currently venting fluid at TAG is +6.6-+7.5%o (Knott et al., 1998; Shanks, 2001). Mixing of
a fluid with 8°*S = ~ +5.5%o, with reduced sulphate and pre-existing sulphide in the shallow subsurface could

explain the heaviest published 5>*S values (5>*S close to +10%o) reported from the TAG mound.

5.2 Aims and objectives of this study

Whilst the extensive work on S isotope systematics within the TAG mound, following ODP drilling, has
provided a general insight in to S isotope systematics in large seafloor hydrothermal deposits, it also
demonstrated that investigation of mineral scale S isotope fractionation, related to the complex paragenetic
sequence of sulphide precipitation and alteration at such sites, is required for a full understanding of the
processes controlling the bulk S isotopic composition. However, due to the difficulties of extracting mineral
separates by conventional means, the majority of published data are from bulk sulphide samples or mineral
separates where the sample resolution is poor and mixing of phases cannot be ruled out. In addition, classical
sampling techniques such as micro-drilling and hand separation greatly exceed the scale of textural and

mineralogical variation.

In order to investigate mineral scale S isotope variation of diagenetically altered, mass wasted sulphide, from
the relict A/vin and Mir zones within the TAG hydrothermal field, without the problem of contamination, a
novel analytical technique was employed for this study: SO, was derived from individual sulphide grains via
laser combustion in an oxygenated, vacuum-sealed chamber. The advantage of this technique is that it allows
precise measurement of the S isotopic composition between coexisting mineralogical and textural types (for
comparison, bulk sulphide samples were also investigated by conventional means). Previous S isotope studies
utilizing the in situ laser technique or similar ion microprobe methods (e.g. Deloule et al., 1986; McKibben
and Eldridge, 1995; Bawden et al., 2003; McGowan et al., 2003; Peevler et al., 2003) have demonstrated the
importance of precise micro-scale analysis, which can provide detailed information about mineralising and
alteration processes that cannot be resolved from bulk analyses, in the understanding of the complex fluid and
mineral histories associated with sulphide deposits. In most studies the use of in situ S isotope techniques has
extended the range in 8**S previously measured from bulk samples (e.g. Bawden et al., 2003; Peevler et al,,
2003) and for some deposits, which had been extensively studied by classical techniques, new results from in

situ micro-scale analyses have led to complete revision of paragenetic models (e.g. McGowan et al., 2003).
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5.3 Materials and methods

Samples for this study were collected from the sulphide layers of cores: CD102/58, from sediment at the
southern periphery of the AJvin mound, the sulphide layer occurs between 76-138.5¢m depth; and CD102/60,

from sediment at the southern extreme of the Mir mound, the sulphide layer occurs between 46 - 96¢cm depth.

5.3.1 Sample preparation

Sulphide mineral separates for S isotope were obtained by hand picking of the >125um size fraction, under
the binocular microscope. The surface of the sulphides were cleaned by ultra sonic agitation in 0.5M HCI for
30 minutes, following which, the samples were washed three times with Milli-Q water and dried overnight at

50°C.

Polished blocks for in situ laser analysis were prepared by setting the mineral separates in epoxy resin
following which the epoxy blocks were ground and polished. Three sulphide-rich rock nuggets at depths of:
49.5-53.5¢cm; 58-63¢cm; 67.5-71.5¢m from Core 60 (the Mir core) were set in standard polished blocks
(Chapter 4). Sample depths and brief descriptions of the dominant mineralogy are given in Table 5.4.

5.3.2 Conventional S isotope analysis of bulk sulphide separates

5-10mg of sulphide sample were mixed with ~200mg Cu,0O and roasted under vacuum conditions at 1075°C in
a furnace for 25 minutes. The resulting SO, was then cryogenically purified by vacuum distillation. Isotopic
analyses were then carried out on a SIRA II dual inlet mass spectrometer at the Scottish Universities
Environmental Research Centre (SUERC), East Kilbride. The S isotope composition is reported as the >*S/*2S
ratio of the sample relative to Canon Diablo Troilite (CDT) (*S/*S = 0.0450045; Ault and Jensen, 1963),

expressed by the notation 8**S defined by Equation 5.8:

34S/32S
5% | el 1141000 (5.8)

sample 34 S/ 32 <
cor

External precision and accuracy were monitored by simultaneous repeat analyses of internal and international
standards: CP-1: chalcopyrite (~4.6%.); NBS-123: sphalerite (+17.1%o); and IAEA-S-3: silver sulphide (-31%o).
Analytical uncertainty was generally better than £0.2%o.

5.3.3 In situ laser combustion S isotope analysis

A polished block containing sulphide grains was placed within the sample chamber of the laser port, under
vacuum conditions, and a shot of O, introduced. In situ laser extraction of sulphide sulphur was performed
following the method of Fallick et al (1992). Typically, laser analyses were carried out on areas of ~200 by
300pum (Figure 5.5). The resulting SO, was then cryogenically purified in a vacuum distillation line
connected to the laser port, and the purified gas run directly into the mass spectrometer. Isotopic analyses
were carried out on a SIRA TI dual inlet mass spectrometer. External precision and accuracy were monitored
by simultaneous repeat analyses of internal and international standards: CP-1; NBS-123; and TAEA-S-3.

Analytical uncertainty was generally better than £0.3%0. All in situ laser analyses were carried out at SUERC.
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Sample Depth Bulk Sphalerite Insitu laser  Dominant sulphide mineralogy

interval conventional conventional Sisotope

down core S isotope S isotope analyses

{cm) analyses analyses
CD102 58
58-90 76.5-78.5 X X Py with minor Cp
58-91 77-79 X Sphalerite separate
58-93 79-80 X Py & Sp with minor Cv
58-94 80-81 X X X Py with minor Sp, Cp & Cv
58-96 82 5-83.5 X X Py
58-98 84.86 X X Py & Sp
58-104 90-92 X Sphalerite separate
58-106 92-94 X Py with minor Cp & Cv
58-110 96-98 X X Py with minor Cp
58-112 9g.100 X Py
58-116 102-105 X X Py with minor Sp
58-122  108-110 X X Py with minor Sp
58-128 114-116.5 X X Py & Cp with minor Cv
58-136 122-124 X X Py
CD102/60
60-59 48-50 X Py
60-60 49.5-535 X Py & Cp
60-69 58-60 X Py with minor Cp
60-71 60-63 X Py & Cp
60-78 67.5-71.5 X Py
60-84A 73-75 X Py & Sp
60-84 73-75 X Py with minor Sp
60-86 75-77 X Py with minor Sp & Cp
60-90 79-81 X Py & Sp with minor Cp
60-92 81-83 X Py & Cp
60-94 83-85 X Py & Cp with minor Cv
60-98 87-89 X X Py with minor Cp

Table 5.4: Summary of all S isotope samples and analyses from cores: CD102/58 and CD102/60.
Mineral abbreviations: Py = pyrite; Cp = chalcopyrite; Sp = sphalerite; Cv = covellite.
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Figure 5.5: The laser combustion S isotope technique removes problems associated with contamination
and allows precise targeting of mineral and textural types. Above is an example of a [aser track within
a fractured pyrite grain from sample 60-84A (Mir zone).
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The laser method results in a mineral specific sulphur isotope fractionation between the host mineral and the
SO, gas produced via combustion (Kelley and Fallick, 1990). Experimentally determined fractionation
correction factors are currently available for several sulphide and sulphosalt minerals for the SUERC

laboratory (Wagner et al., 2002).

5.4 Results

CD102/58: The Alvin Core

Sulphur isotope ratios were measured for 10 bulk sulphide samples from depths of 76.5 - 124c¢m and 5 hand
picked sphalerite separates from depths of 76.5 - 92cm by conventional means, and for 24 mineral separates
from depths of 79.5 - 123¢m, by in situ laser combustion (the sulphide layer of CD102/58 occurs at 76 -
138.5cm).

CD102/60: The Mir Core
Sulphur isotope ratios were measured for 5 bulk sulphide samples from depths of 49-88cm by conventional
means, and 26 mineral separates from depths of 51.5-88cm by in situ laser combustion (the sulphide layer of

CD102/60 occurs at 46-96cm depth).

Conventional S isotope analyses of bulk sulphide samples from both cores are listed in Table 5.5. Sphalerite
separates from Core 58 measured by conventional methods are listed in Table 5.6. Results of in situ laser

combustion analyses are listed in Table 5.7.

5.4.1 Bulk Sulphide Samples

5.4.1.1 CD102/58: The Alvin core

Sulphur isotope ratios were measured by conventional means for 10 bulk sulphide samples from depths of
76.5-124cm (the sulphide layer of CD102/58 occurs at 76-138.5cm). The 5°*S values of the bulk sulphide
samples fall within a narrow range: 5> Shuik sulphide T6.9-78.3%o, with a mean value =+7.6%o +0.14 (15) (n=10).
This is within the range of 8°*S values reported from the active TAG mound: +4.4-10.3%o (mean =+6.9%o
+0.31 (1) (n=233)) (Chiba et al., 1998; Gemmell and Sharpe, 1998; Herzig et al., 1998a; Knott et al., 1998)
and 8°*S s In black smoker fluids (+6.6-+7.5%.: Knott et al., 1998; Shanks, 2001) from the active TAG
mound. This range is 3-4%o heavier than 8°*S at other sediment free mid-ocean ridge hydrothermal sites
(Figure 5.1). Whilst the dominant mineral in Core 58 sulphide sub-samples is pyrite, the assemblage and
modal proportions of sphalerite, chalcopyrite and covellite vary from sample to sample. Because the data fall
within a narrow range there is little variation in bulk sulphide 8°*S values with mineralogy or depth downcore
(Figure 5.6a). However, the lightest values show some association with sphalerite occurrence and the heaviest

with covellite.

5.4.1.2 CD102/60: The Mir core
Sulphur isotope ratios were measured by conventional means for 5 bulk sulphide samples from depths of 49 -

88cm. The 8S values of the bulk sulphide samples, like those for Core 58, have a restricted range of +6.4 -
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Dominant

Sample Depth (cm) Mineralogy Line Number Gas Yield % ™St (%0)
CD102/58
58-90 715 Py with minor Cp SA9329 83 +7.0
58-94 80.5 Py with minor Sp, Cp SA9359 72 +6.9
and trace Cv
58-96 83 Py SA9332 Off scale +76
58-98 85 Py & Sp SA9330 89 +76
58-106 93 gwiﬂl minor Cp & SA9331 95 +8.3
58-110 97 Py with minor Cp SA9336 Off scale +7.9
58-116 103 Py with minor Sp SA9328 95 +73
58-122 109 Py with minor Sp SA9335 Off scale +7.9
58-128 114.75 (P;Z]& Cp with minor SA9333 92 +7.9
58-136 123 Py SA9334 99 +73
Mean +7.6 £ 0.14
CD102/60
60-59 49 Py SA9355 72 +6.4
60-69 59 Py with minor Cp SA9357 80 +7.7
60-86 76 gy with minor Sp & SA356 89 +7.8
60-90 80 25& Sp with minor SA9365 70 +6.7
60-98 88 P)Ii)with minor Cp SA9339 62 +6.6
Mean +7.0£0.29

Table 5.5: Summary of conventional S isotope analyses of bulk sulphide samples from CD102/58 and
CD102/60. Depth is given as the mid depth for the sampling interval. Mean is shown =1 standard error.

Sample Depth (cm) Line Number 5*'Scpr (%o)
58-90.5 77.5 SA9900 +6.3
58-91 78 SA9898 +9 .8
58-94 80.5 SA9897 +59
58-96 83 SA9896 +6.2
58-104 91 SA9899 +7.1
Mean +7.1 £0.71

Table 5.6: Summary of conventional S isotope analyses of sphalerite separates from CD102/58. Depth is
given as the mid depth for the sampling interval. Mean is shown x1 standard error.



Sample Depth | Line Min Description Sulphide 84S ac
(cm) | number Generation (%o)
mineral
Anhedral overgrowth on
8- 79.5 155948 S er S +28.4¢
58-93 P euhedral Py grain econdary 28.4
185949 Py Aigregate of sub-euhedral Py Secondary 489
cubes
LS5950 Py Pristine euhedral Py cube Secondary +9.4
Aggregate of porous sub-
85951 £8798 P +8.
L Py euhedral Py cubes Secondary 89
58-94 80.5 185958 Py Fractured, euhedral cubic Py Secondary +10.0
LS5959 Py Porous euhedral cubic Py Primary +11.0
5898 85 LS5954 Py R‘"fial clusters of euhedral Py go 40y +118
cubes
Aggregate of euhedral, porous .
185955 2ETee :P P +11.4
Py and fractured Py rimary 1
Aggregate of fractured
58-110 97 155938 Py subhedral Py with corroded Primary +17.5
cores
LS5940 Py Sub-euhedral pitted cubic Py Primary +12.4
58-112 99 L5941 py  Subenhedralpitied Pywith — pypy +24.0¢
radial fractures
L.85944 Py Radlal aggregate of euhedral Secondary +9.4
cubic Py
LS5945 Py Pristine anhedral Py Secondary +7.3
Anhedral “holely’ Sp §
58-116 103.5 LS5927 S ) S da +14.5
P encroaching anhedral Py eeondary
155928 Py Extremely porous anhedral Py ~ Primary +12.8
Fractured anhedral Cp with Py
§8-122 109 L55923 Cp rim, altered to Cv along some Primary +9.5
fractures
1.85925 Py Banded, corroded Py Secondary +8.8
155926 Py Pristine subhedral Py Secondary +9.4
58-128 11475 | 185920 py  Asgregate of pristine, euhedral  go o qqry +15
Py cubes
185921 Py Euhedral cubic Py Secondary +9.7
185922 Py Sub-euhedral corroded Py Primary +9.0
A ate of slightly porous .
58-136 123 LS5917 : £Ereg gty p Prim +13.0
Py euhedral Py cubes any
LS5918 Py Euhedral cubic Py Secondary +8.8
Aggregate of porous sub- )
LS5919 Py euhedral cubic Py, with Primary +14.3
irregular Cp overgrowths
Mean® +12.0%o0
1.0
Mean +10.5%o0
+{.5

Table 5.7a: Summary of in situ laser combustion S isotope analyses from CD102/58. Mean® is
calculated without samples which may have been contaminated by resin; denoted by s,

Tables 5.7a and b: Summary of in situ laser combustion S isotope analyses. In both cores depth
is given as the mid-depth for the sampling interval. Mineral abbreviations: Py=pyrite;
Cp=chalcopyrite; Sp=sphalerite; Cv=covellite. Mean values are shown as 1 standard error. Sulphide
generation is assigned from textural studies (Chapter 4).



Sample Depth | Line Min Description Sulphide S e
(cm) number Generation (%o)
mineral
60-60 51.5 LS5775 Py Euhedral cubic Py slightly pitted ~ Primary +7.9
LS5776 Py Euhedral cubic Py Secondary +9.1
LS85778 Py Subhedral slightly corroded Py Primary +8.9
60-71 61.5 185781 Cp S(‘i‘;’h"'dml Cp with corroded Primary +1.6
€es
LS5782 Cp Suhedral slightly fractured Cp Primary +10.1
LS5783 Py Aggregate of subhedral Py Primary +10.4
LS5784 Py Anhedral Py Primary +14.7
185785 Cp Subhedral Cp Primary +10.2
1LS5787 Cp Subhedral Cp Primary +10.0
1S5788 Cp Corroded dendritic Cp Primary +10.1
185789 Py Sub-euhedral cubic Py Secondary +8.8
185791 Py Sub-euhedral cubic Py Secondary +10.1
185792 Cp Ajlhedral Cp with corroded Primary +7.4
edges
1LS5793 Py Subhedral Py Secondary +8.9
60-78 69.5 185786 Py An-subhedral pitted Py Primary +6.2
60-84A 74 155929 Py Shghtly fractured subhedral Py go00ndary +9.1
encroached by Sp
60-84 74 LS5931 Py Porous euhedral Py Primary +10.5
185932 Py Aggregate of porous euhedral Primary 90
cubic Py
Anhedral Cp with Cv
60-92 82 185961 Cp overgrowth nmmed on one side Primary +11.7
by Py
1L.S5962 Py Anhedral corroded Py Primary +8.8
60-94 /4 185933 Cp Fractured anhedral Cp with Cv Primary +13.7
overgrowth
185935 Cp Fractured Cp encroached by Cv Primary +15.8
LS5937 Py Fracture subhedral Py Secondary +13
60-98 88 1.S5914 Py Pristine euhedral Py Secondary +11.4
LS5915 Py Pristine euhedral Py Secondary +9.9
L85916 Py Sub-euhedral corroded Py Primary +10.3
Mean | 9.9 +0.4

Table 5.7b: Summary of in situ laser combustion S isotope analyses from CD102/60,
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+7.8%0 with a mean = +7.0%o £0.29 (15) (n=5). Again this is well within the previously reported range of
63“ssu,phide (Chiba et al., 1998; Gemmell and Sharpe, 1998; Herzig et al., 1998a; Knott et al., 1998) and 8*S 18
in black smoker fluids (Knott et al., 1998; Shanks, 2001) from the active TAG mound and is heavier than 8%
reported at other sediment free mid ocean ridge hydrothermal sites. The dominant mineral constituent of all
the bulk sulphide samples is pyrite with minor chalcopyrite and trace sphalerite. No overall depth or

mineralogical stratigraphy can be seen in the bulk S isotope data downcore (Figure 5.6b).

5.4.2 In Situ Sulphide Laser Separates
5.4.2,1 CD102/58: The Alvin core

Sulphur isotope ratios were measured by in situ laser combustion for 24 sulphide mineral separates from
depths of 79.5 - 123cm (Table 5.7a). Three data points from in situ laser combustion analyses at depths of
79.5¢m (53*S =+28.43%0); 99cm (8**S =+23.95%0); and 103.5c¢m (53*S =+14.45%o) are discarded from the data
set due to distillation problems which are related to resin contamination (see section 5.4.2.3). The 8°*S data
from in situ laser analyses are heavier than bulk sulphide samples and show a much wider range: 634Ssu1phide
separates T7.3 - +17.5%0, with a mean value =+10.5%0 £0.5 (1o) (n=21). Some of the 8% values reported here
are significantly heavier than previously published data for sediment free mid-ocean ridges including data
from the TAG mound; the heaviest §**S value of +17.5%o (from primary corroded pyrite) is 7.2%o heavier than
the most **S enriched value reported from the TAG mound. In contrast to bulk sulphide 8°*S, data from in situ
laser analyses do show variation with depth downcore (Figure 5.7a). Mean values for individual depths show
a gradual increase in the value of 8°*S from +9.0%o at 79.5cm, close to the top of the sulphide layer (76cm) to
+14.9%o at 97cm depth. Below this there are two further maxima of +12.8%. and +12.0%o at depths of

103.5cm and 123cm respectively.

5.4.2.2 CD102/60: The Mir core

Sulphur isotope ratios were measured by in situ laser combustion for 26 sulphide mineral separates from
depths of 51.5 - 88cm (Table 5.7b). The §>*S data from in situ laser analyses are again heavier than bulk
sulphide samples and show a much wider range: 634Ssulphide separates T6.2 - +15.8%0, with a mean of +9.9%. +£0.43
(15) (n=26). Some of the 8°*S values reported here are significantly heavier than previously published data
for sediment free mid-ocean ridges including data from the TAG mound; the heaviest 8*S value of +15.8%o
(from primary chalcopyrite overgrown by covellite) is 5.5%o heavier than the most **S enriched value reported
from the TAG mound. In contrast to the bulk sulphide samples, data from in situ laser analyses show
variation with depth down core (Figure 5.7b). Mean values for individual depths show a gradual decrease
downcore from values at the top of the sulphide layer which are close to or exceeding +10%,, to values
<+10%o towards the base of the sulphide layer. A minimum in 8**S of +6.2%o occurs at 82cm. In addition,
the area surrounding the second maxima (69.5 - 84cm) corresponds to an increase in the modal percentage of
Fe-oxide/oxyhydroxide phases and secondary covellite and atacamite downcore towards the base of the

sulphide layer.
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Figure 5.6a: Downcore profile of bulk sulphide 5S values for CD102/58. Black dashed line indicates the
mean 5*S value.
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Figure 5.6b: Downcore profile of bulk sulphide 5*S values for CD102/60. Black dashed line indicates the
mean 5*'S value.

Figure 5.6: Downcore profiles of bulk sulphide 5*S values measured by conventional
methods.
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Figure 5.7a: Downcore profile of laser sulphide 5*S values for CD102/58.
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Figure 5.7b: Downcore profile of laser sulphide 5”S values for CD102/60.

Figure 5.7: Downcore profiles of 5*S values of sulphide separates measured by in situ laser
combustion. Black dashed line indicates the mean 5"S value of bulk sulphide samples

measured by conventional means. The grey dashed line indicates the mean 5S value of laser
sulphide samples. The individual depth mean refers to sample depths where there is more
than one data point.
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5.4.2,3 Validity of the Laser Sulphur Isotope Data

Discrepancies between the mean 8°*S value of bulk samples measured by the conventional method, and the
mean 8**S value of sulphide separates measured by the laser method, suggest that the novel 5**S values
generated by the laser method require careful consideration and validation. Although there was no analysis of
reference sulphide material by the laser technique, the conventional method internal and international
standards: CP-1 (6**S -4.6%o); NBS-123 (5**S +17.1%o); and IAEA-S-3 (5**S -31.0%0) were run during the
laser analysis to monitor external precision and accuracy. Since the analytical uncertainty for these standard
materials was generally better than £0.2%o any error in the laser data must be generated during the laser
combustion of individual sulphide crystals and/or during the distillation process. There are three major factors
which may have affected the laser sulphur isotope values and produced the novel results and the discrepancies
between the data collected by laser and conventional means, these are:

1. Distillation problems — related to resin contamination;

2. Induced fractionation generated during the laser combustion step;

3. Sampling bias and artefacts.

Distillation Problems

Distillation problems were encountered during analysis of samples which had small surface areas (typically
<100um?), and/or where the sulphide crystal was thin. During the combustion of such samples some of the
epoxy resin in which the sulphides were set was also volatized, this was seen as an explosive burn.
Contamination by organic compounds, e.g. acetone, released by the resin cause the gas evolved to ‘stick’ to
the distillation apparatus and several distillations are then required to produce a gas clean enough to run on the
mass spectrometer (A. Boyce. Pers. Comm.). When volatization of resin occurs, the §°*S value produced is
always higher than expected. One way to minimise the problem of resin volatization could be to polish
samples with wax involving no resin. However, the samples used in this study were too small for wax
polishing and required setting in epoxy resin to hold the samples together. All samples which gave
particularly explosive burns during combustion and which required more than one distillation are rejected
from the data set. As such sphalerite laser data points from 79.5 and 103.5cm depth (line numbers LS5948 &
185927, §™'S = +28.4%0 & +14.5%, respectively) and one pyrite laser data point from 99cm depth (line
number 185941, §**S = +24.0%0) have been discarded from further analysis of the data set and are not shown

on subsequent graphical plots.

Laser Induced Fractionation

Fractionation of sulphur isotopes during the laser combustion step is likely to be controlled by
crystallographic structure and mineral composition particularly bond strength (Wagner et al. 2002). This can
be illustrated by problems encountered during laser analysis of sphalerite from Core 58. Despite sphalerite
comprising up to 27.9 wt% of a bulk sample from the Core 58 sulphide layer (calculated assuming all Zn is
held as ZnS) analysis by laser combustion was problematical. This is essentially because the majority of
sphalerite from the A/vin core is Fe-poor (Chapter 4). During laser combustion the S in Fe-poor sphalerites
dissociates too rapidly to form SO, with the available oxygen (A. Boyce. Pers. Comm.). In such cases, a thin

film of elemental sulphur was deposited on the roof of the sample chamber. This suggests that the mineral
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crystal structure (which is controlled by the mineral composition) is likely to have a major effect on
fractionation during laser combustion. Induced isotopic fractionations generated during laser combustion are
likely to account for isotopic shifts of ~1%0 (A. Boyce. Pers. Comm.). Table 5.7 shows the data corrected for

this fractionation.

The laser sulphide separates data show an average +2.8%o shift from mean bulk values after correction for
fractionation; this suggests two things: 1) the laser results show ‘real’ heavy data and/or; 2) there is some other
fractionation at work which is unaccounted for.

e ‘Real’ heavy values: this is a distinct possibility. As previously discussed all published laser and ion
microprobe sulphur data to date have extended the range of 5°*S to higher values. The difficulty here
is that it was not possible to check these data independently by running conventional and laser
methods on the same sample.

e  Other Fractionation: again this is a real possibility and again, this could not be tested within the scope
of this thesis. Investigations into other unknown fractionations will however, be carried out prior to

publication of these data.

As these discrepancies are not resolved here, a correction factor of +2.8%o (this is the difference between the
mean bulk §**S value and the mean laser 8°*S value) is applied to the laser data (Table 5.8). Following a
+2.8%o correction sulphide separates from Core 58 have a range in 8°*S of +4.5%o-+14.7%o with a mean of
+7.7%0+0.5 (n=21), this is within error of the bulk sulphide mean for this core, 8> Spuic sulphide =+7.6%0%0.1
(n=10) (Figure 5.8a), and sulphide separates from Core 60 have a range in 8°*S of +3.4%o-+13.0%o with a
mean of +7.1%0+0.4 (n=26), this is also within error of the bulk sulphide mean for this core, S sulphide
=+7.0%0%0.3 (n=5) (Figure 5.8b). These corrected laser 8°*S values are used in all further discussion of the

laser data.

Sampling bias and artefacts

Differences between the bulk sulphide 8°*S values measured by conventional methods and the laser sulphide
8°*S values may also be related to sampling bias. For Core 58, 21 out of the 24 laser analyses were performed
on pyrite grains; 2 on sphalerite and 1 on chalcopyrite. Out of these both the sphalerite analyses and one
pyrite analysis have been discarded from the data set due to distillation problems (see above). In the cases of
chalcopyrite, many of the grains were too small for analysis, or samples were contaminated either by other
mineral phases, or by epoxy resin. In addition, chalcopyrite was only a trace component in the >125um size
fraction used for analysis; much of the chalcopyrite identified by XRD analyses of the same samples must be
in the fine fraction (<125um). The lack of sphalerite laser 8°*S values are due to the difficulties associated
with analysis of sphalerite S isotopes by the laser method. 1n order to investigate sphalerite S isotopes 5 hand
picked sphalerite separates were run for S isotopes using the conventional method. The results of these
analyses are listed in Table 5.6). &S for the conventionally analysed sphalerites ranges from +5.9-+9.8%o;
mean =+7.1%0+0.7 (15) (n=5). Although sphalerite °*S values follow the general trend of Core 58 bulk
sulphide samples to heavier values downcore (Figure 5.9) all sphalerite §*'Svalues, with the exception of data

from 78cm depth (8°*S =+9.8%o), are lighter than bulk sulphide &°*S measured by conventional means. Bulk
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Sample Depth Line Sulphide
(cm) number Min Description Generation 5*S (%) Mimeral
-2.8%0
measured fractionation
Aggregate of sub-euhedral
58-93 79.5 LS5949 Py Py cubes Secondary +8.7 +5.9
1L.85950 Py Pristine euhedral Py cube Secondary +9.4 +6.6
Aggregate of porous sub-
LS85951 Py euhedral Py cubes Secondary +8.9 +6.1
Fractured, euhedral cubic
58-94 80.5 L.85958 Py Py Secondary +10.0 +7.2
185959 Py  Porous euhedral cubic Py Primary +11.0 +8.2
Radial clusters of euhedral
58-98 85 L85954 Py Py cubes Secondary +11.8 +9.0
Aggregate of euhedral,
LS5955 Py porous and fractured Py Primary +11.4 +8.6
Aggregate of fractured
subhedral Py with
58-110 97 L.85938 Py corroded cores Primary +17.5 +14.7
Sub-euhedral pitted cubic
LS5940 Py Py Primary +12.4 +9.6
Radial aggregate of
58-112 99 L.S5944 Py euhedral cubic Py Secondary +9.4 +6.6
LS5945 Py  Pristine anhedral Py Secondary +7.3 +4.5
Extremely porous anhedral
58-116 103.5 L85928 Py Py Primary +12.8 +10.0
Fractured anhedral Cp with
Py rim, altered to Cv along
58-122 109 LS85923 Cp  some fractures Primary +9.5 +6.7
LS85925 Py Banded, corroded Py Secondary +8.8 +6.0
L85926 Py Pristine subhedral Py Secondary +9.4 +6.6
Aggregate of pristine,
58-128 114,75 L85920 Py  euhedral Py cubes Secondary +7.5 +4.7
L85921 Py Euhedral cubic Py Secondary +9.7 +6.9
L.85922 Py Sub-cuhedral corroded Py Primary +9.0 +6.2
Aggregate of shghtly
58-136 123 LS5917 Py porous euhedral Py cubes Primary +13.0 +10.2
LS5918 Py Euhedral cubic Py Secondary +8.8 +6.0
Aggregate of porous sub-
euhedral cubic Py, with
L85919 Py irregular Cp overgrowths Primary +14.3 +11.5
Mean +10.5%0£0.5 +7.7%0+0.5

Table 5.8a: Summary of in situ laser combustion S isotope analyses from CD102/58 corrected for
fractionation during laser combustion.

Tables 5.8a and b: Summary of in situ laser combustion S isotope analyses. In both
cores depth is given as the mid-depth for the sampling interval. Mineral abbreviations: Py=pyrite;
Cp=chalcopyrite; Sp=sphalerite; Cv=covellite. Mean values are shown as +1 standard error. Sulphide
generation is assigned from textural studies (Chapter 4).



Sample  Depth Line Sulphide
(cm) number Min Description Generation 5*S (%0) Mineral
-2.8%0
measured fractionation
Euhedral cubic Py slightly .
60-60 515 LS5775 Py  pitted Primary +7.9 +5.1
LS5776 Py  Euhedral cubic Py Secondary +9.1 +6.3
Subhedral slightly .
LS5778 Py corroded Py Primary +8.9 +6.1
Subhedral Cp with .
60-71 61.5 LS5781 Cp  corroded edges Primary +7.6 +4.8
Suhedral slightly fractured .
LS5782 Cr cp Primary +10.1 +7.3
LS5783 Py Aggregate of subhedral Py Primary +10.4 +7.6
L.S5784 Py  Anhedral Py Primary +14.7 +11.9
LS5785 Cp  Subhedral Cp Primary +10.2 +7.4
LS5787 Cp  Subhedral Cp Primary +10.0 +7.2
L.S5788 Cp  Comroded dendritic Cp Primary +10.1 +7.3
185789 Py  Sub-euhedral cubic Py Secondary +8.8 +6.0
LS5791 Py Sub-cuhedral cubic Py Secondary +10.1 +7.3
Anhedral Cp with corroded )
LS5792 Cp  edges Primary +7.4 +4.6
L.85793 Py Subhedral Py Secondary +8.9 +6.1
60-78 69.5 LS5786 An-subhedral pitted Py Primary +6.2 +3.4
Slightly fractured
subhedral Py encroached
60-84A 74 L.85929 by Sp Secondary +9.1 +6.3
60-84 74 185931 Porous euhedral Py Primary +10.5 +1.7
Aggregate of porous )
L.85932 Py  euhedral cubic Py Primary +9.0 +6.2
Anhedral Cp with Cv
overgrowth rimmed on one )
60-92 82 LS5961 Cp  sidebyPy Primary +11.7 +8.9
L.85962 Py Anhedral corroded Py Primary +8.8 +6.0
Fractured anhedral Cp with .
60-94 84 185933 Cp  Cvovergrowth Primary +13.7 +10.9
Fractured Cp encroached .
185935 Cp byCv Primary +15.8 +13.0
L.85937 PY  Fracture subhedral Py Secondary +7.3 +4.5
60-98 88 LS5914 Py Ppristine euhedral Py Secondary +11.4 +8.6
LS5915 Py " Pristine euhedral Py Secondary +9.9 +7.1
LS3916 Py Sub-euhedral corroded Py Primary +10.3 +1.5
Mean +9.9%0 +0.4 +7.1%0+:0.4

Table 5.8b: Summary of in situ laser combustion S isotope analyses from CD102/60 corrected for
fractionation during laser combustion.
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Figure 5.8: Revised downcore profiles, assuming laser induced fractionation of +2.8 per mil, of §S values of
mineral separates measured by in situ laser combustion for Cores 58 & 60.
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sulphide 8*S is 1-~1.5%o heavier than sphalerite 8>*S values. Some of the discrepancy between the mean bulk
sulphide and mean laser sulphide 8°*S values may be accounted for by variable contribution to the bulk
samples of the relatively light sphalerite 5**S. The lightest bulk 8°*S values are close to the top of the Core 58
sulphide layer corresponding to depths where sphalerite is a major mineral phase with the trend to heavier
bulk sulphide 5**S vatues downcore corresponding to a modal decrease in the proportion of sphalerite in the

bulk sediment.

For Core 60, 17 out of the 26 laser analyses were performed on pyrite grains; 9 on chalcopyrite grains with no
sphalerite analyses. Sphalerite occurs only as a trace mineral in Core 60. Because sphalerite occurs
predominantly as a replacement and thin overgrowths along fractures and within pore spaces of primary pyrite
grains it was not possible to measure the ESMSSphﬂleme values by the laser method. In the upper 30cm of the
Core 60 sulphide layer (46 - 96cm) laser chalcopyrite 8°*S values are consistently lighter than laser pyrite 5°*S
values from the same depths. However, in the basal 20cm chalcopyrite is consistently heavier than laser pyrite
8°*S values from the same depths. Interestingly the increase to heavier chalcopyrite 8**S downcore
corresponds to an increase in the modal percentage of chalcopyrite (Figure 4.8) which, assuming conservation
of the bulk mineral proportions in the conventional bulk sulphide 5**S sub-samples, should lead to heavier
bulk sulphide 5**S. However, this is not the case, Core 60 bulk sulphide 8**S values measured by
conventional methods, although fairly constant downcore, are lighter towards the base of the sulphide layer.
This probably reflects a pyrite bias in the conventionally run bulk sulphide samples. It may also reflect
sampling artefacts. The heaviest laser chalcopyrite 5**S values are from chalcopyrite grains with covellite
overgrowths, 5>*S ranges from +8.9%o - +13.0%o; mean =+10.9%o (n=3). These values must be interpreted
with caution since they may represent covellite contamination. If this is the case it would suggest that
covellite in Core 60 has heavy 8°*S compared to the measured 8**S of chalcopyrite and pyrite in this core.
Unfortunately it was not possible to measure the 8°*S value of covellite in Core 60 due to resin and

chalcopyrite contamination problems and the small surface area of covellite in the samples.

5.4.2.4 Laser 5°'S Textural Associations: The Alvin Core

Texturally the lightest 5**S values are associated with “pristine’ pyrite grains (secondary), i.e. those that show
no evidence of corrosion, pitting or fracturing. The range of 8°*S for pristine pyrite is relatively narrow: +4.5 -
+7.2%o;, mean =+6.0%0 £0.5 (15) (n=6). The heaviest 8°*S values are related to porous, corroded and fractured
pyrite grains (primary): 8°*S =+6.0 - +14.7%o; mean =+9.0%0 +1.0 (15) (n=9). This is also the greatest range
for a textural type covering 8.7%o. &°*S values of pyrite aggregates, which are observed in both the primary
and secondary assemblages, range from +6.1 - +10.2%o, mean =+8.0%0 £1.0 (15) (n=4) reflecting a mix of

heavier primary 5°*S and lighter secondary 8**S (Figure 5.10; Table 5.9).

The most significant variations in 8°*S are related to the order of sulphide precipitation. Interestingly, the
most 5°*S enriched samples are paragenetically early, whilst the lightest 8**S values are associated with
secondary pyrite and sphalerite. Primary pyrites have a range in 8**S of +6.2 - +14.7%o, mean =+8.5%0 £0.9

(1) (n=9); secondary pyrite and sphalerite are considerably lighter and range from &S =4.5-9.0%o, mean
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Sulphide texture Min Max Average Standard Standard Number of
5%S %o 5™S %o 5*'S %o deviation error analyses
Pyrite aggregates +6.1 +1020 +8.0 1.97 0.99 4
Porous/ corroded/ fractured Py +6.0 +14.7 +6.0 0.96 0.32 9
Pristine pyrite +4.5 +7.2 +5.9 1.08 0.441 7
Fractured Cp +6.7 +6.7 / / / 1
Total analyses 21

Table 5.9: Summary of 5*'S variation between different textural types for CD102/58

Sulphide Texture Min Max Average Standard Standard  Number of
5'S %o 87'S %o 5%S %o deviation error analyses
Pyrite aggregates +6.1 +7.6 +6.6 0.84 0.49 3
Porous/ corroded/ fractured Py +3.4 +11.9 +6.7 2.55 0.90 8
Pristine pyrite +5.1 +8.6 +6.7 1.21 0.50 6
Fractured Cp +7.2 +7.4 +73 0.10 0.06 3
Corroded Cp +4.6 +7.3 +5.6 1.50 0.87 3
Cp with Cv overgrowths +8.6 +13.0 +10.9 2.05 1.18 3
Total analyses 26

Table 5.10: Summary of §°*S variation between different textural types for CD102/60



Sulphur Isotope Variation of Sulphide-Rich Sediments from the Afvin and Afi Relict High Temperature Zones Chapter 5

= +5.7%0 +0.4 (15) (n=17) (Figure 5.11). Comparison of primary and secondary 8**S values downcore
indicates that secondary sulphide is always lighter than primary pyrite, with the exception of data from 85cm
(primary=+8.6%o; secondary=+9.0%o) and 114.75cm depth (primary=+6.2%o; secondary=6.9%o) (Figure 5.11).
Variation between primary and secondary sulphide 8*'S is significantly different (95% confidence limit: two
sample populations t-test). Comparison of the observed 5S range for secondary pyrite and sphalerite and
bulk sulphide suggests that bulk samples are dominated by §>*S from secondary sulphides. This is in
agreement with optical observations which indicate that oxidative alteration within the sulphidic layer is

pervasive and that the secondary mineral assemblage, principally pyrite and goethite, dominates.

5.4.2.5 Laser 5**S Textural Associations: The Mir Core

Texturally, there is very little variation in values of §>*S (Figure 5.12). The mean §>*S values for all pyrite
textures: pyrite aggregates; porous/ corroded/ fractured pyrite; and pristine pyrite are almost identical: +6.6%a
+0.5 (16) (n=3), +6.7%0 £0.9 (15) (n=8), and +6.7%0 £0.5 (15) (n=06), respectively. This is also very similar
to mean 8°°S of fractured chalcopyrite =+7.3%o +0.1 (15) (n=3). The lightest 8*'S values are associated with
corroded chalcopyrite: mean 8%'S =+5.6%0 +0.9 (15) (n=3). The heaviest §**S values are from chalcopyrite
with covellite overgrowths, mean =+10.9%o (n=3). This is also the only textural type whose &>*S values are
significantly different (95% confidence limit: two sample populations t-test) from 8°*S of all other textures.
However, the high §**S values for chalcopyrite with covellite overgrowths must be interpreted with caution

since they may represent sampling artefacts relating to covellite contamination.

In contrast to 8**S data from Core 58, §>*S values of sulphide separates from Core 60 do not show any large
variation relating to primary or secondary sulphide mineralisation (Figure 5.13). Primary pyrite and
chalcopyrite cover a larger range (+3.4-+13.0%0) than secondary pyrite (+4.5-+8.6%0). However, unlike
secondary sulphides in Core 58, which are consistently lighter than primary pyrites, 5**S values of secondary
sulphides from Core 60 (mean §°*S = +6.5%o) are within the range for primary pyrites and are within 2

standard errors (16) of the mean primary 8**S value of +7.4%. (Figure 5.13).

5.5 Discussion

Published 8*'S data for the TAG hydrothermal site are heavier than 8°*S from other sediment free mid-ocean
ridge hydrothermal sites and range from ~+4.4-+10.3%o, these data have been attributed to contributions of
heavy 8**S via inorganic reduction of seawater sulphate within the TAG mound (Lein et al.,, 1991; Chiba et al,,
1998; Gemmell and Sharpe, 1998; Herzig et al., 1998b; Knott et al., 1998). The 5**S of bulk sulphide samples
from this study, measured by conventional means fall within this range and can be explained by existing
isotope models for the TAG area. However, although the laser data set needs to be interpreted with caution
(see section 5.4.2.3) the sampling sensitivity of the in situ laser technique utilized in this study which allows
for discrimination between mineralogical and textural types has extended the range of 8**S at the TAG
hydrothermal field from +4.4%o - +10.3%o to +3.4%o - +14.7%0. This is significant because existing models

for S isotope behaviour at the TAG site can only account for a maximum &**S value of +10%o assuming an

end member fluid with §>*S =~+5.5%.
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5.5.1 CD102/58: The Alvin core

These data are considerably enriched in heavy 8°*S compared to other sediment free mid-ocean ridge
hydrothermal sites, including the existing 5**S data set from the TAG mound. Whilst heavy 8**S values up to
~+10%o, at the active TAG mound, can be explained by mixing of inorganically reduced seawater sulphate
and an end-member fluid with §**S =+5.5%0 (Knott et al., 1998; Shanks, 2001), assuming a maximum increase
in 8*'S of 4.5%o (Janecky and Shanks, 1988) this cannot directly explain the heavy values (8°*S >+10%o)
observed in laser samples from Core 58 (5**S +14.7%o and +11.5%o). If the 8°*S value of the parent
hydrothermal fluid at the A/vin mound was the same as &Sy Of currently venting fluids at the TAG mound
(8**Sipps =+6.6-+7.5%0: Knott et al., 1998; Shanks, 2001) the heaviest 8**S value (+14.7%o) from this study
requires a seawater contribution of ~52-56%. Assuming simple mixing, such a high seawater contribution
would result in fluid temperatures of ~162-176°C and increases in pH, fO,, and [SO,]. These conditions
cannot lead to inorganic sulphate reduction or precipitation of the observed sulphide minerals. A more
complex fluid evolution model is required to explain the wide range of **S values, +4.5%o-+14.7%o,

differences in primary and secondary pyrites; and some novel, unusually heavy, 8**S values.

The heaviest values quoted for Core 58 are associated with primary pyrite. Textures of primary pyrite and
chalcopyrite are consistent with precipitation from diffuse high temperature flow at or near to the mound
surface, close to black smoker chimneys (e.g. Hannington et al., 1995b; Tivey et al., 1995; Knott et al., 1998:
Chapter 4). To produce the observed values of §**S sulphate reduction in the near surface is required. One
potential mechanism for this is in situ sulphate reduction or anhydrite replacement during chimney growth and
near surface sulphide precipitation. However, reaction modelling indicates that reduction of seawater sulphate
within chimney structures is limited (Janecky and Shanks, 1988) and although replacement reactions have
been shown to be an important control on isotopic variation of chimney sulphides, the associated
fractionations are small, typicaily <2%o (e.g. Styrt et al., 1981; Zierenberg et al., 1984; Woodruff and Shanks,
1988).

Under the conditions operating at, and/or near to the surface of the 4/vin mound during high temperature
activity, bacterial sulphate reduction is one of the most efficient means for causing large fractionations

between H,S and SO.* (e.g. Ohmoto and Rye, 1979; Canfield, 2001a; Habicht and Canfield, 2001 and
references there in). The upper temperature limit for DSR is ~80-100°C (Machel, 1989; Jorgensen et al., 1992,
Stackebrandt et al., 1995) and optimum growth temperatures for heterotrophic S-reduces are 38-68°C, this
range includes conditions at the periphery of active chimneys and the mound surface (e.g. Tivey et al., 1995;
Schultz et al., 1996). However, at the temperatures calculated by simple mixing of seawater and hydrothermal
fluid for the heaviest 5*'S values (~162-176°C) and precipitation of chalcopyrite and pyrite during paragenetic
stage 2 (Figure 4.18 & 5.14), from insulated high temperature fluids, precludes ASR, DSR and associated
Rayleigh Fractionation as a means of producing heavy 5**S since the temperature greatly exceeds that at

which the bacteria can operate (e.g. Machel, 1989; Stackebrandt et al., 1995).

Precipitation of stage 2 pyrite and chalcopyrite with 8>*S values >+10%o requires inorganic reduction of

seawater sulphate. The early collomorphic pyrite crusts which insulate hydrothermal fluid leading to
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precipitation of high temperature sulphides do so by restricting permeability and therefore contact with cold
(2°C) seawater. This restriction of permeability may lead to closed system SO,* behaviour and abiotic
sulphate reduction. Experimental work has shown that during partial reduction of seawater sulphate at
temperatures <250°C a kinetic isotopic effect may occur resulting in S isotopic fractionations of ~15%o at
150°C and ~10%o at 200°C (Marchel et al,, 1995). Thus, mixing of hydrothermal fluid which has already been
modified during reactions within the subsurface, and which has §**S ~+8%, with seawater sulphate which has
undergone partial inorganic reduction at temperatures <250°C in areas where the permeability is locally
restricted, could explain the heaviest primary 6°*S values of +10%o to +14.7%o. Relatively heavy 6°*S values
(>10%o) like those reported here, generated in restricted permeability conditions close to black smoker vents,
are not observed in the TAG ODP drilling §**S dataset, this is because the mound surface close to the BSC

was not sampled by the ODP drilling.

Whilst the heaviest §°*S values can be explained in this way the question of validity of the heavy data means
that such fractionation may not be necessary. Heavy 8°*S values within the range observed here are however,
reported from the Guaymas Basin (max 8°*S =+11.1%o: Shanks and Niemitz, 1981) and Middle Valley (max
8**S =+17.6%0: Goodfellow and Blaise, 1988; Goodfellow and Franklin, 1993) hydrothermal sites. In both
cases these highly positive 5**S values are attributed to abiotic reduction of seawater sulphate either during
recharge to the hydrothermal system or under closed system conditions where the seawater is trapped in
overlying sediments (Shanks and Niemitz, 1981; Goodfellow and Blaise, 1988; Goodfellow and Franklin,
1993).

The range of 5**S observed for secondary sulphide in Core 58 (including sphalerite measured by conventional
methods) (+4.5%o - +10.0%0; mean =+6.7%0 (1) n=17) reflects a change in the style of sulphide precipitation
from high temperature diffuse flow close to an active black smoker chimney, to precipitation beneath the
mound surface from lower temperature fluids (Chapter 4; Figure 5.14). All secondary sulphide 8*S values
are <+10%o, this is within the range predicted for mixing of an end-member fluid with 8**S =+5.5%o with
inorganically reduced seawater sulphate. The 5**S values of secondary sulphide measured here can therefore,
be attributed to such mixing; this is consistent with a model for S isotopic evolution in the active TAG mound
proposed by Knott et al. (1998). The heaviest secondary 5**S values close to +10%o may also reflect reaction
of the upwelling hydrothermal fluid with previously formed sulphides within the mound and the underlying
stockwork which leads to further modification of the fluid to slightly **S enriched §**S values; modelling
suggests that under optimum conditions this will increase 5**S values by a maximum of 2%o (Janecky and

Shanks, 1988).

Whilst the range in secondary 5**S values can be explained by simple mound mixing processes, some of the
secondary pyrite textures, particularly collomorphic pyrite crusts parallel to sedimentary laminae, indicate in
situ precipitation during diagenetic alteration (Chapter 4), the S isotopic signature of these sulphides is not
controlled by mound processes but by diagenetic conditions, in particular pyrite oxidation and

remineralisation.
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Figure 5.14: Schematic representation of sulphide paragenesis, oxidation and alteration of the Afvin core,
CD102/58, and evolution of the sulphur isotope signature. Paragenetic stages are described in Chapter 4:
Figure 4.18. Heavy 5"'S values for primary sulphide precipitated during stage 1 and 2 result from

mixing of hydrothermal sulphur with seawater within the mound and from inorganic sulphate reduction
under closed system conditions during pyrite and chalcopyrite precipitation from high temperature fluid.
The lighter 5™'S values for secondary sulphides precipitated during stage 3 and during oxidative alteration
during stage 6 result from a combination of adiabatic mixing of high temperature fluid with 5™'S of +5.5
per mil with reduced seawater sulphate from seawater entrainment, dissolution and remineralisation of
mound derived sulphides and bacterial mediation of oxidation.

Note diagrams are not to scale.
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The large A 634Spﬁma,y- 634ssmduy =max 10.2%o cannot be explained by straight forward sulphide oxidation
and remineralisation given that the oxidation rate is not controlled by the metal sulphur bond rupture and
kinetic isotopic effects are negligible (e.g. Ohmoto and Rye, 1979 Canfield, 2001a). In addition, the isotopic
fractionation associated with remineralisation, i.e. pyrite formation from aqueous sulphide, is <1%o (Price and
Shieh, 1979). However, chemical experiments have shown that pyrite oxidation rarely occurs as a straight
forward reaction, but most commonly proceeds via intermediate sulphur and Fe species (e.g. Nordstrom, 1982;
Schippers and Sand, 1999; Schippers and Jorgensen, 2001; Canfield, 2001a; Habicht and Canfield, 2001).
Equation 4.4 shows a two step oxidation mechanism for pyrite via a thiosulphate intermediate (Schippers and
Sand, 1999). Bacterial disproportionation of the thiosulphate intermediate can result in considerable
fractionation with A 63451},@5“1},1,3'&-63“5 H28 and sulphate— - 13-712%o0 (e.g. Cypionka et al., 1998; Habicht et al.,
1998). This encompasses the range of A & 4Sprimry- ESMSW,I,WV observed in Core 58. Bacterial pyrite
oxidation however is extremely slow in anaerobic conditions (Schippers and Jorgensen, 2002), this may
indicate locally oxygenated conditions within the core. This agrees with Fe-oxidation and gypsum
precipitation models discussed in Chapter 6 which indicate the existence of locally important micro-

geochemical environments where, for example, there are significant changes in E; and pH.

Thus the isotopic composition of secondary pyrite is controlled by both precipitation under white smoker style

conditions and oxidation and dissolution processes during sedimentary diagenesis.

5.5.2 CD102/60: The Mir core

These data are also considerably enriched in heavy 8°*S compared to 8**S at other sediment free mid-ocean
ridge hydrothermal sites and the active TAG mound. Assuming the 8°*S value of the end-member
hydrothermal fluid at the Mir mound is +5.5%o and that the maximum theoretical increase in 5>*S due to
mixing with inorganically reduced seawater sulphate is 4.5%o (Janecky and Shanks, 1988) the heaviest
expected 63“ssulpmde = +10%o. However, some of the laser §*'S data from this study have values in excess of
+10%o, and all of these are associated with the primary sulphide assemblage. Therefore, simple mixing of the
hydrothermal and seawater sulphur reservoirs cannot directly explain the observed 8°*S data. Assuming
simple mixing of a hydrothermal fluid with the same &>*Sy;,5 of currently venting fluids at the TAG mound
(634SH23 =+6.6-+7.5%0: Knott et al., 1998; Shanks, 2001) and entrained seawater, the heaviest 5*S value
(+13.0%o0) requires a seawater contribution of ~40-43%, this results in a fluid with a temperature range of 205-
216°C. Such a fluid cannot sustain the conditions required for inorganic sulphate reduction (>250°C), nor are
they appropriate for bacterial mediation of the sulphur isotopic composition. The optimum temperature for
sulphate reducing bacteria is ~80°C: (Machel, 1989; Stackebrandt et al., 1995). In addition, it has been
demonstrated that DSR in hydrothermal environments is electron donor limited, i.e. the common electron
donors utilized by sulphate reducing bacteria, including CH,O or H,, are not available in sufficient
concentrations to drive the significant amounts of DSR that would be required to account for the heaviest 8°*S
values (Severmann et al., in review). Therefore, reduction of aqueous sulphate and/or anhydrite is required in

the deep reaction zone.
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The sulphide layer of Core 60 is inferred to have originated from a pyrite-silica breccia formed within the
stockwork zone at depth in the Mir mound (Chapter 4). Similar pyrite-silica breccias within the active TAG
mound are thought to have formed as collapse breccias during hydrothermal hiatuses, which were originally
cemented by anhydrite that is then cumulatively replaced by silica with renewed activity (e.g. Humpbhris et al.,
1995; Hannington et al., 1998; You and Bickle, 1998). Radiometric dating of sulphide from the Mir mound
indicates at least three episodes of sulphide precipitation at ~100kya, ~50kya, and ~20kya (Lalou et al., 1995),
this is consistent with intermittent activity at this site and the formation of collapse breccias which are re-
cemented by subsequent high temperature activity If anhydrite is retained at depth in the system during
hydrothermal inactivity, when high temperature fluid flow is reactivated seawater sulphate, in the form of
anhydrite, which may then be reduced by reaction with ferrous iron and incorporated into the hydrothermal
fluid, is available as an additional source of sulphide sulphur (e.g. Janecky and Shanks, 1988; Chiba et al.,
1998). Modelling of stockwork alteration reactions under conditions of focused, high temperature (~350°C)
flow, where hydrothermal fluid is reacted with fayalite + anhydrite, with ferrous Fe as the reducing agent and
magnetite precipitation is not inhibited, have shown that in an open system, under disequilibrium sulphate-
sulphide isotopic exchange, §**Siys increases to >+15%o as the reaction progresses (Janecky and Shanks,
1988). Thus, reduction of pre-existing anhydrite, from a previous high temperature phase, within the
stockwork zone at depth in the Ai» mound can account for heavy 8°*S values of the primary sulphides (Figure

5.15).

The 5**S values of secondary sulphides reflect precipitation under slightly different conditions. Secondary
sulphide from the Core 60 has lighter §°*S with no secondary sulphide samples with §**S in excess of +10%o.
Assuming that all the anhydrite was replaced by silica during the precipitation of the primary sulphide phases
this additional source of seawater sulphate, and heavy §**S, is no longer available for incorporation to later
sulphide. This is consistent with secondary sulphide textures which, in contrast to primary sulphides, do not
show any evidence for silica replacement or encroachment at grain boundaries (Chapter 4). Assuming an end-
member hydrothermal fluid with §**S =+5.5%o all of the observed 5°*S values for secondary sulphides can be
explained by adiabatic mixing of this fluid with inorganically reduced seawater sulphate (Janecky and Shanks,
1988) and reaction of the upwelling hydrothermal fluid with previously formed sulphides within the mound
and the underlying stockwork leading to a modified fluid slightly enriched in **S; modelling suggests that

under optimum conditions this can increase 8°*S values by a maximum of 2%o (Janecky and Shanks, 1988).

5.6 Conclusions

For both Core 58 and Core 60 the bulk sulphide 5**S values measured by conventional means are consistent
with previously reported values for the TAG hydrothermal field and may be explained by existing S isotope
models which predict maximum 5**S values of +10%.. However, whilst accepting the laser 5**S data with
caution, some of the 8*S values of sulphide separates measured by the in situ laser combustion technique
exceed this theoretical maximum. The sensitivity of the in situ laser technique utilized in this study has
significantly extended the range of §°*S at the TAG hydrothermal field to ~+3.4-+14.7%o and has important
implications for existing sulphur isotope models within the TAG hydrothermal field and suggests that

reduction of seawater sulphate is much more important than previously recognised. The upper end of this
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range is considerably heavier than values of §**S from other sediment free mid ocean ridge hydrothermal sites.

The range and distribution of 8**S values in both Core 58 and Core 60 reflects a complex mixture of sulphur

sources and multiple controls on isotopic fractionation at the A/Min and Mir mounds:

The heavy primary sulphide 8°*S values from the 4/vin mound indicate precipitation from a high
temperature fluid in the near surface with S contributions from reduced seawater sulphate. The S isotopic
composition of the earliest, collomorphic pyrite precipitated during stage 1 (Figure 5.14) and the
relatively heavy S isotopic composition of the sulphides precipitated during stage 2 (Figure 5.14) are most
probably related to kinetic isotopic effects occurring during partial, inorganic seawater sulphate reduction
in a closed system with restricted permeability close to high temperature vents and the mound surface.
8%*S values of secondary sulphide from the 4/vin mound reflect precipitation from (a) lower temperature
fluids in which the S isotopic composition is controlled by adiabatic mixing of the end-member
hydrothermal fluid with §**S =+5.5%0 and reduced sulphate from seawater entrainment into the mound
leading to maximum 8**S of +10%.. There may also be some reaction of upwelling hydrothermal fluids
with pre-existing sulphides within the mound and underlying stockwork; and (b) oxidative dissolution,
which may be bacterially mediated, and remineralisation of mound derived sulphides within the sediment.
The heavy 8°*S of primary sulphide from the Mir mound result from reaction of anhydrite sulphate in the
stockwork zone (which was precipitated during an earlier episode of high temperature venting) with
hydrothermal fluid during replacement of the anhydrite and re-cementation of the breccia by silica.
Generation of heavy 8°*S in Core 60 as a result of DSR is not possible due to the high temperature
conditions operating within the stockwork zone during sulphide precipitation and the limited availability
of suitable electron donors. However, some partial, local abiotic seawater sulphate reduction like that
inferred for Core 58 stage 1& 2 primary sulphides could be occurring.

Secondary sulphide from the Mir mound is precipitated following complete replacement of the anhydrite
cement by silica. Like some of the secondary sulphide from Core 58 the S isotopic composition is
controlled by adiabatic mixing of the end-member hydrothermal fluid (6**S =+5.5%0) and reduced
sulphate from seawater entrainment into the mound leading to maximum 8**S of +10%o; and reaction with
previously precipitated sulphides, which can increase the §**S value by a further 2%o. Precipitation of the
Mir sulphides at depth within the mound, and the relatively unoxidised state of the sulphide layer

(Chapter 4) precludes a major biogenic influence on the S isotopic composition.

These new data demonstrate the importance of micro-scale mineralogical and textural S isotope studies in

unravelling the complex paragenetic sequences of sulphide precipitation and alteration, in order to gain a full

understanding of the processes controlling the S isotope composition at seafloor hydrothermal sites. In

addition, they highlight the need for further micro-scale S isotope studies within the TAG field, and elsewhere,

to assess the significance of heavy primary §**S and the implications for fluid evolution and the influence of

bacterial processes in the shallow subsurface and at depth in large long lived deposits with intermittent high

temperature activity.
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Temperature Zones

Chapter 6:

Fe oxidation and bio-mineralisation in metalliferous sediments
from the Alvin relict high temperature zone.

Some of the content of this chapter is published as: Four hundred and ninety million year record of bacteriogenic iron oxide
precipitation at sea-floor hydrothermal venis: Little, CS; Glynn, SEJ and Mills RA. 2004, Special Issue of the Journal of
Geomicrobiology, vol: 21, 415-429.

6.1 Introduction

Fe-oxides and oxyhydroxides are a major component of the hydrothermal deposits found at seafloor vents
sites (e.g. Alt, 1988b; Binns et al., 1993; Bogdanov et al., 1998; Metz et al., 1988) Previous studies have
shown that abiogenic processes that lead to Fe-oxide formation include: sedimentation from overlying
hydrothermal plumes (e.g. Mills et al., 1993; Barrett et al., 1987); in situ precipitation from diffuse low
temperature hydrothermal fluids (e.g. Koski et al., 1985; Alt et al., 1987), typically 20-100°C (e.g. Mills et al,,
1996; Severmann et al., 2004; Bau and Dulski, 1999); material derived from mass wasting of low temperature
(typically 2-50°C) Fe-Si chimneys, (e.g. Alt et al., 1987; Herzig et al., 1988; James and Elderfield, 1996a); and
the products of Fe-rich sulphide oxidation in mass wasted material undergoing alteration at the seafloor (e.g.
Binns et al., 1993; Hannington, 1993; Mills et al., 1993). In addition to inorganic processes, microbial activity
is thought to play a role in the formation of hydrothermal Fe-oxide deposits (e.g. Alt et al., 1987; Juniper and
Fouquet, 1988; Hannington and Jonasson, 1992; Juniper and Sarrazin, 1995; Emerson and Moyer, 2002;
Edwards et al., 2003b & ¢).

Submarine hydrothermal environments are host to unique ecosystems where primary biomass is dominated by
chemolithoautotrophic micro-organisms which utilise reduced chemical species as an energy source (e.g.
Jannasch and Mottl, 1985; Wirsen et al., 1986). Such microbes are capable of influencing the growth and
dissolution of a number of minerals by exerting control over reaction kinetics and pathways. However,
relationships between Fe-oxide deposits and extant microbial populations are poorly constrained because of
difficulties in distinguishing authigenic microfossils from abiogenic artefacts, as the effects of diagenesis can
lead to the loss of biogenic signatures. Although Fe-oxidising bacteria are inferred to be ubiquitous in
hydrothermal environments (e.g. Parkes et al., 2000) where there are sharp pH, redox and temperature
gradients, and a fresh supply of Fe in dissolved and particulate forms (e.g. Juniper and Tebo, 1995; Edwards et
al., 2003b; Severmann et al., in review), their impact on Fe-oxidation at vent sites and their role in the

formation of Fe oxide deposits remains largely unquantified (Severmann et al., in review).

6.1.1 Biologically mediated Fe(II) oxidation

Bacterial leaching and bio-oxidation of metal sulphides to soluble metals sulphates and sulphuric acid is
affected by specialised bacteria which utilise the energy gained from mineral dissolution or precipitation for
cell growth and/or respiration where the oxygen supply is limited. In addition, bacteria may incorporate
dissolved mineral constituents into cellular compounds as protection or to fulfil metabolic trace element

requirements (e.g. Ehrlich, 1999; Ehrlich, 1996a; Ferris et al., 1988; Ghiorse, 1984). Previous investigations
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of bacterially mediated Fe(II) oxidation have been largely concerned with the formation and conditions of acid
mine drainage (AMD) and the role of the bacterium Thiobacillus ferrooxidans in acid generation at these sites
(e.g. Toran and Harris, 1989; Kirby et al., 1999; Dold and Fontbote, 2001; Marchand and Silverstein, 2003),
whilst microbial studies at hydrothermal vents sites have focussed on chemolithoautotrophs, some of which
are Fe oxidisers, which gain energy from dissolved, reduced chemical species (e.g. Jannasch and Mottl, 1985;
McCollom and Shock, 1997; Wirsen et al., 1986). Only a few studies have investigated microbial utilisation
of mineral surfaces as metabolic substrates (e.g. Wirsen et al., 1993; Emerson and Moyer, 2002; Edwards et

al., 2003b).

AMD arises from the oxidation of sulphide minerals, principally pyrite, in mining and metallurgical
processing waste. The result is acid production and contamination of adjacent water courses and ground
waters which is the foremost environmental problem facing the mining industry today (e.g. Dold and Fontbote,
2002; Kirby and Elder Brady, 1998; Kirby et al., 1999; Bain et al., 2000). Whilst the oxidation of sulphide
waste may occur abiotically, laboratory simulations of acidic mine conditions have shown that micro-
organisms can dramatically increase reaction rates. For example Thiobacillus ferrooxidans (an acidophilic
species with an optimum growth pH<3; e.g. Trafford et al., 1973) can increase Fe(1l) oxidation rates under
laboratory conditions by a factor of 10° (Singer and Strumm, 1970; (Nordstrom, 1985)). However, the impact
of this microbe on natural Fe(II) oxidation rates has not yet been quantified (Kirby et al., 1999). The
dissolution of sulphide minerals is controlled by the electrochemical conditions present at the mineral-solution
interface, in particular charge transfer processes (e.g. Nicol et al., 1975; Nicol, 1993). As such the rate of
microbial Fe(lI) oxidation, with respect to pyrite, is affected by the concentration of ferric ions and the pH of
the system (e.g. McKibben and Barnes, 1986; Fowler et al., 1999). Experimental work by Fowler et al (1999),
has shown that the rate of pyrite dissolution in the presence of 7. ferrooxidans at relatively low pH and high

aqueous Fe(IT) concentration is comparable to abiotic dissolution.

Bacterially catalysed oxidation of pyrite, under acidic conditions, can take place either: directly or indirectly.
Direct catalysis occurs where there is contact between the bacterial cell and the mineral surface. In this case
both solubilisation and Fe(II) oxidation are mediated by the microbe. This might occur through extracellular
secretion of an enzyme or by sulphide mineral specific enzymes present in the cell wall with a generalised

reaction (Silverman and Ehrlich, 1964):

FeS, + Hz()+%O2 —Lacteria_y [ 4280,% +2H" (6.1)

Indirect oxidation occurs where the microbe oxidises Fe(Il) produced during abiotic pyrite oxidation
(Equation 6.2; 6.3). The net reaction produces Fe(III), sulphate and acidity (Equation 6.4) (e.g. Silverman and
Ehrlich, 1964, Silverman, 1967; Nordstrom, 1982). Hydrolysis of the Fe(11I) produced in the net reaction
results in the precipitation of Fe oxides via Equation (6.5) and generation of protons

FeS,  +14Fe*™ +8H,0 —15F¢* +250,” +16H" 6.2)

15Fe* U 43.750, +15H* -2t 5 15Fe™ + 75H,0  (63)

2(s)
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Net Reaction:

FeS,,, +3.750, +0.5H,0 — Fe’* +250,” + H* (6.4)
Fe(lll) Hydrolysis:

Fe* +3H,0 — Fe(OH), +3H " (6.5)

Because Fe(IIT) hydrolysis and subsequent goethite or hematite precipitation proceeds more rapidly than Fe(II)
oxidation , microbial Fe(Il) oxidation is the rate determining step in the dissolution of pyrite and precipitation
of Fe-oxides in AMD environments (e.g. Singer and Strumm, 1970; McKibben and Barnes, 1986; Kasama
and Murakami, 2001).

Although it is often useful to consider sulphide oxidation as a simple net reaction, e.g. Equation 6.5,
experiments have shown that pyrite oxidation, in natural systems rarely occurs as a straight forward reaction,
but most commonly proceeds via intermediate sulphur and Fe species (e.g. Nordstrom, 1982 Schippers and
Sand, 1999; Schippers and Jorgensen, 2001; Habicht and Canfield, 2001; Canfield, 2001a) e.g. Equations 4.4
which shows the extended mechanism, via a thiosulphate intermediate, for Equation 6.2 (e.g. Schippers and

Sand, 1999)

Most of the intermediate sulphur compounds formed during sulphide oxidation are unstable and therefore do
not accumulate in the environment. However, experimental work by Schippers and Sand (1998) and
Schippers and Jergensen (2001) has shown that the presence of sulphur intermediates, e.g. thiosulphate,
during bioleaching processes can have a significant impact on sulphide dissolution rates. Bacterial
disproportionation and oxidation of sulphur species generates additional acidity (e.g. Equation 6.7; e.g.

Johnson and Hallberg, 2003) which supplies protons for hydrolysis sulphide attack.

S,0," +20, + H,0—5rie s o1+ +250,* (6.6)

The role of microbes in enhancing Fe(IT) oxidation rates at neutral pH is less clear. Inorganic Fe(II) oxidation
is inferred to dominate at neutral pH; oxidation rates from field studies (e.g. Kirby and Elder Brady, 1998) are
consistent with those calculated from inorganic rate laws (Strumm and Lee, 1961). Despite this a variety of
neutrophilic Fe-oxidising bacterium, including: Leptothrix ochracea; and Gallionella ferruginea; have been
observed in neutral pH environments such as Fe(II) bearing groundwater seeps (e.g. Hallbeck et al., 1993;
Emerson and Moyer, 1997; Ehrlich, 1996a). In these conditions G. ferruginea can grow autotrophically and
mixotrophically with Fe(IT) as the electron donor (Hallbeck et al., 1993), however, there is no equivocal
evidence for enzymatic Fe oxidation by G. ferruginea or other Fe-oxidising bacteria at circumneutral pH
(Ehrlich, 1996a). Although there is no evidence for a direct link between Fe oxidation and metabolic
processes at neutral pH, field studies of ferrihydrite stalactites in caves have demonstrated fast Fe(1l) oxidation
and precipitation rates that are approximately 10" times those inferred from inorganic rate laws (Kasama and
Murakami, 2001). In this instance increased reactions rates are inferred to be related to mineral templating on

microbe surfaces (Kasama and Murakami, 2001; Edwards et al., 2003b & c).
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6.1.2 Mechanisms of bio-mineralisation

The mechanisms of bio-mineralisation can be broadly divided into two groups: (1) direct, intracellular mineral
deposition, i.e. within the cell, and at the surface of the cell; and (2) indirect, extracellular mineral deposition,
i.e. formation of minerals in the external bulk phase. In both cases mineral growth may result from either
active metabolic, enzymatic processes and/or more passive processes. Passive processes include reaction of
positively charged ions with functional groups on the bacterial surface, or where inorganic ions involved in
metabolism, such as sulphide, are excreted from the cell leading to stoichiometric excess in the bulk phase and
mineral precipitation. Distinctions can be made between biologically controlled precipitation, i.e. direct
mediation, and biologically induced mineralisation, i.e. indirect processes. Figure 6.1 summarises the most
common sites of intracellular mineral deposition and the mechanisms responsible for mineralisation. Figure
6.2 summarises common processes involved in extracellular microbial metal mineralisation. Preservation of
bacterial structures in the fossil record is largely the result of mineral templating of the bacterial structure via
bio-mineralisation within the cell envelope and at the cell surface. There are two basic mechanisms by which
mineral templating of microbial surfaces and cells may take place. In the first mechanism, templating arises
from passive or active uptake of inorganic ion species into the cell which are then converted to oxides and
salts for cellular protection, the microbe serves as a template by specifying the structural arrangement of the
mineral e.g. CaCO; as foraminiferal tests (e.g. Ehrlich, 1996b; Ehrlich, 1999). Mineral templating of bacterial
cells in this way is advantageous for some micro-organisms, including foraminifera, as it can provide
protection from physical damage. In addition, intracellular fixation and immobilisation of metals allows some
bacteria to survive by in environments where the level of toxicants is high by converting them to less or non-

toxic forms (e.g. Beveridge et al., 1983; Ferris et al., 1986; Ehrlich, 1999).

The second mechanism is concerned with extracellular and epi-cellular processes. Because almost all
bacterial surfaces have a net electronegative charge (e.g. Beveridge, 1989; Ehrlich, 1999) they are effective
sorption interfaces for metal complexation. Once a metal has complexed to the cell surface the metal itself
then provides a nucleation site for further complexation resulting in the formation of mineral precipitates
around the cell, these precipitates are initially amorphous, in the case of Fe ferrihydrite is the initial precipitate,
converting to more crystalline phases over time, ferrihydrite converts to hematite (e.g. Schultze-Lam et al ,
1996, Ferris et al., 1986; Ehrlich, 1996b). In addition to metal complexation with the negatively charge cell
surface, Fe oxidising bacteria can accumulate Fe oxide in extracellular polymeric substances (EPS). EPS
mediate the contact between the cell wall and the surface of the mineral from which Fe(1I) is obtained (e.g.
Gehrke et al., 1995; Kinzler et al., 2003). Deposition of Fe oxides in the EPS layer surrounding a cell can lead
to preservation of the microbial structure e.g. L. ochracea, L. discophora, and Leptospirillum ferrooxidans,
which form sheaths of Fe oxide around the cell (e.g. Emerson and Revsbech, 1994). When Fe oxides
completely cover the surface of bacterial cells access of nutrients into the cell and expulsion of cellular waste
is prevented which may ultimately lead to cell death. Some bacteria can avoid this problem, for example G.
Jerruginea, which limits Fe oxide deposition to its stalk from which the cell can detach (e.g. Ehrlich, 1999).
Bacillus subtilis solves the problem by restricting the number of negatively charged sites at the cell surface by
occupying some of these sites with the protons produced during respiration, thereby restricting the number of
metal binding sites. As a consequence of this live B. subtilis cells have a lower metal-binding capacity than

dead cells (e.g. Schultze-Lam et al., 1996; Urrutia et al., 1992).
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Mineral deposition in the cytoplasm

Technetium oxide results from enyzmatic reduction of heptavalent
4 technetium to a lower oxidation state. In addition to Tc oxides some

The mechanisin of CaCO, precipitation is i bactena, including Desulfovibrio desulfuricans, can also precipitate a
unknown. It may result from spontaneous / ° : lower valence Te sulphide non-enzymatically via interaction with the H,S
reaction of aqueous Ca™ taken into the cell with i / e d it produces during sulphate reduction
metabollically produced CO, under conditions / / S e \\ \ " | i il's .
of stoichiometric excess (e.g. Erblich, 1999). / / s \ Thc position _ofmmacc_llular §"is uncenain, in some microbes

| | metabolic g S is located in the periplasm, ¢.g. Thiothrix spp., in other

microbes it is located near the inner surface of the
cytoplasma membrane, e.g. Thioploca spp (e.g. Maier et al., 1990).

Intracellular apatite precipitation occurs for some bacteria (
where metastable calcium phosphate is available and pH is s
above neutrality (e.g. Echlich 1999).

Poly phosphates are linked by anhydrite bonds

which store metabolically available cuergy where

new energy sources are scarce bacteria can draw on

this stored energy, if this oecurs intracellular poly-
phosphates are dissolved. Poly-phosphates are excellent
ligands for cerain canons Complexation is commonly
species specific ¢.g. Mn™ in Laciobacilli, which substitutes
functionally for the catalase these bacteria lack

(e.g. Kornberg, 1995).

Magnetite is deposited by inagnetolactic bacteria. The bacterial
fornation of magnetite and other similar minerals ¢.g. Greigite is not
clear at the present time {¢.g. Erhlich, 1999)

AP Mn™
Comnplexation of cations and polyphosphates Z
! N ( ) -
Ca* () Cytoplasm ) Periplasm

Sites of intracellular mineral deposition in prokaryotic microbes. Eukaryotes are only known to deposit poly-phosphate
intracellularly. Microbial involvement in intracellular mineral deposition is enzymatic driven by metabolic and trace element
requirements.

Mineral deposition in the cell envelope (periplasm)

Te" is deposited in the periplasm and in the plasma membrane ~75 =
following enzymatic reduction of Tellurite which acts as a

terminal electron acceptor in respiratory processes (e.g. Gerrard
ct al.,, 1974; Erhlich, 1999).
Tc OKld(;
As above, position of S” is uncertain, newer studies suggest it is found
"S' V, in both the cytoplasm and the periplasim because of an association
) with the plasma membrane. Sulphur in the periplasm is formed from
| ]CaCO' | either S,0,” or H,S (c.g. Erhlich 1999, and references therein).

Se” is deposited in the periplasm following enzymatic
reduction of Sclenite and/or Selenate which both act as
terminal electron acceptors in respiratory processes. All
bacteria assimilate at least some Se” into the cell because it
is an essential nutrieut {e.g. Gerrard et al., 1974; Erhlich, 1999).

Sites of mineral deposition in the cell envelope in prokaryotic microbes. Eukaryotes are not known to deposit minerals in
these sites. Mineral deposition is principally enzymatic however some non-enyzmatic reations may result in similar mineral
formation.

Epi-cellular Mineral deposition

Ca’™ passively bound to the cell surface forms calcite or aragonite with CO, derived
from cell respiration. providing that the surrounding water conlains enough

carbonate. CaCO, bound to the cell surface prevents access of nutrients Electropositive amine groups within the cell wall provide effective sorption
and expulsion of waste, this will ultimately lead 1o cellular death. o surfaces for silicale fons at circumneutral pH. There are not enough amine
Calcite encrusted cells then act as nuclei for further abiotic & 'lTe-‘ g ® groups to account for the large amounts of epicellularly bound silicate observed
calcite deposition in supersaturated conditions (e.g. ® 00/ \\U}O in nature; * extra’ silicate is deposited through metal ion bridging in which
Greenfield, 1963). In contrast, some organisins actively G/ "’ 5 multi-valent metal ions e.g. Fe” form clectrostatic bonds with SiO,” (Urrutia

i \ and Beveridge, 1993). Laboratory simulations have shown recognisable

and references therein). Since the morphotogy of particularly at ~60°C (¢.p. Oehler, 1976).
foraminiferal tests is species specific the mechanisms
controlling CaCO, deposition are also species specific.

\l
induce CaCO, precipitation and exert controls on the resulting
crystal strueture e.g. Coccoliths and Foraminifera (Erhlich, 1999 // fe OxldL preservation of bacterial structures vin silicification at low temperature,

Almost all bacterial surfaces have an overall clectronegative charge

{e.g. Beveridge, 1989) this makes them effective sorption surfaces for metal
ion complexation. The bound metal ions may than form metal salts and oxides
which provide further nucleation sites for further deposition of metals and
resulting in mineral growth. In this way bacteria can cause the inunobilismion
of aqueous metat ions.

al
&
Ol
Q|

Fe-oxidising bacteria accumulate ferric oxides in g
extracellular polymeric substances (EPS). EPS S
mediate the contact between the bactenal cell proper &
and the surface of miincrals from which Fe(1l) is
obtained, Fe(l1I) complexed EPS has a positive charge .
and this allows the bacteriuin to attach 1o the surface of 1 ' e ) / |
minerals in a reduced state, e.g. Pyrite (¢.g. Kinzler et al., [ \ , > / |
0,

L]
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2003). Fe(ll) can be used as an electron donor in (‘Poly-l’
heterotrophic respiration, fennentation and hydrolysis \ |
reactions (c.g. Sorensen et al., 1981). In addition o) / /
to Mn(I1) oxidisers several e oxidising bacteria are also G'ai /

able to deposit Mn oxides at the cell surface where enzynatic e r /
processes affect the redox state resu]ung in immobilisation. o
Incorporation of OH', HCO,, SO,%, ¢te, resulls in the formation L Set
of hydrated metal compounds ¢.g. £e¢O(OH) (e.g. Schultz-Lam et al., T
1996; Erhlich, 1999, and references therein),

Epi-cellular sites of mineral deposition. Both enzymatic and non-enzymatic processes are involved in the precipitation of
minerals at the cell surface.

Figure 6.1: Summary of the common sites and deposition mechanisms of intracellular microbial
mineralisation. Adapted from Erhlich, 1999.



Metal sulphide formation is the result of passive processes where inorganic anjons ¢.g. HS-
utilised for metabolic processes are excreted from the cell and interact with aqueous

metal cations ¢.g. F¢”, Cu”, in the surrounding environment, under conditions of
stoichiometric excess this will lead to mineral precipitation. Precipitation of sulphide minerals
in this way is particularly important in environments where sulphate reducing bactena

¢.g. Desulfovibrio desulfuricans are prescnt.

Microbially mediated growth of Fe oxides and carbonates in the bulk

phase (in contrast to intracellular Fe oxide precipitation, which is largely
carried out by Fe oxidising bacieria) most commonly results from the action
of Fe reducing bacteria, ¢.g. bacterial reduction of fervic iron with acetate
results in the precipitation of magnetite in the bulk phasc. Environmental
conditions, principally the redox state, are the main control on whether .
the organically reduced iron accuinulates as Fe(11), magnetite, hematite or B Fe.O. Fe.CO
siderite (c.g. Bell ctal,, 1987; Erhlich, 1999). 104 K6,

Some bacteria e.g. Bacillus spp, are able to limit the toxicity of chromate by
reduction of C{VI) to Cr(III) under pH conditions close to neutrality (e.g. Wang
and Xiao, 1995). the Cr(111) produced may then be precipitated as an oxide in the 2CrOOH

bulk phase.

Uranium (I'V) oxide in the bulk phase may be precipitated either via reduction

of UO.” by HS' released by sulphate reducing bacteria, and/or via enzymatic

reduction of UQ,” by sulphate and metal reducing bacteria under anaerobic

conditions (e.g. Lovely and Philips, 1992) - - 200,

Acidophilic Fe oxidising bacteria, e.g. Thiobacillus ferrooxidans may precipitate

jarosite during bio-alteration of sulphide material at low pH. X
(Jarosite)

(K, Na)Fe,(SO,),(OH);

Metal sulphide e.g. FeS,;

Bulk phasc accumulation of microbially produced S* is uncommon, most of the sulphur

excreted by microbes is in a reduced, e.g. HS', IS, or oxidised form, c.g. $,0,%, SO,”.
//Howcvcr some bacterial strains, most notably green sulphur bacteria excrete S° to the bulk

phase when oxidising HS' during anaerobic photosynthesis (c.g. Pfennig et al. 1977).

v

Fd

Se

MnO, precipitation in the bulk phase results from the action of Mn(T) oxidising

bacteria. which utilise Mn2+ as electron acceptor in respiration. Oxidation of Mn(I1)
MnO, to Mn(l1I) is enzymatic, Erhlich, (1990) propgscd that the resulting Mn(111) remains

bound to the enzyme which then catalyses conversion of Mn(T11) to Mn(IV) and

produces MnO,. In bacteria where MnO, accumulation is not possible, the MnO,

is excreted from the cell to the bulk phase and may become incorporated in

pre-exisiting mangancse oxides or ferromanganese or added to certain clays (e.g.

Erhlich, 1999; 1996).

Microbial deposition of Au in the bulk phase arises from liberation of Au wbich was
onginally located intracellularly during autolysis. This liberated gold forms pseudotrigonal
and hexagonal-octahedral crystals which may then form aggregates leading to the formation
of gold nuggets. The valence state of the gold when it is inside the cell is not known, the
reduction from auric to metallic gold may take place intracellularly or in the bulk phase

(e.g. Southam and Beveridge, 1994).

Au'e—

Figure 6.2: Summary of common epicelluar microbially mediated and microbially induced mineralisation. Adapted from Erhlich, 1999.

Ca (PO,),(F,CI,OH)(apatite) / Mg(NH,)PO,.6H,O (struvite) /
FePO,.2H,0 (strengite) / Fe,(PO,),.8H,0 (vivianite) / AIPO,.2H,0 (variscite)

Phosphate minerals form authigenically from dissolved species of which one or more is microbial in origin;
microbial metabolic processes mobilise organically bound phosphate shich can then react authigenically with
cations in the surrounding environment, e.g. interaction with Ca2+ results in precipilation of phosphorite and

ultimately apatite deposition.
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Bacterial walls are also effective sorption surfaces for silicate ions, although cell walls have a net
electronegative charge, the presence of free electropositive amine groups promotes interaction with SiO;>
(Urrutia and Beveridge, 1994). The amount of silica that can be bound to the cell wall is increased by metal-
ion bridging, where a multivalent metal ion, e.g. Fe**, cross-links Si0;* to COO™ or PO,> by electrostatic
interaction (Urrutia and Beveridge, 1994). Structural preservation is enhanced by the binding of metal ions
(which inactivate autolytic enzymes that degrade cell walls following death) prior to silicification (Ferris et al ,
1988). Binding of silicate to bacterial surfaces has a positive feedback on the overall capacity for metal
sorption, since silicate minerals bound to the cell surface provide additional metal sorption sites (e.g. Urrutia
and Beveridge, 1994; Schultze-Lam et al., 1996). Fossilisation of recognizable microbial structures can be
achieved via silicification in this way (Oehler and Schopf, 1971; Oehler, 1976; Urrutia and Beveridge, 1994,
Schultze-Lam et al., 1996).

6.1.3 Microbial bio-mineralisation at seafloor hydrothermal sites

Extensive sampling of hydrothermal vent sites over the last few decades has led to many observations of Fe-
oxide and silicified filamentous textures in low temperature Fe oxide rich deposits adjacent to vent sites
(Table 6.1 summaries the seafloor sampling of putative biogenic structures) and also in vent fluids (Halbach et
al., 2001). Many of these observations are from seamounts where pervasive diffuse flow is the dominant
venting style (e.g. Alt, 1988b). The mineralogy is dominated by poorly ordered Fe oxyhydroxides (Two-
XRD-line ferrihydrite and goethite), often with significant amounts of amorphous silica (up to 73wt%) and
Mn (up to 14wt%) (e.g. Alt, 1988b; Juniper and Fouquet, 1988; Hekinian et al., 1993; Boyd and Scott, 2001,
Emerson and Moyer, 2002; Kennedy et al., 2003b). The filaments are usually between 1 and 5pm in diameter,
and 10s to 100s um long, and many have distinctive morphologies, including twisted ribbons, hollow sheaths,
and dendritic forms (Alt, 1988b; Juniper and Fouquet, 1988, Stoffers et al., 1993; Thorseth et al., 2001; Boyd
and Scott, 2001; Emerson and Moyer, 2002; Kennedy et al., 2003b). Several authors have noted the similarity
of these morphologies with structures formed by neutrophilic Fe oxidising bacteria, including G. ferruginea,
which grows Fe encrusted twisted stalks (e.g. Hanert, 2002), and L. ochracea, which forms Fe oxide encrusted
sheaths (e.g. Emerson and Revsbech, 1994). Although neither of these bacterial taxa have been conclusively
identified (by culture or molecular analysis) from marine hydrothermal Fe oxide deposits, a novel strain of Fe
oxidising bacterium (PV-1) has been cultured from the Loihi Seamount vent site (Emerson and Moyer, 2002).
PV-1 grows slender (<1um diameter) Fe oxide filaments which are comparable to filaments in natural samples
from the seamount. Very similar sheathed and helical Fe oxide filaments have also been observed to form on
sulphide surfaces at a low temperature vent within the Endeavour Vent Field, Juan de Fuca Ridge (JAFR)

during in situ incubation experiments (Edwards et al., 2003b & ¢).

Mineral templating of cell surfaces appears to be important for preservation at hydrothermal sites. Most
hydrothermal Fe oxide deposits are intermixed with clay minerals, principally nontronite, which form in the
suboxic conditions associated with sulphide weathering (e.g. Severmann et al., 2004). The nontronite is often
intimately associated with Fe oxide filaments (e.g. Alt, 1988b) and nontronitic filaments, tubes and sheaths
have been observed in white smoker chimneys, these structures are inferred to arise from templating of the
clays around biogenic structures (Kohler et al., 1994). TEM and epiflourescence imaging has shown that

some of the filaments described in the literature are cylindrical casts of Fe oxyhydroxides formed around
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Area Location Depth Bulk mineralogy Observation Reference
Explorer Ridge . . . Hyphae-like filament networks, long branching filaments, .
Philosopher Vent NE Pacific Amorphous silica and Fe-oxide hollow filaments 1-2um diameter Juniper and Fouquet, 1988
Main Endeavour Juan de Fuca Ridge . . Iregularly twisted brauching filaments, coiled and vibroid-
segment (JdFR) NE Pacific Various metal sulphides shaped cells, and chains of nano-spheres. Edwards ct al. 2003a
Middle Valley JAFR Metal sulphide unspecified Tw;sted, dendritic Fe-oxides, straight bundles of filaments, Edwards et al. 2003b
segment braided filaments
Axial Volcano i?,;d%%f@ Ridge 1500m Fe-oxides unspecified Spirals, sheaths, PV-1 Kennedy et al., 2003
020> Fragment of inactive oxide .
21°30°N EPR . Hollow filaments Juniper and Fouquet. 1988
chimney
—_— . Fe-oxide spirals, flat twisted ribbons; Alt, 1988;
Red Sea Mount EPR, 2I°N 1940m Not specified: soft oxide muds Short multi branching filaments Juniper and Fouquet, 1988
Mariana Trough 18°N, 144°W 3610m Nontronite Filaments, tubes and sheaths. Kohler et al., 1994
Seamount 5 EPR, 13°N 1000m amorphous Fe oxides and Twisted filaments Alt, 1988
nontronite

EPR, 12°50°N Chimney fragment not specified Branching filaments Juniper and Fouquet 1988
Galapagos Rift 0°N, 85°W 2550m Nontronite Filaments, tubes and sheaths. Kohler et al., 1994
Loilu Seamount Hawaii 1200m Sheath_s, ﬁlamen_ts, Emerson and Moyer, 2002

extensive bacterial mats
Corolis Trough SW Pacific i égg;n Fe-Si oxyhydroxides Filameutous web like networks. Hollow tubes lizasa et al. 1998
Knipovich Ridge MAR, 76°N Twisted filaments Thorseth et al., 2001
FAMQUS MAR, 36°57°N From oxide mound unspecified Clustered branching filaments Juniper and Fouquet, 1988
< . iy . . . Al-Hanbali and Holm, 2002,

TAG MAR, 26°N 3650m Red and gray chert, not specified Thread like cellular masses, chains of nano-spheriods Al-Hanbali et al. 2001
TAG MAR, 26°N 3650m Moss agate Branching dendritic Fe-oxides (assigned an inorganic origin) Hopkinson et al. 1998

Table 6.1: Summary of seafloor sampling of putative biogenic structures (from Little, Glynn and Mills., 2004).
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bacterial cells (Fortin et al., 1998; Emerson and Moyer, 2002; Hanert, 2002; Kennedy et al., 2003a, b & ¢) and
are thus indisputably biogenic. However most identification of microbial structures in natural samples is

based entirely on similarities in the morphology of filaments and sheaths; the twisted helical structure of G.
Jerruginea being one of filremgdre e beipellone efdhminsdithapedlinde nrafiplFeotadisinevidetes far Bresaxdien:
(e.g. Ali, 1988b; Ghiorsé; 1984, 4nd There are probli¥ins assoctated with-médognitionrof-badterid! structargs— -5

based on morphology alone (e.g. Reysenbach and Cady, 2001; Garcia-Ruiz et al., 2002; Garcia-Ruiz et al.,
2003). For example, Hopkinson et al., (1998) propose an alternative, abiogenic mechanism to explain the

formation of dendritic Fe-oxysilicates embedded in amorphous Si in the upper TAG hydrothermal mound.
Diffusion limited growth of branching Fe-aggregates within a silica gel at the dissolution-redox front

associated with pyrite weathering, are invoked to explain the filamentous structures sampled.

The extent to which precipitation and mediation of iron, silica and sulphate minerals at seafloor hydrothermal
sites, is the result of metabolic activity of the bacteria, or more passive processes where functional groups on
the bacterial surfaces interact with positively charged ions, is unclear (Konhauser et al., 2002; Glasauer et al.,

2001; Emerson and Moyer, 2002; Kennedy et al , 2003a, b & c).

6.1.4 Filamentous textures in ancient Fe oxide deposits

The jasper beds which are commonly associated with terrestrial massive sulphide deposits are inferred to be
the ancient analogues of modern seafloor Fe oxide deposits (e.g. Duhig et al., 1992; Davidson et al., 2001;
Little and Thorseth, 2002; Greene and Slack, 2003). Although most authors suggest that the jaspers formed
from diffuse, low temperature Fe-Si-rich hydrothermal fluids filaments in the jaspers differ from seafloor
filamentous Fe oxides in two respects: (1) the filaments are usually composed of hematite rather than
ferrihydrite or goethite and silica is present in crystalline form, either as chalcedony and/or quartz, rather than
amorphous silica. This reflects the greater thermal maturity of terrestrial jasper deposits and the change from
metastable highly hydrated mineral forms to more stable, crystalline minerals (e.g. Schultze-Lam et al., 1996;
Boyd and Scott, 2001); (2) silica is much more abundant accounting for 80-95vol% (Table 6.2. and references

therein).

The filamentous Fe oxides sampled from terrestrial jasper deposits commonly have distinctive morphologies,
including: dendritic and branching forms; twisted ribbons; hollow rod-like cylinders and; interlocking meshes
(Table 6.2 summaries the sampling of jaspers with filamentous textures). Some of these textures, such as
twisted ribbons, have been directly compared to Fe oxidising bacteria such as Gallionella spp. (e.g. Juniper
and Fouquet, 1988; Dubhig et al., 1992; Little et al., 1999, Little and Thorseth, 2002). Other morphologies
such as large dendritic masses, for example those described from Ballynoe (Ireland) (Table 6.2) cannot be
attributed to any specific microbial morphology (e.g. Little and Thorseth, 2002; Boyce et al., 2003). Although
the jasper filaments share many morphological characteristics with bacterial forms, and with seafloor
filamentous Fe oxides; some of which are unquestionably biogenic (Fortin et al., 1998; Emerson and Moyer,
2002; Hanert, 2002; Kennedy et al., 2003a, b & c) there is no definitive proof for biogenic origins. While
most authors support a biogenic formation mechanism for the filaments, abiogenic mechanisms which have
also been proposed deserve some comment (e.g. Garcia-Ruiz et al., 2002; Garcia-Ruiz et al., 2003). In

laboratory simulations, Garcia-Ruiz et al (2002; 2003) were able to grow twisted filaments of barium
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Jasper deposit  Location Age Host rocks Palaeotectonic  Bulk Filament Reference
setting mineralogy  mineralogy
Juniper and Luzon, Late Eocene Zambales Ophiolite; jasper ~ Supra-subduction 'Pyritic chert' 'Fe oxide' (not Juniper and
Fouquet terrestrial Philippines associated with Barlo zone (not specificd) specified) Fouquet 1988
sample 2 VMS deposit
Kambia Cyprus Late Cretaceous Basaltic pillow lavas of Supra-subduction Quartz, Haematite Little and
(~91 Ma) Troodos Ophiolite; jasper zone chalcedony, Thorseth 2002
assocaited with Kambia Haematite
VMS deposit
Juniper and Cyprus Late Cretaceous Interpillow chert from Supra-subduction 'Chert’ (not 'Fe oxide' (not Juniper and
Fouquet terrestrial (~91 Ma) Troodos Ophiolite zone specified) specified) Fouquet 1988
sample 1
Juniper and California, USA  Late Jurassic Interpillow chert from Supra-subduction '‘Brecciated 'Fe oxide' (not Juniper and
Fouquet terrestrial Coast Range Ophiolite zone fore-arc basin  chert' (not specified) Fouquet 1988
sample 3 specified)
ODP Core 129- Pigafetta Basin,  Mid Jurassic (~165  Pillow basalts Mid-ocean ridge Quartz, Fe Fe oxyhydroxide Altetal 1992
801C4R Western Pacific  Ma) and ocean island oxyhydroxide
Figueroa California, USA  Early Jurassic (~190 Basaltic pillow lavas of Mid-ocean ridge or  Quartz, Haematite Little et al.
Ma) Franciscan Complex; ocean island Haematite 1999; Little
jasper associated with and Thorseth
Figueroa VMS deposit 2002
Ballvnoe Ireland Early Carboniferous  Carbonates; jasper occurs Intracratonic basin ~ Quartz, Haematite Little and
(~352 Ma) within Ballynoe barite Haematite, Thorseth 2002;
deposit barite Boyce et al.
2003
Alexandrinka Chelyabinsk Mid Decvonian Rhyodacites; jasper Island-arc Quartz, Haematite Little and
district, (~390 Ma) associated with Haematite Thorseth 2002
Southern Urals, Alexandrinka VMS
Russia deposit
Several different Queensland, Early Ordovician Felsic volcanics of Mount Back-arc basin Quartz, Haematite Duhig et al.
jasper lenses in Mt.  Australia (481-485 Ma) Windsor Formation; some Haematite 1992a,b
Windor Fmn. jaspers associated with
Thalanga VMS deposit
Lekken Trondheim Early Ordovician Basaltic pillow lavas of Back-arc basin Quartz, Haematite Grenne and
region, Norway  (~490 Ma) Lekken ophiolite; jaspers Haematite; Slack 2003, in
associated with Lekken minor goethite press

and Heydal VMS deposits

and carbonate

Table 6.2: Jaspers with filamentous textures (from Little, Glynn and Mills., 2004).
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carbonate (witherite) in alkaline silica-rich solutions, and hollow helical silica filaments by acid etching of the

witherite filaments. These structures, grown abiogenically, superficially resemble the Fe oxide filaments

described from jasper deposits and have led Garcia-Ruiz et al (2002; 2003) to question the biogenicity of
natural samples. However, there are three important differences between these ‘biomorphs’ and the jasper
filaments:

1. The ‘biomorphs’ are composed of witherite; the jasper filaments of Fe oxide. In addition, the initial
witherite filaments are solid whereas the jasper filaments are typically hollow cylinders.

2. The witherite filaments, in contrast to the Fe oxide jasper filaments, have variable not constant diameters;
in addition, they are commonly an order of magnitude larger than the Fe oxide filaments.

3. None of the synthetic filaments are septate, some filaments from the Figueroa jaspers have internal septae
and/or terminal knobs (Little et al., 1999; Little and Thorseth, 2002); nor are there any looped or
branching forms such as those reported for Ballynoe and Kambia filaments (e.g. Little and Thorseth, 2002,
Boyce et al., 2003).

In the absence of definitive evidence either for or against a biogenic origin, the circumstantial evidence

suggests that a biogenic origin for jasper filaments is the most likely (e.g. Juniper and Fouquet, 1988; Little

and Thorseth, 2002; Little et al., in press 2004).

Abiogenic processes are inferred to dominate oxidation of Fe(II) in the circumneutral pH conditions found in
hydrothermal plumes and at the seafloor (McCollom, 2000) where Fe(II) has a half life of ~2-3 minutes
(Millero et al., 1987) and oxidation proceeds rapidly. However, inorganic oxidation of Fe(I) proceeds
extremely slowly in the lower pH (pH ~6), low oxygen (02 ~1 ml/l) environment present in the upper 10s of
centimetres of hydrothermal deposits (Fe(Il) half life >5 days; Millero et al., 1987). This environment
potentially provides the conditions for significant biological mediation of Fe(II) oxidation (Emerson and
Moyer, 2002). Although the presence of Fe oxide and silica coated filaments is of great potential as a
biomarker for Fe oxidising bacteria in modern hydrothermal vent deposits, without definitive evidence of
organic matter, identification, and the biogenicity of these structures remains uncertain. Demonstrating an
association between bacteria and Fe oxidation is the key to quantifying their role in the alteration of Fe-rich

hydrothermal deposits.

6.1.5 Aims and objectives

This study investigates Fe-oxide filaments and associated minerals in hydrothermal sediments from the Alvin
relict high temperature zone at TAG and examines their relationship to sediment diagenesis with an aim to
discriminate between abiogenic and biogenic formation processes. The trace metal geochemistry and
strontium and sulphur isotopic compositions of associated gypsum were examined in order to identify
potential biogeochemical tracers of microbially mediated Fe oxidation. Qualitative X-ray spot microanalyses
of filament meshes were carried out in order to check for biogenic remnants. In addition to the investigation
of Fe oxide filaments, a biogenic origin for the larger sulphide and Fe oxide tubes discovered during hand

picking of mineral separates for sulphide S isotope analysis (Chapter 5) was investigated.
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6.2 Materials and Methods
All samples are taken from the sulphide layer (76-138.5cm depth) of CD102/58: the Aivin core. The bulk

geochemistry of the sulphide layer sediment is given in Chapter 3; sulphide paragenesis and alteration are

discussed in Chapter 4; and sulphide mineral S isotope variation in Chapter 5.

6.2.1 Sample preparation

Three polished thin sections 30pum thick were prepared for transmitted light microscopy and SEM analysis
from the resin impregnated laminated section at 76-87cm depth, from the top of the sulphide layer, details of
the impregnated section are given in Chapter 4. Sulphide and Fe oxide tubes for SEM and X-ray spot

microanalyses were hand picked from 6 sub samples at 1cm depth intervals between 76-86¢m depth downcore.

Gypsum separates for ICP-AES, *’St/**Sr and sulphur isotopic analysis were hand picked from 1-2cm depth
sub-samples at depths of 76-100cm downcore. The surfaces of the gypsum crystals were cleaned by ultra
sonic agitation in 0.5M HCI for 30 minutes following which the samples were washed with Milli-Q water and
dried overnight at ~50°C. Samples were then hand ground to a fine powder in an agate pestle and mortar.
Total dissolution of 0.01-0.09g of ground gypsum separates was achieved using 0.6M HCl. Samples were
reacted with ~10ml of 0.6M HCI in sealed 15ml Teflon beakers and refluxed at ~70°C for 72 hours. 1ml
aliquots of the resulting solution were reserved for ICP-AES and Sr isotope analyses. The remaining solution
was converted to BaSO, via reaction with BaCl solution in stoichiometric excess, dried overnight at ~70°C

and hand ground to a fine powder in an agate pestle and mortar for use in conventional S isotope analysis.

6.2.2 Optical microscopy
The polished thin sections were examined and photographed in transmitted and reflected light on a binocular

polarising microscope.

6.2.3 Scanning Electron Microscopy (SEM)

Method for polished thin sections is given in Chapter 4. Prior to SEM analysis the sulphide and Fe-oxide
tubes were attached to carbon discs on 12mm diameter aluminium stubs. The tubes were then coated with
gold (~20nm thick) under vacuum in an Ar atmosphere using a HUMMER V1 A with an applied voltage of
10mA. Subsequent SEM examination of the tube structures and X-ray spot microanalysis follows the method

given in Chapter 4.

6.2.4 Thermal Ionisation Mass Spectrometry (TIMS): Strontium isotopes

0.1-0.2ml aliquots of the 0.6M HCI gypsum solutions were evaporated to incipient dryness and taken up in
300ul of 3M HNO;. Sr was separated from the mineral solution in 2ml columns with 30mm Sr spec resin bed
volume (mesh 100-150 microns); eluted with 3M HNO;; and loaded on to out-gassed tantalum single
filaments using a Ta activator solution. ' Sr/*°Sr ratios were then measured on a V.G. Sector 54 TIMS.
External precision and accuracy were monitored by simultaneous analysis of standard reference material, NBS
987. The average value of NBS 987 on this instrument is 0.71025x19 (20 standard error (SE)) (M. Cooper,

Pers. Comm.).
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6.2.5 Sulphur isotopes

~10mg of BaSO, were mixed with ~200mg Cu,0 and 600mg SiO, and roasted under vacuum conditions at
1075°C in a furnace for ~20 minutes. The resulting SO, from the high temperature furnace is open to a
secondary Cu furnace at ~700°C on the vacuum distillation line prior to the slush trap. The SO, was then
cryogenically purified by vacuum distillation. Sulphur isotopes analyses were carried out following the
conventional S isotope method given in Chapter 5. One sub-sample of sulphide tubes from 80-81.5¢m depth

was also run for S isotopes following the conventional S isotope method given in Chapter 5.

6.2.6 Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES)

0.1-0.2ml aliquots of the 0.6M HCI gypsum solutions were diluted ~4700-fold. The resulting solutions and
reagent blanks were then analysed for Ca, Sr, Mg, Fe and Mn by ICP-AES on a Perkin Elmer Optima 4300DV.
Measurements were calibrated using a range of 5 matrix matched, muliti element standards (standard
concentrations are listed in Appendix B), the analytical accuracy was monitored by simultaneous analysis of
these standard solutions. Analytical precision was calculated from 10 repeat analyses of standard I, expressed

as a coefficient of variation, the precision of all measurements is better than 0.3% (1c).

6.3 Results
The results of ICP-AES analyses of gypsum crystals are listed in Table 6.3a & b; *’Sr/*Sr ratios of gypsum

separates are given in Table 6.4; and the S isotope composition of gypsum separates are given in Table 6.5.

6.3.1 Fe oxide Filaments

Filament occurrence

All the filaments described in this study come from the laminated section at 76-87cm depth (Figure 4.6) at the
top of the Alvin core (CD102/58) sulphide layer (76-138.5cm depth downcore). XRD traces and optical
microscopy of bulk samples indicate that the black layers are dominated by pyrite, with smaller quantities of
chalcopyrite and sphalerite with minor covellite. Orange layers are predominantly composed of goethite with
amorphous silica and quartz, with minor gypsum and clay phases (the mineralogy and geochemistry of this
section is discussed in detail in Chapter 3 and Chapter 4). Well preserved hematitc and goethitic filaments
were observed in all goethite and quartz dominated layers and are associated with the secondary mineral
assemblage of silica, gypsum, secondary pyrite, covellite, atacamite and goethite. The filaments show a range
of diameters between ~0.5-10um and are typically 50-100um long but can be up to 250um in length. They
are observed cemented within gypsum (Figure 6.3a-c) and amorphous silica and quartz phases (Figure 6.4a-g),
as non-cemented meshes and as nets associated with and surrounding corroded pyrite grains (Figure 6.5a & b;

Figure 6.6a & b).

Filament Morphologies

Dendritic branching structures dominate the morphology of filaments cemented in gypsum. In some instances,
the filaments radiate from dense masses in the centre of euhedral gypsum crystals forming branching,

dendritic structures (Figure 6.3a). Other gypsum cemented examples show coiling and bundled filaments

(Figure 6.3b) and more rarely, rod-like, layered filaments with apparent directed growth parallel to

191



Sample ID Depth Ca ppm Fe ppm Mg ppm Sr ppm Mn ppm % dissolution
(cm) of solid Comments
Black sulphide rich
89G 76.25 100641 27926 465 377 85 43.23 laminae
Orange oxide rich
90.5G 77.50 196575 38619 555 653 133 84.44 laminae
Mix of fine black and
91G 78.00 183790 35426 501 662 132 78.95 orange laminae
Black sujphide rich
Laminae with some
3G 79.50 98975 18201 264 378 50 42.52 oxide material
Black sulphide rich
Laminae with clearly
94G 80.75 41009 6626 109 137 16 17.62 visible fresh pyrite
Orange oxide rich
96G 83.00 193664 49376 618 657 147 83.19 laminae
Mecan 135776 29362 419 477 94 58.325
1o (SE) 24108 5692 72 80 20 10
Precision 0.18 0.24 0.29 0.15 0.17

Table 6.3a: ICP-AES results for gypsum separates. % dissolution was calculated from the Ca
concentration assuming that the solid was pure, stoichiometrically matched gypsum (CaSO4.2H,0). All
of the calculated dissolutions indicate incomplete dissolution of the solid. The best dissolutions are
related to gypsum picked from oxide-rich laminae and the lowest dissolutions are related to gypsum
picked from sulphide-rich laminae. The majority of gypsum crystals from the laminated section
contain sulphides; incomplete dissolution therefore, is inferred to be the result of sulphide inclusions
which are not dissolved by 0.6M HCI.

Sample | Depth Sr/Ca Mg/Ca Fe/Mn

ID (cm) mmol/mol | mmol/mol | molar
ratio
89G 76.25 1.71 7.62 325
90.5G 77.50 1.52 465 287
91G 78.00 1.65 449 265
93G 79.50 1.75 440 356
94G 80.75 1.53 439 416
96G 83.00 1.55 526 330
Mean 1.62 5.14 330
1o (SE) 0.04 0.47 20
Precision 0.05 0.29 0.14

Table 6.3b: Calculated molar ratios for gypsum separates. The precision was calculated as the
coefficient of variation from 10 repeat analyses of standard solution 5 (Appendix A).

Table 6.3a & b: ICP-AES analysis of gypsum separates. Table 6.3a shows raw data; Table 6.3b

shows molar ratios.



- Inferred
Sample ID Iz:ll:] t)h ¥Sr/*sr 20 Hy(filrl(l)i:jheo/l;mal Sea:;oater : tempféature

89-91.5-G 7625 : 0.709145  0.000013 0.5 99.5 3.8
90.5-92.5-G 77.5 0709165 0.000012 0.2 99.8 2.8
91-93-G 78 . 0.709157 . 0.000018 0.3 99.7 32
94-95.5-G 80.75 ' 0.708069  0.000017 16.1 83.9 60.2
95-96-G 81.5 0.708570  0.000028 8.7 91.3 33.5
96-97-G 82.5 0.708452  0.000031 10.5 89.5 398
96-98-G 83 0.709150  0.000011 04 99.6 3.5
98-100-G 85 0.709142  0.000010 0.5 99.5 39
104-106-G 91 0.709154 = 0.000012 0.4 99.6 34
106-108-G 93 0.709090  0.000050 13 98.7 6.6
112-114-G 99 0.709166  0.000011 0.2 99.8 2.7
Mean 0.708933 +0.00012 3.6 £1.6 96.4 +1.6 14.9 £5.8
Table 6.4a
Parameter Hydrothermal fluid  Seawater
[Sr] ppm 9.025" 7.622
'Sr/**Sr 0.70319 0.70916°
Temperature °C 363"

Table 6.4b References: * — Edmond et al., 1995

b _Elderfield etal.,, 1993 °—Hodell etal., 1991

Table 6.4: A) Results of Sr isotope TIMS analyses for gypsum separates. Depth is given as the mid-
sampling interval. Calculated end-member hydrothermal fluid and seawater strontium contributions
are shown, from these a temperature for the mineralising fluid is inferred (equations 6.8). Mean is
shown + 1 standard error calculated at 16. B) end member data for TAG hydrothermal fluid and
North Atlantic seawater used in equation 6.8 to calculate the temperature of precipitation and the
proportions of hydrothermal fluid and seawater Sr in the gypsum separates.

Sample ID Depth (¢cm)  Line number  Gas yield % 8>S %o
Gypsum
89-91.5-Ba 76.25 SA9353 85 104
90.5-92.5-Ba 77.5 SA9351 82 9.7
93-94-Ba 79.5 SA9346 81 10.0
96-98-Ba 83 SA9343 86 9.9
98-100 85 SA9344 79 9.9
104-106-Ba 91 SA9349 82 9.6
112-114-Ba 99 SA9348 79 10.6

Mean 10.0+0.14

SulphideTubes
94-955-T 80.75 SA9358 83 58

Table 6.5: Summary of S isotope analyses of gypsum separates and one sulphide tube sample. Depth
is given as the mid-sampling interval. Mean is shown * 1 standard error calculated at 1c.



Figure 6.3: Transmitted light photomicrographs of filamentous structures cemented by gypsum.

A) Dendritic mass of Fe oxide filaments within euhedral gypsum crystal; B) Gocethite filaments
showing directed growth lengthwise parallel to sedimentary layering; C) Rod-like goethite filaments
variably encrusted with hematite cemented by twinned euhedral gypsum crystals. White dashed lines
indicate the crystal boundaries. In all three images the filaments do not extend beyond the gypsum
crystal boundaries.
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Figure 6.4: Transmitted light photomicrographs of filamentous structures cemented by silica.

A) long twisted goethite filaments showing directed growth lengthwise parallel to sedimentary layering;
B) Rod-like hematite filaments; C) Bundled twisted filaments; D) and E) Mesh of twisted and rod-like
filaments some show branching; F) Long twisted hematite filaments showing directed growth;

G) Rod-like and bundled goethite filaments in a band parallel with sedimentary layers.
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Figure 6.5: SEM images of Fe oxide filaments encrusted by Fe silicates and amorphous silica

which are associated with sulphides. A) shows a branching filament network which appears to be
growing around sub-euhedral pyrite grains. The large pyrite grain in the centre top of the image
contains an arsenopyrite inclusion. B) shows slightly branched, sheath-like filaments encrusted in

Fe oxides and amorphous silica. Small chalcopyrite inclusions a few microns in size occur at the edges
of the filaments and these contain U enrichments. In a previous study of hydrothermal sediment from
the TAG area U enrichment in pyrite grains was attributed to microbial fixation (Mills et al., 1994).
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sedimentary laminae (Figure 6.3c). Sulphide minerals are often found within the gypsum crystals adjacent to
the filaments. The morphology and occurrence of quartz-cemented filaments differs from those within
gypsum in several respects. Branching forms are less frequent and commonly less densely packed (Figure
6.4a and b). The filament morphology is dominated by short, rod-like filaments (Figure 6.4c and d) and
longer twisted forms many of which show directed growth where the apparent growth direction is lengthwise
parallel to the sedimentary laminae (Figure 6.4d and f). Some of the filaments are in bands where the filament
growth is perpendicular to the sedimentary laminae (Figure 6.4g). In some cases the quartz-cemented
filaments are associated with chalcedony spherules that appear to have nucleated on the filaments, in some
cases the filaments cross-cut the spherules. At high magnification, under transmitted light, some of the quartz-
cemented, rod-like hematite filaments appear to be tubes of hematite with blebs of goethite or colloform

goethite overgrowths along their length.

The non-cemented filaments are extremely fragile. Optical microscopy shows that these non-cemented
meshes and are always composed of hematite. They form dense nets of interlocking, branched and dendritic

filaments, and are always closely associated with sulphide minerals.

SEM imaging has revealed nets of Fe oxide filaments surrounding corroded pyrite grains (Figure 6.5, Figure
6.6a and b). These filaments are short, ~5-15um long, rods, some of which are sinuous, of Fe oxide. Some of
these rod-like filaments are in bunched masses perpendicular to the pyrite surface and appear to have
nucleated on the sulphide grain. The shorter, straighter rods are lengthwise paralle! to the pyrite surface and

form cross-links to the perpendicular bundles (Figure 6.6a & b).

6.3.2 Sulphide and Fe oxide Tubes

Tube occurrence and morphology

All the sulphide and Fe oxide tube structures described in this study also come from the laminated section (76-
87cm depth) of Core 58. The tube structures are found in both the sulphide dominated and the goethite
dominated layers. They are composed of either Fe oxides or poly-metallic sulphides. The majority of these
structures are hollow cylinders (Figure 6.7¢, d and e) however, many of those composed of Fe oxide are solid
(Figure 6.7a and b). Some of the tubes have relatively smooth, even surfaces whilst others are lumpy and
uneven (Figure 6.7f). The diameter of the tubes range from 158-459um with a mean diameter of 320pm +79
(10) (n=40). The difference between the minimum and maximum diameters for the whole data set (301um) is
much larger than the range within each sub-sample depth (mean max-min =171pum). The sub-sample depth
mean is within error of the total mean for all depths except 82.5cm where the sub sample mean is 406.3um
diameter (Figure 6.8). The length of the tubes is highly variable (Figure 6.9) but is typically 1-2mm, this
variability in length arises because the tubes have fragmented ends and many appear to have been broken off
larger structures or snapped in two. Whether this is a direct result of sampling or due to sedimentary

processes is unclear, it is most likely the result of a combination of both.
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Figure 6.6: SEM images of corroded pyrites surrounded by Fe oxide filament networks. The filaments
are short rod-like forms, and sinuous rods that appear to be nucleated on the pyrite surfaces
Typical qualitative X-ray spot microanalyses of the filaments, pyrite and surrounding matrix are shown.
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Figure 6.7: SEM images of sulphide and Fe oxide tubes from the laminated section (76-87cm) at the top
of the sulphide layer core 58. A & B) Solid Fe oxide cylinders; C) Hollow sulphide tube; D & E) Hollow

sulphide tubes partially in filled and overgrown by Fe oxide; F) Smooth and lumpy tube and cylinder
structures from 82cm depth.
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Figure 6.9: Sulphide and Fe oxide tube and cylinder structures from 82.5¢cm depth downcore showing
variable length.
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Tube mineralogy

Solid in-filled tube structures (e.g. Figure 6.7a & b) are always composed of fine-grained and amorphous Fe
oxides, in some cases amorphous silica is also present. In contrast, the sulphide tubes show a range in
mineralogy. SEM imaging and X-ray spot microanalyses of cross sections through tube walls have shown
that many of the sulphide tubes are mineralogically zoned. The most common sequence consists of a thin
layer of chalcopyrite at the inner wall surface with the bulk of the tube wall composed of pyrite followed by
sphalerite at the outer tube surface (Figure 6.10). Other, less common, zonation sequences show changes from
pyrite dominated interior walls to chalcopyrite, pyrite and Fe oxide dominated exterior walls (Figure 6.11),
pyrite interiors to Fe oxide exteriors or from a thin layer of chalcopyrite at the inner wall to pyrite at the outer
wall (Figure6.13a & ¢). Sulphide tubes which do not show zoning of sulphide minerals are always composed
solely of pyrite (Figure 6.12). These monomineralic pyrite tubes are constructed of euhedral cubic pyrite

which is typically porous at the inner wall and pristine at the outer wall (Figure 6.13 b & d).

The sulphide dominated tubes are always coated with amorphous Fe oxides, these coatings are typically
collomorphic (Figure 6.14a) but some are seen as ‘dusty coatings on pyrite cubes (Figure 6.14b), and/or as
irregular masses and plate-like stacks (Figure 6.14c). Fe oxide pseudomorphs of cubic pyrite are also
common at the outer surfaces of partially oxidised sulphide tubes (Figure 6.14d). At high magnification rod-
like Fe oxide filaments were observed at the outer surface of oxidising sulphide tubes (Figure 6.14e). These
filaments are much smaller than those described above observed within gypsum and silica; the filaments are

typically 1-2um in length and ~85nm in diameter.

Sprays of euhedral gypsum crystals are frequently observed overgrowing the tube surfaces (Figure6.15a-c).
The gypsum is found on both oxide and sulphide dominated tubes but is always spatially associated with
oxide and silica phases and appears to be nucleated on Fe oxides. In rare cases barite is also observed and

seems to be nucleated on the gypsum (Figure 6.15a), it is never observed where gypsum is absent.

6.3.3 Gypsum major element geochemistry

Molar Sr/Ca ratios also show very little variation with depth and cover a restricted range of 1.52-1.75x107
(mean =1.62 +0.041 (n=6)) (Figure 6.16a). Downcore Mg/Ca ratios have a peak value of 7.62x107 at
76.25¢m but remain fairly constant below this with a mean value of 5.14 +0.47 (n=6) (Figure 6.16b). Fe/Mn
molar ratios range from 265-416 (Figure 6.16¢). The maximum Fe/Mn value is from 80.75cm depth and

corresponds to the downcore minimum concentrations of each of the individual elements measured.

Correlations

A correlation matrix for all the gypsum sub-samples (Table 6.6a) indicates linear correlations between all the
elements measured. The excellent correlations between Ca and Mg (r =0.91) and Ca and Sr (r =0.99) (Figure
6.17a & b) reflects the ability of Mg and Sr to substitute for Ca in the gypsum crystal lattice. Ca also shows
an excellent correlation to Fe with r =0.94 (Figure 6.17d), as do Sr and Mg (r =0.93 & 0.98 respectively)
(Figure 6.17¢c & e). Assuming that all the Fe is present as oxide filaments, these correlations strongly suggest

that gypsum precipitation is related to the occurrence of Fe oxide filaments. A correlation matrix for Sr/Ca,
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Figure 6.10: Section through a sulphide tube wall from 80.5cm depth showing compositional zoning
of sulphide minerals from pyrite at the interior edge, to chalcopyrite and then sphalerite at the outer
surface which is coated with Fe oxide.
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Figure 6.11: Section tl{(f'\(/)ugh a sulphide/oxide tube from 79.5¢m depth. Typical X-ray spot
microanalyses are shown, these indicate that the inner tube wall is composed chiefly of Fe sulphide,
and that the outer tube wall contains oxide and silicate in addition to sulphide. The outer tube wall is
encrusted by euhedral gypsum laths which appear to have nucleated on the oxide material.
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Figure 6.12: Secondary SEM images: section through pyrite tube wall from 79.5¢m depth. Typical
x-ray spot microanalyses are shown for the tube wall (1) and the outer tube surface (2).
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Figure 6.13: Reflected light photomicrographs (A & C) and back scatter SEM images (B & D) of
sulphide tubes. A) Cross section through pyrite tube, within the tube are subhedral chalcopyrite and
pyrite crystals; B) Cross section through pyrite tube, the inner wall is composed of porous anhedral
pyrite, the outer wall is composed of an amalgamation of cubic pyrite; C) Cross section through

sulphide tube. Pyrite dominates the outer tube wall whilst the inner wall is composed of a thin layer of
chalcopyrite; D) Lateral cross section through a pyrite tube fragment. The tube is composed of euhedral
pyrite cubes.
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Figure 6.14: Secondary SEM images of outer tube surface mineralogy and textures.

A) tube from 82.5cm depth, the outer surface is composed of pyrite cubes and Fe oxides, some of the
Fe oxide occurs as a collomorphic coating over the pyrite cubes; B) tube from 78.5cm depth outer
surface is composed of pyrite cubes and Fe oxide, some areas are overgrown by euhedral gypsum
crystals; C) part of the outer surface of a tube from 76cm depth composed of amorphous Fe oxide in
plate-like stacks; D) the outer surface of a tube from 85cm depth predominantly composed of cubic
pyrite, Fe oxide pseudomorphs of cubic pyrite and some amorphous Fe oxide; E) Highly magnified
view of an outer tube surface from 76cm depth showing rod-like Fe oxide filaments and

amorphous Fe oxide.
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Figure 6.15: Secondary SEM images of gypsum associated with tube structures.

Gypsum occurs as euhedral lath-like crystals with occasional herring bone twins. The gypsum is a late
feature and is always associated with oxidised areas of the tube surfaces. A) shows herring bone twinned
gypsum on the surface of a partially oxidised sulphide tube from 82.5¢m depth. Rare occurrences of
subhedral barite are also observed on this tube and these are associated with the gypsum. B) Fragment
of sulphide tube from 82.5¢cm depth showing patchy growth of euhedral gypsum laths over all surfaces.
The gypsum is nucleated on Fe oxide and amorphous silicate phases which form a collomorphic coating
over the sulphide tube structure. Pyrite cubes are observed on the inner surface of this fragment and some
of these have been oxidised producing Fe oxide, pyrite cube pseudomorphs. C) Surface of partially
oxidised sulphide tube from 78.5¢cm depth. The tube surface is composed of variously oxidised cubic
pyrite which is overgrown by euhedral gypsum laths and has a patchy coating of amorphous Fe oxide
and silicate.
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Figure 6.16: Downcore variation in A.) Sr/Ca; B.) Mg/Ca and C). Fe/Mn, molar ratios for gypsum
separates.
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Figure 6.17: Scatter plots of A.) Ca vs. Mg; B.) Ca vs. Sr; C). Fe v.s Sr; D). Fe vs. Ca and E). Fe vs.
Mg for gypsum separates.



|  Cappm Fe ppm Mg ppm Sr ppm Mn ppm
Ca ppm 1.00
Fe ppm 0.94 1.00
Mg ppm 091 0.98 1.00
Sr ppm 0.99 0.93 091 1.00
Mn ppm 0.97 0.98 0.97 0.97 1.00

Table 6.6a: Correlation matrix of elemental concentrations in gypsum separates

Sr/Ca Mg/Ca Fe/Mn
Sr/Ca 1.00
Mg/Ca -0.36 1.00
Fe/Mn 0.10 0.10 1.00

Table 6.6b: Correlation matrix of molar ratios in gypsum separates

Table 6.6a & b: Elemental and molar ratio correlations in ICP-AES gypsum separates data.

Measured solid Calculated
(Alvin gypsum) fluid
Depth Sr/Ca Sr/Ca
cm ¥gr/ASr mmol/mol | mmol/mel
76.25 0.709145 1.71 6.848
77.5 0.709165 1.52 6.08
78 0.709157 1.65 6.588
79.5 ~ 1.75 6.992
80.75 0.708069 1.53 6.1
83 0.70915 1.55 6.204

Table 6.7: Measured ¥ Sr/**Sr and Sr/Ca ratios for Alvin gypsum and predicted Sr/Ca for the
precipitating fluid calculated assuming Dg, =0.25 (Burns, 1979).
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Mg/Ca and Fe/Mn ratios (Table 6.6b) indicates that there are no significant linear correlations between these

parameters.

6.3.4 Strontium isotopic composition of Gypsum

Strontium isotopic compositions were measured for gypsum separates from 75-100cm depth, the measured
#7S1/%Sr ratios are given in Table 6.4a. The ditferent St isotope compositions of seawater (0.70916: (Hodell et
al, 1991)) and TAG hydrothermal fluid (0.70319: (Elderfield et al., 1993)) and similar Sr concentrations
(~90uM: Edmond et al., 1995) make Sr a useful tracer of hydrothermal fluid and seawater interaction. Sr
isotopic systematics are also important in the study of primary mineral alteration (e.g. (Teagle et al., 1998c)).
Since there is no fraction of Sr isotopes during mineralisation, the ¥’Sr/*Sr composition of gypsum will record
the extent of mixing between hydrothermal fluid and seawater. The relative proportions of hydrothermal fluid

to seawater in these precipitates can be calculated by mass balance:

_ [S7 ]y [(875’"/865’")1” “(875’"/865’")171&] ©7)
[Sr1gp [(F7SP/*5SP), . (V' SP1%SP) gy 14 [Sr 1 [V SE/¥SP) 1 ~(SPI*SF) 1] '

X Sw
mix

Where subscripts SW and HT correspond to seawater and hydrothermal fluid respectively. Assuming that the
measured value is a mixture of these two end members it can be substituted into the equation as (87Sr/868r)mix.
Values for each parameter are listed in Table 6.4b and calculated proportions in Table 6.4a. Assuming
conservative mixing of the two end member fluids with temperatures of 2°C (NADW) and 363°C (TAG black
smoker fluid) (Edmond et al., 1995) an inferred temperature of precipitation for the gypsum separates can be

calculated, the results of these calculations are listed in Table 6.4a.

All the gypsum sub-samples from this study give seawater dominated *7Sr/*8r ratios (Figure 6.18). St
contributions from end member hydrothermal fluid are typically <1%, except between 80-83cm depth where
#7S1/%Sr ratios indicate hydrothermal contributions of 8.7-16.1%, this is indicative of precipitation from a
fluid produced from subsurface mixing of hydrothermal fluid and seawater. The ¥’Sr/**Sr ratios of gypsum
from Core 58, although close to the seawater end member, are within the range reported for anhydrite (CaSOy)
(0.705038-0.709128) (Figure 6.19) from the TAG active mound which is precipitated during high temperature
activity (e.g. Mills and Tivey, 1999; Mills et al., 1998; Teagle et al., 1998a). They are also consistent with
similar ¥St/*Sr values (1-14% hydrothermal component) observed for hydrothermal clays precipitated during
diagenesis, from core CD102/43 (collected in close proximity to CD102/58) (Severmann et al., 2004), pore
fluids from sediments surrounding the active TAG mound (Mills et al., 1996), and diffuse low temperature
fluids sampled from the surface of the active TAG mound (James and Elderfield, 1996a; Mills et al., 1996).
Gypsum precipitation in situ from a mixed low temperature fluid is also consistent with the silica and quartz
mineralogy of Core 58, which also indicates in situ precipitation from a low temperature mixed fluid (Chapter
3). No correlation is observed between either Sr/Ca or Mg/Ca ratios and *’Sr/**Sr. However, Fe and Ca

contents do show a linear correlation to ¥’Sr/*®Sr with r =0.77 in both cases.
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6.3.5 Sr/Ca Partition Coefficient for Alvin Gypsum
The partitioning of trace elements between the solid and solution phase during unidirectional mineralisation is
controlled by the partition coefficient (e.g. Shikazono and Holland, 1983). The Sr/Ca partition coefficient, Dy,

is calculated using Equation 6.8:

. (S" / Ca)salid

= (6.8)
(Sr/c"a)ﬂuid

Sr
The experimentally predicted range of Dy, for anhydrite (CaSQ,) is 0.27-0.73 (Shikazono and Holland, 1983;
Berndt et al., 1988). Most of the anhydrite from the TAG active mound falls within this range (e.g. Mills et al ,
1998; Teagle et al., 1998a; Mills and Tivey, 1999). Figure 6.20 shows measured ®’Sr/**Sr ratios vs. measured
Sr/Ca molar ratios for the Avin gypsum and TAG active mound anhydrite. Calculated curves show predicted
mineral compositions for precipitation from mixtures of TAG hydrothermal fluid and seawater over a range of
arbitrary partition coefficients calculated using Equation 6.8. The A/vin gypsum separates show apparent Dy,
close to 0.2, assuming precipitation from simple mixtures of hydrothermal fluid and seawater; this is much
lower than the Dg, of TAG anhydrite assuming the same precipitation conditions (Teagle et al., 1998a).
However, unlike TAG anhydrite, which is precipitated during high temperature activity, the Alvin gypsum was
not precipitated under high temperature conditions but during alteration within the sediment pile at an inactive

mound. As such the mineralising fluid is unlikely to be a simple mixture of hydrothermal fluid and seawater.

Using an experimentally determined partition coefficient for seawater gypsum (Dg=0.25 at 30°C: Bums, 1979)
the Sr/Ca ratio of the mineralising fluid can be calculated (Table 6.7; Figure 6.21). These calculations give
Sr/Ca fluid ratios that are lower than those predicted by simple mixing models. This implies that in addition

to basaltic and seawater derived St/Ca, further mixing with a fluid which has a lower Sr/Ca ratio has occurred.
The most likely source of additional Sr/Ca is the overlying carbonate cap. Dissolution of the carbonate cap

can occur as a result of the acidic pore fluids produced during sulphide oxidation reactions (e.g. Severmann,
2000; Severmann et al., 2004; Chapter 3). The Sr/Ca ratio of carbonate at the top of Core 58 is 2.75x10°, this
is lower than the Sr/Ca ratio of both seawater (Sr/Ca =8.53x107) and end member hydrothermal fluid (Sr/Ca
=3.34x107). The calculated Sr/Ca fluid ratios of Alvin gypsum are consistent with mixing of Sr/Ca from

quantitative dissolution of the carbonate cap with Sr/Ca from hydrothermal fluid and seawater (Figure 6.21).

Mg/Ca ratios are significantly higher than those predicted from simple mixing of hydrothermal fluid and
seawater (Figure 6.22). Despite this, Mg and Ca contents are much lower than those expected from a simple
mixed fluid (Figure 6.23). The elevated Mg/Ca ratios may reflect the presence of minor amounts of talc. The
low Mg content may reflect the preferential partitioning of Sr over Mg in the gypsum crystal lattice; the

general order of cation partitioning in gypsum is St » Na-K» Mg Cl (e.g. Chang et al., 1996).

6.3.6 Sulphur isotopic composition of Gypsum
The 8**S values were measured for 7 gypsum separates from depths of 75-100cm. Gypsum &**S values have a
restricted range of +9.6-+10.6%o, with a mean value of +10.0%. (n=7) £0.14 (1SE) (Figure 6.24). This is

~2.5%so heavier than both the mean bulk and laser sulphide &S values for this core (+7.6%o and +7.5%o
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respectively). Whilst the ¥’Sr/*°Sr ratios of the gypsum samples are comparable to those of anhydrite from the
active TAG mound, the 5**S values of the gypsum separates are significantly lighter than those of the TAG
anhydrite which have 5*S close to seawater values (634Sseawater sulphate =720.9%o: Rees et al., 1978) (e.g. Chiba
et al., 1998 ). Because the §*'S values of the gypsum samples cover such a narrow range downcore variation
is minimal. The &**S values do not correlate with either ¥’ Sr/*Sr or any of the major elements and elemental

ratios.

6.4 Discussion

6.4.1 Biogenicity of the Alvin Fe oxide filaments
6.4.1.1 Morphological evidence

The Alvin filaments share many morphological characteristics with Fe oxide filaments described from
previous studies of seafloor hydrothermal deposits (Table 6.1) and are also very similar to filaments within
terrestrial jasper deposits (Table 6.2):

e they have similar sizes

e they are formed of hematite and goethite

o they are concentrated in discrete laminae or domains

e they show a range of morphologies including straight, twisted, dendritic and branching forms

e some examples show directed growth patterns parallel to sedimentary structures

Some of the A/vin filament morphologies can be directly compared to known Fe oxidising microbes. For
example the twisted filaments are almost identical to Fe oxide filaments which have been attributed to the Fe
oxide encrusted twisted stalks of Gallionella spp. in deep water (e.g. Alt, 1988b; Boyd and Scott, 2001;
Emerson and Moyer, 2002; Kennedy et al., 2003a, b & ¢) and shallow water (e.g. Hanert, 2002), at seafloor
hydrothermal vents sites, and weathered sulphide mineral surfaces (e.g. Edwards et al., 2003b). Other
morphologies common in the A/vin samples can be compared to the Fe oxide encrusted sheaths of Leptothrix
spp. (e.g. Alt, 1988b; Emerson and Revsbech, 1994; Boyd and Scott, 2001; Emerson and Moyer, 2002;
Kennedy et al., 2003a, b & ¢), and to the filamentous structures formed by the novel bacterial strain PV-1
(Emerson and Moyer, 2002). Branching filaments which are common in the A/vin samples may record true
branching of filamentous microbes, or ‘false-branching’ where there is successive budding of separate
microbial cells; a phenomenon known to produce bifurcating stalks in Gallionella spp. (e.g. Heldal and Tumyr,

1983) and sheaths in Sphaerotilus natans (e.g. Ghiorse, 1984).

The large dendritic A/vin filaments are comparable to dendritic Fe oxide filamentous textures described from
Fe oxide-silica deposits in the Indian Ocean (Halbach et al., 2002), on the East Pacific Rise (EPR) (Juniper
and Fouquet, 1988) and from the active TAG mound (Hopkinson et al., 1998), none of which have been
attributed to specific microbial strains and morphologies. Whilst Juniper and Fouquet (1998) invoke a
microbial origin, suggesting that they represent dense Fe oxide deposition on filaments in the most oxidised
areas of microbial mats, other authors have attributed these dendritic structures to abiotic processes where they
result from diffusion limited growth of branching Fe oxide aggregates in a silica gel at the dissolution-redox
front associated with pyrite weathering (Hopkinson et al., 1998). Two lines of evidence are used by

Hopkinson et al. (1998) to support their model for the formation of the TAG dendritic textures in highly
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viscous silica gels: 1) there are no cavities between the Fe oxyhydroxide dendrites, these being filled entirely
with silica; and 2) that the dendrites do not project beyond the silica cement into free space. However, the
occurrence of un-cemented dendritic filament meshes and dendrites cemented by both silica and gypsum
observed in this study do not conform to this model of abiogenic filament growth in a silica gel. In addition,
the dendritic textures described by Hopkinson et al. (1998), unlike some of the A/vin filaments, are not
cylinders of Fe oxides. This suggests that the A/vir filaments are not diffuisive structures and are more likely
to have a biogenic origin. Furthermore some of the large dendritic masses are composed of both short and
long filaments, similar size transitions have been observed in seafloor Fe oxide dendrites from the EPR
(Juniper and Fouquet, 1988) and from the terrestrial Ballynoe Fe oxide deposit (Little et al., 2004 in press).
These transitions from long to short, or short to long forms may represent some secondary abiogenic Fe oxide

growth onto preformed biogenic Fe oxides (e.g. Emerson and Moyer, 2002; Little et al., 2004 in press).

6.4.1.2 Isotopic and Geochemical evidence — the origin of A/vin gypsum

The 5**S values (+9.6-+10.6%o) of the gypsum which cements some of the A/vin Fe oxide filaments are close
to the average 8°*S of bulk sulphide samples (+7.6%o (n=8)) and pyrite separates from these sediments
(+7.6%o0 (n=20)). This suggests that the gypsum SO, is derived from sulphide oxidation rather than seawater
(8%*S =+20.9%o: Rees et al., 1978). This is consistent with porewater studies of an adjacent core; CD102/43,
where average porewater SO,* concentrations (29.0 +3 mM) are within the error of bottom seawater SO,* (28
mM) but which show elevated concentrations in a lower sulphide layer (32.1 mM) which are attributed to
oxidation of sulphides (Severmann et al., in review). Due to the high solubility of sulphate in seawater the
presence of sulphide derived gypsum sulphate is unexpected and requires precipitation of the sulphate before
mixing and dilution by sediment porewaters can occur. Furthermore, gypsum is assumed to be highly
undersaturated in the sediment porewaters, and inorganic homogeneous precipitation of gypsum is unlikely.
However, meshes of bacterial filaments growing directly from oxidation of mineral dissolution products on
sulphide surfaces (e.g. Figure 6.6) could create a geochemical microenvironment at the mineral/porewater
interface where free advective and diffusive exchange with bulk porewaters are restricted (e.g. Thompson and
Ferris, 1990; Schultze-lam et al., 1992). In these conditions, the saturation level of gypsum could be increased
by continual addition of SO,* from sulphide decay to the bacterial mesh, where filament surfaces act as
nucleation sites. This type of precipitation via heterogeneous nucleation on bacterial filaments requires a
lower saturation level than that required for homogeneous, abiogenic nucleation from a fluid. Effectively,
bacterially promoted nucleation is energetically favoured over abiogenic precipitation (Warren and Ferris,

1998).

The Sr isotope data indicate that some of the gypsum is precipitated from an evolved fluid produced by
mixing of end member hydrothermal fluid with seawater in the subsurface. Estimates of the mineralising fluid
temperature, calculated assuming simple mixing of hydrothermal fluid at 363°C and north Atlantic bottom
water at 2°C (Table 6.4a), lie in the range 2.7-60.2°C which is within the optimum growth temperature range
for most Fe oxidising bacteria (e.g. Staley, 1973; Edwards et al., 2003¢c). Sr/Ca ratios however, indicate that
the mineralising fluid was not a simple mixture of hydrothermal fluid and seawater, but also contained Sr/Ca
from the overlying carbonate cap. It appears that this low temperature, seawater dominated, evolved fluid

percolated through the sediment during early diagenesis providing the Ca, Sr and Mg for authigenic gypsum
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precipitation. Such a fluid may also be rich in Si, Mn and Fe; low temperature evolved fluids (10-15°C)
similar to this are thought to be responsible for many of the filamentous textures in both ancient jaspers and

seafloor Fe oxide deposits (e.g. Alt, 1988b; Juniper and Fouquet, 1988; Duhig et al., 1992)

SEM X-ray spot microanalyses of filament nets around corroded pyrite grains (Figure 6.6) which show
accumulation of O, Fe, S, Si, Cu, and Zn are also suggestive of a microbial origin for the filament structures.
A similar ESEM microprobe study of cell-like structures from the active TAG mound revealed comparable
elemental accumulations in thread-like cellular masses (Al-Hanbali et al., 2001; Al-Hanbali and Holm, 2002).
In addition, SEM X-ray spot microanalyses have identified submicron scale U enrichments at the edges of
pyrite grains associated with Fe oxide filament meshes (Figure 6.5). Localised U enrichment in pyrite grains
has previously been reported in other sulphide-rich sediments from the TAG area (Mills et al., 1994) and from
an adjacent core, CD102/43 (Severmann et al., in review). In both cases enrichment is attributed to fixation
via microbial U(VI) reduction. The sub-micron scale U enrichment close to the surface of pyrite associated

with Fe oxide filaments in this core is consistent with microbial mediation and fixation of U.

Precipitation of Alvin gypsum via nucleation on Fe oxide filaments is also supported by the major element
geochemistry. The excellent correlation between Ca and Fe (r =0.94) (Figure 6.17d) indicates that gypsum
and Fe oxide precipitation are intimately linked. Whilst Fe oxide filaments are observed cemented in silica
and as un-cemented meshes as well as within gypsum, gypsum is always associated with Fe oxide filaments.
This suggests that the correlation between Ca and Fe reflects a control on gypsum precipitation rather than Fe
oxide precipitation. This is consistent with filament controlled nucleation of gypsum as described above and
links the construction of filamentous textures with Fe oxidation which supports a biogenic origin for these

structures.

6.4.2 Microbial filament fossilization processes in the Alvin sulphide layer

Based on the observations of filament morphologies, gypsum geochemistry and published work on biogenic

Fe oxide precipitation the following fossilization processes are inferred:

1. Nucleation of nanometric-scale Fe oxide particles occurs within the cell envelope and at the cell/stalk
surface of Fe oxidising bacteria (e.g. Leptothrix spp. and Gallionella spp.). The oxidation of Fe(II) to
Fe(III) requires oxic conditions and circumneutral pH. Nucleation occurs as a direct result of metabolic
oxidation of Fe(II) to Fe(IIT) during sulphide alteration, and/or by sorption of preformed Fe(III) colloids
( e.g. Fortin et al., 1998, Warren and Ferris, 1998; Glasauer et al., 2001). This early Fe oxide is likely to
occur as poorly ordered Fe oxyhydroxides e.g. Ferrihydrite.

2. The initial Fe oxide uptake of the cell is sparse, but with increasing Fe oxide production the coatings
thickened to enclose whole cells/stalks in a cylinder of Fe oxide. Fe oxidising bacteria such as
Gallionella spp. which are able to detach themselves from the Fe oxide coating do so, leaving mineralised
casts which may then provide nucleation sites for subsequent abiotic Fe oxide precipitation (e.g. Emerson
and Moyer, 2002; Little et al., 2004 in press). Bacteria which are not able to detach from the Fe oxide
coating may die. The Fe oxide casts produced by such bacteria are then able to act as nucleation sites for
further abiotic Fe(IIl) precipitation e.g. the blebs and collomorphic coatings of goethite observed along

some cylindrical hematite casts in the A/vir sediments. Alternatively they may provide ‘budding sites’ for
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growth of new bacterial cells. The formation of the observed dendritic structures, which are cannot be
assigned a specific bacterial morphology, most likely result from this type of secondary, abiotic Fe oxide
precipitation following initial biogenic precipitation.

3. The Fe oxide fossilised filament networks may then act as nucleation sites for colloidal silica gels
producing the silica encased examples described above. Or they may induce gypsum precipitation by
provision of nucleation sites and by creating a micro-geochemical environment where SO, derived from
sulphide oxidation is able to accumulate to stoichiometric excess (Figure 6.25). Later thermal maturation
of amorphous silica and the poorly ordered bacteriogenic Fe oxides produces minerals such as quartz,

goethite and hematite.

6.4.3 Sulphide and Fe oxide tubes — a biogenic origin (?)

The sulphide and Fe oxide tubes and cylinders described in this study are very similar to tubular sulphide
structures reported from the Mir zone (Rona et al., 1993b; Rona et al., 1993a), the active TAG mound
(Hannington et al., 1995a) and from the Broken Spur hydrothermal vent site at 29°N MAR (Butler et al,,

1998):

o In all cases the tubular structures are predominantly composed of pyrite and/or marcasite

¢  The structures are associated with high temperature sulphide debris

¢  They have comparable sizes, tube diameters for each site fall within the range ~150-1500pm (Figure 6.26)
While little attention has been paid to the pyrite tubes described from the Mir, TAG and Broken Spur sites, in
each case these structures are inferred to represent fossilised polychaete worm tubes (Rona et al., 1993b;

Hannington et al., 1995a; Butler et al., 1998).

Polychaetes, vestimentiferans and other unidentified tubeworms are the most common hydrothermal vent
fossils reported from ancient massive sulphide deposits (e.g. Oudin and Constantinou, 1984; Haymon et al.,
1984; Little et al., 1997; Little et al., 1999). All of these fossils are preserved as pyrite moulds with no
remaining shell or organic matter (Little et al., 1998). The fossilization process is thought to take place
rapidly with mineralisation resulting from sulphide, elemental sulphur and trace metal accumulation in the
biogenic mucus coatings secreted by the tubeworms (e.g. Juniper et al., 1986). However, the exact
mechanisms of mineralisation are not clearly understood (e.g. Little et al., 1998; Maginn et al., 2002).
Investigations of deep sea tubeworms at modern vent sites have shown a variety of mineralisation styles, e.g.
vestimentiferans tubes from the JAFR are initially replaced by barite and amorphous silica which are then
replaced by Fe, Zn and Cu sulphides (Cook and Stakes, 1995) whereas alvinellid polychaetes from the EPR
are replaced by layers of silica and pyrite and/or marcasite (e.g. Zbinden et al., 2003) or by Fe and Zn
sulphides (e.g. Maginn et al., 2002). In some cases the worms tubes are mineralogically zoned (e.g. Maginn et
al., 2002; Zbinden et al., 2003). However, the tubes of alvinellid worms from the EPR are significantly larger

(several cm’s in diameter; e.g. Cook and Stakes, 1995; Zbinden et al., 2003) than the tubes described here.

Although the tube structures from the Mir, TAG and Broken Spur hydrothermal sites (MAR) are attributed to
polychaete fossilisation there is no direct evidence for this and studies of vent fauna from the MAR (e.g. Van
Dover, 1995) have not identified a suitable live candidate. Furthermore, the tube structures described here are

too small to have been formed by any known polychaete worm (J. Copley. Pers. Comm.) These structures
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may not in fact be biogenic at all. The presence of chalcopyrite indicates precipitation under high temperature
(>250°C) conditions; in addition, the observed mineralogical zonation (chalcopyrite/ pyrite/ sphalerite) is
typical of black smoker chimneys. Furthermore, the 8**S value of +5.8%s is close to the predicted 8°*S value
of end member hydrothermal fluid entering the TAG system at depth: §**S =+5.5%, (Knott et al. 1998), and
measured the 5**S =+6.6-+7.5%o (Knott et al., 1998; Shanks, 2001) of vent fluids currently emanating from
the black smoker complex. Therefore, the tube structures could represent small, high temperature fluid
conduits rather than worm casts. While the exact provenance of the tube structures remains ambiguous, their

precipitation under high temperature conditions is clear.

6.5 Conclusions

6.5.1 Fe oxide and oxyhydroxide filaments

¢ Based on morphological similarities with structures formed by Fe oxidising bacteria direct biogenic
mineralisation is invoked for some of the Fe oxide and oxyhydroxide filaments described here. Passive,
microbially induced mineralisation also appears to be important for some filament textures and for
precipitation of authigenic gypsum and silica phases.

e The S isotopic composition of authigenic gypsum, which acts as a cement for filament networks and is
precipitated under micro-geochemical conditions, links the filament structures to sulphide oxidation.
Mean gypsum 8°*S of +10.0%o (n=7) indicates that the A/vin gypsum SO, is derived from sulphide
oxidation and not from seawater (5**S =+20.9%o: Rees et al., 1978). The filament meshes growing
directly from oxidation of mineral dissolution products on sulphide surfaces restrict free advective and
diffusive exchange with bulk porewaters trapping sulphide derived SO,*, they then act as nucleation sites
for gypsum precipitation.

e  Srisotopes and Sr/Ca ratios indicate that the Sr, Ca and Mg for gypsum precipitation were provided by an
evolved low temperature fluid representing a mixture of sources: seawater, hydrothermal fluid and
dissolution of the overlying carbonate cap.

¢ Filament networks also provide nucleation sites for colloidal silica gels, this accounts for silica cemented

filament samples.

Although a biogenic origin for the Fe oxide/ oxyhydroxide filaments is identified here it should be noted that
these filaments only constitute a small percentage (<5%) of the total volume of Fe oxide in Core 58. The rest
of the Fe oxide in this core is precipitated abiogenically. The exact proportions of biogenic and abiogenic Fe
oxide precipitation are difficult to estimate since it is likely that the metabolic activity of even volumetrically
small microbial colonies will alter local physiochemical conditions enough to substantially increase
precipitation of Fe oxides over that which would occur by abiogenic precipitation alone (e.g. Sobolev and
Roden, 2001; Emerson and Moyer, 2002; Kennedy et al., 2003a, b & ¢).

6.5.2 Sulphide and Fe oxide Tubes

Although similar tubes have previously been described from the TAG and Broken Spur hydrothermal sites
and attributed to polychaete fossilisation there is no evidence to support this. Instead, the tube structures

described here are inferred to represent small, high temperature fluid conduits which have been transported to
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the sediment during mass wasting of high temperature mound material. This is supported by S isotopic
compositions: 8°*S of tube sample =+5.8%o, 5°*S of TAG black smoker fluids =+6.6%o-+7.5%0 (Knott et al.,
1998; Shanks, 2001); and by the observed sequence of mineral zonation (chalcopyrite/ pyrite/ sphalerite). As

such these structures have an inorganic rather than biogenic origin.
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Chapter 7:

Conclusions

7.1 Sediment formation and diagenetic alteration

7.1.1 The Alvin core: CD102/58

The downcore mineralogy and geochemistry of Core 58 reflects deposition from a complex mixture of sources
and subsequent physical and chemical alteration. Variation in sulphide mineralogy and textures indicate that
initial sulphide precipitation occurred at the surface of the A/vin mound close to actively venting black
smokers. The sulphur isotopic composition of the earliest collomorphic pyrite reflects a mixture of basaltic
and seawater sulphur sources. Insulation of hydrothermal fluid by these early collomorphic crusts led to the
precipitation of high temperature (>250°C) Cu-Fe sulphides e.g. chalcopyrite. The heaviest 8°*S values (up to
+14.7%o0) associated with the high temperature sulphides are the result of partial inorganic reduction of
seawater sulphate in a closed system with restricted permeability. The earliest oxidation and alteration of
sulphide minerals was contemporaneous with high temperature activity. Mound sulphides and their oxidation
products were transported to the surrounding sediments during a mass wasting event. The laminations at the
top of the sulphide layer are a sedimentalogical feature relating to settling following mass wasting and

represent small turbidite sequences.

Oxidation and alteration of mound material continued within the sediment pile. Downcore metal distributions
reflect the relative proportions of sulphides and oxides as well as remobilisation due to oxidative dissolution
(e.g. Cr and Cu), secondary mineralisation (e.g. atacamite and covellite), redox cycling (important for redox
sensitive elements e.g. Mn, and for Ni which is not redox active but appears to be scavenged by MnOy),
precipitation from diffuse low temperature fluids (e.g. opaline silica, nontronite and gypsum) and scavenging
from seawater (V and P). The secondary mineralogy indicates that supergene processes have been important
in the modification of this material. The mechanisms of authigenic sulphide precipitation and secondary metal
enrichment resemble sub-aerial supergene reactions. Submarine supergene processes appear to be locally
important controlled by grain scale remobilisation and enrichment rather than the large scale (tens of metres),
downward migrating zones of oxidation and secondary enrichment observed in sub-aerial deposits.
Remobilisation appears to be driven by acid leaching and the pH gradients produced during sulphide oxidation
reactions. Microbial mediation of sulphide oxidation and dissolution within the sediment leads to secondary
authigenic sulphides the S isotopic signature of these sulphides is controlled by the prevalent diagenetic

conditions, in particular pyrite oxidation and remineralisation.

Microbes are also involved in Fe oxide precipitation. Filamentous Fe oxide textures cemented within
authigenic gypsum and silica, and as non-cemented meshes result from fossilisation of Fe oxidising microbes.
The geochemistry and isotopic composition of the gypsum which cements some filaments links the Fe oxide

filaments with sulphide oxidation. &S values indicate that the gypsum SO, is derived from sulphide
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oxidation rather than seawater. Filaments growing directly from oxidation of mineral dissolution products on
sulphide surfaces create a micro-geochemical environment at the mineral/ porewater interface where free
advective and diffusive exchange with seawater dominated bulk porefluids are restricted. Accumulation of
sulphide SO,* within the filament mesh and Ca, Sr and Mg contributions from the porefluids leads to gypsum
precipitation where the filaments act as nucleation sites. The Sr/Ca and ¥'St/**Sr ratios of this gypsum indicate
that the porefluids are a complex mix of sources dominated by seawater but with smail contributions from low

temperature diffuse hydrothermal fluids and the products of dissolution of the overlying carbonate cap.

7.1.2 The Mir core: CD102/60

The downcore mineralogy and geochemistry of Core 60 also reflects deposition from a complex mixture of
sources and subsequent physical and chemical alteration. Mineralogical and textural variations indicated that
the sulphide layer is derived from a pyrite-quartz breccia formed at depth in the Air mound during high
temperature activity. Textural and geochemical evidence suggests that primary sulphides were precipitated
during reaction of hydrothermal fluid with anhydrite deep in the hydrothermal stockwork zone. The heaviest
8°*S values result from mixing of sulphide from the hydrothermal fluid with reduced anhydrite SO4* under
high temperature (>250°C) conditions. Secondary sulphide was precipitated following complete replacement
of the earlier anhydrite by silica. 8*S values during secondary sulphide precipitation are controlled by
adiabatic mixing of hydrothermal fluid and reduced sulphate from seawater entrainment into the Air mound at
depth. The inner mound pyrite-quartz breccia was transported to the surrounding sediment during a mass
wasting event. Mass wasting of a pyrite-quartz breccia formed at depth in the Mir mound was probably the
result of movement on the axis paralle! and obliquely oriented faults which dissect the Mir mound (Rona et al.,

1996).

Alteration of the mound material within the sediment pile is driven by oxidation and acid leaching processes
which like Core 58 resemble sub-aerial supergene reactions. Grain scale remineralisation and secondary
enrichment are important. However, extensive quartz and cristobalite cement in the upper portions of the
sulphide layer appears to have limited the oxidation of primary mound material by restricting permeability and
therefore fluid flow. Downcore metal distributions and enrichments predominantly reflect the primary
mineralogical composition rather than large scale remobilisation. However, there is evidence for redox
cycling (e.g. Mn), secondary mineralisation (e.g. covellite and atacamite) and precipitation from low

temperature diffuse fluids (e.g. opaline silica, minor nontronite and collomorphic Fe oxides).

7.1.3 Comparison to other Metalliferous Sediments from the TAG site

Both Core 58 and 60 are broadly similar to other metalliferous sediment cores from the TAG hydrothermal
field which have also been attributed to mass wasting of sulphidic mound material (e.g. Metz et al., 1988;
German et al., 1993; Mills et al., 1993; Severmann, 2000; Severmann et al., 2004). However, Cores 58 and 60
are significantly less altered than the sediments of previous studies and the geochemistry of the sulphidic
layers of Cores 58 and 60 is predominantly controlled by the mineralogy rather than dissolution,
re-mobilisation and seawater scavenging processes with minimal plume inputs. The occurrence of Fe oxides

and oxyhydroxides in Cores 58 and 60, and other sulphide dominated sediments from the TAG field can be
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variously attributed to the oxidation of sulphide phases, which are thermodynamically unstable in ambient
seawater, and precipitation from diffuse low temperature fluids circulating within the sediment pile
(Thompson et al., 1985; Metz et al., 1988; German et al., 1993; Mills et al., 1993; Severmann, 2000,
Severmann et al., 2004). The complexity of mineralogical associations and variations in the bulk geochemistry
of Cores 58 and 60 and other similar metalliferous sediments from the TAG site reflects the extreme
heterogeneity in the extent of alteration and preservation of primary features across the TAG hydrothermal

field.

7.1.4 The Global Context of TAG Metalliferous Sediments

The TAG field exhibits the most extensive metalliferous sediments in the Atlantic (e.g. Shearme et al., 1983;
Metz et al., 1988; German et al., 1993; Mills, 1995). The occurrence of distinct, relatively thick sulphide
layers within TAG near field sediments, like those described for Core 58 and 60, appears to be related to the
longevity of high temperature hydrothermal activity at this site. Large, mature sulphide mounds like those of
the TAG field, where lots of mass wasting can occur, result in transport of a significant amount of sulphidic
material to the surrounding sediments. Thus the occurrence of sulphide dominated near field sediments at
Atlantic hydrothermal sites, and only minimal, often admixed sulphide inputs to sediments at Pacific
hydrothermal sites reflects the fact that Pacific sites are typically composed of many small mounds and
chimney clusters whereas Atlantic sites commonly comprise much larger massive sulphide mounds which are
stable over longer periods. The distinct sulphide layers of Cores 58 and 60 can be related to the occurrence of
the large, mature, relict mounds of the A/vin and Mir zones which reflect the longevity and stability of
hydrothermal activity at the TAG site. In particular, the pyrite-quartz breccia assemblage of the Core 60
sulphide layer requires a mature mound where there have been multiple episodes of high temperature activity.

In this respect, the type of sulphide sediment, and the formation of Core 60 maybe unique to the TAG field.

7.2 Wider Implications
7.2.1 Sulphur Isotopes

The new data presented in this thesis have extended the range of 8°*S at the TAG hydrothermal site to +3.2%o-
+14.5%o. The upper end of this range is substantially heavier than values of 8**S from other sediment free mid
ocean ridge hydrothermal sites and suggests that sulphur contributions from reduction of seawater sulphate are
much more important than previously recognised. The use of the laser combustion technique has shown that
micro-scale mineralogical and textural sulphur isotope studies are essential in unravelling the complex
paragenetic sequences, and conditions, of sulphide precipitation and alteration mechanisms. In order to fully
assess the extent and significance of heavy primary 8°*S values and the implications for fluid evolution and
the influence of bacterial processes in the shallow subsurface and at depth in long lived hydrothermal systems

with intermittent high temperature activity further micro-scale sulphur isotope studies are needed.

7.2.2 Microbial Interactions
The biogenic origin of the Fe oxide filaments from the laminated section of Core 58 inferred from
morphological similarities with structures formed by Fe oxidising bacteria is supported by the geochemistry of

the Alvin gypsum which for the first time has directly linked these structures to sulphide oxidation. These
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filament morphologies can therefore be used as biomarkers for bacteriogenic Fe oxide precipitation. However,
earlier suggestions that Fe oxidising bacteria are an important control on Fe oxide precipitation within
hydrothermal sediments appear to be overestimated (e.g. Alt et al., 1987; Juniper and Fouquet, 1988;
Hannington and Jonasson, 1992; Wirsen et al., 1993; Emerson and Moyer, 2002). Fe oxide filaments in Core
58 only make up a minor percentage of the total volume of Fe oxide and are restricted to oxic layers in the
upper portion of the core where circumneutral pH conditions are inferred and there are steep redox gradients
(inferred from mineralogy). This is consistent with the findings of a recent study by Severmann et al (in
review, 2004) which suggests that the role of bacteria in the weathering of seafloor deposits is only important
in the upper tens of centimetres of these deposits which are directly exposed to circumneutral pH conditions
and seawater. Although abiogenic Fe oxide precipitation appears to dominate over biogenic precipitation in
both Core 60 and Core 58 the relative importance of abiogenic vs. biogenic processes is difficult to estimate.
This is because even volumetrically small colonies of Fe oxidising bacteria will alter the local physiochemical
conditions enough to substantially increase the precipitation of Fe oxide than would otherwise occur by
abiogenic precipitation alone (e.g. Sobolev and Roden, 2001; Emerson and Moyer, 2002; Kennedy et al.,
20033, b & c).

7.2.3 Sulphide Alteration

The precipitation of secondary and late sulphides within Cores 58 and 60, including covellite and sphalerite,
as a consequence of acid leaching processes resemble sub-aerial supergene reactions. However, in contrast to
the much larger scale, downward migrating zones of oxidation and secondary enrichment observed in sub-
aerial deposits, submarine supergene processes appear to be dominated by locally important, grain-scale re-
mineralisation and secondary enrichments. The end products of alteration in Cores 58 and 60 are dominated
by goethite and are similar to gossans overlying sub-aerial massive sulphides (e.g. Constantinou and Govett,
1973; Scott et al., 2001), and other submarine Fe-oxide rich deposits which have also been compared to sub-
aerial gossanous material (e.g. Oudin et al., 1981; Alt et al., 1987; Hannington et al., 1988; Metz et al., 1988,
Herzig et al., 1991; Hannington and Jonasson, 1992; Hannington, 1993; Dill et al., 1994; Hannington et al.,
1995b; Goulding, 1998). Since goethite and hematite are the ultimate result of supergene reactions in seafloor
metalliferous sediments the Cu and Zn of primary phases must be lost to the oceans. These sediments

therefore are unlikely to act as long term sinks for hydrothermally derived metals, but as sources.

7.3 The Way Forward

The sediment record at large seafloor hydrothermal sites, such as TAG, provides information about the genesis
of these deposits and their evolution in space and time. Although this study has contributed to our
understanding of sediment formation and diagenesis, in particular the fate of sulphide minerals during early
seafloor alteration, our understanding of low temperature processes and gossan production at seafloor
hydrothermal sites is far from complete. In order to unravel the complex record of sedimentation and the
history of hydrothermal venting at individual vent sites a more complete understanding of sediment genesis

and evolution is required. This can only be achieved by combined petrological and geochemical studies.
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Section 1/2 CD102/58 Sampling
Sampling True Depth

Depth (cm) (cm) Comments
14-17 0-3 Homogeneous moderate brown clay
17-19 3-5 Transition from clay into darker brown rubbly material, some gritty clasts.
19-21 5-7 Dark red brown rubbly matcrial
21-2 7-9 Moderate brown muddy material with some rubbly pieces
23-25 9-11 Moderate brown clay
25-27 11-13 Lighter brown clay
27-29 13-15 Light tan clay
29-31 15-17 Light tan clay
31-32 17-18 Pelagic to sulphides boundary
32-34 18-20 Sulphide and oxide rubble
34-36 20-22 Sulphide and oxide rubble - boundary with pelagics at 36cm
36-38 22-24 Light tan pelagics containing some upper sulphides
38-40 24-26 Pelagics with some red patches
40-42 26-28 Pelagics with red and brown clasts
42-44 28-30 Moderate brown silty clay with red and brown clasts
44-46 30-32 Moderate brown silt containing black, red, olive green and brown clasts
4647 32-33 Gradational boundary pelagics into Fe-oxides and hydroxides
47-49 33-35 Red brown silt with black and red clasts
49-51 35-37 Red brown silt with black and red coarse clasts, crumbly
51-53 37-39 Red brown, very crumbly and coarse grained
53-54 3940 Boundary - red brown into inoderatz brown, very crumbly
54-56 4042 Finer silty material brown with orange paiches
56-57 4243 Sulphide finger layer, very coarse grained clasts occur
57-59 43-45 Clay into a second finger of sulphide clasts
59-61 4547 Moderate brown pelagics admixed with snlphide clasts
61-63 47-49 Modcrate brown pelagics admixed with sulphidc clasts
63-65 49-51 Moderate brown pelagics admixed with sulphide clasts
65-67 51-53 Moderate brown pelagics admixed with sulplude clasts
67-69 53-55 Darker moderate brown pelagics admixed with sulphide clasts
69-71 55-57 Darker moderate brown pelagics admixed with sulphide clasts
71-73 57-59 Coarser and darker pelagics admixed with sulphide clasts, very crumbly
73-75 59-61 Rubbly material with black, orange, olive green and red clasts
75-77 61-63 Rubbly material with hlack, orange, olive green and red clasts
77-79 63-65 Rubbly material with black, orange, olive green and red clasts
79-81.5 65-67.5 Rubbly material with black, orange, olive green and red clasts
Section 2/2
81.5-83.5 67.5-69.5 Dark omnge brown clay
83.5-85.5 69.5-71.5 Orange brown clay
85.5-87.5 71.5-73.5 Orange brown clay very crumbly
87.5-89.5 73.5-75.5 Orange brown clay very crumbly
89.5-91 75.5-77 Orange brown clay very crumbly to boundary with black and red/orange layers
91-93 7779 black/orange silt boundary contains some fresh sulphides
94-95.5 80-81.5 Top of striped layer, visable atacamite and fresh sulphides black
95.5-96.5 81.5-82.5 red-orange laminae coarser grained than the black above
96.5-97.5 82.5-83.5 Black laminae
97.599 83.5-85 Black and orange laminae, laminae to thin to sample separately
99-100.5 85-86.5 Black with red patches
100.5-102 86.5-88 more homogeneous dark orange brown finer grained material
102-104 88-90 Orange/brown medium grained
104-106 90-92 Orange/brown medium grained
106-108 92-94 Orange/brown medium grained
108-110 94-96 Orange/brown medium- coarse grained
110-112 96-98 Orange/brown medium-coarse grained
112-114 98-100 Orange brown coarse grained material with olive green clasts
114-116 100-102 Orange brown coarse grained material with olive green clasts
116-118 102-104 Orange brown coarse grained material with olive green clasts
118-120 104-106 Orange brown coarse grained material with olive green clasts
120-122 106-108 Orange brown coarse grained material with olive green clasts
122-124 108-110 Orange brown coarse grained with olive green clasts. bright red in core centre
124-126 110-112 Orange brown coarse grained material with olive green clasts
126-128 112-114 Orange brown coarse grained with olive green clasts, very rubbly and crumbly
128-130.5 114-116.5 Orange brown coarse grained material with olive green clasts, very rubbly and crumbly contains a pebble
130.5-132.5 116.5-118.5 Dark brown, coarse and crumbly
132.5-134.5 118.5-120.5 Dark brown. very coarse with pebbles
134.5-136 120.5-122 Very coarse and crunbly
136-138 122-124 Contains large pebble very coarse and crumbly
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Section 2/2 CD102/58 Sampling Continued
Sampling True Depth

Depth (cm) (cm) Comments
138-140 124-126 Very coarse and crumbly
140-142 126-128 Dark brown coarse and crumbly material
142-144 128-130 Dark brown coarse and crumbly material
144-146 130-132 Dark brown coarse and crumbly material
146-148 132-134 Dark brown coarse and crumbly material
148-150 134-136 Becoming less coarse, dark brown orange material
150-152.5 136-138.5 Becoming less coarse, dark brown orange material
152.5-154 138.5-140 Boundary between arange clay and brown crumbly material, material is redder in this sample than above and below
154-156 140-142 Orange brown clay with occasional medium clasts
156-158 142-144 Orange clay with dark olive green grey clay in the centre of the core
158-160 144-146 Orange clay with dark olive green grey clay in the centre of the core
160-162 146-148 Orange clay with dark olive green grey clay in the centre of the core
162-163 148-149 End of orange clay layer
163-165 149-151 Orange brown crumbly material
165-167 151-153 Orange brown crumbly materia!
167-169 153-155 Orange brown crumbly material
169-171 155-157 Orange brown crumbly material
171-173 157-159 Orange brown crumbly material
173-175 159-161 Orange brown crumbly material
175-177 161-163 Orange brown crumbly material
177-179 163-165 Orange brown crumbly material
179-181 165-167 Boundary into orange clay with the centre of the core as olive green grey
181-183 167-169 Orange clay with dark olive grey centre and clasts
183-185 169-171 Orange clay with dark olive grey centre and clasts
185-187 171-173 Orange clay with dark olive grey centre and clasts
187-189 173-175 Orange clay with dark olive grey centre and clasts
189-191 175-177 Orange clay with dark olive grey centre and clasts with a bright green patch
191-193 177-179 Orange clay with dark olive grey centre and clasts
193-195 179-181 Orange brown clay with dark olive grey centre
195-197 181-183 Orange brown clay with dark olive grey centre
197-199 183-185 Orange brown clay with dark olive grey centre
199-201 185-187 Orange brown clay with dark olive grey centre
201-202.5 187-188.5 Orange brown clay with dark olive grey centre
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Section 1/1 CD102/60 Sampling

Sampling True

Depth (e¢m) Depth(cm) Comments

11-14 0-3 Dark tan pelagics

14-16 3-5 Dark tan pelagics

16-18 5-7 Dark tan pelagics

18-20 7-9 Dark tan pelagics with sand sized black and cream clasts

20-22 9-11 Dark tan pelagics with sand sized black and cream clests

22-24 11-13 Similar to above but with a lense of light tan material

24-26 13-15 Dark tan pelagics with sand sized black and cream clasts

26-28 15-17 Darker brown 1an pelagics containing sand sized clasts

28-30 17-19 Dark brown material containing sand sized clasts

30-32 19-21 Dark brown material containing sand sized clasts

32-34 21-23 Dark brown material containing sand sized clasts

34-36 23-25 Becoming redder with larger clasts

36-38 25-27 Becoming redder with larger clasts

3840 27-29 Becoming redder with larger clasts

4042 29-31 Becoming redder with larger clasts

4244 3133 Becoming redder with larger clasts, crumbly texture

44-46 3335 Dark red brown and crumbly

46-48 35-37 Dark red brown

48-50 37-39 Dark erd brown

50-52 3941 Dark red brown slightly cnunbly

52-54 4143 Dark red brown slightly crumbly

54-56 4345 Dark red brown with pea green and orange specks

56-58 4547 Transition into sulphide layer

59-61 4749 Dark grey sulphide rubble, contains {resh sulphide crystals

60.5-64.5 48.5-52.5 Sulphide nugget

6163 49-51 Dark grey sulphide rubble, contains fresh sulphide crystals

63-65 51-53 Dark grey sulphide rubble, contains fresh sulphide crystals

65-67 53-55 Dark grey sulphide rubble, contains fresh sulphide crystals

67-69 55-57 Dark grey sulphide rubble, contains fresh sulphide crystals

69-71 57-59 Dark grey sulphide rubble, contains fresh sulphide crystals

71-74 5962 Dark grey sulphide rubble, contains fresh sulphide crystals

69-74 57-62 Sulphide nugget

74-76 6264 Sulphide rubble

76-78 64-66 Sulphide rubble

78-80 66-68 Sulphide rubble

80-82 68-70 Sulphide rubble admixed with oxide rubble

78.582.5 66.5-70.5 Sulphide nugget

82-84 70-72 Sulphide rubble

84-86 72-74 Sulphide rubble

86-88 74-76 Sulphide rubble

88-90 76-7% Sulphide rubble and pale grey clasts

90-92 78-80 Sulphide rubble and pale grey clasts

92-94 80-82 Sulphide rubble admixed with oxide rubble

94-96 82-84 Sulphide rubble admixed with oxide rubble

96-98 84-86 Suiphide rubble admixed with oxide rubble

98-100 86-88 Sulphide rubble admixed with oxide rubble

100-102 88-90 Dark red/black contains red and black clasts, some of the black clasts have a pale
green edge

102-105 90-93 Red oxides admixed with sulphides, rubbly

105-107 93-95 Dark red brown material with some sulphide material

107-109 95-97 Red and olivey green grey clay material with some clasts

109-111 97-99 Red and olivey green grey clay material with some clasts

111-113 99-101 Red and olivey green material as above however more consolidated

113-115 101-103 Red and olivey green material as above however more consolidated

115-117 103-105 Red and olivey green material as above however more consolidated

117-119 105-107 Red brown mud with some black clasts

119-121 107-109 Red brown mud with some black clasts

121-123 109-111 Red brown mud with some black and green/black clasts

123-125 111-113 Red brown mud with some black and green/black clasts

125-127 113-115 Red brown mud with some black and green/black clasts

127-130 115-118 Olive tan layer containing a clast of sulphide

130-132 118-120 Red brown with assorted clasts

132-134 120-122 Red brown with assorted clasts

134-137 122-125 Red brown with dark brown clasts

Appendix A
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CD102/58 Graphical Summary of Petrophysical Analyses:
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CD102/60 Graphical Summary of Petrophysical Analyses:

Depth (cm)

Wet bulk density gfce

50-_
60 -
70
80 |
% |
100:
110 {

120

130 -

o

0

P-wave velocity m/s
2000

1000

Atea

3000

10 +
20 4
30
40
50—‘
60;
7
80 -
90:
100 +
110

120 -

130 -

Magnetic Susceptibility S
0 50 100 150 200 250
0 . 1 L 1 1 P

10 A
20 4
30 A
o
50
]
601
o
80:
90;

100 -

120 +

130 -



ICP-AES:

Bulk sediment samples

APPENDIX B

Multi-Element Standard Concentrations:

Element S1 S2 S3 S4 S§
All concentrations in ppm

Fe 245.14 187.81 131.58 29.68 8.05
Ca 133.87 82.60 51.58 15.78 5.16
Zn 94.95 79.35 74.88 25.14 5.03
Cu 81.73 51.56 2572 10.36 5.16
Al 32.45 25.01 16.70 7.60 2.12
Na 20.64 1591 10.62 4.84 135
Mg 16.72 12.89 8.60 392 1.09
Mn 5.93 7.66 5.11 233 0.65
P 10.23 7.88 526 2.40 0.67
K 5.06 3.90 2.61 1.19 0.33
Sr 1.08 051 0.30 0.16 0.10
Ni 1.06 0.50 0.30 0.15 0.10
\% 0.53 0.25 0.15 0.08 0.05
Ba 0.42 0.20 0.12 0.06 0.04
Cr 0.32 0.15 0.0 0.05 0.03
Co 0.16 0.08 0.04 0.02 0.02
TIS std S1 S2 S3 S4 S5

S 172.18 88.90 44 45 12.83 4.39
Ti 3.50 1.81 0.90 0.26 0.0
K 5.10 2.64 1.32 0.38 0.13
Na 20.65 10.66 533 1.54 0.53
Al 32.00 16.52 8.26 2.38 0.82

Appendix B

231



Machine running order for bulk sediment samples:

Run Solution ID Sample Run Solution ID Sample

position depth position depth
DM = drift monitor (cm) DM = drift monitor (cm)

1 0.6M HCI (reagent blark) 56 58-91-94 78

2 S5 “ 57 60-102-105 92.5

3 S4 2 58 58-65-67 52

4 S3 '§ 59 60-82-84 72

5 52 3 60 60-11-14 1.5

6 S1 k=1 61 60-40-42 30

7 TiS5 g 62 60-74-76 64

8 TiS4 < 63 58-95.5-96.5 82

9 TiS3 g 64 0.6M HCI (teagent blank)

10 TiS2 S 65 $3 DM

11 TiS1 66 TiS3 DM

12 0.6M HCI (reagent blank) 67 58-114-116 101

13 S3 DM 68 60-132-134 122

14 TiS3 DM 69 HCI1 2 (digest blank)

15 9 38/117.5 70 58-87.5-89.5 74.5

16 18 58/31 71 58-175-177 162

17 3 58/60 72 58-51-53 38

18 1 60/16 73 58-100.5-102 87.25

19 17 Blank 2 74 HCI 1 (digest blank)

20 6 58/111 75 60-111-113 101

21 14 58/143 76 58-195-197 182

22 5 58/19 77 0.6M HCI (reagent blank)

23 10 58/172 78 S3 DM

24 4 60/78 79 TiS3 DM

25 0.6M HClI (reagent blank) 80 S5 -

26 S3 DM 81 S5 o)

27 TiS3 DM 82 S5 g8

28 12 58/186 83 85 £§35

29 16 Blank 1 84 S5 « g

30 13 58/154 85 S5 oz

31 15 58/105 86 S5 = &

32 2 60/46 87 $5 2 o

33 11 60/97 88 S5 ~ e

34 8 58/66.25 89 S5

35 7 60/111 920 0.6M HCI (reagent blank)

36 HNO; 1 (digest blank) 91 S3 DM

37 HNOs 2 (digest blank) 92 TiS3 DM

38 0.6M HCI (reagent blank) 93 58-97.5-99 84.25

39 S3 DM 94 58-99-100.5 85.75

40 TiS3 DM 95 58-97.5-99 84.25

41 60-67-69 57 926 60-59-61 49

42 HF 2 (digest blank) 97 60-67-69 57

43 58-160-162 147 98 0.6M HCI (reagent blank)

44 58-14-17 1.5 929 S3 DM

45 58-96.5-97.5 83 100 TiS3 DM

46 TAG in house mix 101 0.6M HCI (reagent blank)

47 58-140-142 127 102 0.6M HCI (reagent blank)

48 60-48-50 38 103 0.6M HCI (reagent blank)

49 60-59-61 49 104 0.6M HCI (reagent blank)

50 HF 2 (digest blank) 105 0.6M HCI (reagent blank)

51 0.6M HCI (reagent blank) 106 0.6M HCI (reagent blank)

52 S3 DM 107 0.6M HCI (reagent blank)

53 TiS3 DM 108 0.6M HCI (reagent blank)

54 60-127-130 1175 109 Milli-Q) water

55 60-96-98 86
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Accuracy and Precision:

Element Fe Ca Zn Cu Al Na Mg Mn P K Sr Ni v Ba Cr Co Ti
nglg ng/g ng/g
S5 9.10 5.50 573 5.65 221 1.40 1.16 0.71 0.74 343 112 108 54.6 437 345 178 S3 953
S5 9.40 5.68 5.98 5.79 2.26 1.44 1.19 0.73 0.80 352 115 12 58.1 452 357 18.6 S3 925
2 S5 953 5.76 6.07 5.86 2.29 1.45 121 0.74 0.82 352 117 113 589 457 36.1 18.8 S3 893
- S5 9.07 5.48 576 563 221 1.40 1.16 0.70 0.77 341 112 108 552 437 34.4 17.9 S3 913
5 E S5 8.99 5.41 571 5.60 2.20 1.40 1.15 0.70 0.77 337 111 107 54.4 43.4 34.0 17.6 S3 921
gE S5 8.94 537 5.64 561 2.19 1.40 1.16 0.69 0.75 335 111 106 53.7 435 336 17.5 s3 939
= 2 S5 8.94 5.38 563 5.59 2.19 1.39 1.16 0.69 0.73 336 111 106 54.1 435 339 172 S3 942
g S5 914 5.52 5.82 562 2.21 1.39 1.17 0.70 0.77 339 112 109 552 438 349 17.9 S3 935
S5 9.13 553 5.83 5.60 2.20 1.39 L15 0.70 0.78 337 111 108 553 435 349 17.7 ~ ~
S5 9,04 5.46 575 5.59 2.19 1.38 115 0.70 0.76 335 111 107 54.1 433 34.3 17.7 ~ ~
Mean 9.13 5.51 5.80 5.66 2.22 1.40 1.16 0.71 0.77 341 112 109 55.4 43.9 34.6 17.9 928
2s 0.37 0.24 0.26 0.18 0.06 0.04 0.04 0.03 0.05 12.16 3.89 4.27 3.31 1.55 1.46 0.91 34.54
Precision 0.67 0.73 0.75 0.53 0.48 0.49 0.52 0.62 L11 0.59 0.58 0.66 1.00 0.59 0.70 0.85 0.66
True standard 8.05 5.16 5.03 5.16 2.12 1.35 1.09 0.65 0.67 331 103 101 50.7 40.3 x 15.2 903
concentration
% difference between
measured and standard 13.4 6.8 15.3 9.7 4.7 3.7 6.4 9.2 14.9 3.0 8.7 7.9 9.3 8.9 14.2 17.8 2.8

concentrations




f e Measured concentration O standard concentration {

Appendix B

Figure 1: Comparison of measured concentrations for bulk ICP-AES samples with known standard

concentrations.
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Gypsum sub-samples

Multi-Element Standard Concentrations:

Element S1 S2 S3 S4 S5
Ca ppm 1.34 2.64 522 7.99 10.7
Fe ppb 13.7 26.9 533 81.6 109
Mg ppb 6.92 13.6 27.0 413 55.2
Sr ppb 4.03 7.94 15.7 24.0 32.1
Mn ppm 0.06 0.13 0.25 0.51 1.03

Machine running order for gypsum samples:

Solution ID Sample depth
Run (cm)
position DM = drift monitor
1 0.6M HCI (reagent blank)
2 St "
3 s2 £ 5%
4 S3 2 E
5 s4 =33
6 S5
7 0.6M HCI (reagent blank)
8 S3 DM
9 G96 83
10 G91 78
11 G93 79.5
12 G90.5 775
13 G9% 80.75
14 G89 76.25
15 0.6M HCI (reagent blank)
16 S3 DM
17 S5 -
18 SS W 0
19 $5 g3
20 S5 g5
21 S5 < §
22 S5 o4
23 S5 g
24 S5 2
25 S5 ‘._g ha
26 S5
27 0.6M HCI (reagent blank)
28 S3 DM
29 Milli-Q water

Appendix B
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Appendix 3

Accuracy and precision:

Element Ca Fe Mg Sr Mn
ug/g ng/g ug/g
w | S5 10.6 109 54.9 31.7 1.01
£ |Ss 105 108 54.6 315 1.01
g | S5 10.4 106 53.8 313 1.00
§ S5 10.4 108 55.6 313 1.01
g | S5 10.4 108 543 313 1.02
S | S5 10.4 108 54.0 31.2 1.02
T 85 10.4 109 54.5 313 1.01
g | S5 104 108 54.5 31.4 1.02
§ S5 10.4 108 544 314 1.01
S5 10.5 108 54.7 315 1.01
Mean 10.5 108 54.5 31.4 1.01
20 0.12 1.57 0.96 0.29 0.01
Precision 0.19 0.23 0.28 0.16 0.20
True standard 10.7 109 55.2 32.1 1.03
concentration
% difference between 1.87 0.92 1.27 2.18 1.94
measured and standard
concentrations
ppm
0 2 4 6 8 10 12
Ca | ©
Fe @
Mg @
Sr @
Mn ] ®

{

l ® measured concentration O standard concentration

Figure 2: Comparison of measured concentrations for gypsum ICP-AES samples with known standard
concentrations.
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Appendix B

Equations used in calculations:

Arithmetic mean: X =

Standard deviation: & =

Precision is calculated as the coefficient of variation and expressed as a percentage: (S%)x 100

Where standard error (SE) is: %—
n
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XRD

APPENDIX C

CD102/58 Summary of XRD analyses
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Continued.
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CD102/60 Summary of XRD analyses
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