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Rare earth element systematics in ancient and modern hydrothermal systems
Deborah Mary Wells

The geochemical significance of on-axis diffuse fluids, in addition to those formed during the
waning phases of hydrothermal systems and off-axis crustal ageing processes, has been
investigated through a comparison of the rare earth element (REE) systematics of
hydrothermal materials from the ore-forming hydrothermal systems of the TAG vent field,
26° N Mid-Atlantic Ridge, and 90 Myr Troodos Ophiolite, Cyprus.

Ophiolites integrate a long (c. 20 Myr) history of seafloor alteration, which reflects both |
axial and off-axis hydrothermal processes. Spatially-resolved laser ablation inductively
coupled plasma-mass spectrometric (LA ICP-MS) REE analyses of individual alteration
phases within stockwork-mineralised Troodos lavas have been used to deconvolve the
complex alteration processes associated with crustal generation at an oceanic spreading ridge.
REE mobility was associated with the development of both high- (~200 to 350° C) and low-
temperature (<100° C) secondary phases which precipitated within contrasting alteration
regimes (discharge- and recharge-dominated respectively). Low-temperature alteration
phases are the major repository for the REEs in lavas which are depleted in the light REE +
Eu relative to pristine volcanic glass compositions. These data indicate that much of the REE
signature of the alteration pipe is a post-mineralisation overprint acquired in the waning
stages of hydrothermal activity and during the protracted alteration of the oceanic basement,
rather than on-axis greenschist facies hydrothermal alteration.

Submersible and drilling studies of the TAG mound have led to the development of models
of mound growth and fluid evolution within an actively-forming seafloor sulphide deposit.
The REEs have been used to test the applicability of these models to processes of sulphide
mound and metalliferous sediment formation which occurred within the Troodos ophiolite.
The REE patterns of umber, ochre and sulphide sampled from a section through the top of the
Skouriotissa ore body clearly demonstrate extensive seawater ingress and circulation
throughout the upper ore body during waning hydrothermalism and cooling of the mound,
which has resulted in the overprinting of any original hydrothermal signatures in both mound
sediments and sulphides. This study has demonstrated that the geochemistry of the sulphide
mound deposits continues to evolve following the peak of hydrothermal activity, and that the
seawater overprinting of the Skouriotissa deposit is the end product of a process which we
only see the initiation of on the modern seafloor.

At TAG, the origin of far-field Mn and Fe-rich oxide crusts has remained controversial over
25 years of investigations of the vent field. The REE and Nd isotope data presented in this
thesis indicate these ferromanganese deposits are forming by a combination of sedimentation
of Mn-rich particulates from the TAG hydrothermal plume, and direct precipitation from
diffuse hydrothermal fluids seeping from the rift valley wall. The REE data reveal that the
separation of manganese from other hydrothermally-derived metals at TAG is due to both
plume processes and the spatial distribution of diffuse flow within the vent field.

The studies presented in this dissertation have demonstrated the use of REEs as tracers of

chemical processes in ancient and modern hydrothermal systems on a wide range of temporal
and spatial scales.
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Chapter 1

Introduction

The discovery of 'Black Smoker' sulphide chimneys venting copious amounts of metal-
rich hydrothermal fluids at ~350 °C surrounded by unique ecosystems, is perhaps the most
surprising and important result of research in the deep oceans over the last 20 years. The
black smoker structures are one of the most spectacular seafloor expressions of kilometre-
scale sub-seafloor hydrothermal systems formed where cold seawater penetrates into hot,
recently-emplaced volcanic crust at oceanic spreading ridges, which are the principal site
of exchange between the deep and surface geochemical systems of the Earth. Metal
sulphide deposits accumulate around seafloor hydrothermal vents where hot, acidic
hydrothermal fluids mix with cold, oxic seawater [reviews by Hannington ez al. 1995;
Tivey 1995]. Realistic modelling of the magnitude of geochemical and thermal fluxes
caused by oceanic hydrothermal circulation is essential in balancing global chemical and
heat budgets, but problematic, as the structure of these systems and the magnitude of the

hydrothermal water flux is still poorly constrained [review by Elderfield & Schultz 1996].

While studies of modern vent sites can characterise the spatial distribution of
hydrothermal activity on the seafloor, insights into the temporal evolution of mineralising
hydrothermal systems are more readily obtained from studies of ophiolites, that represent
land-bound fragments of oceanic lithosphere accreted at ancient spreading centres [Gass
1968]. Compared with oceanic studies, ophiolites offer the advantage of three-dimensional
on-land exposure of entire oceanic crustal sections to stratigraphic depths that remain
unsampled in the ocean basins. Ophiolitic massive sulphide ore bodies are widely
distributed throughout the geological record, and constitute a major world resource of base
metals (copper, lead and zinc) [Franklin ef al. 1981]. The size, sulphide mineralogy and
textures, and metalliferous sediment associations of some of the largest seafloor sulphide
structures are similar to ophiolite-hosted sulphide deposits [Oudin et al. 1981; Oudin &
Constantinou 1984; Herzig ef al. 1991, Hannington ef al. 1998], despite the greater
diversity in the tectonic settings of ophiolite formation compared with ocean crust
generation at mid-ocean ridges [e.g. Miyashiro 1973; Pearce 1975; Pearce 1980; Pearce

1



Introduction 2

1982; Pearce ef al. 1984]. Early studies of hydrothermal alteration and mineralisation in
ophiolites gave rise to genetic models for seafloor sulphide deposits, that have remained
largely unchanged over 20 years of research into active vent systems [e.g. Spooner & Fyfe
1973, Spooner & Bray 1977; Spooner et al. 1977]. Ophiolite-based studies of seafloor
hydrothermal systems complement the modern oceanic database by placing important
constraints on processes occurring in the subsurface of hydrothermal systems, that are
often inferred from limited seafloor measurements of the physical and chemical
characteristics of vent fluids and their associated deposits [e.g. Richardson ef al. 1987,
Kelley & Robinson 1990; Bickle & Teagle 1992; Kelley ef al. 1992; Bickle et al. 1998].
In this respect, the Troodos ophiolite complex of Cyprus has been of great importance.
The Troodos ophiolite was generated at a Tethyan ridge associated with Late Cretaceous
seafloor spreading [Gass 1968]. It is one of the few ophiolites with an undisrupted
stratigraphy, and although formed in a supra-subduction zone rather than typical mid-
oceanic setting [Pearce 1975; Robinson e7 al. 1983; Rautenschlein ef al. 1985] shows an
oceanic crustal section and alteration similar to that predicted for normal mid-oceanic
crust. Numerous studies have demonstrated that the Troodos massive sulphides,
metalliferous sediments and hydrothermally-altered crustal rocks are the products of
seafloor hydrothermal processes comparable with those occurring on the mid-ocean ridge
system [e.g. Constantinou & Govett 1972; Constantinou & Govett 1973; Spooner & Fyfe
1973; Spooner & Bray 1977; Spooner ef al. 1977; Constantinou 1980; Adamides 1990;
Boyle 1990; Gillis & Robinson 19904, 5].

The rare earth elements (REEs) can be used as tracers of hydrothermal processes in both
the modern setting and the geological record. An important part of the investigation into
modern vent sites has involved the use of the REEs to constrain the geochemical evolution
of the mineralising systems [Michard ef al. 1983; Michard & Albaréde 1986; Campbell et
al. 1988b; Michard 1989; German et al. 1990; Gillis ef al. 1990; Klinkhammer ef al. 1994;
Mitra ef al. 1994; Mills & Elderfield 1995a; James & Elderfield 1996; Humphris 1998].
The chemical coherence of the group, coupled with a predictable range in solubility and
complexation chemistry with increasing atomic number and decreasing ionic radius, make
the REESs ideal tracers in hydrothermal systems, which are characterised by sharp gradients
in physical conditions. Investigations of modern seafloor hydrothermal systems by
dredging, submersible operations and limited drilling at ridge crests have led to the creation
of a comprehensive REE data set encompassing vent fluids and plumes, hydrothermal

sulphides and sulphates, and near- and far-field metalliferous sediments [e.g. Bender ef al.
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1971; Bence 1983; Michard ef al. 1983; Michard & Albaréde 1986, Barrett & Jarvis 1988;
Campbell et al. 1988b; Owen & Olivarez 1988; Michard 1989; Barrett ez al. 1990; German
et al. 1990; Gillis ef al. 1990; German ef al. 1993; Mills ef al. 1993; Klinkhammer ef al.

1994; Mitra et al. 1994; Mills & Elderfield 19954; Klinkhammer ef al. 1995; James &
Elderfield 1996].

This dissertation addresses some important problems relating to the structure and temporal
evolution of ocean ridge hydrothermal systems. This has been achieved through an
evaluation and comparison of the REE systematics of hydrothermal materials recovered
from the Trans-Atlantic Geotraverse (TAG) vent field, 26° N, Mid-Atlantic Ridge with
similar materials from the 90 Myr mineralising hydrothermal systems preserved within the
Troodos Ophiolite, Cyprus. Both the TAG vent field and Troodos ophiolite have been the
subject of numerous (and sometimes comparative) studies of submarine hydrothermal
systems. Additionally, recent drilling in the TAG vent field by the Ocean Drilling Program
(ODP) in 1994 revealed for the first time the internal structure of an actively forming
oceanic sulphide deposit, that previously was limited to inferences made from on-land
analogues [Humphris ef al. 1995]. Consequently, the REE data obtained in this study can
be interpreted within well-established frameworks of the physical, chemical and structural

controls on hydrothermal processes in both the modern and ancient settings.

This chapter provides an overview of the nature, controls and consequences of
hydrothermal circulation at oceanic spreading centres. Observations and measurements of
modern vent systems are integrated with descriptions of ophiolite-hosted hydrothermal
mineralisation and crustal alteration, in addition to the results of some experimental and

theoretical studies of ridge crest hydrothermal activity.

1.1 Hydrothermal circulation at mid-ocean ridges

Although deep-sea hydrothermal vents were only relatively recently discovered [Corliss ef
al. 1979], they are now known to be a relatively common phenomenon on the 55 000 km
global ridge-crest system in a range of tectonic settings, encompassing fast- and slow-
spreading centres, fracture zones, seamounts and back-arc spreading centres associated
with subduction zones [review by German ef al. 1995a]. Convective hydrothermal
circulation is initiated at spreading centres as a direct consequence of the accretion of new
oceanic lithosphere at the ridge axis. Cold seawater percolating into highly fissured crust

at the ridge crest becomes heated by conduction from an underlying axial heat source,
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consisting of either hot rock or magma. Seawater is transformed into an acidic, reduced,
metal- and sulphide-bearing fluid during a sequence of reactions with the basaltic crust at
elevated temperature and pressure beneath the ridge crest [review by Alt 1995]. The
hydrothermal fluid rises to vent at the seafloor as a black smoker fluid [e.g. Speiss 1980a],

or mixes with seawater in the shallow subsurface of the system [e.g. Edmond ef al
1979al.

Prior to any observations of deep sea hydrothermal vents, the large-scale convective
circulation of seawater through the global ridge crest and flanks had been inferred from
the discrepancy between measured and predicted conductive heat losses for crust less than
60 Myr on the fast-spreading East Pacific Rise (EPR) [Lister 1972]. This hydrothermal
circulation carries a significant fraction (~24%) of global heat loss [Sclater ez al. 1980]
and cycles the entire ocean volume through the seafloor every 10 to 50 Myr, constituting a
major pathway for chemical exchange between the earth, the ocean and atmosphere
[Edmond ef al. 1979a]. Estimates of the total hydrothermal heat flux derived from
geophysical methods are c. 9 +2 x 10" W [e.g. Morton & Sleep 1985; Sleep 1991; Stein
& Stein 1994]. The volume of seawater (hydrothermal mass flux) affected by the
hydrothermal heat flux depends critically on the temperature of the circulating fluids. The
heat anomaly extends to a crustal age of 65 + 10 Myr, where the observed and predicted

conductive heat flow coincide [Stein ef al. 1995].

Derivations of hydrothermal mass fluxes are frustrated by uncertainties in the values of
off-axis versus axial fluxes, and the partitioning of the axial heat flow between ~350°C
black smoker and lower-temperature diffuse flow. Thermal modelling of hydrothermal
circulation indicates that the axial heat flux is between 10 and 20% of the total heat loss at
the ridge axis, requiring extensive low-temperature circulation on the ridge flanks [Wolery
& Sleep 1976; Morton & Sleep 1985]. For a given heat flux, the hydrothermal water flux
is inversely related to the temperature of the venting fluids. Advective heat loss on the
ridge flanks occurs at lower temperatures than in the axial zone, because ~350°C fluids
can only be produced by heating in close proximity to a magmatic heat source [Kadko e?
al. 1995]. Consequently, the seawater flux through the ridge flanks is substantially greater
than at the axis [Kadko et al. 1995]. Considerable uncertainties still exist in deriving
estimates of the off-axis water flux, as the fraction of magmatic heat not removed in the
axial region and the average temperature of the flow are not known [Elderfield & Schultz

1996]. Additionally, within the axial zone the partitioning of the heat flow between high-
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temperature black smoker and lower-temperature diffuse flow is not yet well established
on a global scale [Elderfield & Schultz 1996], but individual vent field measurements

indicate that diffuse fluids may transport an order of magnitude more heat than discrete

venting [Schultz ez al. 1992; Schultz et al. 1996].

1.2 Subsurface structure of seafloor hydrothermal systems

Newly-accreted basaltic lithosphere is cooled by extensive seawater circulation through
the ridge crest and flanks. Most black smoker fluids sampled at active vents have exit
temperatures close to 350° C [review by Von Damm 1990]. Although the subsurface
structure of hydrothermal systems is poorly constrained, this observation requires that for
much of their evolution, recharge fluids (seawater) penetrate to depths close to the level of
crystallising magmatic intrusions (~2 km) [Cann & Strens 1982; Cann ef al. 1985]. Heat is
rapidly extracted either across a thin static boundary layer in the crystalline roof of a
convecting magma chamber (time constant of 1000’s of years) [Cann & Strens 1982], or
in a dynamic 'cracking front' where fluid penetrates hot, recently crystallised plutons (time
constant 10’s to 100’s of years) [Lister 1982; Lowell & Germanovich 1994]. The 20 year
period over which observations are available is far too short to reveal the critical temporal
variations which would enable a choice to be made between these two models. However,
it has been argued that the necessary heat to produce a large massive sulphide deposit can
be more efficiently derived from a magma chamber than hot rock, and additionally that
there 1s no evidence of large degrees of alteration that would be associated with cracking
fronts in the gabbros of ophiolite complexes [Cann & Strens 1982; Cann et al. 1985]. This
phase of hydrothermal circulation is characterised by rapid heat extraction, high water
temperatures and high flow rates [Lister 1982]. The high-temperature fluids rise
essentially adiabatically from the reaction zone to vent at the seafloor, or mix with cooler
fluids in the near sub-surface [Sleep 1991]. Fluid residence times of only ~3 to 10 years in
the upflow zone of the hydrothermal system have been inferred from radioisotope
measurements of Juan de Fuca Ridge (JAdFR) black smoker fluids [Kadko & Moore 1988;
Kim & McMurtry 1991]. Fault-controlled discharge of hydrothermal fluids has been
inferred for the Troodos ophiolite [Varga & Moores 1985], and the TAG vent field
[Kleinrock & Humphris 1996].

Cann ef al. [1985] have proposed that both fluid recharge and discharge in subseafloor
hydrothermal systems are channelled by faults, although Bickle & Teagle [1992] have
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argued for diffuse recharge zones, because channelling of downwelling seawater is not
apparent in the Sr-isotope composition of altered basalts in the sheeted dyke complex of

the Troodos ophiolite, Cyprus [Bickle & Teagle 1992; Bickle ef al. 1998].

1.3 Temporal variability of seafloor hydrothermal systems

Seafloor hydrothermal activity is necessarily transient in nature, as the rate of heat
extraction by hydrothermal circulation exceeds the heat supplied from the mantle to the
crust via episodic magma injection [e.g. Cann & Strens 1982; Lowell & Germanovich
1994]. Even disregarding large hydrothermal emissions termed ‘megaplumes’ [e.g. Cann
& Strens 1989; Baker ef al. 1987; Baker et al. 1989], black smokers have rates of thermal
discharge greater than can be sustained by seafloor spreading. As the typical heat flux
from a black smoker system is ~50 to 500 MW [Schultz e al. 1992], the heat available on
a steady state basis from the cooling oceanic crust could only maintain venting for <10%
of the time [Cann & Strens 1982]. Similarly, the heat loss from a single black smoker
chimney (~3 x 10° kW) at 21°N EPR is equivalent to the expected conductive heat loss for
a segment of spreading centre 4 to 7 km long and extending out to 1 Myr crust either side
of the ridge crest [Macdonald e al. 1980]. The predicted temporal instability of the
hydrothermal flux is consistent with the view that ocean ridge crests undergo cycles of
tectonic and magmatic activity [Lowell & Germanovich 1994], which have also been
recognised from the constructional morphology of parts of the Troodos extrusive sequence

[Schmincke & Bednarz 1990].

The initiation of hydrothermal venting within the tectonic-magmatic cycles of oceanic
ridges is not yet well understood. However, observations of sudden changes in the
chemical and/or thermal output of vent fields at 9-10°N EPR on the Southern JdFR
associated with dyke intrusion and subsequent seafloor volcanic eruptions provides
evidence that seafloor spreading episodes may be punctuated by extreme perturbations in
hydrothermal activity [Baker ef al. 1989; Von Damm ef al. 1995]. ‘“Megaplumes’ are
extremely large hydrothermal plumes resulting from catastrophic emissions from black
smoker systems that may represent sudden emptying of an entire crustal hydrothermal
reservoir [Baker ef al. 1987; Baker ef al. 1989; Nojiri ef al. 1989; Cathles 1993; Cann &
Strens 1989]. A megaplume on the Cleft segment of the Southern JdFR was associated
with a heat output equivalent to the normal output from the underlying vent field (c. 30

000 MW), and 10-1000 times that of a single black smoker [Baker et al. 1989].
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Importantly, megaplume fluids are compositionally distinct, indicating that chemical
budgets extrapolated on the basis of stable vent chemistries may be unreliable, depending
on the frequency and duration of megaplume events [Baker 1995]. Additionally, an active
vent at 9°N EPR was recently observed to evolve from vapour-rich to brine-rich fluid

compositions in the three years following a volcanic eruption within the vent field [Von

Damm et al. 1995; Von Damm et al. 1997].

Following these initial perturbations, vent fluid compositions appear to enter a steady-state
phase of evolution, that is typical of most systems that have been sampled on the mid-
ocean ridge system. The longest existing time series of vent fluid compositions are for the
TAG vent field, MAR [Campbell ez al. 19885; Edmond et al. 1995; Edmonds ef al. 1996;
Gamo et al. 1996], 21°N on the EPR [Speiss ef al. 1980; Edmond et al. 1982; Von Damm
et al. 1985a; Campbell et al. 1988a] and the Guaymas Basin in the Gulf of California
[Von Damm et al. 1985b; Campbell e al. 1988a]. The hydrothermal vents sampled in
these studies have shown stable fluid and exit temperatures over the decadal timescales of
observation. The lack of any critical temporal variability in these systems is consistent
with vent fluid compositions that are buffered to observed compositions by water-rock
interactions at depth, and also that the mixing-cooling history of the fluids has been

relatively stable over these time periods [e.g. Campbell ez al. 1988a].

While many seafloor hydrothermal systems are observed to approach steady-state
conditions, it is difficult to ascertain if true chemical equilibrium is achieved [Von Damm
1995]. Early thermodynamic modelling of vent fluids at 21° N, EPR and the Guaymas
Basin indicated that chemical composition of the fluids did not correspond to equilibrium
control except for quartz [Bowers ef al. 1985]. Subsequent modelling with an improved
thermodynamic database for 21°N and 13-11°N, EPR suggested the fluid chemistry is
rock-buffered by equilibrium reactions between the hydrothermal fluid and a greenschist
facies mineral assemblage at depth [Bowers e al. 1988]. Laboratory experiments have
shown that full equilibrium between all the mineralogical rock components is unlikely to
occur, and that there are likely to be only a limited number of equilibrium reactions, such
as plagioclase alteration to epidote [Berndt ef al. 1989]. Although low whole-system
water/rock ratios indicate that the total extent of subsurface alteration of the oceanic crust
is low [review by Von Damm 1995], geochemical exchange in hydrothermal systems is
predicted to be dominated by reactions at locally higher ratios along the shallow recharge

paths of hydrothermal fluids [Bickle & Teagle 1992].
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The relative duration of the perturbed and steady-state venting episodes, and the
characteristics of the waning phases of these systems are poorly constrained from only 20
years of observations of active seafloor vents [Von Damm 1995]. However, seafloor
observations can be integrated with the results of ODP Hole 504B that has sampled a ~2
km section of 5.9 Myr mineralised ocean crust, and studies of hydrothermal alteration in
ophiolites to gain insights into the temporal evolution of hydrothermal systems, from their
inception to lower-temperature evolution following the peak of hydrothermal activity and
alteration (Table 1.1). While ODP drilling has sampled the volcanic basement at
numerous locations on the ocean floor, Hole 504B is the best modern counterpart of the
crustal sections exposed in ophiolites as it is the only basement hole to penetrate through
the volcanic section into the underlying sheeted dyke complex. [e.g. Alt ef al 1996].

Hydrothermal alteration in Hole 504B and the Troodos ophiolite are discussed in Chapter
4 of this dissertation.

1.4  Tectonic ridge crest processes

New oceanic lithosphere is created by intrusive and extrusive activity at the crest of the
mid-ocean ridge system, which is a complex and dynamic environment. The topography
of the axial rift valley depends on the balance between structural extension and magmatic
accretion, and changes approximately continuously with spreading rate [Searle 1992].
However, slow-spreading ridges near areas of high mantle heat flow (e.g. hot spots) have a
morphology more characteristic of fast-spreading ridges, while intermediate spreading
ridges develop a median valley where they are juxtaposed against cold lithosphere at

ridge-transform intersections [Searle 1992].

At slow- and intermediate-spreading rates (e.g. MAR; ~25 mm yr™ full rate) inward-
dipping normal faults dominate the ridge-parallel fault population, and account for most of
the topography of the median valley, which is maintained by rotation of pre-existing fault
blocks at the edge of the median valley [Searle 1992]. The rift axis of slow-spreading
centres is dominated by an axial rift valley 30 to 45 km wide and 1 to 2 km deep [Smith &
Cann 1993]. Consequently, hydrothermal plumes are entirely trapped and transported
within the axial valley, which has important implications for models of formation of
metalliferous sediment and distal low-temperature hydrothermal precipitates at slow-
spreading ridges. At fast-spreading ridges (e.g. EPR; 180 mm yr-' full rate), extension at

the ridge crest by normal faulting is much less significant. Outward dipping faults with
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similar displacements form a few kilometres from the axis, giving rise to a horst-and-
graben tectonic fabric, which has no topographic median valley but a narrow topographic
high [Searle 1992; Smith & Cann 1993].

Mid-ocean ridges are ordered into segments that are separated by transform and non-
transform offsets, typically with offsets of 2100 km and a few 10’s of km respectively.
The scale and style of ridge segmentation varies between fast- and slow-spreading centres.
While overlapping spreading centres are common at fast-spreading centres, slow-
spreading ridges are more regularly segmented by transform fault zones with large offsets.
At slow-spreading ridges rock types from all crustal levels to the upper mantle are exposed

in fracture zones; at intermediate and fast spreading ridges only volcanics are exposed
[Karson 1990].

Following the recognition of ophiolites as on-land fragments of ridge-generated oceanic
crust [Gass 1968], many petrogenic and structural models for deep portions of the oceanic
crust have utilised the unique three-dimensional exposure of oceanic crustal sections in
ophiolites [e.g. Moores & Vine 1971]. However, the use of ophiolite complexes to
understand those processes occurring in the upper oceanic crust was slow until the
realisation that many of the low-temperature, brittle deformation structures preserved
within ophiolites reflect crustal accretion, rather than obduction processes [e.g. Varga &
Moores 1985; Nicolas 1989]. Subsequent mapping of three-dimensional Troodos ridge
tectonic structures has lead to the recognition of fossil axial grabens, an oceanic transform

fault and apparent propagating rift margin [Varga & Moores 1985; Moores et al. 1990].

1.5 Magmatic and volcanic ridge crest processes

Marine geophysical studies of mid-ocean ridges have constrained the structure of the crust
at mid-ocean ridges [e.g. Raitt 1963; McConnell ef al. 1966; Christensen & Salisbury
1975; White 1984; Detrick 1991]. The seismic structure of the oceanic crust is controlled
by petrological differences modified by hydrothermal circulation, metamorphic alteration
and by the presence of cracks and fissures [White 1984]. The seismicity of fast and slow
spreading ridges is distinctive [e.g. Toomey et al. 1985; Detrick 1991, Kong ef al. 1992].
Seismic studies along the fast-spreading EPR (9° N to 13° N) have detected semi-
continuous low-velocity zones at ~2 km depth, corresponding to sill-like axial magma
chambers (2 km wide and less than 1 km thick), surrounded by partially molten crystal

mush or hot solidified rocks [Detrick 1991]. A crustal model of a fast-spreading centre has
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a volcanic layer of fissure fed sheet and pillowed flows, a homogenous sheeted dyke
complex and a plutonic section with a long-lived magma chamber [review by Searle
1992]. The structure of ocean crust at the MAR is more complex and spatially variable
than the EPR [Smith & Cann 1993]. Seismic imaging beneath the along-axis high of the
MAR at 26°N ridge has revealed zones of hot rock at the sites of most recent magma
injection [e.g. Kong ef al. 1992], but the steady-state melt lens characteristic of the EPR
ridge crest are absent. Microearthquakes on the MAR to depths exceeding 8km indicate
that the entire crustal section is cooled to within the field of brittle deformation behaviour
[Toomey et al. 1985; Toomey et al. 1988]. Crustal construction at slow-spreading centres
is inferred to occur via discrete magma bodies that rise through the crust to feed axial
volcanoes on the valley floor [Smith & Cann 1993]. Consequently, the crustal models for
slow-spreading centres have pillow volcanoes overlying a heterogeneous sheeted dyke
complex with some high-level intrusions, and a plutonic section comprising many small
plutons [Smith & Cann 1993]. There is a lesser degree of volcanic continuity than at fast-
spreading ridges, with periods of 10* years between major volcano-forming episodes,
during which the ridge crest evolves by amagmatic, tectonic extension [Smith & Cann
1993]. |

The crustal section of the Troodos ophiolite is recognised as having been constructed
during episodic volcano-tectonic-hydrothermal cycles, similar to those occurring at
modern mid-oceanic ridges [Schmincke & Bednarz 1990]. Normal faults and dykes dip
towards the axes of structural grabens preserved on the northern flank of the ophiolite,
which preserve the relationships between structural, magmatic and hydrothermal processes
operating during Troodos seafloor spreading [Varga & Moores 1985]. On Troodos,
periods of crustal accretion are inferred to have been punctuated by episodes of amagmatic
extensional faulting [Varga & Moores 1990]. Various spreading rates have been proposed
for the Troodos ophiolite. Similarities in the dimensions of Troodos axial grabens and the
MAR rift valley [Boyle & Robertson 1984] and the episodic nature of axial magmatism
(representing multiple magma chambers rather than a steady-state melt lens) [Varga &
Moores 1985] are suggestive of intermediate- to slow-spreading rates, while the generally
subdued topography of the lava/sediment contact is a characteristic feature of faster-
spreading ridges [Allerton & Vine 1987]. These contrasting observations may reflect the
episodic nature of magma supply to the spreading centre, with grabens produced during
amagmatic tectonic extension, at a time-integrated spreading rate considerably higher than

found along current slow-spreading ridges [Varga & Moores 1990].



Introduction 12

1.6 Magmatic, tectonic and volcanic controls on hydrothermal activity

The location of active hydrothermal vents must be controlled by the local ridge crest
tectonic-magmatic regime, although this relationship is poorly understood due to limited
surveying of the mid-ocean ridge system at sufficiently high resolution [review by Fornari
& Embley 1995]. However, differences in magma supply and tectonic styles at fast- and
slow-spreading centres affects the stability of the permeability structure of the upper crust
[e.g. Karson 1990; Karson 1991] and is therefore predicted to influence the nature, depth
and longevity of hydrothermal circulation and crustal alteration [e.g. Karson & Rona
1991]. This may account for the observed differences between long-lived hydrothermal
sites such as TAG vent field on the slow-spreading MAR and the generally smaller

sulphide deposits formed from transient systems on faster spreading ridges [Fornari &
Embley 1995].

Ballard et al. [1982] proposed a volcano-tectonic cycle for the Galapagos Spreading
Centre (GSC) where hydrothermal circulation is initiated by volcanic eruptions. The most
intense hydrothermal activity is predicted to occur near the along-strike topographic high
of the ridge crest which occurs approximately mid-way between two transform faults
[Francheteau & Ballard 1983]. However, tectonic features are clearly important in
controlling venting at other sites. Many large deposits at a range of spreading rates (TAG,
Endeavour and Explorer Ridges and 13° N EPR) are associated with normal faulting at the
edges of the axial rift valley. In the case of the TAG vent field, axis-transverse structures
are also inferred to be important in maintaining the high permeability discharge zones
[Kleinrock & Humphris 1996]. A deep-tow survey of hydrothermal plumes between 36°N
and 38°N on the MAR also found tectonic parameters to be the dominant control on the
location of focused hydrothermal discharge [German ef al. 1996]. On this section of the
MAR, the majority of hydrothermal sites are located on highly tectonised crust near to
non-transform offsets, rather than at the centre of individual ridge segments, and on areas

of the seafloor characterised by the absence of any freshly erupted basalts [German et al.
1996].

While the large-scale structure and longevity of hydrothermal systems is controlled by the
major structural elements of the ridge crest such as rift boundary faults, on a vent field
scale hydrothermal discharge is dependant on near-surface permeability [Hannington ef al.
1995]. Newly generated oceanic lithosphere is pervasively cut by fissures that form very

close to the ridge axis [Searle 1992]. These structures, as well as local variations in lava
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morphology and volcanic features such as ponded flows, lava tubes and collapsed talus
can influence the permeability structure of the shallow crust (upper 300 m), and impart a

permeability stratigraphy that can favour localised hydrothermal circulation [Fornari &
Embley 1995].

Ophiolitic lavas have a somewhat different morphology compared with mid-ocean ridge
basalts (MORB), that may have had implications for near-surface permeability and fluid
flow through the upper Troodos crust. Troodos basalts were produced by partial melting of
depleted mantle peridotites of a mantle wedge under hydrous conditions, in the presence
of fluids emanating from a subducted slab [Pearce 1975], compared with MORB that is
produced by prolific (c. 15-30 %) partial melting of the mantle at shallow levels (<30 km)
under essentially anhydrous conditions [e.g. Green & Ringwood 1967; Jaques & Green
1980]. The high vesicularity of Troodos lavas and the broader spectrum of extrusive
processes compared to MORB volcanoes is attributed to enhanced viscosities and volatile
exsolution at similar inferred extrusion depths [Schmincke & Bednarz 1990]. Within the
ophiolite, major sulphide ore bodies occur within axial seafloor grabens, and appear to be
related to hydrothermal circulation along graben faults, driven by the late intrusion of

plutons into highly deformed and tectonically thinned oceanic crust [Varga & Moores
1985].

1.7 Hydrothermal fluids

Studies of deep sea hydrothermal vents began with the discovery of diffuse fluids and low-
temperature hydrothermal oxide and silicate deposits at the GSC as part of a joint French-
American submersible investigation of the ridge crest [Klinkhammer ez al. 1977; Lupton
et al. 1977, Corliss et al. 1979, Edmond et al. 1979a,b; Speiss et al. 1980a,b;
Klinkhammer 1980; Fehn et al. 1983]. The metal-poor fluids were recognised to have
been diluted with cold seawater in the shallow subsurface of the hydrothermal system
[Edmond et al. 1979a]. The first ~380° C ‘black smoker’ fluid was sampled 2 years later
at 21°N on the EPR [Speiss et al. 1980a,b] and had a composition similar to the predicted
end-member high temperature fluid at Galapagos [Edmond e al. 1982; Von Damm ef al.
1985a]. Every vent field subsequently sampled has extended the range of known vent fluid
compositions [review by Von Damm 1995]. Most research efforts have been towards
characterising black smoker chemistries, as these fluids are easier to sample without

dilution by local seawater than lower-temperature diffuse flow [but see Schultz e al.
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1992; James & Elderfield 1996; Schultz et al. 1996].

1.7.1 High-temperature fluids

Seawater is transformed into hydrothermal fluid by a series of incremental reactions
between seawater and basalt (and more rarely sediment) at elevated temperatures and
pressures during circulation through the ocean ridge system. The observed changes in
water chemistry are a function of variables including temperature, pressure, basalt
composition (that shows limited variation along the mid-ocean ridge), the composition of
any sediment cover (that where present, can be highly variable), whether the basalts have
been previously altered, whether fluid-rock equilibrium is achieved at depth, and whether
the fluids have undergone phase separation or mixed with cooler fluids in the subsurface
of the system during their ascent to the seafloor [e.g. Hajash 1975; Bischoff & Dickson
1975; Van Damm et al. 1985b; Berndt ef al. 1988; Palmer & Edmond 1989a; Berndt et al.
1989; Von Damm 1990; Seyfried ef al. 1991; Von Damm 1995; James ef al. 1995;
German ef al. 19955].

The critical changes in fluid chemistry that occur during hydrothermal circulation are a
reduction in pH, the complete loss of Mg and SOy, and increases in Si and H,S, the trace
alkali elements (K, Li, Rb, Cs), volatile elements (He, H,, CHs, H,S and CO,) and in Fe,
Mn and the other ore-forming elements (Cu, Zn, As, Se, Cd, Co Ag and Pb) [Von Damm
1990]. The observed variations in chloride content of vent fluids (c. 30 to 200% of
seawater values) necessitates phase separation and brine/vapour segregation in the
subsurface of the system [review by Von Damm 1995]. These processes have also been
invoked to account for the range of compositions of fluid inclusions in the upper plutonics
of the Troodos ophiolite [Cowan & Can 1988]. Phase separation has a profound effect on
the distribution of metals at hydrothermal vents, that are stabilised in solution by chloride-
complexation [Von Damm 1990]. Metals are partitioned into the chloride-rich, high
salinity phase while the concentration of gases is greater in the vapour-rich phase [Von

Damm ef al. 1995; Von Damm et al. 1997].

Studies of ophiolites have not generally been able to constrain the hydrothermal fluid
chemistry because they integrate a long history of alteration, which may or may not be
dominantly related to axial venting processes [Gillis & Robinson 1990a, b; Gillis &
Robinson 1988; Wells ef al. 1998].
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1.7.2  Diffuse flow

Thermal considerations indicate that the low-temperature circulation of low-temperature
pore fluids through the flanks of the ocean ridge system is responsible for advection of
~80% of the hydrothermal heat flux associated with crustal accretion [Morton & Sleep
1985]. The chemical fluxes associated with the off-axis hydrothermal flux are not well
known, as the flank flow is too diffuse to be readily sampled [review by Elderfield &
Schultz 1996]. Diffuse fluids with temperatures ranging from <10 to ~100°C are also
ubiquitous in axial hydrothermal systems, where the partitioning of the heat transport
between black smoker and diffuse fluids is not well constrained. However, numerous
observations of extensive areas of diffuse flow at many vent sites, and the results of the
few experimental studies indicate that the heat and mass flux associated with diffuse flow

may be up to an order of magnitude greater than that of focused high-temperature flow
[Schultz et al. 1992].

Diftuse flow may represent the earliest form of discharge at vent fields, prior to the
development of insulating chimneys that inhibit seawater mixing. Diffuse fluids are also
typically present at the margins of high temperature upflow where hydrothermal fluids
mix with seawater, and additionally dominate the waning stages of hydrothermal activity
as the magmatic intrusion beneath the ridge solidifies [review by Hannington et al. 1995].
Diffuse fluids are frequently associated with deposits of Fe- and Mn-oxides, authigenic
clays and silica [e.g. Edmond ef al. 1979b; Thompson et al. 1985; Alt et al. 1987], and are
often surrounded by biological communities, as they represent a significant nutrient source

[review by Jannasch 1995].

Diffuse flow is not only more important than black smoker fluids in terms of mass and
heat transport, but also in defining the high-temperature end product of hydrothermal
mineralisation [e.g. Edmond et al. 1995; Tivey et al. 1995]. Diffuse fluids formed by
seawater ingress into sulphide mounds act to ‘zone refine’ the sulphide ore, by dissolving
lower-temperature (Zn-rich) sulphides within the mound and re-depositing them at the
cooler margins of the deposit [Mitra ez al. 1994; Edmond et al. 1995; Tivey et al. 1995;
James et al. 1996]. A similar origin has been implied for the zonation that has been

frequently recognised in on-land sulphide ore bodies [Franklin ez al. 1981; Edmond ef al.
1995].
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1.8  Sulphide mineralisation

By definition a ‘massive sulphide’ deposit contains sulphide minerals in excess of ~50%,
in addition to any disseminated sulphide mineralisation [Graf 1977]. Massive sulphide
deposits located around black smoker sulphide chimneys were first described at 21°N,
EPR [Speiss ef al. 19805], and have subsequently been located along much of the explored
mid-ocean ridge system [Rona 1984]. The massive sulphide deposits of the Troodos
ophiolite complex are among the best known ancient analogues of seafloor sulphide
mineralisation at mid-ocean ridges [Constantinou & Govett 1973; Constantinou 1980;
Adamides 1980; Adamides 1990]. They are spatially and genetically associated with
structural grabens produced during Tethyan seafloor spreading [Varga & Moores 1985],
and exhibit a style of mineralisation and bulk compositions similar to modern vent
sulphides [e.g. Haymon & Kastner 1981; Oudin e al. 1981; Rona ef al. 1986; Fouquet et
al. 1988; Hannington ef al. 1991; Hannington ef al. 1995; Hannington et al. 1988].

1.8.1 Black smoker chimneys

The hydrothermal flux of dissolved metals, sulphide and silica are released into the oceans
at deep sea venfs, Seafloor sulphide deposits and particle-rich hydrothermal plumes form
as the hydrothermal fluid comes into contact with cold, oxic seawater. Turbulent mixing in
natural systems results in a considerable variety of vent morphologies, with flanges,
beehive diffusers, flanges, mounds, and steep sided edifices forming vent deposits, in
addition to chimney orifices [Tivey 1995]. In spite of this diversity, early descriptive,
numerical and chemical models for the sequence of mineral precipitation at hydrothermal
vents were based on the spectacular black smoker chimneys, that differ from other vent
structures by having a central chalcopyrite-lined conduit and anhydrite-rich outer wall
[Haymon 1983; Janecky & Seyfried 1984; Bowers et al. 1985; Bowers ef al. 1988; Tivey
& McDuff 1990]. Iron sulphides (pyrite and pyrrhotite) are the most commonly observed
minerals in black smoker chimneys , followed by zinc sulphides (sphalerite and wurtzite)
and variable amounts of copper sulphides (primarily isocubanite, bornite and chalcopyrite)

with occasional lead sulphide (galena) [review by Hannington ez al. 1995]

The principal physical and chemical parameters that influence the morphology and style of
mineralisation in seafloor hydrothermal systems are pH and redox conditions (fugacity of
oxygen and sulphur, f O;and f'S;), temperature (mixing-cooling history), water depth
(stockwork mineralisation can be induced by subcritical boiling of upwelling fluids),

source rock composition and near-surface permeability [reviews by Hannington et al.
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1995; Tivey et al. 1995]. Many of these parameters do not vary significantly along the
mid-ocean ridge system [Tivey 1995], and most black smoker fluids have compositions

buffered close to equilibrium with pyrite-pyrrhotite-magnetite [Hannington et al. 1995].

Determinations of chimney growth rates and ages in vent fields on the EPR, JdFR and
MAR using U-series isotope geochronology studies indicate that vent chimneys form
rapidly, with active and inactive chimneys having ages from ~0.5 to 2.5 years, while larger
sulphide edifices have ages up to ~20 years [Lalou & Brichet 1982; Kadko ef al. 1985;
Moore & Stakes 1990; Lalou et al. 1990; Stakes & Moore 1991]. Off-axis structures at
12°N, EPR have sulphide ages between ~2000 and 20,000 yrs [Lalou ef al. 1985], while
samples from the TAG field, 26°N, MAR indicate sulphide precipitation in the same
locality over the last ~40,000 years [Lalou ez al. 1993; You & Bickle 1998].

Inactive chimneys collapse due to sulphide mass wasting and dissolution of the anhydrite
cement at ambient seafloor temperatures [Hannington ez al. 1995]. Collapsed chimneys
may form a part of the rubbly surface of seafloor sulphide deposits, or are completely
oxidised and may form inputs to near-field metalliferous sediments [Metz et al. 1998;
German et al. 1993; Mills ef al. 1993]. Sulphide chimneys are not well preserved in older
vent complexes, and only rarely recognised in ophiolitic sulphide bodies [Oudin et al.

1981; Oudin & Constantinou 1984].

1.8.2 Seafloor sulphide mounds

Dissolved metals, sulphide and silica are dispersed within the oceanic environment when
hydrothermal fluids vent through seafloor sulphide structures. A more efficient
mineralisation process is the deposition of metals, sulphide and silica within seafloor
sulphide mounds [e.g. Edmond et al. 1995; Tivey et al. 1995]. The ore-forming elements
are deposited subsurface due to cooling and mixing with entrained seawater [Tivey ef al.
1995]. While black smokers may be present, the fluid flow from the mound surface

frequently includes a range of lower-temperature diffuse fluids [e.g. Mitra et al. 1994;
James et al. 1996].

Cyprus-type massive sulphide bodies are also assumed to have formed by a combination
of sub-surface mineralisation and accumulating chimney talus [Constantinou & Govett
1973; Constantinou 1980; Oudin ef a/. 1981; Oudin & Constantinou 1984]. Sulphide
debris at the surface of sulphide mounds becomes cemented and reworked by later

sulphide mineralisation [Constantinou & Govett 1973]. Consequently, seafloor sulphide
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mounds and Cyprus-type ore bodies are dominated by recrystallised pyrite [Constantinou
& Govett 1973; Humphris ef al. 1995], compared with young chimney deposits which

show a range of morphologies, compositions and sulphide textures [e.g. Haymon &

Kastner 1981].

1.9 Hydrothermal plumes

Hydrothermal plumes form as vent fluids entrain large quantities of seawater before
reaching density equilibrium with the surrounding seawater, tens to hundreds of metres
above the vent source. Hydrothermal plumes integrate and disperse the thermal and
chemical output from seafloor vent systems, and their anomalous properties can be used to
estimate chemical and thermal hydrothermal fluxes from the underlying vent field [review
by Lupton 1995]. Additionally, because they have a broad lateral extent in the water
column that far exceeds the point sources of seafloor venting, they have been used as an
oceanic exploration tool to locate new hydrothermal vent fields on the mid-ocean ridge
system [review by Baker ef al. 1995]. Hydrothermal plumes are identified by their
anomalous physical properties (temperature, salinity and density), elevated concentrations
of dissolved elements (Mn, Fe, Al, Si, methane, hydrogen and radon) and suspended
particles [review by Lupton 1995]. To date, c.10% of the mid-ocean ridge system has been
examined for chemical or physical evidence of hydrothermal plumes [e.g. Klinkhammer et
al. 1977, Lupton et al. 1977, Weiss et al. 1977; Jenkins et al. 1978; Baker et al. 1985;
Klinkhammer ef al. 1985; Klinkhammer ef al. 1986; German et al. 1994; German et al.
1996, Wilson et al. 1996].

The buoyant plume is that portion of the plume having positive buoyancy and finite
vertical velocity. The plume is diluted during ascent from the seafloor by seawater
entrainment caused by shear flow between the buoyant hydrothermal fluid and ambient
seawater [Lupton 1995]. The plume is diluted 10°to 10° in the first 5 to 10 m of rise, then
another order of magnitude before reaching density equilibrium with surrounding seawater
and spreading as a neutrally buoyant layer [Lupton 1995]. The neutrally buoyant plume
comprises diluted vent fluid (including entrained diffuse fluids), ambient seawater at the
same level, and seawater from deeper in the water column that has been entrained during
plume ascent [e.g. Rudnicki & Elderfield 1992]. The height of plume rise is dependent
upon the entrainment coefficient, the density gradient of the local water column, and less

critically on the discharge buoyancy (heat) flux, and for most vent fields is ~150 to 300 m
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above the seafloor [Speer & Rona 1989]. Plume studies at TAG, 26°N MAR, suggest that
the total heat entering the overlying water column from hydrothermal activity is in the
range 500 to 1000 MW [Rudnicki & Elderfield 1992]. However a megaplume mapped in
1986 on the JAFR was associated with a much larger heat flux (c. 30 000 MW) than
plumes formed by steady-state venting [Baker et al. 1989]. The megaplume was 20 km in

diameter, almost 600 m thick, and was centred 800 m above the ridge crest. [Baker ef al.
1989].

In the Pacific Ocean, hydrothermal plumes are widely dispersed and oxidised in the
regional mid-depth circulation, and can be detected by their anomalous properties several
thousands of kilometres from their ridge crest sources [Lupton & Craig 1981; Edmond er
al. 1982; Klinkhammer & Hudson 1986]. In the Atlantic, the height of buoyant plume rise
is considerably less than the height of the bounding walls of the axial rift valley (c. 2 km),
and MAR plumes are trapped and transported entirely within the axial rift valley
[Klinkhammer ef al. 1985; Klinkhammer ef al. 1986].

The chemical evolution of vent fluids continues within hydrothermal plumes [e. g. Feely et
al. 1987, Dymond & Roth 1988; Trocine & Trefry 1988; Mottl & McConachy 1990;
German et al. 1990 Kadko et al. 1990; German et al. 1991a,b; Feely et al. 1992; German
& Sparks 1993; Rudnicki & Elderfield 1993; Mitra et al. 1994]. Rapid mixing between
high-temperature vent fluids and seawater within a few seconds to a few minutes of
venting causes the precipitation of around 50% of the Fe in the vent fluid in a non-
equilibrium assemblage of sulphide, sulphate and oxide particles above the throat of the
chimney and in the buoyant plume [Rudnicki & Elderfield 1993; Lilley ef al. 1995].
Larger sulphide and sulphate particles quickly settle from the buoyant plume and begin to
dissolve in ambient seawater [Feely e al. 1987, Dymond & Roth 1988; Trocine & Trefry
1988]. The remaining dissolved Fe is oxidised over a longer time-scale to fine grained
oxyhydroxide particles in the buoyant plume [Mottl & McConachy 1990; Rudnicki &
Elderfield 1993]. Manganese displays a near-conservative behaviour in the buoyant- and
neutrally buoyant plume, and is a sensitive tracer of plume dispersion as it resists
oxidation for some time after discharge, in contrast to iron and many other metals
[Klinkhammer ef al. 1983]. The precipitation of Mn in the neutrally buoyant plume occurs
by microbially-mediated oxidative scavenging processes [Cowen ef al. 1990]. Microbial
activity related to the oxidation of methane and H, has also been demonstrated to be

important in hydrothermal plumes [Kadko ez al. 1990; Cowen ef al. 1986]. Particulate Mn
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concentrations in the neutrally buoyant plume increase away from the vent field to
distances of ~80-150 km, where they start to decrease by dilution with ambient suspended

matter [Dymond & Roth 1988; Feely ez al. 1992].

The impact of hydrothermal venting on seawater chemistry depends on subsequent
chemical reactions, mixing and dispersal within hydrothermal plumes [e. g. Mitra ef al.
1994; German et al. 1990; German et al. 1991a,b; Kadko 1993]. Plumes contains
hydrothermal tracers derived from the vent fluid (e.g. “He, Mn, Fe, hydrogen and
suspended particles) and tracers that have entirely or in part been introduced by seawater
entrainment (e.g. salinity, silica and radon) [review by Kadko ez al. 1995]. Conservative
tracers are those elements or species whose concentration is sensitive only to dilution. The
only true conservative tracers in hydrothermal plumes are temperature, salinity and inert
gases such as *He. Dissolved manganese is not a true conservative tracer because its
concentration is sensitive to slow microbially-mediated oxidation [Cowen et al. 1986;
Cowen et al. 1990]. Because Fe- and Mn-oxyhydroxide particles provide extensive sites
for chemical reaction and exchange, most tracers exhibit non-conservative properties
because their concentrations are affected by chemically or microbially-mediated uptake
processes [Kadko ez al. 1995]. Chalcophile elements such as Cu, Zn, Cd and Pb that
precipitate as sulphide phases exhibit non-conservative behaviour as they are removed
from the neutrally buoyant plume due to differential sedimentation and/or oxidative
dissolution [German ef al. 1991a]. Some trace elements coprecipitate with Fe-
oxyhydroxides in the buoyant plume, without any further uptake during plume rise and
dilution. This behaviour is characteristic of the oxyanions (P, U, V, Mo, Cr and As), which
are largely derived from seawater entrained during buoyant plume rise [Trocine & Trefry
1988; Trefry & Metz 1989; Feely ef al. 1990; German 1991a; Rudnicki & Elderfield
1993]. In contrast, particle-reactive elements like the REE and Th are continually
scavenged from seawater onto plume particle surfaces in the buoyant and neutrally
buoyant plume. The REE/Fe and Th/REE ratios of these particles increase with distance
from the vent source [Klinkhammer ef al. 1983; German ef al. 1990, 1991a; Rudnicki &
Elderfield 1993]. Particle scavenging during lateral transport of the plume away from the
vent affects the chemistry of ambient water [e.g. Klinkhammer ez al. 1983], and impacts
the ocean on a scale exceeding the local ridge crest as seawater is focused through the
plume via horizontal transport processes [Kadko ef al. 1995]. Co-precipitation and/or
scavenging plays an important role in the geochemical cycles of several elements in

seawater, balancing the global budget for the REEs and playing an important role in the
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removal of oxyanions (~70% of the riverine flux) [Rudnicki & Elderfield 1993; Kadko
1993].

The ultimate fate of the plume particle load is to contribute to the formation of
metalliferous sediments on the seafloor. In the Pacific Ocean, metalliferous sediments
extend off-axis for several thousands of kilometres from their ridge-crest sources [Lupton
& Craig 1981; Klinkhammer & Hudson 1986]. In the Atlantic, both near- and far-field

hydrothermal deposits are confined to the axial rift valley [Metz e al. 1988; Mills e al.
1993].

1.10 Metalliferous sediments

The association of metalliferous sediments with active mid-ocean ridges has been
observed since the 1960’s concurrent with the development of models of seafloor
spreading [Bostrom & Peterson 1966; Bostrom & Peterson 1969]. Metalliferous
sediments were first studied on the EPR, but were subsequently found to delineate the
entire mid-ocean ridge system [Arrhenius & Bonatti 1965; Skornyakova 1965; Bostrom &
Peterson 1966; Bostrom & Peterson 1969; Bender ef al. 1971; Piper 1973; Dymond &
Veeh 1975], and occur as the basal facies of sediments that overlie the oceanic basement

[Dymond ef al. 1973; Barrett et al. 1987].

With the recognition of ophiolites as fragments of ancient seafloor [Gass 1968], many of
the metalliferous sediments in the geological record could also be attributed to
hydrothermal processes occurring at ancient oceanic spreading centres [e. g. Robertson &
Hudson 1973; Robertson 1976; Robertson & Fleet 1986; Boyle 1990; Robertson & Boyle
1993]. Metalliferous sediments have been studied from ancient seafloor settings including
the Pindos ophiolite, Greece [Robertson & Varnavas 19937], the Semail ophiolite, Oman
[Fleet & Robertson 1980; Robertson & Fleet 1986; Karpoff e al. 1988] and the Troodos

ophiolite, Cyprus [Wilson 1959; Constantinou & Govett 1972; Robertson 1976; Boyle
1990].

Metalliferous sediments associated with submarine hydrothermal systems form in three
ways; from plume input [Bender ef al. 1971; Dymond et al. 1973; Dymond & Veeh 1975,
Ruhlin & Owen 1986; Barrett & Jarvis 1988; Olivarez & Owen 1989, Olivarez & Owen
1991], by the alteration of hydrothermal sulphides [Shearme ef al. 1983; Metz et al. 1988 ;
German et al. 1993; Mills ef al. 1993] and by the direct precipitation of oxides from low
temperature fluids [Toth 1980; McMurtry & Yeh 1981; McMurtry ef al. 1983; Alt 1988;
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Mills & Elderfield 1995a; Mills et al. 1996].

While hydrothermal effluents on the EPR are dispersed laterally by the mid-depth oceanic
circulation [Lupton & Craig 1981; Edmond ef al. 1982], the depth of the median rift valley
on the MAR (1-2 km deep) confines the products of hydrothermal venting to the axial rift
valley, and their dispersal to only 10’s of kilometres from the hydrothermal vents
[Klinkhammer ez al. 1986]. Studies of MAR sediments have generated models for the
formation of near-field metalliferous sediments, that are complex mixtures of material
from multiple sources [e.g. Mills ez al. 1993]. Near-field metalliferous sediments in the
TAG vent field, MAR are formed by settling through the water column of particles from
laterally dispersed hydrothermal plumes, by the mass wasting and oxidative degradation of
hydrothermal sulphide structures, and precipitation from, or alteration by low-temperature
fluids, with additional detrital and biogenic inputs [Metz & Trefry 1985; Metz et al. 1988:
Mills ef al. 1993; German et al. 1993; Mills et al.1996]. Ochreous sediments comprising
oxidised and partially oxidised sulphides, goethite, minor smectite amorphous oxides have
been described from the EPR [Alt 1988] and the TAG vent field [Mills & Elderfield
1995a]. These sediments are similar to those occurring in the seafloor-weathered upper

zones of Troodos massive sulphide deposits [Robertson 1976].

Studies of metalliferous sediments have allowed assessment of the fluxes associated with
hydrothermal activity over time [review by Mills & Elderfield 19955]. The formation of
metalliferous sediments has the greatest impact on the global budgets of those elements
that are scavenged from seawater by hydrothermal plume particulates [Kadko 1993].
Metalliferous sediment formation affects the global budgets of many elements, but

represents a major sink for the REE, V and P [Mills & Elderfield 19955].

1.11  Aims of the present study

This dissertation presents a comparison of the REE systematics of hydrothermal materials
from the Trans-Atlantic Geotraverse (TAG) vent field, 26° N Mid-Atlantic Ridge and the
Troodos Ophiolite, Cyprus. Previous investigations of both areas have been instrumental

in the recognition of the significance of hydrothermal circulation at mid-ocean ridges, and

in developing models of the mineralising systems. The aims of the present study are to:

e compare the REE systematics of hydrothermal deposits in both settings
* establish the relative REE mobility in a Troodos stockwork-type massive sulphide

deposit during axial hydrothermal alteration and subsequent ageing of the oceanic
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basement

¢ use the REEs as geochemical proxies of hydrothermal processes to determine if the
current TAG model of sulphide mineralisation and metalliferous sediment formation is
applicable to Troodos sulphide mound deposits

e use the REEs and Nd-isotopes to investigate the mode of formation of low-temperature

Mn- and Fe-rich oxide deposits from the TAG vent field

1.12 Dissertation outline

Chapter 2 describes some applications of REE geochemistry to investigations of the
processes operating within seafloor hydrothermal systems. Chapter 3 compares the
spectrum of metalliferous deposits associated with ridge crest hydrothermal activity within
the TAG vent field, and the Troodos ophiolite, Cyprus. The current TAG models of
sulphide mineralisation and metalliferous sediment formation are also described. Chapter
4 provides an overview of the processes of hydrothermal alteration of the oceanic crust, as
deduced from studies of in sifu ocean crust and the altered crustal rocks of the Troodos
ophiolite. Chapter 5 describes the analytical techniques employed in this study to measure
the REE, major and trace element compositions of the hydrothermal materials investigated

in this dissertation.

The results of this study are presented in Chépters 6, 7 and 8. Chapter 6 describes the
distribution of REEs between high- and low-temperature secondary minerals within the
lavas of a stockwork-mineralised alteration pipe within the Troodos ophiolite. REE data are
presented for whole-rock samples, in addition to high- and low-temperature secondary
alteration phases. These data have been used to infer fluid compositions and mixing in a
hydrothermal upflow zone, and to establish relative REE mobility during axial
hydrothermal alteration and subsequent ageing of the oceanic basement. Chapter 7 of this
dissertation presents REE and other geochemical data for a suite of samples collected from
the Skouriotissa ore body and other sites of hydrothermalism within the Troodos ophiolite.
Sampling of Skouriotissa sulphides and associated metalliferous sediments was undertaken
on a similar scale to on the seafloor at TAG, to allow interpretation of the results within
the framework of the TAG model, and to better assess the effects of post-ore alteration. In
chapter 8, the REEs have been used to investigate the mode of formation of low
temperature Mn-oxide deposits from the TAG hydrothermal vent field, in light of
previously suggested models. Chapter 9 provides a synthesis of these investigations. The

appendix provides a glossary of terms used throughout the dissertation.




Chapter 2

Rare Earth Elements and
Neodymium isotopes

2.1 Introduction

The unique chemical characteristics of the rare earth elements make them useful indicators
of material sources, and subsequent mixing and fractionation processes in complex
geological systems. They have been extensively utilised in petrological investigations
[review by Haskin 1984], sediment provenance studies [e.g. Piper 1974; McLennan 1989]
and to better understand the processes controlling the chemistry of the oceans [Elderfield
1988]. More recehﬂy the REEs have been applied to investigations of hydrothermal
circulation and mineralisation at oceanic ridge crests [Michard et al. 1983; Michard &
Albarede 1986; Campbell e al. 19885; Michard 1989; German et al. 1990; Gillis et al.
1990; Klinkhammer et al. 1994; Mitra et al. 1994; Mills & Elderfield 1995a; James &
Elderfield 1996].

The properties of the REEs as tracers of source and/or mixing are ideally suited to studies
of hydrothermal systems. The mechanisms controlling their concentration and mass
fractionation can be elucidated, because their fundamental chemical properties are similar,
but vary in a systematic and predictable manner with increasing atomic number (and
decreasing atomic radius). Additionally, two of the REEs (Ce and Eu) can exist in two
different valence states within the range of redox conditions observed within seafloor
hydrothermal systems. It is therefore possible to separate the role of oxidation from that of
all other processes affecting the behaviour of these two elements, by comparing their

concentrations with those of the adjacent REEs.

In this chapter, the fundamental properties of the REE are discussed, and some
applications of REE geochemistry and Nd-isotopes systematics to studies of ore-forming

hydrothermal systems are reviewed.

24
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2.2 Fundamental properties

The REEs (La through to Lu) typically exist as trivalent cations of a similar size in natural
systems. The REEs exhibit very similar chemical properties due to their electronic
structure, that permits only limited geochemical fractionation within the group. Electrons
are progressively added to the inner 4f sub-shell with increasing atomic number. These
electrons are sufficiently shielded by outer 5s electrons that their addition does not lead to
major differences in chemical reactivity. The small observed differences in chemical
behaviour are a consequence of the small but steady decrease in atomic volume of the
REE with increasing atomic number. This is due to an increase in effective nuclear charge
across the group, that causes a reduction in the size of the 4f sub-shell referred to as the
lanthanide contraction. For example, in eight-fold co-ordination the ionic radius of La is
1.160 A compared with 0.977 A for Lu [Shannon 1976]. These variations can lead to
enrichments or depletions of the light REEs (LREEs: La to Eu) relative to the heavy
REEs (HREEs: Gd to Lu) by affecting complexation and surface-adsorption constants
through the group [e.g. Cantrell & Byrne 1987; Wood 1990a,5; Haas et al. 1996]. These
effects lead to predictable differences in the way the REEs partition into mineral phases
and are transported in solution [e.g. Onuma ef al. 1968; Morgan & Wandless 1980;
Klinkhammer et al. 1994].

Mass fractionation of Ce and Eu from the other REEs occurs because they display a redox
chemistry. While the trivalent REE exhibit a high degree of chemical coherence, redox
conditions in geochemical systems may promote the formation of Ce** and Eu?*, which
can then fractionate from the trivalent REEs. The existence of these states can be partly
explained on the basis of the enhanced stability of a half-filled 4f sub-shell (Eu” ), while
Ce’" has the electronic configuration of the noble gas xenon. Ce exists in this higher
oxidation state in oxic seawater as a highly insoluble solid phase (refer to section 2.3). The
Eu’*/Eu’" redox boundary is below the lower limit of the stability field of water at earth
surface conditions, although Eu”" exists in submarine hydrothermal fluids formed under

conditions of elevated temperature and low pH (section 2.5) [Sverjensky 1984].

Because nuclides with even atomic numbers have a greater natural abundance, REE data
are normalised to a reference material with a similar saw-tooth pattern of absolute REE
concentrations. This produces smooth patterns of relative abundances, in which subtle
fractionation of the LREE from the HREE, and any anomalous behaviour of Ce and Eu

can be discerned. Chondrite or shale composites are common compositions to which REE
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data are normalised. It is instructive to normalise to a source component within the system
under consideration, to better discern and interpret the mass fractionation trends. The REE

data presented in this dissertation are normalised to a composite chondrite composition
[Evensen et al. 1978].

The Ce anomaly, Eu anomaly, and the fractionation between the LREE and the HREE are
often quantified to facilitate comparison of sample data. The REE data presented in this
dissertation were obtained by inductively coupled plasma-mass spectrometry (ICP-MS),
that allows concentration determinations of all fourteen naturally-occurring REEs.
However, many of the published REE data discussed in this thesis were obtained by
thermal ionisation-mass spectrometric isotope dilution (TI-MS ID). This is a highly
accurate technique, the basis of which is the determination of the isotopic composition of
each REE by mass spectrometry. Consequently, this method is not applicable to the four
mono-isotopic REEs (Pr, Tb, Ho and Tm). In order to facilitate comparison of the ICP-MS
data with published TI-MS ID data, the Ce anomaly has been calculated using La and Nd
(rather than La and Pr) data. The deviation of Ce and Eu from the other REE can be
expressed as:

E 2E
Eu anomaly = L. Un

Eu* Smy, +Gdy,

and

3
Ce anomaly = Ce _ Cen

Ce* 2La, +Nd,

where the subscript » refers to the normalised values and the superscript * refers to the
value obtained by linear interpolation between adjacent elements. In chapters 6, 7 and 8 of
this dissertation the Nd,/Yb, and La,/Sm, ratios are used to quantify the fractionation of
the LREE from the HREE and the relative degree of LREE depletion respectively. In the
absence of Gd data for every sample, the chondrite normalised Eu/Sm (Eu,/Sm,) ratio has

occasionally been used to approximate the Eu anomaly.

2.3  REE in seawater

The REE:s are transported to the oceans chiefly transported as a particulate load, with a
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REE pattern that is primarily a function of provenance [Piper 1974; McLennan 1989],
Because the oceanic residence times of the REEs (e.g. ~270 yr for Nd [Goldberg et al.
1963]) are less than the mixing time of the ocean (~10° yr), they have a heterogeneous
distribution in seawater [Elderfield 1988]. REE concentrations in the oceans generally
increase with depth, showing a nutrient-like cycle of assimilation into settling particles
and deep regeneration, although in detail their behaviour is decoupled from that of silica

and nutrients [Elderfield 1988; Piepgras & Jacobsen 1992].

The chondrite-normalised REE compositions of North Atlantic and Pacific seawater are
shown in Fig. 2.1. Seawater is characterised by low REE abundances (pmol kg), and a
pronounced negative Ce anomaly. Seawater is HREE-enriched compared with detrital
continental inputs, although this enrichment is not particularly apparent in Fig. 2.1, in
which the REE data are normalised to a chondrite (rather than shale) composition. The
anomalously low concentration of Ce in seawater is due to its autocatalytic oxidative
removal as highly insoluble CeO,, that is rapidly scavenged onto Mn-oxide phases
[Goldberg 1961]. Speciation of the trivalent REEs in seawater is dominated by carbonate
complexation [Cantrell & Byrne 1987]. The degree of complexation with seawater
carbonate ligands increases with atomic number, rendering the HREE more soluble in
seawater (accounting for the relative HREE-enrichment), and hence less prone to particle-
reactive uptake than the LREE [Elderfield 1988]. The seawater distribution pattern and
concentration of the trivalent REEs is a function of the degree of modification of the REE
input signal from the continental weathering by biogeochemical cycling of the vertical
particle flux (preferential removal of LREEs onto Mn- and Fe-oxides and organic matter-
coated particulates that are recycled at depth) and lateral advection in the deep ocean

circulation [Elderfield 1988].

2.4 REE:s in oceanic basalts

Mid-ocean ridge basalts (MORB) are compositionally heterogeneous, reflecting
fundamental variations in mantle source trace element compositions [review by Saunders
1984]. The most abundant type of ocean ridge basalt erupted at oceanic ridges is “normal”
MORB (N-MORB) [Saunders 1984]. A typical N-MORB composition is shown in Fig.
2.1. N-MORB is characteristically depleted in LREEs, as well as other incompatible
elements, and has low *’St/**Sr and high "*’Nd/*Nd ratios, indicating derivation from a

mantle source which has undergone a previous melt extraction [e.g. White & Hofmann
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Figure 2.1: Chondrite normalised REE data for N-MORB, North Atlantic and Pacific
seawater and a TAG black smoker fluid. Data are from Sun & McDonough [1989], Mitra
et al. [1994] and Bau et al. [1996]. The shaded area shows the range in REE content of

Troodos volcanic glasses, which are presumed to be free of the effects of any secondary

alteration. Data are from Rautenschlein ef al. [1985].
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1982; Sun & McDonough 1989].

N-MORB is erupted exclusively along the MAR from 22°N (immediately south of the
Kane Transform) to 33°40°N, south of the Hayes Transform [review by Smith &
Humphris 1998]. Basalts erupted on the TAG segment of the MAR represent a maximum
of ~11 % to 25 % partial melting of the upper mantle based on major-, trace- and rare
earth element modelling, and have evolved from multiple primary magmas by olivine and
plagioclase fractionation at 4 to 6 Kb pressure with limited degrees of crystallisation in
shallow magma chambers [Meyer & Bryan 1996; Smith & Humphris 1998]. Also shown
in Fig. 2.1 s a field representing the range of REE compositions of Troodos volcanic
glasses analysed by Rautenschlein ez al. [1985]. These glasses are presumed to be free

from the effects of secondary alteration and have a REE composition similar to N-MORB.

Basalt partition co-efficient data show that the constituent mineral phases of MORB
fractionate the REEs to different extents, depending critically on the similarity between
REE cation size and lattice space, and also on factors such as the temperature, pressure and
oxygen fugacity of the magmatic system [e.g. Onuma ef al. 1968; Henderson 1982].
Average distribution co-efficients for the REE, excluding Eu, are commonly <1 for many
rock forming minerals [review by Henderson 1982]. Plagioclase has higher distribution
coefficients for the LREE (and particularly Eu”*) than the HREE, in contrast to olivine and
pyroxene that preferentially incorporate the HREEs [Henderson 1982]. This observation
has implications for interpretations of the REE distribution patterns of high-temperature

vent fluids (section 2.5) [e.g. Klinkhammer ez al. 1994].

2.5 REEs in hydrothermal fluids

Seawater is chemically modified during low-temperature reactions with basalt within
zones of hydrothermal recharge [e.g. Hellman & Henderson, 1977; Humphris et al. 1978;
Ludden & Thompson 1978; Ludden & Thompson 1979; Juteau ef al. 1979, Alt et al.

1986, Staudigal & Hart 1983; Gillis & Robinson 1990a,b; Minai ef al. 1990; Gillis et al.
1992]. However, experimental and theoretical studies have shown that black smoker fluids
acquire their chemical signature at depths of 2 to 3 km within the crust, where plagioclase
alteration in a reaction zone above an axial heat source generates fluids in partial
equilibrium with greenschist facies mineral assemblages [Bischoff & Dickson 1975;

Bowers ez al. 1985, Bowers ef al. 1988; Berndt et al. 1988, Berndt ef al. 1989]. Axial
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hydrothermal alteration of the oceanic crust gives rise to ~350° C black smoker fluids with
a REE composition that exhibit little variability between vent fields, and that exhibits a
distinct REE pattern compared with either basalt or seawater (Fig. 2.1) [Michard et al.
1983; Campbell ef al. 19885; Klinkhammer ef al. 1994; Mitra et al. 1994]. Black smoker
fluids are enriched in REEs (one to four orders of magnitude) over seawater
concentrations and display a large positive Eu anomaly, an enrichment in LREEs relative
to the HREEs and no Ce anomaly [Michard ef al. 1983; Michard & Albaréde 1986;
Campbell ef al. 1988; Michard 1989; Mitra et al 1994; Klinkhammer ef al, 1995; Edmond
et al. 1995]. This pattern is common to all known high-temperature fluids from sediment-
free ridges, although there is a some variation in the degree of Eu and LREE enrichment

between different vent sites [Klinkhammer ef al. 1994; Mitra et al. 1994].

Patterns of high-temperature axial alteration preserved in ophiolites are the record of
reactions between wall rock and black smoker fluids ascending from the reaction Zone,
that may modify their REE composition prior to venting [e.g. Regba ef al. 1991; Gillis et
al. 1992; Valsami & Cann 1992]. However, the striking similarities in the chondrite
normalised REE patterns of black smoker fluids sampled from contrasting oceanic settings
suggests that they are fixed in the reaction zone of the system during the alteration of
MORB (anorthitic) plagioclase surfaces to hydrothermal (albitic) plagioclase
[Klinkhammer e7 al. 1994], while complexation in solution may play a role in subsequent
REE fractionation [e.g. Bau 1991; Haas ef al. 1995]. The concentration the trivalent REEs
in the end-member fluid is inferred to be controlled by dissolution-precipitation of MORB
plagioclase, in which they occupy Ca lattice sites [Klinkhammer ef al. 1994]. The striking
Eu anomaly of vent fluids is a functi<;n of both the crystallisation history of the basalt
(Eu*" substitutes for Srin plagioclase during magma crystallisation) and subsequent
alteration processes, as Eu preferentially substitutes for Sr in hydrothermal plagioclase
[Klinkhammer ef al. 1995]. The enhanced stability of divalent over trivalent Eu at elevated
temperatures (>250°C) and low pH has also been invoked to explain the striking Eu
enrichments of vent fluids [Sverjensky 1984; Wood 19905; Bau 1991]. Divalent Eu
dominates at temperatures in excess of 250° C, while at lower temperatures the relative
stability of divalent and trivalent Eu will also depend on pH and complexing ligands in
solution [Sverjensky 1984]. Hydrothermal activity is not expected to affect the REE
content of oceanic rocks, because the REE content of hydrothermal fluids is ¢.10? to 10°

lower than MORB values [Michard ef al. 1983, Michard 1989].
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Because REE concentrations in seawater are 1-4 orders of magnitude lower than
hydrothermal fluid, solutions that are mixtures of seawater and hydrothermal fluid have to
be highly seawater dominated (c. >90%) before the seawater influence (negative Ce
anomaly, HREE enrichment) becomes apparent in the REE pattern. In this respect, tracers
such Sr-isotope ratios are better than the REEs for indicating the degree of mixing
between hydrothermal fluid and seawater prior to hydrothermal mineral precipitation.
However, the REEs have proved extremely useful in investigating the evolution of fluid
compositions by the precipitation and dissolution of various mineral phases in the shallow
subsurface of hydrothermal systems, and within seafloor sulphide mounds [e.g. Gillis er
al. 1990; Mills & Elderfield 1995a; James & Elderfield 1996; Humphris 1998; Goulding
et al. 1998]. For example, within the active TAG sulphide mound, black smoker fluid
compositions are modified by the simultaneous precipitation of anhydrite and sulphides in
different parts of the mound, as a consequence of mixing with entrained seawater [Tivey
et al. 1995]. These diffuse fluids vent from the mound surface with modified REE
compositions [Mitra et al. 1994; James and Elderfield 1996]. The chondrite normalised
REE patterns for white smoker fluid and diffuse flow sampled from the surface of the
TAG sulphide mdund are shown in Fig. 2.2. The diffuse fluids have REE concentrations
predicted by mixing of a black smoker fluid with seawater, except for Eu which is
enriched above TAG end-member fluids [Mitra ef al. 1994; James & Elderfield 1996].
The elevated Eu concentrations of the white smoker fluids are inferred to reflect extensive
subsurface precipitation of anhydrite within the mound, that has a low partition coefficient
for Eu [Mills & Elderfield 1995a]. Similarly, the Eu anomaly of diffuse flow can be
modelled by mixing white smoker fluid and seawater, with the simultaneous dissolution of

some mound anhydrite [James & Elderfield 1996].

2.6 REEs in hydrothermal sulphides

In most rock-forming minerals, the REEs fill lattice sites in eight-fold coordination
[Shannon 1976], although a combination of charge and size imbalance restricts their entry
into many minerals [McLennan 1989]. REE partitioning into sulphides and sulphates
occurs via crystal lattice substitution, according to the degree of match or mis-match of the
REE cations with the size of existing lattice sites. This approach was first adopted in an
investigation of REE partitioning between pyroxenes and their host lavas [Onuma et al.

1968]. REEs do not fit easily in small sulphide lattices, as the ionic radius of Fe**is 0. 780
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Figure 2.2: Chondrite normalised REE patterns for a TAG black smoker, white smoker
and diffuse fluids sampled from the surface of the active TAG mound. Fluid data are from
Mitra ez al. [1994] and James & Elderfield [1996]. The elevated Eu concentration of the
white smoker fluids is inferred to reflect subsurface precipitation of anhydrite within the
mound, which has a low partition coefficient for Eu. The REE pattern of diffuse flow can
be explained as a mixture of black smoker fluid and seawater, with simultaneous anhydrite
dissolution [James & Elderfield 1996].
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A in eight-fold co-ordination, compared with 0.977 A for Lu, the smallest trivalent REE
cation [Shannon 1976]. This disparity in ionic radius is reflected by very low REE
abundances in hydrothermal sulphides [Morgan & Wandless 1980].

Some REE patterns for TAG black smoker chimney and mound sulphides are shown in
Fig. 2.3. The TAG sulphides have extremely low REE concentrations (0.006-0.008 ppm
Nd), and patterns that resemble vent fluids, though with a reduced Eu anomaly and a
relative HREE enrichment [Mills & Elderfield 1995a]. The REE distribution patterns of
white smoker chimney sulphides are similarly HREE enriched and Eu-depleted in
comparison to white smoker fluid compositions [Mills & Elderfield 1995a]. The
fractionation of REEs that occurs during sulphide precipitation from hydrothermal fluids
is strongly influenced by crystallographic control, whereby there is preferential uptake of
smaller HREESs into the sulphide lattice [e.g. Morgan & Wandless 1980]. TAG mound
sulphides show variable Eu-enrichments, that is inferred to reflect precipitation from fluids

that have compositions intermediate between those of black and white smoker fluids
[Mills & Elderfield 19954].

Vent fluid-like REE patterns have been noted in seafloor sulphides from 21°N EPR
[Bence 1983], and also in Ordovician massive sulphides [Graf 1977]. However, the REE
composition of some seafloor sulphides do not resemble those of nearby venting black
smoker fluids. Sulphides from Green Seamount off the EPR show the preferential
incorporation of HREE relative to parental fluid compositions but lack the striking Eu
enrichment that characterises vent fluids [Alt 1988]. This must reflect mass fractionation
during precipitation besides that which can be attributed to crystallographic control [Alt
1988]. Similarly, unconsolidated hydrothermal sulphides from the Snake Pit vent field,
23° N MAR [Detrick et al. 1986a,b] show lesser LREE-enrichments than the high-
temperature fluids, and do not display any anomalous Eu-enrichment [Gillis e7 al. 1990].
These sulphides are inferred to either precipitate from fluids isolated from the main
discharge zone, that are less Eu-enriched than black smoker fluids venting at the seafloor,
or from fluids which have cooled and/or mixed with seawater in the shallow subsurface of
hydrothermal system, thus affecting the speciation and transport of divalent Eu (section
2.5) [Gillis et al. 1990].
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Figure 2.3: Chondrite normalised REE patterns for TAG chimney and mound sulphides.
The REE patterns of the chimney sulphides resemble the fluid patterns in form, but with a
reduced Bu anomaly, due to crystallographic constraints on the incorporation of the large
Eu’" cation. The range of Eu anomalies observed for the mound sulphides may indicate
their precipitation from fluids with compositions intermediate between black and white
smoker compositions. Data are from Mills & Elderfield [19954].
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2.7 REEs in hydrothermal sulphate

The precipitation of anhydrite containing high levels of REEs (Nd =0.607 to 6.15 ppm) is
the main mechanism for the removal of REEs from hydrothermal fluids circulating within
the TAG sulphide mound [Mills & Elderfield 19954; Humphris ef al. 1998]. The trivalent
REESs have a similar ionic radius to Ca’", hence will readily substitute into the anhydrite
lattice [Shannon 1976; Morgan & Wandless 1980]. TAG anhydrites have REE patterns
that resemble vent fluids, although with reduced Eu anomalies because of the mis-match

in size of the large divalent Eu cation (1.25 A ionic radius) and Ca lattice site (Ca®" =112

A) [Shannon 1976].

Studies of the REE composition of TAG anhydrite have been instructive in revealing the
nature and consequences of seawater entrainment, and fluid mixing and evolution during
circulation within the mound [Mills & Elderfield 1995a; Humphris 1998]. Ongoing
anhydrite precipitation within the TAG mound enhances the positive Eu anomaly in the
residual fluid, causing evolution from black smoker compositions [Mills & Elderfield
1995a; Humphris 1998]. Humphris [1998] measured the REE content of 39 anhydrite
samples from different areas within the mound that were sampled by ODP drilling. All
TAG anhydrite samples display positive Eu anomalies and varying degrees of LREE
enrichment, which do not show any systematic variation with either depth or textural
setting [Humphris 1998]. Uptake of the trivalent REEs is inferred to be controlled by
complexation in solution [Humphris 1998]. REEs in hydrothermal fluids may form weak
chloride complexes, in the absence of other complexing ligands (. g. carbonate or fluoride
anions) [Wood 19905]. The enhanced stability of LREE chloride complexes at high
temperatures and low pH is inferred to cause mass fractionation of the trivalent REEs
during anhydrite precipitation, by a process continual discrimination against the more
soluble LREEs [Humphris 1998]. This leads to a concomitant increase in the La,/Yb, and
decrease in the trivalent REE content of the residual fluid [Humphris 1998]. The
incorporation of Eu depends on the proportion of trivalent and divalent Eu in the
hydrothermal fluid, as the Eu’* cation will not be discriminated against during anhydrite
precipitation [Humphris 1998]. Mixing between hydrothermal fluid and cooler seawater
within the TAG mound may promote the formation of Eu’* by decreasing the temperature

and increasing the oxygen fugacity of the fluid [Humphris 1998].

These processes are evident not only in the REE patterns of anhydrite, but also in the

fractionated REE patterns of TAG diffuse fluids, white smoker and mound sulphides, and
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Fe-oxide sediments that precipitate from diffuse fluids over a large proportion of the
mound surface [Mills & Elderfield 1995a; James & Elderfield 1996; Mills et al. 1996;
Humphris 1998; Goulding ef al. 1998]. The REE signatures of these hydrothermal
materials therefore provides evidence for fluid evolution by processes related to mound
growth. The current model TAG models of mound growth and fluid evolution are

discussed in Chapter 3 of this dissertation.

2.8 REEs in hydrothermal plumes

Vent fluids are enriched in REEs 10 to 10,000 times over seawater levels. However, deep-
sea hydrothermal vents do not affect the REE pattern of seawater, as the hydrothermal
REEs are rapidly scavenged onto Fe- and Mn-oxyhydroxide particles that form during
plume rise and dispersal [Olivarez & Owen 1989; German et al. 1990; Olivarez & Owen
1991]. These processes result in a net removal of REEs from seawater, to the extent that
dissolved REEs reach sub-ambient levels in seawater in the vicinity of hydrothermal vents
[Klinkhammer et ql. 1983]. The REEs behave conservatively during early mixing with
seawater (to dilutions of ~10%) because they are not removed appreciably from seawater
during sulphide formation, while in the buoyant plume they show a high particle reactivity
[Mitra ef al. 1994]. The rate of REE removal in the TAG plume is similar in magnitude to
the riverine input flux of these elements [Rudnicki & Elderfield 1993].

At TAG, the majority of fine-grained Fe-oxyhydroxides form within the 40 minutes of
buoyant plume rise. Metal uptake is a function of instantaneous co-precipitation, and
kinetically-controlled scavenging [Rudnicki & Elderfield 1993]. Near-vent oxyhydroxide
particles from the TAG neutrally buoyant plume have REE patterns that are both Ce-
depleted and Eu-enriched, reflecting REE uptake from vent fluid and seawater sources
[German et al. 1990]. The vent fluid REE signature is rapidly overprinted as the particles
are dispersed from the near-field to the distal plume. Chondrite normalised REE patterns
for some plume particulates and underlying metalliferous sediments are shown in Fig. 2.4.
TAG far-field plume particulates and TAG and EPR plume-derived sediments display
distinctive seawater-like REE patterns [Barrett & Jarvis 1988].

Mass fractionation of seawater-derived REEs occurs via the preferential scavenging of the

MREESs in near-field plume particulates and metalliferous sediments [Rudnicki &
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Figure 2.4: Chondrite normalised REE data for some TAG and EPR metalliferous
sediments and Fe-oxyhydroxide particulates from the TAG neutrally buoyant plume. TAG
plume-derived sediment data are from Mills [1992] and Mills e al. [1993]. Plume
particulate data are from German ef al. [1990] (REE concentrations have been multiplied
by 10°to plot on this graph). REE data for TAG mound ochres are from $Mills &
Elderfield [19954a] and ¥Goulding et al. [1998]. The EPR sample (598-5-6, 58-60 cm) is a
15.9 Myr sediment sampled 9 km from the palaeo-rise crest at 19°S by Deep Sea Drilling
Project (DSDP) Leg 92. Data are from Ruhlin & Owen [1986].
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Elderfield 1993]. These MREE-enriched REE patterns are inferred to flatten over time due
to continued scavenging uptake of the less soluble LREE from seawater [Cantrell & Byrne
1987, Koeppenkastrop & De Carlo 1992]. Sediments from DSDP cores along the western
flank of the EPR at 19°S < 8 Myr are MREE-enriched, while those sediments >10 Myr
have flattened REE patterns [Ruhlin & Owen 1986; Barrett & Jarvis 1988].

2.9  REEs in metalliferous sediments

Plume-derived sediments have seawater-like REE patterns and elevated REE/Fe ratios,

due to the scavenging uptake of seawater REEs as oxyhydroxide plume particles settle
slowly through the water column [Bender ez al. 1971; Dymond et al. 1973; Marchig et al.
1982; German ef al. 1993; Mills ef al. 1993]. The REE/Fe ratios of EPR proximal and
distal metalliferous sediments and in DSDP cores exceed vent solution ratios by a factor of
210 500, and increase with palaeo-distance from the ridge crest [Ruhlin & Owen 1986;
Barrett & Jarvis 1988; Olivarez & Owen 1989]. The results of numerous studies indicate
that scavenging operates on the ocean floor until sediment burial [Dymond ef al. 1973;

Ruhlin & Owen 1986; Barrett & Jarvis 1988; Owen & Olivarez 1988; Olivarez & Owen
1989, 1991].

In the median valley of the MAR, hydrothermal sediments form by various combinations
. of direct precipitation, plume fall-out and slumping of partially oxidised sulphidic
material, admixed with background pelagic and biogenic sedimentation [Metz et al. 1988;
Mills ez al. 1993; German ef al. 1993]. The REEs can be used to discriminate between
these modes of sedimentation, because the resulting REE patterns are characterised by
varying degrees of seawater influence. Slumped and oxidised sulphides are rapidly
redeposited in the near-field environment without contact with large volumes of seawater.
Even after partial oxidation, this material is characterised by vent fluid-like REE patterns
[German et al. 1993; Mills ef al. 1993]. Near field ochreous sediments from Green
Seamount in the East Pacific that contain oxidised and partially oxidised sulphides have

similar vent-fluid like REE patterns [Alt 1988].

Iron-oxide sediments form in situ by direct precipitation from upwelling diffuse fluids in a
zone of low-temperature deposition at the southern periphery of the active TAG mound
[Tivey et al. 1995; Mills et al. 1996; Goulding ef al. 1998]. These sediments consist of
hematite, goethite with amorphous silica and quartz [Tivey ef al. 1995]. Texturally these

sediments are similar to those forming on the seafloor by fallout from the TAG plume.
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However, they have fractionated vent fluid-like REE patterns with a large Eu anomaly, no
Ce anomaly and low La,/Nd, compared with the TAG high-temperature fluid (Fig. 2.4)
This is inferred to indicate precipitation from fluids whose composition has been modified
by anhydrite precipitation within the mound and changes in REE complexation during fluid
mixing [Mills & Elderfield 1995a; Mills ez al. 1996; Goulding e al. 1998]. In the upper
part of one core from the southern periphery of the TAG mound, ochres display both
positive Eu and small negative Ce anomalies (Fig. 2.4). This provides evidence for

seawater ingress and REE overprinting of vent-fluid derived REEs in this core [Goulding et
al. 1998].

Fe- and Mn-oxyhydroxide phases react with biogenic opal to form smectite during the
diagenetic recrystallisation of plume-derived sediments [Dymond & Eklund 1978 ; Barrett
& Jarvis 1988]. With increasing sediment age, progressively more REE are transferred to
poorly crystalline smectite and/or are scavenged from pore waters by these phases [Barrett
& Jarvis 1988]. Although there is some redistribution of the REEs during diagenesis, bulk
REE patterns stay seawater-like [Barrett & Jarvis 1988], or become more seawater-like

[Goulding ef al. 1998].

2.10 Neodymium isotopes

Isotopic fractionation of Nd occurs as *’Sm decays to '*Nd by alpha particle emission,
with a half-life of 1.06 x 10" years. Different geochemical reservoirs within the earth
(chiefly oceanic and crustal rocks) have evolved with different Sm/Nd ratios and therefore
have distinctive ‘*Nd//**Nd ratios [Zindler & Hart 1986]. The "*Nd/"**Nd ratio is
commonly expressed as in terms of the symbol exg (0) as parts per 10* (by mass)
deviations from the chondritic uniform reservoir CHUR(0) bulk earth value of exg ©0)=

0.512638, where:

(1 43Nd/1 44Nd) measured

~1|x104
(13 Nd/144Nd) cHuRr(0)

eNd(0)=

Because REE residence times are less than the oceanic mixing time, Nd-isotopes can used
to identify sources of Nd in addition to mixing, transport and depositional processes

within the ocean [Elderfield 1988; Piepgras & Wasserburg 1980; Piepgras & Jacobsen
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1992]. The Nd isotope composition of seawater is sensitive to the age, and the proportions

of crustal- and mantle-derived REE inputs (i.e. /*’Sm/'““Nd ratio of input materials).
Because REESs in the ocean are dominated by continental rather than mantle sources, the
observed range in exa (0) values of seawater chiefly reflects the influence of continental
drainage to the ocean basins [Piepgras & Wasserburg 1980; Goldstein & Jacobsen 1987].
The continental crust has exq(0) values that vary from -10 to -30, while MORB values are
typically around +10. The eng (0) values of Atlantic seawater are low (c.-13.5£0.5)
because of large river and aeolian input rates of the products of continental weathering ,
compared with the Pacific Ocean (average exq (0) = c.-3). Intermediate values are found in
the Indian Ocean (average exq (0) = c.-9) [Piepgras et al. 1979, Piepgras & Wasserburg
1980; Goldstein & Jacobsen 1987; Piepgras & Wasserburg 1987].

The Nd-isotopic composition of vent fluids is variable. Fluids venting from the active
TAG mound, 26°N MAR have eng (0) = +11.9 [T. Masuzerawa pers. comm.]. There are
no published Nd-isotope data for TAG basalts. At 13° N, EPR, vent fluids have exq 0)=
+6.2 and +4.7 [Michard & Albaréde 1986], while at 21°N they range from exq (0)=-3.6
(similar to Pacific seawater) to +7.9, compared with a local MORB value of +9.7
[Piepgras & Wasserburg 1985]. Only a few of the samples lie on a mixing curve between
Pacific seawater and MORB Nd isotopic compositions, and reactions with sediment or
anomalous oceanic crust are invoked to account for those exg (0) values which are below

local MORB [Piepgras & Wasserburg 1985].

Nd isotopes can be used in a comparable‘manner to normalised REE distribution patterns
to identify different hydrothermal inputs into metalliferous sediments [e.g. Mills ef al.
1993]. In the near field, the Nd isotopic compositions of sediments reflects inputs from
sulphidic mound-derived, seawater and detrital sources [Mills ef al. 1993]. In the
hydrothermal plume, the mantle-derived Nd signature of plume particulates is rapidly
overprinted by seawater-scavenged Nd. The isotopic composition of Nd is uniform in
metalliferous sediments formed at distances varying from >1000 km to within 10 km of
the EPR (ena (0) =-5.2 to -4.4) with no evidence of a greater MORB contribution in those
sediments deposited closer to the ridge [Halliday ez al. 1992]. The results of these studies
indicate that hydrothermal Nd does not mix with seawater except on a very local scale

close to vents and does not become entrained into the ocean circulation [Halliday ez al.
1992; Mills e al. 1993].
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2.11 Cretaceous seawater

It is difficult to predict what the REE composition of the Tethys ocean would have been,
complicated by a ‘greenhouse warming’ event during the early and middle Cretaceous
which lead to a dramatic decrease in the intensity of the oceanic thermo-haline circulation
[Hays & Pitman 1973; Berner & Lasaga 1989]. Additionally, the Tethys ocean did not
have a direct connection to any high latitude water masses [de Boer 1986]. The subsequent
decrease in the oxygen supply to deep water masses led to the widespread accumulation of

organic-rich black shales in a variety of palaeotectonic and palaeogeographic settings [e.g.
de Boer 1986; Jenkyns 1980; Roth 1986].

The distribution of REEs in the Cretaceous ocean can be predicted to have been more
heterogeneous than today, because of the reduced exchange of water masses between the
ocean basins [e.g. de Boer 1986]. The distribution of Ce in anoxic basins is controlled by
the oxidative-precipitation/reductive dissolution cycle of Ce, directly analogous to that of
Mn [German ef al. 1991c], while the distribution of the trivalent REEs is coupled to the
precipitation/dissolution cycle of ferromanganese oxyhydroxides [Elderfield & Sholkovitz
1987]. In the sub-oxic and oxic waters of the Black Sea, there is little or no fractionation
of Ce from the other REEs, indicative of reductive dissolution of Ce’* to Ce’* [German er
al. 1991c]. Similar controls on Ce distribution may have been relevant for the Cretaceous
Ocean. However, in common with plume-derived metalliferous sediments from the flanks
of the EPR and the median valley of the MAR [e.g. Bender e al. 1971; Dymond et al.
1973; Marchig et al. 1982; German et al. 1993; Mills ef al. 1993; Barrett et al. 1987;
Olivarez & Owen 1989], the REE patterns of ophiolite-hosted sediments display modern
seawater-like REE patterns with negative Ce anomalies and no positive Eu anomaly [e.g.
Robertson & Fleet 1976; Goulding 1998]. The similarity in REE patterns of modern and
ancient ridge crest sediments suggests that the REE pattern of Cretaceous seawater was
not significantly different from that of the modern ocean. In light of this observation, the
Ce anomalies of the hydrothermal materials analysed in this dissertation can be interpreted
as occurring in response to evolving redox conditions in the hydrothermal system, related

to seawater entrainment and mixing processes.




Chapter 3

The TAG vent field, 26°N MAR &
Troodos ophiolite, Cyprus

3.1 Introduction

The TAG hydrothermal vent field has been comprehensively studied over the over the last
25 years. These studies have provided important insights into the inter-relationships
between the tectonic-magmatic setting of hydrothermal activity and the formation of a
range of metalliferous deposits at 26°N, MAR that includes one of the largest bare-ridge
seafloor sulphide deposits, the active TAG mound [e.g. Rona 1973; M. Scott ef al. 1974;
Scott ef al. 1974; Rona 1978; Scott ef al. 1978; Rona 1980; Shearme ef al. 1983; Rona et
al. 1984; Thompson et al. 1985; Lalou ef al. 1986; Rona et al. 1986; Campbell ef al.
19885, Metz ef al. 1988; Karson & Rona 1990; German ef al. 1990; Lalou ef al. 1990;
German ef al. 1991a,b; Rudnicki & Elderfield 1992; Kong ef al. 1992; German & Sparks
1993; Rudnicki & Elderfield 1993; German ef al. 1993; Lalou ef al. 1993; Mills et al.
1993; Elderfield ef al. 1993; Rona et al. 1993a,b; Mitra et al. 1994; Humphris &
Kleinrock 1996; Kleinrock & Humphris 1996]. Recent ODP drilling of the TAG deposit
has extended the sampling to three dimensions, and has led to the development of a model
of mound growth and fluid evolution [Humphris e al. 1995]. The current TAG model
combines drilling observations with inferences made from the compositions of
hydrothermal fluids and a range of hydrothermal precipitates sampled from the mound
surface during previous submersible studies [e.g. Mills & Elderfield 1995a; Edmond et al.
1995; Humphris et al. 1995; Tivey et al. 1995; James & Elderfield 1996; Edmonds et al.

1996; Mills et al. 1996; Goulding et al. 1998; Mills et al. 1998; Teagle ez al. 1998; Tivey
etal. 1998].

This chapter provides an introduction to the TAG vent field and the Troodos ophiolite,

Cyprus. The results of the TAG studies are reviewed, and compared with studies of
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hydrothermal mineralisation within the Troodos ophiolite. This discussion will provide the
framework within which the REEs will be used to test the applicability of the TAG model
to processes of sulphide mound formation within the Troodos ophiolite in Chapter 7 of

this dissertation.

3.2 The TAG vent field, 26° N Mid-Atlantic Ridge

The TAG vent field was discovered during the 1972 Trans-Atlantic Geotraverse (TAG)
program of the National Oceanic and Atmospheric Association (NOAA) upon the
dredging of very pure birnessite and todorokite crusts from the median valley of the MAR
at 26°N [e.g. Rona 1973, Scott et al. 1974; M. Scott et al. 1974]. These deposits provided
the first strong evidence of localised hydrothermal discharge on the mid-ocean ridge
system [Rona 1973; Scott et al. 1974]. On a regional scale, the TAG vent field is situated
between 2 and 8 km east of the axial neovolcanic ridge, on a 10 km segment of the east
valley wall that is bounded by non-transform discontinuities exhibiting dextral offsets of
less than 15 km [Rona ef al. 1993a]. There is no evidence of active seafloor hydrothermal
activity to the west of the axial rift [Rona 1980; Nelson & Forde 1991]. The spreading
half-rates on this segment of the MAR are asymmetric (1.3 cm yr to the east and 1.1 ¢m
yr'" to the west), and the east wall of the rift valley 1s higher and smoother in profile than
the opposing west wall [Eberhart ez a/.1988]. The eastern wall is constructed from large
blocks bounded by normal faults that create a step-like profile of fault scarps and terraces
which vary from metres to 10’s of metres in width and relief [McGregor & Rona 1975;
Temple et al. 1979; Rona 1980].

Following its discovery, the TAG vent field was subsequently found to be one of the
largest known seafloor hydrothermal areas. It contains a range of hydrothermal deposits
between ~2400 and 3650 m water depth, in a 5 x 5 kmzone that extends from high on the
eastern wall down to the junction with the valley floor (Fig. 3.1) [Scott et al. 1974;
Thompson ef al. 1985; Rona et al. 1986; Rona ef al. 1993a,b]. The deposits within the
TAG field are the products of present-day and former seafloor hydrothermal activity, and
provide a record of varied and episodic hydrothermalism at this locality over the last
¢.125,000 years [Lalou ef al. 1993; Rona ef al. 1993a,b]. The vent field comprises a
presently active zone (TAG sulphide mound, 3650 m depth), the Alvin (3550 to 3450 m

depth) and Mir (3450 m depth) relict high-temperature zones, and a low-temperature zone
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(2400 to 3200 m depth). A chronology of hydrothermal activity in the four zones has been
inferred from radiochemical dating of hydrothermal oxides and sulphides [Lalou ef al.
1986; Lalou e al. 1990; Lalou ef al. 1993; You & Bickle 1998; Lalou ef al. 1998].
Hydrothermal activity was initiated ~125,000 years ago, with episodic venting of diffuse
fluids in the low temperature zone [Lalou ef al. 1986; Lalou ef al. 1990; Lalou et al.
1998]. High-temperature activity began at ~100 kyr in the Mir zone, and by ~50 kyr all
four zones were active. This was followed by sporadic activity until 4 kyr within the low-
temperature zone and the presently active TAG mound, and until ~2 kyr for the Mir zone.
Venting at the TAG mound was reactivated ~50 years ago [Lalou ef al. 1990; Lalou et al.
1993; You & Bickle 1998; Lalou ef al. 1998]. Encompassing the TAG field is a magnetic
anomaly centred on crust 230,000 years old, that extends up the east wall of the axial
valley to incorporate crust at least 1 x 10° years old; this is inferred to delineate a zone of

basalt alteration in the hydrothermal discharge zone [Rona 1980].

The large size of the active TAG mound and relict sulphide mounds in relation to other
seafloor deposits requires that hydrothermal fluid upflow has been localised at this site
over tens of thousands of years. Recent studies have found that the TAG mound has
formed at the intersection of newly developing ridge-parallel fissures and faults and an
earlier oblique east-northeast fault system [Kleinrock & Humphris 1996; Humphris &
Kleinrock 1996]. These faults dissect the mound, and evidence from the upper mound
morphology indicates that the plumbing of the hydrothermal system is being continually
modified by tectonic deformation processes [Humphris & Kleinrock 1996; Kleinrock &
Humphris 1996]. The active and relict sulphide deposits occur in an area of numerous
pillow volcanoes, and it is likely that interrr;ittént hydrothermal activity at TAG has been
related to episodic intrusive activity feeding these volcanic centres [Smith & Cann 1993;

Humphris & Kleinrock 1996; Kleinrock & Humphris 1996].

3.2.1 Low-temperature field

Submersible and ship-board investigations of this area have delineated the vertical extent
of a ‘low-temperature field” from 2400 to 3200 m depth within which a range of fault-
controlled ferromanganese and Fe-rich silicate deposits has been identified [Rona 1973;
M. Scott et al. 1974; Scott et al. 1974, McGregor & Rona 1975; Temple et al. 1979;
Thompson ef al. 1985; Lalou ef al. 1986]. Radiochemical analyses indicate that these
deposits have ages ranging from 4000 to 125,000 years [Lalou ez al. 1986; Lalou e? al.
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1990; Lalou ez al. 1993], and are accumulating two orders of magnitude faster (100 to 200
mm Myr™") than typical open ocean hydrogenous ferromanganese deposits, due to
enhanced metal inputs from seafloor hydrothermal activity [Scott et al. 1974]. These Mn
and Fe-rich deposits have been interpreted as the products of deposition from diffuse
fluids discharging from faults or seeping through the thin (<1 m) sedimentary cover within
the low temperature field [Rona et al. 1984]. The discovery of active black smokers at the
TAG mound on the floor of the rift valley in 1985 led to the reinterpretation of the low-
temperature deposits as a distal, plume-derived manifestation of the high-temperature
hydrothermal system [Klinkhammer ef al. 1985; Klinkhammer ef al. 1986; Rona et al.
1986]. The origin of these low-temperature deposits is re-examined in Chapter 8 of this

dissertation based on an evaluation of their REE geochemistry.

3.2.2 Relict sulphide mounds

The Alvin and Mir zones are areas of discontinuous sulphide outcrop that occur 2 to 3 km
north and northeast of the active TAG mound respectively, between water depths of ~3400
and 3500 m (Fig. 3.1). The Mir relict zone comprises a number of coalesced, sulphide
mounds that form a large area of semi-continuous massive sulphide outcrop, up to 600 m
in length [Rona ef al. 1993a,b]. The sulphides have coarse-grained, recrystallised textures
that are typical of hydrothermally-reworked sulphides in ophiolites [review by Hannington
et al. 1998]. Sulphides at the mound surfaces are variably oxidised and silicified, with
inactive standing and toppled sulphide chimneys and red metalliferous sediments on their
upper surfaces [Rona ef al. 19934]. Iron and manganese oxides occur as dark stains on
semi-consolidated tan carbonate sediment, a;nd as coatings on fractured pillow lavas and
basalt talus [Lalou et al. 1993). The Alvin zone comprises several discontinuous, inactive
sulphide deposits in an elongate array >2 km in extent [Rona ef al. 1993a,b]. Several of
these inactive mounds are similar in size to the TAG active mound (~200 m in diameter)

{Rona ef al. 1993q,b].

The relict sulphide mounds of the Mir and Alvin zones have been dissected by fault
blocks of the adjacent lower east wall of the rift valley, rendering them susceptible to
degradation by oxidation and mass-wasting [Rona ef al. 1993a,5]. The mounds provide a
source of oxide and sulphide material to sediments accumulating at the base of the east
valley wall [Metz et al. 1988, Mills ef al. 1993]. Where the sulphide mounds are not

dissected by faults, a layer of oxidised sulphides preserves the mound interiors from
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further seawater alteration [Hannington ef al. 1998].

3.2.3 Active TAG mound

Active high temperature venting and sulphide precipitation within the TAG field are
presently confined to the TAG hydrothermal mound. This was discovered following the
detection of temperature, helium and manganese anomalies in the axial rift valley of the
MAR over the TAG field, that were indicative of an large, high-temperature venting
source at the base of the eastern valley wall [Rona 1978; Jenkins ef al. 1980;
Klinkhammer et al. 1985; Klinkhammer ef al. 1986]. Subsequently, vent biota, black
smokers and massive sulphides were observed on the TAG mound, located at 26°08°N
44°49°W at the junction of the east wall of the rift valley and the valley floor at water
depths of 3620 m [Rona ef al. 1986]. The TAG mound is a single large deposit located on
crust at least 100,000 years old on the northwest side of a small volcanic dome, 2.4 km
east of the axis of the rift valley (Fig. 3.1). The mound is a large constructional feature of
altered and unaltered blocky sulphides and anhydrite that is 200 m in diameter, and
displays 50 m of relief (Fig. 3.2) [Tivey ef al. 1995]. Because of the tectonic controls on
hydrothermal discharge within the vent field (section 3.2.1) the TAG mound is circular in
plan view, in contrast to most other active seafloor vent sites where multiple small
deposits are aligned parallel to the ridge axis, and the size of individual sulphide mounds
is considerably smaller (<10 to 30 m) [review by Hannington ez al. 1995]. Even at the vent
sites that are similar in size to the TAG mound, for example on the Endeavour Segment of
the JAFR (up to 200 m length), the Snakepit site on the MAR (up to 100 m length) and the
Galapagos sulphide mounds on the Galapagos Ridge (up to 100 m length), smaller
sulphide structures in linear arrays coalesce to form larger sulphide accumulations
[Embley ef al. 1988; Thompson ef al. 1988; Delaney et al. 1992]. The Magic Mountain
deposit on the Explorer Ridge is the most similar bare-ridge seafloor sulphide deposit to

the TAG mound, measuring 300 m in diameter [Scott ef al. 1990].

The TAG mound has grown episodically as two asymmetrically superposed
sulphide/anhydrite terraces, which may reflect different phases of active growth [Lalou et
al. 1998]. Mineral accumulation rates derived from heat flux density and diffuse fluid
chemistry data suggest that mound sulphides and silica represent only 300 to 3000 years of
active accumulation [James & Elderfield 1996]. This reflects episodic mound growth and

sulphide input into surrounding sediments by mass wasting [Metz ef al. 1988; Mills et al.
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1993].

Prior to ODP drilling a decade of submersible, dredging and photographic studies of the
TAG mound had characterised the near-surface of the deposit to a greater extent than other
oceanic sulphide bodies. These studies had documented the mound morphology
[Thompson et al. 1985; Rona et al. 1986; Tivey et al. 1995; Humphris & Kleinrock 1996],
the geochemistry of venting hydrothermal fluids [Campbell et al. 1998b; Mitra ef al. 1994;
Edmond ez al. 1995; Edmonds ef al. 1996] and mineral precipitates [Mills & Elderfield
1995a; Tivey et al. 1995]. Differences in venting fluid and hydrothermal precipitate
compositions had been used to infer dynamic mineralisation processes occurring in the
subsurface of the mound [Mills & Elderfield 1995; James & Elderfield 1996]. Additional
studies identified inputs of mound material to the apron of near-field metalliferous
sediments that surround the mound [German et al. 1993], and characterised the impact of
hydrothermal venting from mound on water column chemistry, metalliferous sediment
formation and the degree of modification of the hydrothermal flux by chemical reactions
occurring within the TAG hydrothermal plume [German ef al. 1990; German ef al.
1991a,b; Mills 1992; Rudnicki & Elderfield 1992; Rudnicki & Elderfield 1993; German &
Sparks 1993; Mitra et al. 1994].

3.2.3.1  Fluid compositions

Extensive fluid flow occurs through the TAG mound surface at a variety of temperatures.
Hydrothermal fluid is diffuse (~25° C) over much of mound surface, and focused in two
areas of black (>360° C) and white smoker (260 to 300° C) fluid venting from discrete
sulphide edifices. Black smoker fluids currently vent from 10 m-high chalcopyrite-pyrite-
anhydrite chimneys clustered at the apex of a steep-sided 10-20 m high conical edifice
constructed from blocks of massive anhydrite, interspersed with platy massive
chalcopyrite and marcasite. This ‘Black Smoker Complex’ (BSC) comprises the upper
terrace of the mound and is located to the northwest of the mound centre. Mass wasting of
the west, north and east sides of the BSC has exposed material rich in quartz, amorphous
silica =+ pyrite + Fe-oxyhydroxides [Tivey ef al. 1995]. There is an area of low heat flow to
the west of the BSC, suggesting an area of shallow recharge. Lower-temperature white
smoker fluids emanate from small (1-2 m) sphalerite spires that occur in the ‘Kremlin’
area in the southeast region of the lower mound terrace [Tivey ef al. 1995].

Time series data for TAG fluids exist from 1986, 1990, 1993, 1994 and 1995 [Campbell et
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al. 1988b; Edmond et al. 1995; Edmonds et al. 1996; Gamo et al. 1996]. The major
element compositions and exit temperatures of the black smoker fluids are similar to
solutions from Pacific vents, despite the slower spreading rate and greater hydrostatic
pressure of the MAR [Campbell ef al. 19885]. However, the trace element composition of
TAG and other MAR vent fluids indicate that down-welling recharge fluids have reacted
with basalt previously altered at low temperatures [Campbell ez al. 19885; James et al.

1995] that may limit the supply of metals to new seafloor vents at these sites
[Klinkhammer et al. 1995].

The major ion chemistry of TAG black smoker fluids appeared to be stable following
ODP drilling, which can be inferred not to have penetrated the mound sufficiently to affect
the circulation and mixing processes that control the fluid compositions [Edmonds et al.
1996]. Prior to drilling in 1994, the Kremlin area was observed to have changed from a
site of white smoker to vigorous black smoker venting [Edmonds et al. 1996]. Dynamic
changes in the sub-surface mound plumbing are inferred to have caused the white smoker

system to heat up to temperatures of ~350°C [Edmonds et al. 1996].

Low temperature fluids percolate through hydrothermal precipitates on the mound surface
and through talus that occurs on the sides of, and surrounds the mound. The heat flux
associated with diffuse flow at the surface of the TAG mound is ¢.2000 MW, an order of
magnitude greater than the high-temperature heat flux [Schultz ez al. 1996]. The chemical
composition of TAG diffuse fluids indicates they are important in creating and modifying
the ore deposit [James & Elderfield 1996; Mills ef al. 1996]. These processes are
discussed further in section 3.2.6.

3.2.3.2  ODP drilling results

ODP drilling of seventeen holes at five locations on the mound to a maximum depth of
125 metres below seafloor (mbsf) in 1994 revealed for the first time the internal structure
of an actively forming oceanic sulphide deposit, that previously was limited to inferences
made from on-land analogues [Humphris ez al. 1995]. Striking features of drilling were
the abundance of anhydrite and the highly brecciated nature of the mound interior
[Humphris ef al. 1995]. The mound comprises a complex assemblage of sulphide-
anhydrite-silicate breccias and has grown during successive high temperature episodes as
an in situ breccia pile on the seafloor [Humphris ef al. 1995; Knott et al. 1998]. A laterally

and vertically zoned mineralised stockwork, ~100 m in diameter underlies the mound and
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extends to at least 125 mbsf [Humphris ef al. 1995]. The stratigraphy of the holes drilled
in the five areas has been combined to produce a composite section through the mound

(Fig. 3.2) [Humphris et al. 1995].

The upper 5-10 m of the deposit comprises a carapace of massive sulphide debris and Fe-
gossans, which is partially cemented by colloform pyrite and cherty silica (Si-Fe-
oxyhydroxides), and onlaps relatively unaltered, and partially hematised basalts at the
mound margins [Hannington ef al. 1998]. The sulphide debris encompasses porous and
colloform pyrite, and recrystallised massive pyrite + chalcopyrite. The delicate textures of
collapsed sulphide chimneys are only occasionally preserved within the upper part of the
mound, being largely destroyed by hydrothermal recrystallisation and replacement with
coarser grained pyrite. Veins of pyrite and sphalerite are found cutting recrystallised pyrite
[Hannington ef al. 1998], as in the relict Mir zone [Rona ef al. 1993a]. These textures, as
throughout the whole mound, indicate a complex paragenesis, with multiple generations of

vein-filling, recrystallisation, annealing and cementation [Knott e al. 1998].

Beneath this carapace, several breccia units have been identified, all of which may or may
not be present in any given vertical section [Humpbhris ez al. 1995]. The upper 10-20 m of
the mound is characterised by massive pyrite breccias, comprising clasts of pyrite in a
pyrite matrix with minor quartz and/or anhydrite [Humphris ez al. 1995]. These breccias
display a range of morphologies, from sulphide talus in a matrix of sulphide sand, to
recrystallised pyrite cemented by colloform pyrite and occasionally sphalerite
[Hannington ef al. 1998]. Sandy pyrite in the uppermost breccias closely resembles the
detrital pyrite being weathered out of large anhydrite blocks at the base of the BSC
[Hannington ef al. 1998]. Within the massive pyrite breccias, original chimney structures
and textures are severely modified by sequential sulphide overgrowth, recrystallisation

and partial dissolution [Knott ez al. 1998].

In the high-temperature upflow zone beneath the BSC, massive pyrite breccias are
underlain to 45 mbsf by an anhydrite-rich zone, which occurs above a vertically extensive
quartz-pyrite stockwork. To 30 mbsf this zone consists of matrix-supported pyrite-
anhydrite breccias comprising clasts of pyrite in a pyrite matrix with >10% volume
anhydrite. These are underlain to 45 mbsf by pyrite-silica-anhydrite breccias, that are
composed of pyrite, quartz + pyrite and silicified basalt clasts in a matrix of >10% volume
anhydrite + quartz [Humphris ef al. 1995]. Composite anhydrite veins up to 45 cm wide
occur throughout this zone [Humphris ez al. 1995].
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Figure 3.2: A schematic representation of the active TAG mound showing the surface
morphology, the locations of 17 holes drilled in 5 areas of the sulphide mound during

ODP Leg 158, and the simplified internal structure based on the drilling results. Recovery

of rock core ranged from <1 to 63% with an average of ~12%. The mound comprises a
complex assemblage of sulphide-anhydrite-silicate breccias and has grown during

successive high temperature episodes as an in situ breccia pile on the seafloor over the last

~50,000 yrs. Figure adapted from Humpbhris et al. [1995].
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The base of the anhydrite-rich zone marks the transition between the pyrite-dominated
mound and the underlying stockwork. The stockwork is absent beneath the eastern half of
the mound, consistent with a fault control that presently focuses hydrothermal upflow to
the western side of the mound [Hannington ef al. 1998]. The mineralised upflow zone
comprises silicified, paragonitised and chloritised basalts [Honnorez ef al. 1998]. The
upper stockwork contains pyrite-silica breccias which are similar to the upper breccia
units, but with >10% volume quartz. These are underlain by silicified wall-rock breccias,
which contain significantly less pyrite (<50 vol.%) and are dominantly clast-supported
[Humpbhris ez al. 1998]. Quartz-pyrite veins extend throughout the stockwork zone from
~40 mbsf to 95 mbsf. Below 110 mbsf, and at the margins of the mineralised zone, the
silicified wallrock breccias grade abruptly into chloritised basalt breccias, which contain
chloritised and weakly mineralised basalt fragments cemented by quartz and pyrite
[Humpbhris ez al. 1995; Honnorez ef al. 1998). The basalt fragments range from 1 to 5 cm

in size, and are totally replaced by quartz, paragonite and pyrite [Honnorez et al. 1998].

The TAG mound and stockwork is one of the few known deposits on the seafloor that is
sufficiently large and mature to warrant comparison with ophiolite-hosted Cyprus-type ore
bodies [Hannington et al. 1998]. While most black smoker deposits contain no more than
a few thousand tonnes of sulphide [Hannington et al. 1998], the TAG deposit is estimated
to contain 3.9 million tonnes of sulphides [Humphris ef al. 1995; Humphris 1998]
including 2.7 Mt massive and semi-massive sulphide (~2% Cu) and 1.2 Mt of mineralised
breccias (~1% Cu) in the subseafloor stockwork [Humphris ez al. 1995; Hannington et al.
1998]. Thus while land-based deposits are on average much larger than modern seafloor
deposits [Hannington et al. 1995] the TAG dep;)sit is of a comparable size. It is estimated
to contain ~30,000 to 60,000 tonnes of Cu, and is comparable in size to the top 30% of
massive sulphide deposits in Cyprus [Hannington ef al. 1998]. There are four TAG-sized
mounds in the relict Mir and Alvin zones, which suggests that the entire TAG field
contains at least 20 Mt of sulphide; this is comparable to a large mining lease in Cyprus

[Hannington ez al. 1998].

3.2.3.4 Sulphide mineralogy
Numerous sulphide samples were collected from the surface of the mound prior to ODP
drilling, during dredging operations and 25 submersible dives. Primary TAG sulphides

comprise marcasite, pyrite, sphalerite, chalcopyrite and minor bornite, with abundant
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anhydrite, amorphous silica and aragonite [Rona et al. 1986; Thompson ef al. 1988;
Hannington ef al. 1988; Hannington ef al. 1991; Tivey ef al. 1995]. Pyrrhotite is absent,
and quartz (which is the principal gangue material in the mound interior) is largely absent
in surface samples [Hannington ef al. 1998]. Chalcopyrite is most abundant in the vicinity
of the high-temperature upflow zone, where it is intergrown with, and locally replaces
pyrite in black smoker chimneys and sulphide crusts forming at the mound surface from
black smoker fluids pooled beneath the BSC [Tivey et al. 1995]. White smoker chimneys,
and blocks of sulphide exposed on the remainder of the lower platform are characterised
by a primary pyrite-sphalerite-marcasite assemblage [Tivey ef al. 1995]. The white
smoker chimneys are porous, fine-grained structures composed of dendritic and colloform
sphalerite with minor marcasite and late-stage amorphous silica [Hannington et al. 1991].
Fe-poor sphalerite occurs only in the uppermost part of the TAG deposit, filling open
spaces and locally occupying late veins in the pyrite breccias [Hannington et al. 1998].
Mound breccias recovered during ODP drilling are shown to comprise mainly pyrite,
anhydrite and quartz, lesser chalcopyrite (0 to 50 vol.%) and sphalerite (<5 vol.%) with
galena in trace amounts (<<1 vol.%). These minerals replace and cement altered basalt
fragments in the stockwork zone of the deposit [Hannington ef al. 1998]. Total sulphur
contents of mound breccias is close to 42%, similar to many Cyprus-type massive

sulphides [Hannington et al. 1998].

3.2.4 TAG models of mound growth and metalliferous sediment formation

3.2.4.1 The role of anhydrite formation

ODP Drilling revealed the presence of unexpected amounts of anhydrite within the mound
and capping the upflow zone at the mound surface (~3 x 10® kg), that had nonetheless
been predicted on the basis of vent fluid chemistries and complex mineral assemblages
(section 2.7) [Edmonds ef al. 1995; Mills & Elderfield 1995a; Tivey et al. 1995]. The
focused venting of black smoker fluids from the apex of the mound causes the entrainment
of large volumes of seawater into the mound beneath the BSC. Mathematical models
predict that seawater ingress and fluid flow within hydrothermal sulphide mounds is
strongly influenced by changes in permeability structure and endmember fluid mass flux
into the base of the structure, that will change as the system evolves [e.g. Dickson ef al.
1995]. Anhydrite precipitates when seawater that has mixed to a greater or lesser extent

with black smoker fluid is conductively heated to >150° C. The presence of anhydrite
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within the mound implies the maintenance of high temperatures within the upflow zone,
coupled with the entrainment and heating of substantial amounts of seawater. The
anhydrite-rich zone (to ~40 mbsf) coincides with the palaeo-seafloor, which may represent
a tectonically weak area where seawater can penetrate into the deposit [Briigmann e al.
1998]. Below ~40 mbsf, anhydrite occurs in vugs and coatings on breccia clasts. The
elevated *’Sr/*°Sr ratios of TAG anhydrites indicates that the mound is permeable to
seawater to ~120 m depth, with the most seawater-like Sr ratios occurring at 120 mbsf
directly below the BSC [Mills ef al. 1998]. Seawater ingress and mixing within the mound
is complex and chaotic at all scales, with no systematic variations either laterally or

vertically within the mound, or within individual veins [Humphris 1998].

The discovery of large amounts of anhydrite within the TAG mound has enhanced our
understanding of the formation of sulphide structures at the seafloor [Humphris ef al.
1995]. Anhydrite precipitation and dissolution has clearly played a critical role in the
development of the internal structure of the TAG mound, in addition to modifying the
composition of hydrothermal precipitates and diffuse fluids venting from the mound
surface [Mitra e al. 1994; Mills & Elderfield 1995a; James & Elderfield 1996]. During
periods of high-temperature activity, pyrite breccias are inferred to be cemented by
anhydrite precipitating in the upflow zone from conductively heated seawater [Hannington
et al. 1998]. Because anhydrite has retrograde solubility, these breccias remain anhydrite-
supported only for as long as high-temperatures are maintained in the upflow zone.
Because high-temperature venting has been episodic over the lifetime of the TAG deposit
[e.g. You & Bickle 1998], the breccias in the central portions of the mound have
episodically collapsed during less vigorous hydrg)thermal activity or periods of
hydrothermal quiescence. However, **Th/?*U anhydrite ages from TAG drill core up to
~10,000 years have been recorded indicating that not all the anhydrite within the mound is
contemporary [You & Bickle 1998]. The repeated collapse of the anhydrite-supported
portions of the mound during periods of hydrothermal quiescence is inferred to have
caused in situ brecciation of the mound [Humphris ef al. 1995]. The complex assemblage
of breccia ores that comprise the TAG deposit are the result of repeated fragmentation,
cementation and hydrothermal recrystallisation of earlier anhydrite and pyrite [Hannington
et al. 1998]. The recognition of the importance of anhydrite precipitation and dissolution
in the structure and evolution of the TAG mound has implications for on-land analogues
such as Cyprus-type ore bodies, with similar brecciated textures which have previously

been attributed to seafloor weathering and erosion [Hannington ez al. 1998].
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3.2.4.2 Dynamic mound processes

In addition to the abundance of anhydrite, other striking results of ODP drilling were the
highly re-cemented nature of the sulphide body and the occurrence of altered basaltic
fragments at stratigraphically shallow depths within the mound [e.g. Humphris ef al. 1995;
Brown & McClay 1998; Knott et al. 1998; Honnorez et al. 1998]. These observations
confirmed the hypothesis developed from vent fluid, sulphide and Fe-oxide compositions
that the system is highly dynamic and mineralisation episodic in nature [Mitra et al. 1994;
Mills & Elderfield 1995q; James & Elderfield 1996; Edmond ef al. 1995; Edmonds et al.
1996].

The sub-surface fluid flow and mineralisation processes inferred to be occurring within the
active TAG mound are summarised in Fig. 3.3. Mound growth occurs by pyrite
precipitation, both within the mound and as surficial chimney structures, and additionally
by subsurface anhydrite precipitation in the upper 30-40 m of the deposit [Humpbhris ef al.
1995]. In addition to anhydrite precipitation, seawater circulation and mixing within the
mound causes significant dissolution and re-precipitation (reworking) of mound sulphides,
through the formation of diffuse hydrothermal fluids [Tivey ef al. 1995; Edmond et al.
1995]. The mixing/cooling processes that lead to the formation of diffuse fluids greatly
increase the efficiency of the ore-forming process compared with individual chimney
venting, as they induce ongoing sulphide precipitation within the mound beneath the cap
of older sulphides, reducing the loss of sulphur and metals to the hydrothermal plume
[Edmond ef al. 1995; Tivey et al. 1995]. Diffuse flow is also important in stripping metals
soluble at lower temperatures from the interior of ‘the mound and concentrating them at the
top of the mound. This ‘zone-refining’ of the TAG deposit occurs as a consequence of the
differing solubilities of Cu and Zn sulphides at different temperatures and pH, and creates
mineral zonation on a deposit scale [Tivey ef al. 1995; Edmond et al. 1995]. The pH of
fluids circulating within the mound is lowered as pyrite precipitates due to conductive
cooling and mixing with cool, ingressing seawater. Low-temperature sulphides such as
sphalerite are more readily dissolved that by these low pH fluids, causing redistribution of
Zn and other trace metals to the cooler outer margins of the deposit. This zonation is
particularly apparent in the Kremlin area of the mound, where sphalerite-pyrite
assemblages precipitate from white smoker fluids containing ~15 % seawater and ~85% of
the high-temperature hydrothermal end-member [Edmond ef al. 1995]. Compared with
black smokers, these white smoker fluids are more acidic, enriched in Zn and depleted in

Cu, Fe and H,S [Edmond ef al. 1995]. Comparison of the compositions of a range of
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lower-temperature fluids with end-member black smoker fluids has led to models of
mound growth and fluid evolution that involves the precipitation of large amounts of
silica, pyrite and anhydrite coupled with sphalerite dissolution and metal remobilisation
[Edmond ef al. 1995; Tivey ef al. 1995; James & Elderfield 1996; Edmonds ef al. 1996;
Mills et al. 1996]. This is the probable mechanism of similar compositional zonation in
Cyprus-type ore bodies that contain virtually no sphalerite in their interiors [e.g.
Constantinou & Govett 1972; Franklin ef al. 1981]. The degree of zone refining is
dependant on the mixing-cooling history of mound fluids, and the thermal history of the
deposit. At TAG steep thermal gradients within the mound and extensive hydrothermal
reworking of sulphides has effectively separated Zn (and also Cd, Au, Ag, As and Sb)
from the interior of the mound, and the higher temperature assemblages immediately
beneath the Black Smoker Complex [Hannington ef al. 1998]. The association of Zn with
Ag, Au, As, Sb, and Pb reflect the transport of these metals as aqueous sulphur complexes

at low temperatures [Hannington ef al. 1991].

High temperature pyrite-chalcopyrite assemblages around the Black Smoker Complex are
enriched in Cu, Co and Se. High Cu and Zn grades in the TAG surface sulphides reflects
the maturity of the deposit, and is a result of repeated overprinting of high-temperature
Cu-rich sulphides by lower-temperature Zn-rich assemblages [Hannington ef al. 1998].
Bulk Cu/Cu +Zn ratios in surface material are generally less than 0.5 in surface deposits
but close to 0.9 through the rest of the deposit, similar to Cyprus-type sulphide deposits
[Hannington ef al. 1998].

Much of the paragenesis of the interior of the TAG deposit has been obscured by
processes related to seawater incursion and sulphide reworking. While sulphide textures in
the upper part of the mound are dominantly colloform, sulphides from the mound interior
are hydrothermally recrystallised, and fine-grained phases like marcasite and wurtzite are
commonly overgrown and replaced by coarse-grained pyrite, chalcopyrite or sphalerite.
The porosity of the sulphides is greatly reduced by recrystallisation and infilling of pore

spaces, and chimney structures are only preserved in the upper mound debris [Hannington
et al. 1998].

Differences in composition of fluids venting from the mound surface are a function of
near-surface rather than deep hydrothermal processes [Hannington et al. 1995].
Microthermometric analyses of fluid inclusions in anhydrite crystals indicate that

temperatures at depths greater than 100 mbsf are in excess of 380-390°C beneath the
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Black Smoker Complex, while other areas on the mound have been affected by lower
temperature fluids percolating through the mound or by local entrainment of seawater,
displaying a wider and lower range of temperatures (187-337°C) [Petersen ef al. 1998].
Salinities fall within the range for mid-ocean ridge vent fluids, but require phase

separation to have occurred at depth to explain the observed compositions [Tivey ef al.
1998].

3.2.4.3 Mound ochres

A carapace of Fe-oxides and gossanous sulphide talus is developed over much of the
surface of the TAG mound to ~5 m depth, reflecting the extent of seawater alteration and
penetration into the deposit [Hannington et al. 1998]. These surficial deposits accumulate
from a combination of processes including slumping and oxidation of chimney material
and the in sifu precipitation of low-temperature phases from diffuse fluids that percolate
through the cover of hydrothermal precipitates and soft sediments [Hannington ez al. 1988,
Hannington ez al. 1991; Herzig ef al. 1991; German ef al. 1993; Mills & Elderfield 19954,
Mills et al. 1996; Goulding ef al. 1998]. TAG ochres are compositionally diverse,
comprising unconsolidated amorphous Fe-oxides and oxyhydroxides (hematite and
goethite), often with minor amounts of quartz, carbonate, smectite and pyrite [Tivey et al.
1995; Mills & Elderfield 1995a; Mills et al. 1996]. The ochres are frequently underlain
and cemented by cherty Fe-oxides produced by diffuse venting through the upper mound
surface [Mills & Elderfield 1995a].

Weathering of the mound exterior is intense and produces a complex gossan assemblage
of secondary Fe and Cu-rich minerals [Hannington ef al. 1988; Herzig e al. 1991,
Hannington ef al. 1991, Hannington ef al. 1998]. During seafloor oxidation or reaction
with dilute hydrothermal fluids, metals such as gold are mobilised as chloride complexes
by acidic pore fluids from primary mound sulphides and redeposited with secondary Cu-
sulphides (covellite, diginite, chalcocite), hydrated Fe-sulphates (jarosite) and Cu-
chlorides (atacamite) in gossanous crusts at the outer surface of the TAG deposit
[Hannington et al. 1988, Hannington ef al. 1991; Herzig ef al. 1991]. These distinctive
seafloor associations and secondary metal enrichments reflect the maturity of the TAG
deposit, as ongoing sulphide reworking and gossanisation enhances the contrast between
the mineralogical and chemical composition of the hot interior and cooler margins of the

deposit [Hannington ef al. 1998; Knott et al. 1998].
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3.2.4.4 Metalliferous sediments

Metal-enriched sediments have been recovered from the TAG area since the early 1970s
[Scott ez al. 1978; Shearme ef al. 1983; Metz et al. 1988; German ef al. 1993; Mills ef al.
1993]. Sediments at TAG have a patchy distribution, occurring as a veneer up to several
metres thick on fault terraces on the walls of the rift valley, and in isolated ponds in the
adjacent valley floor [Shearme et al. 1983; Mills 1995]. These sediments are pale-brown
to yellow calcareous oozes (similar to normal Atlantic pelagic sediments), with anomalous
metal enrichments attributed to hydrothermal plume and/or slumped sulphide inputs

during episodes of high-temperature activity [e.g. Shearme et al. 1983; Metz et al. 1988;
Mills et al. 1996].

The constant erosion, mass wasting and resedimentation of sulphide and oxide debris from
the steep-sided flanks of the TAG deposit produces abundant metalliferous sediments that
extend SO m from the base of the mound [Hannington ez al. 1988; Thompson ef al. 1988].
Similarly, ponds of sediment several metres thick fill depressions in the valley floor down-
slope from inactive Mir and Alvin deposits [Metz et al. 1988; Mills et al. 1993].
Hydrothermal inputs to near-vent sediments have been identified geochemically as
slumped partially oxidised mound debris and fine-grained Fe-oxyhydroxide particles
derived either from the neutrally buoyant TAG plume [German ef al. 1993], or by direct
precipitation from low-temperature diffuse fluids [Mills ez al. 1996; Goulding et al. 1998].
The composition of the sulphidic sediment layers is controlled by the mineralogy of the
mound inputs and their post-depositional history, that is typified by fairly rapid
resedimentation [Metz ef al. 1988; Mills et al. 1993].

Sediments dominated by plume fallout and mass wasting of sulphides are compositionally
and texturally distinct [e.g. Mills ef al. 1993; German ef al. 1993]. Near-vent sediments
commonly contain angular clasts of partially oxidised sulphides in a fine-grained Fe-oxide
or -oxyhydroxide sedimentary matrix [Metz et al. 1988; Mills ef al. 1993]. The
composition and fine-grained texture of plume-derived sediments is less diverse, with a
bulk geochemistry governed by scavenging interactions with large volumes of seawater
[German et al. 1990a,b]. Fe-oxyhydroxide sediments formed in situ by direct precipitation
from diffuse fluids at the surface of the TAG mound are also fine-grained, but with a
“proximal” chemistry indicating precipitation from vent fluids with minimal, if any

interaction with seawater (cf. section 2.9) [Mills & Elderfield 1995a; Mills et al. 1996;
Goulding et al. 1998].
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Various geochemical proxies of hydrothermal processes have been developed through
studies of TAG sediments. These are discussed further and compared with Troodos

metalliferous sediment compositions in Chapter 7 of this dissertation.

3.3  The Troodos ophiolite complex, Cyprus

The TAG deposit has been characterised by numerous studies, and following ODP drilling
the processes controlling the structure, growth and composition of the sulphide mound are
now better understood at TAG than any other seafloor vent site. The most recent models of
sulphide mound formation at TAG are not only important for modern seafloor deposits, but
have implications for on-land analogues such as Cyprus-type ore bodies. Many
comparisons have been drawn between the active TAG mound and Cyprus-type ore
deposits. For example, in terms of morphology and size, the TAG mound is more similar to
Troodos ore deposits than it is to other known seafloor deposits [Tivey et al. 1995]. The
composition of the TAG deposit is similar to that of some of the largest massive sulphide
deposits in the Troodos ophiolite, which typically comprise massive brecciated pyrite ores,
underlain by a quartz-pyrite-chlorite stockwork [Constantinou 1980; Constantinou &
Govett 1973]. Similarly, the distribution of sulphide assemblages and textures throughout
the TAG deposit is similar to that described for Cyprus ophiolite-hosted massive sulphide
deposits [Brown & McClay 1998]. Additionally, the observation that surface of the TAG
deposit is being modified by secondary diagenetic and weathering processes while still
hydrothermally active has important implications for the timing of formation of the ochres
that cap many Troodos ore bodies [Hannington et dl 1988; Hannington et al. 1991; Herzig
etal 1991].

One of the aims of this dissertation is to use the REEs as proxies of hydrothermal processes
to determine if the current TAG model of sulphide mineralisation and metalliferous
sediment formation is applicable to Troodos sulphide mound deposits. The following
sections provide an introduction to the Troodos ophiolite, and the results of studies of the

ore-forming processes operating at a Tethyan spreading centre.

3.3.1  Overview of the geological history of Cyprus
The island of Cyprus is located in the north-east Mediterranean Sea and comprises four

arcuate E-W trending geological terranes with a surface area of 9251 km?, of which the
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Troodos ophiolite complex constitutes the main structural and topographical feature (Fig.
3.4). The ophiolite occupies an area of 3000 km® in the south-central region of the island
and comprises upper Cretaceous (~85 Ma) basic and ultrabasic igneous rocks, formed by a
pulse of late Cretaceous seafloor spreading [Gass 1980]. The Cretaceous Tethys ocean
was a tectonic setting with few modern analogues, characterised by the opening and
closure of many small, short-lived intracontinental ocean basins, and the creation and
destruction of numerous spreading centres [Robertson & Woodcock 1980]. The ophiolite
complexes of Cyprus and Oman define a suture zone formed by closure of the Tethys
Ocean at the end of the Cretaceous, and the tectonic history of Troodos is complex due to
its position in the oblique convergence of the African & Eurasian plates, and various

microplates [Searle & Panayiotou 1980].

The ophiolite complex is succeeded to the north by upper Cretaceous to Pleistocene
sedimentary rocks of the Mesaoria Plain [Bagnall 1964]. A generally undeformed
sequence of circum-Troodos sedimentary succession in the southern part of the plain
[Wilson 1959] is distinct from highly-folded flysch sediments derived from the Permian to
middle Miocene allochthonous sedimentary formations of the Kyrenia Range to the north
[Ducloz 1972; Dixey 1975]. In the Paphos district to the south-west of the ophiolite
complex, allochthonous masses of Mesozoic age occur. The rocks of the Mamonia
Complex are allochthonous, highly deformed rocks, including marine sediments, and an
igneous-sedimentary sequence with pillow lavas and minor intrusives of alkaline affinity
[Swarbrick 1980]. These rocks are interpreted to be remnants of a Mesozoic passive
continental margin accreted onto the southern Troodos margin from a subducting slab in

Maestrichtian times [Robertson & Woodcock 1980; Moores et al. 1984].

The ophiolite complex was rotated 90° anticlockwise after its formation and remained in a
convergent tectonic regime during the closure of Tethys, which resulted in the
deformation and uplift of the Kyrenia mountain range [Panayiotou 1987]. Palacomagnetic
vectors of lavas and overlying sediments indicate that the ophiolite has migrated
northward 10-15° since formation, and that rotation of the ophiolite has occurred in the
last 10 Ma [Shelton & Gass 1980]. The Troodos ophiolite was obducted onto the margin
of the Afro-Arabian continental margin in the Late Cretaceous, although the geometry of
the subduction zone responsible for obduction is still the subject of some debate [e.g.
Moores et al. 1984; Taylor ef al. 1992]. Late Tertiary uplift of ~2000 m is centred on a
low-density serpentinite diapir beneath Mt. Olympus in central Cyprus [Searle &
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Panayiotou 1980]. Uplift resulted in intensive erosion of the igneous rocks of the
ophiolite complex, and the formation of undifferentiated gravels, sands and silts along the

southern edge of the Mesaoria Plain [Wilson 1959].

3.3.2  Structure of the Troodos ophiolite

The Troodos ophiolite is one of best preserved and most thoroughly studied ophiolite
complexes in the world. It is uplifted, but essentially in sifu [Gass & Masson-Smith 1963;
Moores & Vine 1971, Gass & Smewing 1973] and represents a complete and little-
deformed ophiolite sequence. In the 1950s and early 1960s the massif was mapped by the
Cyprus Geological Survey, from which a series of memoirs was published [Wilson 1959;
Bagnall 1960; Bear 1960; Gass 1960; Carr & Bear 1960; Bear 1963; Pantazis 1967]. The
composition and structural relations of the major units were identified, and the intrusive
nature of the sheeted dykes was demonstrated [Wilson 1959], and subsequently interpreted
in terms of seafloor spreading [Gass 1968]. Moores & Vine [1971] identified the massif as
an ophiolite, and suggested that it represented normal oceanic lithosphere formed at a mid-
ocean ridge, although Miyashiro [1973] concluded that the major element chemistry of
Troodos lavas are compatible with formation in an island arc setting. Although this
interpretation was initially disputed on the basis that the lavas have been subject to
hydrothermal alteration, subsequent immobile element ratio determinations showed that
Troodos lavas were erupted at a minor spreading axis in a marginal sea above a
subduction zone, rather than in a mid-oceanic environment [Pearce & Cann 1973; Pearce

1975; Robinson et al. 1983; Rautenschlein ez al. 1985].

A further stage of investigation of the ophiolite was initiated in 1981 by the International
Crustal Research Drilling Group (ICRDG) and the Cyprus Geological Survey Department.
Combined field, drilling and laboratory studies of the ophiolite were undertaken to resolve
outstanding problems regarding the origin and emplacement of the massif, and test the
applicability of the ophiolite model to in sifu oceanic lithosphere [e.g. Cann et al. 1987,
Malpas ez al. 1989; Baragar ef al. 1990, Malpas 1990; Smith & Vine 1987, Vine & Smith
1990; Bednarz & Schmincke 1990; Robinson & Malpas 1990; Gillis & Robinson 1990].

3.3.2.1 Mantle sequence
Differential uplift and subsequent erosion of the ophiolite has created an annular outcrop

pattern, where the stratigraphically deepest rocks of the succession outcrop centrally,
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surrounded by successively higher units, with pillow lavas occurring at the periphery of
the massif (Figs. 3.5 and 3.6). A 1 km vertical succession of upper mantle rocks outcrop in
the ultramafic core of the ophiolite (Mt. Olympus region), and the Limassol Forest area to
the south of the Southern Troodos Transform Zone (STTZ) in south-east Troodos. The
STTZ is a major east-west trending fault zone mapped by early workers [Wilson 1959;
Bagnall 1960], and subsequently interpreted as an oceanic transform fault [Moores & Vine
1971; Allerton & Vine 1990; MacLeod 1990]. Troodos mantle rocks are (c. 50 to 80%)
serpentinised and tectonised harzburgites (~80% of mantle outcrop), with associated
lenticular dunite bodies of cumulate origin [Gass 1980]. The harzburgites are interpreted
as the refractory residues of a plagioclase lherzolite mantle from which a basalt melt has
been extracted to supply magma to the overlying sheeted dyke and extrusive sequences.
They contain subordinate gabbroic and plagioclase lherzolite bodies, which are interpreted
as trapped basaltic melts and less depleted mantle respectively [Wilson 1959; Greenbaum

1972; Menzies & Allen 1974; Allen 1975; George 1975; Greenbaum 1977].

3.3.2.2 Plutonic sequence

The plutonic sequence comprises high-level intrusives from ~50 to 800 m thick of
gabbroic and more evolved compositions that overlie gabbros and peridotites of cumulate
origin [Wilson 1959; Bear 1960; Moores & Vine 1971; Gass & Smewing 1973; Allen
1975; Coleman & Peterman 1975; Browning ef al. 1989]. The textures of the high-level
intrusives range on an outcrop scale from micro-textured to pegmatitic, and include silicic
plagiogranites formed in the closing stages of crystallisation of basaltic magmas in
spatially discrete multiple }nzigma chambers [Wilson 1959; Bear 1960; Moores & Vine
1971; Gass & Smewing 1973; Allen 1975; Coleman & Peterman 1975; Greenbaum 1977;
Malpas et al. 1989; Malpas 1990]. Detailed fieldwork and studies of ICRDG CY-4 drill
core led to the recognition of an older series of deformed plutonic rocks intruded by a
series of undeformed cumulate rocks, supporting a model of multiple magma chambers

beneath the Troodos ocean floor [Malpas 1990].

3.3.2.3 Sheeted dyke complex

A mainly N-§ striking sheeted dyke complex ~1 km thick forms an extensive concentric
belt around the plutonic core of the ophiolite, necessitating formation in an extensional
regime, regardless of the local plate geometry [Wilson 1959; Bear 1960; Gass 1960]. The

contacts between the dykes and underlying gabbros and overlying volcanics are rapid and
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Figure 3.5: A schematic representation of the lithologic units of the Troodos ophiolite
showing the spatial relationships between sulphide mineralisation, the occurrences of
ochre and umber, and the Upper and Lower Pillow Lavas. Adapted from Constantinou

[1980].
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transitional. The uppermost sheeted dykes contain screens of pillow lava; the lower parts
screens of gabbro and microgabbro [Gass 1980]. The dykes are 0.1 to 5 m in width,
although most are less than 2 m wide. They comprise fine grained, generally aphyric
basalt and andesite with small amounts of olivine- and pyroxene-phyric basalt with ophitic
or variolitic textures. The sheeted dyke complex is pervasively recrystallised to
greenschist or lower amphibolite facies mineral assemblages, with frequent retrogression
to lower temperature assemblages [Bickle & Teagle 1992; Bickle et al. 1998], in contrast
to the variable, low temperature alteration of the volcanics and the mainly fresh plutonics
[Baragar er al. 1990]. Original igneous textures and chilled margins are typically
preserved, excluding the spectacularly altered epidosite zones (discussed in section 4.4.4)

[Richardson ef al. 1987; Baragar et al. 1990; Teagle 1993].

The dykes represent magma in transit from crustal reservoirs to the ocean floor, and span
the same compositional range as the overlying lavas [Baragar ef al. 1987, Baragar et al.
1989, Baragar ef al. 1990]. However, the dykes do not record the sharp break in
composition observed between the pillow lava suites in the extrusive sequence [e.g.
Wilson 1959]. This compositional contrast may have been obscured in the sheeted dykes
by hydrothermal recrystallisation [Robinson & Malpas 1990]. Compositional variability
within the dykes can be attributed to high-level closed system fractionation except for
some trace elements (e.g. REE) which indicate a more complex evolution, involving
variable degrees of partial melting or open system fractionation [Baragar ef al. 1990].
Unlike the lavas, the two magma suites do not show any preferred age relationship in the
sheeted dyke complex. This indicates the simultaneous availability of magmas with
variable composition in discrete magma chambers underlying the spreading axis [Baragar

et al. 1990].

Three north to north-west trending structural grabens, bounded by inward dipping dyke
swarms with relatively consistent strikes have been identified on the northern flank of the
ophiolite, along with five other domains 10-20 km wide that are characterised by similar
dyke attitude (Fig. 3.6) [Varga & Moores 1985]. Palaecomagnetic and structural data
suggest that much of the dyke orientation variation originates by block rotation of newly
formed crust along listric faults on the flanks of fossil spreading axes, rather than
emplacement deformation [Varga & Moores 1985; Moores ef al. 1990; Allerton & Vine
1990; Varga & Moores 1990]. The dykes are rotated to shallow dips along normal listric

faults on the graben walls that flatten with depth and merge into a detachment surface
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below each graben at or near the high-level gabbro-sheeted dyke interface. In places this
detachment is cut by undeformed dykes, indicating that faulting occurred during crustal
accretion near a spreading axis [Varga & Moores 1985]. From these structures it is
inferred that the sheeted dyke complex formed at several separate and temporally distinct
axes preserved by eastward migration of the ridge axis by ridge jumping [Varga & Moores
1985].

3.3.2.4 Volcanic sequence

Overlying the sheeted dyke complex is an extrusive sequence which outcrops in a
discontinuous belt around the periphery of the ophiolite. Pillowed lava flows dominate the
volcanics (80% of outcrop exposure), with lesser massive flows, thin sheet flows, breccias
and hyaloclastites [Wilson 1959; Bear 1960; Malpas & Langdon 1984]. The extrusive
sequence was initially divided by the Cyprus Geological Society into the Upper and
Lower Pillow Lavas (UPL and LPL) on the basis of petrographic, field and geochemical
criteria, and spatial relationships to the massive sulphide deposits (Fig. 3.5) [Wilson
1959]. The LPL have more evolved compositions than the UPL, and were interpreted as
having formed near a spreading axis [Wilson 1959; Gass & Smewing 1973; Smewing et
al. 1975]. The UPL outcrop around 60% of the perimeter of the massif. They cap many of
the massive sulphide ore bodies, are interpreted as the products of off-axis volcanism
[Gass & Masson-Smith 1963; Smewing et al. 1975; Malpas & Langdon 1984], and may
be genetically related to off-axis plutons [Malpas 1990]. The boundary between the UPL
and LPL suites was poorly defined in most localities. An unconformity was recognised to
exist between the UPL and LPL in the south of the massif. However, in the north this
boundary was interpreted to be a metamorphic discontinuity, with a geochemical overlap

between the two groups [Wilson 1959; Gass & Smewing 1973; Smewing 1975; Smewing
et al. 1985].

The lava suites were subsequently redefined by geochemical analyses of pristine volcanic
glasses [Robinson ef al. 1983; Rautenschlein ef al. 1985], which occur throughout the
volcanic section to the top of the sheeted dyke complex, excluding the narrow subvertical
zones of pervasive alteration beneath the sulphide ore bodies [Robinson ez al. 1983]. The
compositions of these glasses have been used to define two major magmatic suites on
Cyprus. A fractionated island-arc tholeiite (IAT) suite occurs in the basal 400-500 m of

the lava pile on the northern flank of the ophiolite, comprising basalt-andesite-dacite-
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rhyodacite assemblages [Robinson et al. 1983; Rautenschlein et al. 1985]. A later picrite-
basalt-basaltic-andesite assemblage with boninitic affinities occurs on the west and
southern flanks of the ophiolite [Robinson ef al. 1983; Rautenschlein ez al. 1985; Taylor &
Nesbitt 1988; Taylor ef al. 1992]. The IAT suite corresponds approximately to the LPL,
and the boninitic lavas to the UPL, although the major compositional discontinuity lies at
a much lower level than the traditional boundary between the two units, and lavas of the
two suites are interfingered in several localities [Robinson ef al. 1983; Schmincke ez al.
1983; Robinson & Malpas 1990]. These lavas suites cannot be derived from each other or
a common parental magma, and probably reflect successive melting episodes of a MORB
source in a mantle wedge above a subduction zone [Robinson ez al. 1983; Schmincke et
al. 1983; Robinson & Malpas 1990]. Trace element compositions indicate all Troodos
source regions have been affected by hydrous fluids and/or melts from subducted
lithologies [Pearce 1975; Rautenschlein ef al. 1985; Taylor & Nesbitt 1988; Robinson &
Malpas 1990; Kostopoulos & Murton 1992; Taylor ez al. 1992].

The Troodos volcanics have been affected by pervasive hydrothermal alteration in zones
of hydrothermal recharge, with some superimposed higher-temperature alteration in zones

of vent fluid discharge. This alteration is discussed in Chapter 4 of this dissertation.

3.3.2.5 Massive sulphide ore bodies

Troodos massive sulphide deposits occur within the extrusive sequence of the ophiolite
complex, and display mineral associations, textures and zonations that place them among
the best known ancient analogues of sulphide mineralisation at mid-ocean ridges. The ore
bodies are located in five mining districts (Limni, Kalavasos-Mousoulos, Skouriotissa-
Mavrovouni, Mitsero and Mathiati-Sha), each occupying an area of approximately 10 x 10
km [Wilson 1959; Bear 1960; Gass 1960]. The deposits have been worked for copper
from near-surface exposure since 4000 BC, and for minor quantities of gold and silver
which are enriched in Fe-rich gossans that cap many of the ore bodies [Wilson 1959; Gass
1960; Constantinou & Govett 1972], and are similar to those present on the active TAG
mound [Hannington ef al. 1988; Hannington ef al. 1991, Herzig et al. 1991]. The deposits
range from 50,000 tonnes to 16 Mt [e.g. Wilson 1959; Bear 1963; Constantinou 19807, but
there are around 90 smaller, undeveloped prospects with <10,000 tonnes of ore, of a
similar size to typical mid-ocean ridge vent deposits; indeed only half of the deposits are
>1 Mt [Hannington ef al. 1998]. Approximately 20 deposits containing on average ~1 Mt

of ore of variable copper content have been worked on the island. Much of the copper
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production was from three of the largest deposits: Mavrovouni (~15 Mt; 3.8 wt % Cu),
Skouriotissa (~5.4 Mt; 2.3 wt % Cu) and Limni (~16 Mt; 1.4 wt % Cu) [Wilson 1959].

The five mining districts broadly correspond to theklocations of three axial grabens
preserved along the northern flank of the ophiolite that were produced by crustal extension
processes, illustrated in Figure 3.6 [Varga & Moores 1985]. Of the three grabens, the
excellent three-dimensional exposure of the Solea graben best illustrates the relationships
between structural, magmatic and hydrothermal processes operating during seafloor
spreading [Schiffman et al. 1987; Schiffman & Smith 1988; Varga & Moores 1985; Varga
& Moores 1990; Moores et al. 1984; Moores et al. 1990; Schiffman ef al. 1990]. The
massive sulphide ore bodies were formed around seafloor hydrothermal vents on the
flanks of the seafloor grabens [Spooner ez al. 1977; Moores et al. 1990]. The high-
temperature hydrothermal circulation responsible for the seafloor hydrothermal activity
was driven by the off-axis magmatic intrusion of small plutons into crust previously
thinned by extensional faulting on the graben valley walls [Varga & Moores 1985;
Schiffman et al. 1987; Schiffman & Smith 1988; Varga & Moores 1990]. The three
deposits associated with post-graben magmatic and hydrothermal activity in the Solea
graben (Skouriotissa, Apliki and Mavrovouni) collectively represent the greatest sulphide

accumulation in the Troodos complex [Varga & Moores 1990].

3.3.2.6 Ore deposit morphology and mineralogy

A typical Troodos massive sulphide bodies deposit is a single, discrete massive sulphide
orebody underlain by a stockwork of hydrothermally brecciated and mineralised lavas, and
overlain by unmineralised lavas [Constantinou & Govett 1972, Constantinou & Govett
1973; Constantinou 1980]. Most of the ore is mined from a zone of massive cupriferous
pyrite deposited as a low-relief exhalative lenticular mound on the seafloor, although a
significant proportion of the recoverable metals often occurs within the sub-seafloor
stockwork.. Troodos sulphide mounds are typically a few tens of metres thick, although
the largest bodies may have been over 100 m thick [Panayiotou 1987]. In contrast to the
circular TAG mound (~200m in diameter), Troodos mound deposits have a typically
elongate shape [Constantinou & Govett 1972]. For example, the Mathiati deposit (2.8 Mt)
is comparable in tonnage to the active TAG mound (3.9 Mt), but the ore body is only 50 m
wide and more than 250 m long [Lydon & Galley 1986]. The asymmetry of the ore bodies

is attributed to their formation adjacent to a synvolcanic fault or graben wall. The ore
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bodies thin away from, and are often dissected by late movement along these faults in a
similar manner to the inactive sulphide mounds in the TAG vent field [Rona et al. 1993a].
Some of the largest deposits are replacive sub-seafloor stockwork-type deposits formed by
mixing between black smoker-type fluids with seawater within the lava pile, and have
modern oceanic counterparts [Edmond ez al. 1979a; Honnorez ef al. 1985; Richards ef al.
1989]. In these deposits, stockwork-mineralised lavas grade upwards into less altered and

mineralised lavas (e.g. the Pitharokhoma, Sha and Agrokipia B deposits).

The TAG model of sulphide reworking associated with seawater ingress, fluid mixing and
sulphide precipitation and dissolution is the likely mechanism of a similar compositional
zonation in Cyprus-type ore bodies, which contain virtually no sphalerite in their interiors
[e.g. Constantinou & Govett 1972]. Cyprus mound sulphides are dominated by several
generations of pyrite, that frequently accounts for >90% of the mineralised assemblage,
with varying amounts of chalcopyrite, minor sphalerite and rare marcasite and pyrrhotite.
Covellite, diginite, chalcocite and bornite are found in the massive ores in the upper parts
of many ore bodies [Constantinou 1980]. The sulphides are Pb-poor, while Cu varies from
0.2-7.7 wt. % (averaging ~2 wt.%), with Zn generally <0.1 wt.%. The ore bodies typically
have bulk compositions similar to the TAG mound, consisting of predominantly iron and
sulphur, with minor Cu and Zn and traces of Co, Ag and Au [see review in Hannington e?
al. 1998]. The Zn content of sulphides is generally low (< 0.2 wt. %) but along with Cu
(average ~2 wt. %), is concentrated in zones of secondary enrichment in the upper parts of
some ore bodies [see review in Hannington ez al. 1998]. Secondary Cu-rich sulphides
such as covellite, diginite, chalcocite and bornite are found in the same associations as at

TAG in the massive ores in the upper parts of many ore bodies [Constantinou 1980].

The ore deposits are characterised by a vertically-zoned assemblage of breccia units
[Constantinou 1980] similar to those revealed by ODP drilling of the TAG mound
[Humphris ez al. 1995]. Although anhydrite is not preserved in the geological record, in
view of the results of ODP drilling of the TAG mound, the brecciation that characterises
the interiors of Troodos ore bodies can be attributed to internal anhydrite and sulphide
reworking, rather than sulphide erosion and resedimentation at the mound surface

[Constantinou 1980] or fragmentation as a result of sedimentary overburden pressure
[Wilson 1959].

Sulphide breccias in the upper ¢.5 m of the Cyprus deposits are conglomeritic in nature,

and comprise subangular porous blocks of compact or colloform pyrite occurring in a
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matrix of dark sandy pyrite cubes with dimensions typically < 1 mm [Wilson 1959].
[Constantinou & Govett 1972; Constantinou 1980]. These are identical to the pyrite
breccias in the uppermost drill core from the TAG mound (except for the absence of
anhydrite), and represent the kinds of sulphide material from the Skouriotissa deposit
analysed in Chapter 7 of this dissertation. Sulphide chimney structures are only rarely
preserved in Cyprus ore bodies [Oudin ez al. 1981; Oudin & Constantinou 1984] as in the
active TAG mound [Hannington ef al. 1998].

The conglomeritic ore overlies massive (‘compact’) ore comprising pyrite, chalcopyrite
and sphalerite with lesser marcasite with localised secondary Cu enrichments (>5 wt %
Cu) in covellite, chalcocite and bornite [Wilson 1959; Constantinou & Govett 1973;
Constantinou 1980]. The compact ores are the product of the early brecciation of massive
pyrite and later cementation by colloform pyrite. The compact ore consists of coarse,
granular pyrite breccias or blocky ore cemented by porous pyrite with vuggy cavities lined
with quartz and pyrite, and closely resemble sections of massive pyrite and pyrite-silica
breccias from the TAG mound [Humphris ef al. 1995]. These breccias are cut by late veins
of colloform pyrite, and occasionally sphalerite. The compact ore is much less friable than
the conglomeritic ore, and the sulphides are commonly extensively recrystallised to
poikilitic euhedra (up to a cm in size) and do not show colloform textures [Constantinou &
Govett 1972; Constantinou 1980]. Fossilised worm tubes and chimney fragments have
been recognised in the pyrite breccias [Oudin & Constantinou 1984], but repeated
hydrothermal recrystallisation and brecciation episodes means that these primary features

are rarely preserved [Hannington et al. 1998].

The massive ores are underlain by chloritised and mineralised stockwork breccias, the
thicknesses of which are often undetermined as drilling operations cease in low grade ore
[Constantinou & Govett 1972]. In the stockwork zones, sulphide and quartz-sulphide
veins cement lava breccias and fill fractures in altered pillow lavas. The size and
abundance of these veins is highest in the upper stockwork. Away from sulphide veins, the
amount and grain size of disseminated pyrite in lavas decreases abruptly [Constantinou &
Govett 1972; Constantinou 1980]. Stockwork mineralised alteration pipes beneath the ore
bodies have concentric alteration halos with characteristic mineral associations, which
record fluid-rock interaction in zones of hydrothermal fluid upflow [Richards ef al. 1989].
The relative mobility of REEs during axial and off-axis crustal alteration in the

Pitharokhoma stockwork deposit is discussed in Chapter 6 of this dissertation.
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3.3.2.7 Metalliferous sediments

The igneous rocks of the Troodos massif are overlain to the north and south by calcareous
sediments of the circum-Troodos sedimentary succession. These are undeformed
sediments of Maastrichtian to Tertiary age which have a gentle radial inclination imposed
by the same central uplift that affects the massif [Wilson 1959]. The base of the succession
is marked by the Perapedhi Formation of Campanian-early Maestrichtian age, which rests
unconformably on the pillow lavas of the ophiolite (Fig. 3.5) [Wilson 1959]. This
formation comprises a thin, intermittent layer of Fe-Mn oxide sediments which occur in
hollows on the palaeo-seafloor, and are analogous to the metalliferous sediments of the
MOR system [Robertson 1975]. The umbers locally grade into carbonate-free radiolarites
and radiolarian mudstones that are overlain discontinuously by bentonitic clays. These
sediments are overlain by Maastrichtian and Tertiary chalks of the Lefkara Formation
[Wilson 1959]. Excluding the south-west region of Cyprus, these sediments have not been

tectonically deformed, and they are physically and chemically little-altered [Robertson &
Hudson 1973].

The metalliferous sediments that overlie the volcanic basement of the massif were
deposited near a Cretaceous ocean ridge system, and are chemically and mineralogically
comparable with the metalliferous sediments of the EPR and other active ocean ridges,
being similarly enriched in iron, manganese and trace elements compared with overlying
pelagic sediments [Robertson & Hudson 1973; Robertson & Fleet 1976]. Hydrothermal
sediments in Cyprus include ochre (Fe-rich, Mn-poor sediment) and umber (Fe- and Mn-
rich sediment). Fe-rich ochres occur at the surface of some of the sulphide ore bodies [e.g.
Constantinou & Govett 1972; Robertson 1976], and are similar to the Fe-oxyhydroxide
ochre deposits forming on the active TAG mound [e.g. Herzig ef al. 1991]. In light of this
similarity, the formation of the Troodos ochres is now attributed to sulphide weathering

and oxidation, rather than by post-obduction leaching by meteoric groundwaters [Herzig et
al. 1991].

Umbers show a wider spatial distribution across the palaeo-seafloor than the ochres, and
generally overlie the boninitic lavas that are related to off-axis magmatism, hydrothermal
circulation and ore deposition [Constantinou & Govett 1972]. The umbers were initially
interpreted as hydrothermally-altered volcanic ash deposits [Wilson 1959], or as
precipitates from Fe and Mn-rich solutions derived from the slow weathering of basaltic

lavas by cold seawater [Constantinou & Govett 1972]. Other workers noted the similarity



TAG vent field, 26 N MAR & Troodos ophiolite, Cyprus 74

between the umbers and metalliferous sediments on the EPR, and related their formation
them to ridge-crest hydrothermal activity [Elderfield et al. 1972; Robertson 1975;
Robertson 1976; Robertson & Boyle 1983; Boyle 1990]. The umbers have been
interpreted as low-temperature precipitates around off-axis, low-temperature vents
[Constantinou & Govett 1972; Robertson & Hudson 1973; Robertson 1975; Robertson
1976 Elderfield ef al. 1972], or alternatively as distal accumulations sourced from high

temperature vents [Corliss 1972; Boyle 1990].

34 Conclusions

Drilling by ODP has contributed to a greater understanding of the effect of seawater
entrainment and fluid evolution on the geochemistry and composition of the TAG sulphide
deposit [e.g. Humphris ef al. 1995; Mills ez al. 1998; Teagle ef al.1998; Tivey et al. 1998].
The most recent models of sulphide formation at TAG involve conductive heating of
seawater in the mound-like sulphide structure, which causes anhydrite precipitation and
effectively zone refines the sulphide to generate secondary pyrite phases and enrichment
of Zn, Pb and trace metal-rich sulphide phases at the surface ‘gossan’ of the mound.

[Edmond et al. 1995; Tivey et al. 1995; Humphris ef al. 1995; Mills et al. 1998; Tivey et
al. 1998].

Troodos sulphide mound deposits show many mineralogical and chemical similarities to
the TAG ore body although they were formed in a supra-subduction rather than mid-ocean
ridge environment. In contrast to MOR deposits they are easily sampled due to their on-
land exposure by past mining operations [Oudin ef al. 1981; Oudin & Constantinou 1984;
Hannington ef al. 1988; Hannington ef al. 1991; Herzig et al.1991; Hannington ef al.
1998]. In view of these similarities, the REEs are used to test the applicability of the TAG
model to processes of sulphide mound formation within the Troodos ophiolite, and to

assess the extent of post-ore alteration in Chapter 7 of this dissertation.




Chapter 4

Hydrothermal alteration of the
oceanic crust

4.1 Introduction

Our understanding of the physical and chemical processes occurring in the sub-surface of
hydrothermal systems has developed through studies of dredged oceanic basalts [e.g.
Irving ef al. 1970; Corliss 1971; Muehlenbachs & Clayton 1971; Bonatti ef al. 1975;
Humphris & Thompson 1978; Delaney et al. 1987; Saccocia & Gillis 1995], drilling of the
oceanic basement [e.g. Honnorez et al. 1985; Alt et al. 1986, Humphris ef al. 1995;
Honnorez et al. 1998, Humphris ez al. 1998] and through inferences made from the altered
rocks of ophiolites. In this respect, studies of the Troodos ophiolite have been of particular
significance. Elevation of *’Sr/**Sr ratios from fresh rock towards seawater values and
other geochemical changes in the Troodos ophiolite provided confirmation of the
magnitude of hydrothermal circulation at mid-ocean ridges [Chapman & Spooner 1977;
Spooner & Bray 1977; Spooner et al. 1977, Spooner & Fyfe 1973] that had been inferred
from anomalous heat flow in the oceans [Lister 1972]. Subsequently, this ophiolite
complex has proved particularly useful in characterising crustal evolution and ageing
processes, as alteration related to emplacement of the massif is restricted to gypsum
formation in the upper 500 m of the extrusive sequence [Staudigel & Gillis 1990]. All
other crustal alteration can be related to seafloor processes occurring at a spreading ridge,
and is broadly similar to that of in sifu oceanic crust sampled to date from the ocean basins
[e.g. Spooner & Fyfe 1973; Spooner et al. 1977, Spooner & Bray 1977; Gillis & Robinson
1988; Richards ez al. 1989; Gillis & Robinson 1990q, b; Gillis ef al. 1992].

A fundamental difference between ophiolitic and in sifu ocean crust is that the rocks in
ophiolites integrate the chemical effects of axial and off-axis alteration. Numerous studies
have shown that the alteration in ophiolites attributed to axial black smoker systems is
short-lived compared with the chemical exchange that occurs off-axis at lower-

temperatures during ageing of the oceanic basement [Pflumio 1991; Bednarz &
75
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Schmincke 1990; Gillis & Robinson 1988, Gillis & Robinson 1990q,b; Staudigel & Gillis
1990; Bickle & Teagle 1992; Bickle ef al. 1998].

In this chapter the mineralogical and chemical effects of hydrothermal circulation within
the oceanic crust are reviewed, within the conceptual framework of hydrothermal
recharge, reaction and discharge zones [review by Alt 1995]. Some important differences

between the styles of alteration of in sifu ocean crust and ophiolites are discussed.

4.2 Thermal and alteration history of ODP Hole 504B

Hole 504B is the deepest basement hole in the oceans, and has been drilled over the course
of seven Deep Sea Drilling Project (DSDP)/ODP legs since 1982 [Alt ef al. 1996]. This
hole has sampled a 2111 m continuous section of 5.9 Myr upper oceanic crust generated at
the Costa Rica Rift in the eastern equatorial Pacific [e.g. Alt et al. 1996]. The hole
penetrates 274.5 m of sediments, 571.5 m pillow basalts, a 209 m transition zone and 1056
m into a sheeted dyke complex [Alt ef al. 1985; Alt & Emmerman 1985; Honnorez et al.
1985; Alt ef al. 1986; Alt et al. 1996]. In the absence of any comparable drilling
operations, Hole 504B has become a reference section for the petrology, geochemistry,
hydrothermal alteration, magnetic and physical properties of the oceanic crust to near the
base of the sheeted dyke complex [Alt e al. 1996]. The proximity to, and nature of the
diabase/gabbro transition is not known, and our knowledge of this region is still restricted

to analogies drawn with ophiolites [Alt e al. 1996].

While the chemical composition of the basalts from Hole 504B is strikingly uniform
[Honnorez ef al. 1985], hydrothermal alteration is highly heterogeneous on all spatial
scales [e.g. Alt et al. 1996]. A history of crustal alteration has been constructed for Hole
504B on the basis of mineral assemblages and parageneses, summarised in Tables 4.1 and
4.2 [e.g. Honnorez et al. 1985; Alt et al. 1996]. Hydrothermal activity is inferred to have
been initiated close to the axis of the Costa Rica Rift, with overall cooling of the system
and multiple fracturing stages as the crust moved away from the ridge and/or during
cooling of the magmatic heat source [Honnorez ef al. 1985]. Initial alteration occurred in
an axial discharge zone at temperatures of 250 to 350°C [Honnorez ef al. 1985]. An
overprinting, oxidising alteration occurred at lower temperatures (~150 to 250°C) as the

crust moved off-axis into the recharge zone [Alt ef al. 1996].

The physical properties of the crust sampled by Hole 504B vary with depth and lithology.
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The porosity and permeability are highest in the uppermost volcanics, which contain
abundant open fractures in which seawater circulated at low temperatures as the crust
moved off-axis [Becker e al. 1989]. The porosity decreases into the lower volcanics,
because during axial alteration fractures in the lower volcanics were sealed by secondary
minerals such as smectite [Pezard 1990]. The porosity decreases dramatically by around
an order of magnitude into the sheeted dykes [Becker ef al. 1989]. This profile is similar to
that estimated from measurements of the veins in the Semail ophiolite, Oman [Nehlig &
Juteau 1988].

Measured heat flow for 504B crust falls close to the theoretical conductive cooling curve
for ocean crust, indicating that the 274.5 m of sediment cover has created an impermeable
seal between the oceanic basement and seawater [Honnorez ez al. 1985]. This is atypical
of 5.9 Myr oceanic lithosphere, as the average ‘sealing’ age of the oceanic crust is 65 + 10
Myr [Stein & Stein 1994]. The sediment at 504B is particularly thick for such a young
age, because crust formed at the Costa Rica Rift moves through the equatorial high
productivity zone [Honnorez ef al. 1985]. By analogy with Troodos and other drilled
sections of in situ oceanic crust, sealing of the oceanic basement by a thick sediment cover

will restrict the extent of seawater penetration and off-axis alteration of the 504B section.

4.3 Thermal and alteration history of Troodos crustal rocks

Early studies of hydrothermal alteration in the upper ~2 km of the Troodos ophiolite
proposed that both the metamorphic grade and pervasiveness of alteration increases
regularly with stratigraphic depth in the crust [Gass & Smewing 1973; Smewing et al.
1975]. However, later studies showed that thermal gradients in Troodos, like in situ
oceanic crust, were not linear and that the distribution of alteration zones is controlled by a
combination of the rate of sediment accumulation on the oceanic basement, permeability,

temperature and patterns of former hydrothermal fluid flow [Gillis & Robinson 1988].

The volcanic section of the Troodos ophiolite is characterised by heterogeneous
permeability, due to variations in the lateral distribution of pillows, flows, hyaloclastites
and breccias units on scales ranging from 10’s to 100’s of metres [Gillis & Robinson
1988; Gillis & Robinson 1990a,b]. These units are characterised by pervasive low-
temperature hydrothermal alteration in zones of hydrothermal recharge, with
superimposed patterns of hydrothermal alteration that correlate to focused high-

temperature fluid upflow at ancient spreading centres [Gillis & Robinson 1988; Gillis &
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Robinson 1990q,b; Bednarz & Schmincke 1990]. Massive sulphide bodies accumulated
where these fluids vented at the seafloor, and are underlain by intensely altered pipe-like
stockworks [e.g. Richards ez al. 1989]. On the basis of surface mapping, five zones with
distinct mineralogies and intensities of alteration have been identified in the extrusive
sequence, summarised in Table 4.1 [Gillis & Robinson 1988, Gillis & Robinson 19904, 5].
The alteration reflects evolving temperature, permeability and fluid regimes within the
crust following accretion at the ridge axis [Gillis & Robinson 1988, Gillis & Robinson
1990a,b]. The five alteration zones display a constant stratigraphic relationship, but are
laterally discontinuous, and the depth of the boundaries between them is variable [Gillis &
Robinson 1988, Gillis & Robinson 1990a,5].

Examination of ICRDG drill core from holes CY-1, CY-1A (extrusive series) and in the
upper parts of hole CY-4 (sheeted dyke complex) led to the identification of 6 alteration
zones distinguished by characteristic chemistries and alteration minerals, with inferred
temperatures ranging from <20° to >350°C (Table 4.1) [Bednarz and Schmincke 1990].
These alteration zones broadly correlate with those determined by surface mapping of the
extrusive sequence [Gillis & Robinson 1988, Gillis & Robinson 19904, 5], and with those
identified in ODP Hole 504B (Table 4.1) [e.g. Alt & Emmerman 1985; Alt ez al. 1985; Alt
et al. 1986; Honnorez et al. 1985; Alt et al. 1996].

Beneath the extrusive sequence, Troodos sheeted dykes are characterised by variable
degrees of alteration, and often show regression to lower temperature assemblages [Bickle
& Teagle 1992]. The metamorphism of the dykes is the product of heat derived from
underlying plutons, and alteration by small volumes of water derived from a more copious
circulation through the overlying lava pile [Baragar et al. 1990]. Consistent with
measurements in Hole 504B, the sheeted dykes in ophiolites are less permeable than the
lavas, and fluid circulation through them is inferred to be dominantly dyke-parallel [e.g.
Nehlig & Juteau 1988; Gillis & Robinson 1990a]. Beneath the sheeted dykes, the upper
plutonics show only limited interaction with ~350°C fluids in the high-temperature portion

of the hydrothermal system [Bickle & Teagle 1992; Kelley ez al. 1992; Kelley &
Robinson 1990]
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4.4 Chemical and mineralogical transformations during crustal alteration

4.4.1 Alteration of the volcanic section

The upper oceanic basement undergoes reactions with large volumes of seawater at a
range of temperatures and water/rock ratios, which vary with time and position relative to
the spreading axis [Thompson 1983]. The main processes affecting the crust in recharge
zones include low-temperature oxidation, low-temperature alkali fixation, Mg-fixation,
anhydrite formation, and alkali loss from the crust at higher temperatures [review by Alt

1995]. These processes are illustrated schematically in Figure 4.1.

Studies of ophiolites and drill core show that the upper ~300 m of the volcanic pile is
altered by cold (<40°C), oxidising seawater at high water/rock ratios (>50) [e.g. Alt e al.
1985; Gillis & Robinson 1988; Pflumio 1991; Teagle ef al. 1996]. The main alteration
processes operating here are oxidation and alkali fixation [review by Alt 1995]. On
Troodos, this alteration characterises the seafloor weathering zone (SWZ) of Gillis &
Robinson [1988] and cold seawater alteration (CSA) of Bednarz & Schmincke [1990]
(Table 4.1). The chemical and mineralogical changes associated with this alteration in
Troodos and Hole 504B are summarised in Table 4.2. These reactions are part of a general
circulation in the volcanic section that continues for up to 20 Myr following crustal
accretion [Thompson 1983; Staudigel ef al. 1986; Staudigel & Gillis 1990], consistent
with predictions that most of the heat advection occurs on the ridge flanks (section 1.4.2.4)
[Morton & Sleep 1985]. The development of this zone in Troodos and in situ oceanic crust
is well-developed at seafloor topographic highs and absent where the lavas are overlain by
impermeable sediments [e.g. Davis ez al. 1989; Mevel 1985; Teagle et al. 1996; Gillis &
Robinson 1988]. On Troodos, the oxidative front represented by the base of the SWZ
migrates downwards into the volcanic pile during crustal ageing, overprinting earlier, less

oxidative alteration occurring in closer proximity to a ridge axis [Gillis & Robinson 1988].

The lower part of the volcanic pile (>300 m) is altered under a more rock-dominated
‘restricted’ regime as seawater circulation becomes limited by ongoing fracture sealing by
secondary clay minerals and/or the deposition of a sedimentary cover [Alt ef al. 1986]. On
Troodos, this alteration is analogous to the low-temperature zone (LTZ) of Gillis &
Robinson [1988] and the low-temperature alteration (LTA) of Bednarz & Schmincke
[1990]. Seawater in these alteration zones is hotter than in the upper volcanics (~100 to

200°C) and has a more reacted composition (having lost oxygen and alkalis to the upper
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Figure 4.1: A schematic representation of the major chemical processes occurring during
hydrothermal circulation. Chemical reactions and fluid compoistions change as seawater is
heated and penetrates downwards into the crust at progressively lower water/rock ratios.
The upper volcanics are affected by low-temperature alteration at high water/rock ratios;
the lower volcanics are altered during a more retricted low-temeprature alteration. The
lower sheeted dykes are altered at temperatures >250°C with fluids in partial equilibrium
with greenschist facies mineral assemblages. Adated from Alt [1995].
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volcanics) which in Troodos and Hole 504B favoured the formation of smectite over Fe-
oxyhydroxides in the lower volcanics [Alt ef al. 1985, Alt et al. 1986; Gillis & Robinson
1990a]. Consequently, increases in the ratio of ferric to total iron (Fe’*/Fe'” ratio) and
alkali uptake is somewhat less than in the uppermost oceanic basement. In Troodos, the
degree of alteration in the base of the volcanic pile is highly variable, with fresh glassy

pillow margins preserved adjacent to highly altered zones [Gillis & Robinson 1990a].

The fixation of Mg and OH from seawater into mainly fracture-filling smectite at low
(<200°C) and chlorite at higher temperatures (>200°C) is an important process during
seawater recharge [e.g. Alt et al. 1986]. At high water/rock ratios (> 50) the resulting
solution will be acidic because of the generation of H' ions to maintain charge balance
[e.g. Alt ez al. 1986]. During ‘restricted’ alteration at lower water/rock ratios, MgO from
seawater is readily exhausted by reaction with wall rock, and the solution pH becomes
more neutral. At temperatures > 300° C, Ca-fixation in hydrous silicates will perform the
same function as Mg in maintaining a low pH in fluids penetrating to greater crustal
depths [e.g. Alt ef al. 1986]. This fluid represents an effective solvent of metals such as
Ca, Na, K, Cu and Zn in lower crustal rocks [Alt et al. 1986].

In Troodos and Hole 504B, zeolites and carbonates commonly occur throughout the
volcanic pile as the last phases to precipitate in clay-lined fractures (Table 4.2) [Alt et al.
1985, Staudigel & Gillis 1990 Gillis & Robinson 1990a]. These phases formed off-axis
from 150 to 100°C, alkaline, O- and Mg-depleted, Si-enriched fluids produced during
oxidative alteration [Alt ef al. 1985; Staudigel & Gillis 1990; Gillis & Robinson 1990a].

4.4.2 Alteration of the sheeted dykes

Only a small (and as yet undefined) proportion of seawater penetrates deep into the
oceanic crust to be transformed into a ~350°C black smoker fluid in proximity to an axial
heat source [Alt 1995]. The record of alteration minerals in Hole 504B and the Troodos
ophiolite defines a steep temperature gradient between the lower volcanics (c. 100-150°C)
and the upper sheeted dykes (c.250-350°C) over a few tens of metres [Gillis & Robinson
19900; Alt et al. 1986]. Hydrothermal alteration in the sheeted dykes of Hole 504B is
controlled by the permeability of the crust [Alt ef al. 1985]. This alteration is
characterised by incomplete recrystallisation to greenschist facies assemblages, with some
superimposed lower-temperature off-axis zeolite facies alteration (Table 4.2) [e.g. Alt et

al. 1986]. In the Troodos ophiolite, this alteration is analogous to the transition zone (TZ)
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and upper dyke zone (UDZ) assemblages of Gillis & Robinson [1988], and the high
temperature alteration I (HTA I) zone of Bednarz & Schmincke [1990] (Table 3.1). The
level of the boundary between the LTA and TZ alteration zones in the Troodos crust
varies from <150 m to >1400 m (indicating non-uniform thermal gradients) but generally
occurs at a level that reflects the porosity and permeability contrast at the dyke/volcanics

transition [Gillis & Robinson 1988].

In Hole 504B, the lower 500 to 600 m of dykes are altered at higher temperatures
(>400°C) and are partially recrystallised to amphibolite facies assemblages [Alt ef al.
1996; Vanko ef al. 1996]. 504B lower dykes contain Mg-rich amphibole, display large
whole rock 8'°0 depletions, and are characterised by Zn, Cu and S depletions and the
presence of secondary calcic plagioclase and clinopyroxene (rather than Na-rich albite
found in the upper dykes). Similar metal losses have been noted in the lower sheeted dyke
complex of the Troodos ophiolite [Richardson ef al. 1987]. This alteration may be
analogous to the HTA types II and III of the lower Troodos crust, that are characterised by

the presence of amphibole, Ca enrichment and Fe depletion (Table 4.2) [Bednarz &
Schmincke 1990].

4.4.3 Reaction zones

The reaction zone is that part of the hydrothermal system where recharge fluids acquire
the characteristic chemical signature of black smoker fluids by partial-equilibrium
reactions within the lower dykes and uppermost gabbros (refer to section 1.3) [e.g.
Bischoff & Dickson 1975; Bowers ef al. 1985, Bowers ef al. 1988; Berndt ez al. 1988,
Berndt ef al. 1989]. The fluids are heated to temperatures of ~350°C to 400°C in the
vicinity of an axial heat source and rise rapidly to the seafloor (<1 yr) in a narrow
discharge zone (refer to section-1.2) [Kadko et al. 1985]. The amount and type of
alteration in the reaction zone is dependent on rock texture and mineralogy, water/rock
ratio (discussed in section 4.5), fluid chemistry and the physical conditions and duration of
alteration [Berndt ef al. 1989]. Most of the constraints on these parameters come from
studies of ophiolites, as i sifu oceanic crust remains largely unsampled to these
stratigraphic depths, although the lower 500-600 m of sheeted dykes in Hole 504B (~1.8
km sub-basement depth) exhibit chemical and mineralogical effects consistent with those
attributed to a reaction zone [Alt ef al. 1996]. The alteration assemblages in the lower

dykes on Troodos and in Hole 504B are those predicted for reaction between lower crustal
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rocks and fluids with decreased Sr/Ca, Na/Ca and Sr and Mg contents (due to
chloritisation and albitisation of plagioclase and the precipitation of anhydrite in the
overlying recharge zone) during an early, high-temperature phase of axial alteration
(>400°C) [Berndt et al. 1988; Berndt et al. 1989]. While some experimental models of
reaction zone processes have considered albite to be present in the equilibrium assemblage
[e.g. Bowers er al. 1988, 1989], in Hole 504B albite in the lower dykes occurs as part of a
later retrogressive greenschist facies assemblage [Alt ez al. 1996; Vanko ef al. 1996].

Upper gabbroic rocks recovered from ODP Hole 735B in the southwest Indian Ocean are
also inferred to have been altered in the reaction zone of a hydrothermal system [Mevel &
Cannat 1991]. The gabbros display varying degrees of early high-temperature plastic
deformation, then brittle deformation associated with seawater penetration along fractures
and partial alteration to amphibolite grade mineral assemblages (~500°C), with or without
lower-grade retrogressive alteration [Mevel & Cannat 1991]. The upper few hundred
metres of the Troodos plutonic section is hydrothermally altered, but passes downwards
into less altered and fresh gabbro over a small depth interval [Cann & Strens 1982; Kelley
et al. 1992; Kelley & Robinson 1990]. Fractures in the upper plutonics host inclusions
formed at 200 to 400°C with salinities similar to modern vent fluids [Kelley ef al. 1992;
Kelley & Robinson 1990]. These inclusions are interpreted to reflect the migration of
black smoker-like fluids into a crystallising pluton along fine networks of small fractures

in a cracking front [Kelley er al. 1992; Kelley & Robinson 1990].

4.4.4 Discharge zones

High-temperature (350°C) fluids upwelling from the reaction zone may vent directly at the
seafloor, but commonly mix with much larger volumes of cooler seawater within the
permeable volcanic pile prior to their discharge at the seafloor [Honnorez ef al. 1985;
Nehlig & Juteau 1988; Richards ez al. 1989]. Studies of ophiolites and Hole 504B indicate
that this mixing commonly occurs at the transition between the sheeted dykes and
overlying volcanics, and leads to a stockwork type mineralisation at this level within the
crust [Honnorez ef al. 1985; Nehlig & Juteau 1988; Richards ez al. 1989]. In Chapter 6 of
this dissertation, the REEs are used to evaluate the importance of axial versus off-axis

alteration processes in one area of stockwork-mineralised lavas and dykes in the transition

zone of the Troodos ophiolite.

Focused high-temperature upflow zones in ophiolites are marked by the development of
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epidosites in the lower sections of portions of the sheeted dyke complex [e.g. Richardson
et al. 1987; Schiffman et al. 1987, Schiffman & Smith 1988; Seyfried ef al. 1988;
Schiffman e al. 1990]. Epidosites are granular epidote, quartz and titanite assemblages
which display no relict igneous textures. They are believed to form by the recrystallisation
of greenschist and amphibolite alteration facies assemblages in diabase by ~400°C black
smoker-type fluids at water/rock ratios of ¢.20 to 1000 (Table 4.3) [Richardson et al.
1987, Schiffman ef al. 1987; Schiffman & Smith 1988; Seyfried et al. 1988; Schiffman et
al. 1990; Bickle & Teagle 1992]. On Troodos, epidosites form dyke-parallel zones 100°s
of m wide, that are depleted in Cu, Zn, Rb, Na, K, and 8’°0 and enriched in Ca, Al, Sr, Fe
Fe;03/FeO and H,O [Richardson et al. 1987; Schiffman e al. 1987; Schiffman & Smith
1988, Schiffman ez al. 1990]. Although no Troodos epidosite has been linked
unequivocally to a particular ore deposit, calculations indicated that the metal depletions
in epidosite zones can account for the formation of a major deposit, and they have been
interpreted as the reaction zones of hydrothermal systems [Richardson et al. 1987].
However, experimental models of equilibrium assemblages in ridge crest reaction zones
predict a great deal less alteration than is observed in epidosite zones [Berndt ef al. 1989].
Fluids moving through the epidosite zones are inferred to have last equilibrated with
relatively fresh lower dykes/upper gabbros. These fluids were probably not greatly
modified (either chemically or isotopically) during their rapid passage through the dykes,
although the diabase was completely transformed to a quartz-epidote assemblage [Berndt
et al. 1988; Berndt ef al. 1989].

It has been argued epidosites formed by alteration at higher water-rock ratios than non-
epidotised dykes altered at the same temperature [Schiffman ef al. 1987] but the Sr-isotope
systematics of Troodos sheeted dykes do not indicate any preferential channelling of fluids
in epidosite zones compared with adjacent diabase [Bickle & Teagle 1992; Bickle ef al.
1998]. Rather, the sheeted dykes were pervasively altered with near equilibrium fluid-rock

isotopic exchange [Bickle & Teagle 1992].

The epidosite zones in Troodos are discontinuous with the axis of the Solea graben, and
recharge 8'°0 and mineral zonations that are parallel to the ophiolite pseudostratigraphy
[Schiffman & Smith 1988; Schiffman e al. 1987]. This is inferred to indicate a post-
spreading, off-axis origin, with epidosite alteration driven by the intrusion of shallow
stocks into previously deformed and tectonically thinned crust [Schiffman & Smith 1988;
Schiffman e al. 1987]. However, other authors have argued for dyke by dyke
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epidotisation shortly after intrusion at the ridge axis [Cowen & Cann 1988; Penwright

pers. comm.].

Epidosites are inferred to extend upwards into zones of argillic alteration (alkali
feldspar+quartz+chloritetpyrite) beneath shallow stockwork feeder zones for sulphide
deposits [e.g. Schiffman & Smith 1988; Richards et al. 1989; Cann ef al. 1987; Lydon &
Galley 1986]. The stockwork-mineralised zones contain abundant quartz and pyrite, and
have distinctive sub-vertical pipe-like alteration facies that crosscut all other alteration
zones [Gillis & Robinson 1990a]. A detailed appraisal of the REE geochemistry of the

secondary minerals that have been used to define these alteration zones is presented in

Chapter 6 of this dissertation.

4.5  Water/rock ratios in axial hydrothermal systems

The basis of the concept of the water/rock ratio is that highly soluble elements are leached
from the crust during seawater circulation at mid-ocean ridges. If it is assumed that these
elements are quantitatively leached from the crust, the concentration originally present in
the rock divided by the net addition to the fluid can be expressed as the water/rock ratio
[e.g. Von Damm ef al. 1985a]. The concentration of the soluble element entering solution
will fall as the rock reacts with greater volumes of fluid. The concept of water/rock ratio
has a clear definition in experimental systems, but cannot be so clearly defined for an open
system of hydrothermal circulation through ocean crust. At best, the water/rock ratio can
be considered to be an integrative measure of how much water has flowed through a

volume of rock [Von Damm 1995].

The alkali elements (particularly Li, Cs and Rb) and are the most suitable elements for
calculating water/rock ratios, as in laboratory experiments they undergo almost
quantitative removal from basalt at elevated temperatures, and undergo only minor
secondary reactions [e.g. Bischoff & Dickson 1975]. The water/rock ratio is frequently
calculated using oxygen and strontium isotope systematics [e.g. Spooner ez al. 1997]. In
particular, the Sr isotope ratios of altered rocks and fluids are used to provide a measure of
the degree of interaction of seawater with the crust, because the ¥’Sr/*’Sr ratios of
seawater (0.7091) and fresh basalt (~0.7025) are distinct, and there is no temperature- or
mineral-dependent isotopic fractionation of Sr. If the solubility of an element is controlled

by equilibration reactions, or if it is readily incorporated into high-temperature secondary
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phases, the water/rock ratio for that element is artificially raised, and is not a good
indicator of fluid fluxes. The measurement of fluid/rock ratio is a species specific
determination, and is only significant for those phases which contain the element under
consideration. However, comparisons of the water/rock ratios for different elements in the

same system can provide insights into processes occurring during sub-surface alteration of
the crust [Berndt ez al. 1989].

In studies of hydrothermal alteration in ophiolites, bulk water/rock ratios integrate a
complex history of chemical exchange in channelled and pervasive flow regimes at a
variety of temperatures [e.g. Bickle & Teagle 1992]. Similarly, at some active sites the
water/rock ratio of the high-temperature axial alteration cannot be constrained. For
example, at the MARK site on the MAR, vent fluids have reacted with seafloor-weathered
basalts, hence variations in 8'*0 relate to both the water/rock ratio of the high-

temperature alteration, and the degree of interaction with previously altered crust [e.g.

Campbell ef al. 19885].

Table 4.3 is a compilation of some calculated water/rock ratios for seafloor hydrothermal
systems based on studies of vent fluids, altered rocks in ophiolites and experimental
studies. Whole-system water/rock ratios are generally <5, indicating that the total extent of
subsurface alteration of the oceanic crust is low [e.g. Michard ef al. 1984; Von Damm ef
al. 1985a; Spivack & Edmond 1987; Berndt ef al. 1988]. The high concentrations of
‘soluble’ elements such as Li, Rb, Cs and B in black smoker fluids requires a continuing
abundance of fresh rock in the reaction zone [review by Von Damm 1995], although
geochemical exchange during hydrothermal circulation is predicted to be dominated by

reactions at locally higher ratios along the recharge paths of the fluids [Bickle & Teagle
1992].

4.6 Differences in the style of hydrothermal alteration in the Troodos ophiolite
and in situ oceanic crust

Our knowledge of the deep portions of hydrothermal systems is from the altered rocks of

ophiolites. However, some discrepancies exist in the style of alteration of in sifu oceanic

crust and ophiolites, that may reflect important differences between ophiolite-hosted and

modern vent systems, related to the tectonic setting of crustal accretion in ophiolites [e. g.

Bickle & Teagle 1992; Alt et al. 1996].

It is noteworthy that despite the common occurrence of epidosite zones in ophiolites [e.g.
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Schiffman ez al. 1990; Schiffman & Smith 1988; Richardson et al. 1987] and experimental
predictions of epidote formation at high temperatures in hydrothermal systems [Berndt et
al. 1988], no epidosite has been recovered from the ocean floor. In Hole 504B reactions in
the lower sheeted dyke complex at high temperatures (>400°C) lead to only limited
diabase alteration at low water/rock ratios, without any epidosite-like alteration [Vanko er
al. 1996]. However, Hole 504B is a single section of in situ oceanic crust, so this

difference may be a sampling artefact.

A further contrast between in sifu ocean crust and ophiolites is the absence of anhydrite in
the ancient setting. ODP drilling of Hole 504B and the active TAG mound has revealed
abundant subseafloor anhydrite, consistent with experiments that predict anhydrite
precipitation from conductively heated (>150°C) seawater [Bischoff & Dickson 1975; Alt
et al. 1986; Humphris et al. 1995]. The absence of anhydrite in the ancient setting is
unlikely to be related to fundamental differences in the style of alteration, but rather to the

retrograde solubility of anhydrite at low temperatures [Gillis & Robinson 1990a].

A major discrepancy between in situ oceanic crust and ophiolites is that is that ophiolitic
rocks have reacted with large volumes of seawater and are significantly elevated towards
seawater St compositions [e.g. Chapman & Spooner 1977; Spooner ef al. 1977; Bickle &
Teagle 1992]. Mid-ocean ridge vent fluids are rock dominated, indicating less fluid
reacting with fresh rock in the subsurface of the system [e.g. Michard ef al. 1984;
Campbell ez al. 19885]. Troodos black smoker fluids would have vented with a %”Sr/%°Sr
ratio elevated significantly above rock values, contrasting with the near MORB-like ratios
of active high temperature vents at mid ocean ridges [Bickle & Teagle 1992]. Rather than
using the dimensionless water/rock approach, Bickle & Teagle [1992] modelled fluid flow
in the upper ~2.5 km of Troodos ocean crust by kinetically limited fluid-solid Sr-isotope
exchange. Their calculations generate an inferred time-integrated fluid flux for Troodos of
2.9 x 10" kg m™? [Bickle & Teagle 1992], compared with ~5 x 10° kg m™ from thermal
models of hydrothermal circulation at ocean ridges [e.g. Morton & Sleep 1985].

Comparison of the Troodos results (90 Myr crust) with Hole 504B (5.9 Myr crust) can
shed light on whether there are important differences between Troodos and seafloor
hydrothermal systems. In Hole 504B, the sheeted dykes are heterogeneously altered with
¥Sr/*°Sr ratios only slightly elevated above MORB values, with a trend towards elevated
¥Sr/*Sr ratios with increasing alteration [Alt ez al. 1996]. This signature reflects a

mixture of secondary phases that record the isotopically heavy composition of the
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hydrothermal fluid, and igneous phases that retain their MORB isotopic composition [Alt
et al. 1996]. The extent of this sub-surface alteration is consistent with the MORB-like
7Sr/*Sr composition of modern vent fluids. In contrast, Troodos sheeted dykes are more
thoroughly recrystallised [Richardson ez al. 1987; Schiffman ez al. 1987; Schiffman et al.
1990; Bickle & Teagle 1992]. Epidosite and adjacent diabase have identical *’Sr/*Sr
ratios, that are strongly elevated towards Cretaceous seawater values, indicating that
equilibrium existed between the rock and fluid [Bickle & Teagle 1992]. Sr-isotopic
exchange in pore fluids on the flanks of hydrothermal systems is not significant [Hess et
al. 1991}, so it has been inferred that much of the Sr-alteration in Troodos was achieved
by fluids that vented at the seafloor [Bickle & Teagle 1992]. The ophiolitic and thermal
model fluxes could be reconciled if modern seafloor vents are in an early (high-
temperature) phase of their evolution, and Troodos underwent a protracted phase of lower-
temperature circulation (perhaps ~75% of the time-integrated fluid flux) during which
fluids were no hotter than ~150°C but still capable of Sr-isotopic exchange [Bickle &
Teagle 1992]. This circulation would probably carry a dominant fraction of the total
geochemical fluxes [Bickle & Teagle 1992]. Alternatively, the structure of hydrothermal
systems may be substantially different in supra-subduction zone environments, where
underplating or intrusion of magmas is sufficient to drive the hydrothermal circulation for

longer within the crust [Bickle e al. 1998].

47  Summary

There are many similarities between the alteration of in sifu oceanic crust and ophiolites,
although in the modern setting comparisons are mainly limited to ODP Hole 504B, which
represents a single 2 km section through the ocean crust to near the base of the sheeted
dyke complex. Additionally, the inferred time-integrated hydrothermal circulation for
Troodos is ~6 times greater than inferred from thermal models of the ocean ridge
circulation [Bickle & Teagle 1992]. This may reflect the maturity of the Troodos alteration
profile, which provides a cumulative record of fluid-rock interaction and fluid pathways
not available from surface observations of active systems [e.g. Gillis & Robinson 1988;
Gillis & Robinson 1990a, ; Bickle & Teagle 1992; Bickle et al. 1998]. This is in
comparison to active vents, that may be in an early, high-temperature stage of their

evolution [Bickle & Teagle 1992].

The studies of in situ and ophiolitic ocean crust reviewed in this chapter have contributed
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to our understanding of how the thermal and chemical composition of the crust evolves
during ageing of the oceanic basement. The thermal and chemical constraints provided by
these studies indicate that the chemical fluxes in transient black smoker systems must be
small compared with the bulk chemical exchange between the oceanic crust and seawater
during off-axis alteration (even if the chemical exchanges during individual reactions are
small) [Bickle & Teagle 1992]. In Troodos, these low-temperature crustal ageing
processes continued for ~20 My following crustal accretion [Staudigel & Gillis 1990]. In
Chapter 6 of this dissertation, the REE compositions of low- and high-temperature
secondary minerals in the stockwork-mineralised Pitharokhoma deposit have been used to
document the evolution of hydrothermal fluids within the oceanic crust in these

contrasting alteration regimes.




Chapter 5

Analytical Methods

5.1 Laboratory Materials

5.1.1 Laboratory Conditions

Inductively coupled plasma mass spectrometry (ICP-MS) and thermal ionisation mass
spectrometry (TI-MS) sample preparation was carried out at the Southampton
Oceanography Centre (SOC) in a clean laboratory over-pressured with filtered air to
minimise airborne contaminants. Sample dissolutions were carried out in closed Teflon
vessels or Savillex vials on a hot plate in a fume cupboard. Sample evaporations were
undertaken on a hot plate in a fume cupboard with a scrubber system attached to the air

outlet in order to extract acid vapours. All column separations were performed in the clean

laboratory.

5.1.2 Reagents

High purity reagents were used throughout the experimental procedures. Laboratory grade
water was generated by reverse osmosis then further purified by a Millipore Milli-Q
mixed-bed de-ioniser. Nitric and hydrochloric acids used in sample dissolution and ion-
exchange procedures were prepared by the appropriate dilution of Aristar grade reagents
with Milli-Q water. Hydrofluoric acid used in silicate dissolutions was concentrated

Aristar grade.

A Tm spike and an in-house 10 x chondrite REE standard solution were prepared by the
dilution of 1000 ppm standard solutions (Johnson Matthey and Co. Ltd) for each rare earth
element. The stage 1 (clean-up) Nd columns were calibrated using an appropriate dilution
of the basalt standard BHVO. The stage 2 Nd columns were calibrated using either a dilute
solution of a 100 ppm mixed REE standard (Johnson & Matthey and Co. Ltd), or the REE
fraction of basalt standard BCR-1 after pre-concentration of the REE fraction with the
stage 1 (clean up) Nd columns. The composition of the in-house 10 x chondrite REE

standard is given in Table 5.1. Nd standard JMC 321 was used in Nd-isotope analyses.
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REE concentration in 10 x
chondrite standard (ppm)

La 3.15

Ce 8.13

Pr 1.16

Nd 597

Sm 1.92

Eu 0.72

Gd 2.59

Tb 0.49

Dy 3.26

Ho 0.73

Er 2.13

Tm 0.23

Yb 2.08

Lu 0.32
Table 5.1: Concentrations of individual REEs in the in-house standard

Column Ton-exchange Ipternal Rgsin Resin
construction resin diameter height volume
(mm) (mm) (ml)
Separation:
REE Polypropylene AG 50W-X8 3 35 - 025
Nd 1 Polypropylene AG 50W-X8 8 60 3
Nd 2 Pyrex Glass Teflon powder 5 70 1.4
coated with
HDEHP

Table 5.2: Ion-exchange column specifications
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Two types of resin were used in the ion-exchange procedures. For the REE and stage 1
(clean-up) Nd columns Bio-Rad AG-50W-X8 cation-exchange resin (200-400 mesh,
capacity 1.7 meq ml™) was used. For cleaning, the resin was placed on a glass fibre filter
paper on a Teflon holder fitted onto a glass Buchner funnel. The resin was stored in Milli-
Q water until use. The resin was cleaned in 25 g batches by cleaning alternately (~15

times) with 50 ml Milli-Q and 50 ml 6 M Analar grade HCI.

The material used for the stage 2 Nd separation was a reverse phase cation-exchange resin
consisting of a fine Teflon powder coated with 10 wt % di-2-ethyl-hexyl-ortho-phosphoric
acid (HDEHP). The columns were stored in Milli-() water to prevent resin dehydration.

5.1.3 Apparatus

All laboratory ware in contact with samples was made of polythene, polypropylene, low-
density polyethylene (LDPE), high density polyethylene (HDPE), polymethylpentene
(PMP) or Teflon. Teflon vessels were cleaned by soaking for at least 12 hours in hot
(~50°C) 10 M Analar grade HNOs followed by 12 hours in hot (~50°C) Milli-Q water.
Savillex vials used for Nd-isotope analysis were similarly cleaned and stored partially
filled with Aqua Regia (3:1 concentrated HCI:HNO3) on a hot plate at 50° C. Sample
solutions were stored in HDPE bottles, that were cleaned by repeat rinsing with 6 M HCI
followed by Milli-Q water. Polythene pastettes used for loading samples onto the stage 2
Nd columns were stored in 0.17 M HCI (the column loading acid) in HDPE bottles.

REE columns were constructed from polypropylene funnels with a 4 cm stem (3 mm
internal diameter) fitted with polyethylene frits. Each column contained 0.25 m! of Bio-
Rad AG-50W-X8 cation-exchange resin with a bed height of 3.5 cm. Stage 1 (clean-up)
Nd columns were constructed from polypropylene funnels, containing 6 ml of the Bio-Rad
AG-50W-X8 cation-exchange resin. Stage 2 Nd columns were constructed from Pyrex
glass. The specifications of the ion-exchange columns used in the REE pre-concentration

procedures are detailed in Table 5.2.

5.2 Sample digestions

5.2.1 Metalliferous oxides
Selected areas of basaltic and siliceous samples recovered from the TAG vent field were

carefully scraped to remove any metalliferous oxide coating. From these scrapings, 10 mg
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samples of pure metalliferous oxide were obtained by picking with the aid of a binocular
microscope. These sub-samples were crushed using an agate mortar and pestle. Cleaning
of the agate between samples was effected by repeat grinds with Aristar grade acid,
followed by rinsing with Milli-Q water. Samples were oven-dried at 110° C for 12 hours
then weighed and transferred to 7eflon digestion vessels. Complete sample dissolution was
achieved with the addition of 3 ml 6 M HCl and a few drops of Aristar grade H,O, (to
reduce the insoluble Mn** to soluble Mn*"). Solutions were diluted to a known weight

(~10 g) with 6 M HCl and stored in clean HDPE bottles.

5.2.2 Metalliferous sediments, sulphides and altered basalts

Before grinding to powders, samples were trimmed to remove any surface oxidation.
Around 200 g of each rock sample was powdered using tungsten carbide-lined 7ema pots.
Mineralised samples were roasted at 600°C prior to digestion to oxidise any sulphide

phases present, and the weight loss on roasting recorded for incorporation into a final

dilution correction.

Approximately 0.3 g of dried homogenised sample powder was dissolved in closed Zeflon
vessels using a combined hydrofluoric acid/perchloric acid digest technique. Samples
were initially left to reflux in a mixture of 3 ml concentrated HF and 5 drops of
concentrated perchloric acid for 24 hours at ~150° C. An analytical blank was obtained for
each batch of dissolutions by refluxing the analytical reagents in closed Teflon vessels in
the absence of any sample material. The 7eflon vessels were removed from the hot plate,
and when cool, the lids carefully loosened to release any gas pressure. If complete
dissolution was not achieved, a further 2 ml concentrated HF was added to the mixture,
and a corresponding second blank solution prepared. These vessels were closed and
returned to the hot plate until complete sample dissolution was achieved. Satisfactorily
digested samples and the analytical blanks were evaporated to complete dryness, then
taken up in 6 ml 3 M HCIL. The closed vessels were then returned to the hotplate. When a
true solution was achieved, the solutions and blanks were evaporated to near dryness and

diluted to a known weight with 6 M HCI and stored in clean HDPE bottles.

5.3 Rare earth element analysis

The REEs are well suited to determination by ICP-MS, as they lie in an area of the mass

spectrum ("*’La to ’ ”Lu) characterised by minimal interferences (each REE has at least
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one isotope free from elemental isobaric overlap) and a high, relatively uniform level of
machine sensitivity [review by Jarvis ef al. 1992]. Interferences that occur during ICP-MS
analysis are due to spectroscopic and matrix effects. Of the former, the major problem for
the REEs is refractory oxide formation. Barium oxide and hydroxide formation during
ICP-MS analysis can produce significant isobaric interferences on some of the LREEs and
MREEs, that in particular cannot be easily corrected for Eu [Jarvis ef al. 1992]. High-
precision Eu analyses are important because this element displays anomalous behaviour in
seafloor hydrothermal systems (refer to section 2.2). A further spectroscopic interference
results from the formation of refractory LREE oxides which can cause serious

interferences on the HREE:S.

Several measures were taken to compensate for these spectroscopic effects and to
minimise matrix interferences. The REEs were separated from their major-ion matrix
using a cation exchange chromatographic technique described in section 5.3.1. The
separation procedure facilitated the measurement of low (<1 ppb) levels of REEs in
Troodos sulphide samples, and REEs in very small (c. 10 mg) ferromanganese oxide
samples from the TAG vent field, MAR. Additionally, an in-house standard was prepared
containing REEs in chondritic proportions, that was broadly similar to the REE
composition of the majority of samples under investigation (Table 5.1). This REE standard
is inferred to be affected by similar spectroscopic interferences as the sample solutions,
resulting from refractory LREE oxide and hydroxide formation in the plasma during
analysis. The in-house standard was additionally able to offer a superior calibration of the
HREE:s (often present in the samples at around an order of magnitude lower
concentrations than the LREESs), by ensuring that for each REE, the samples and standards

are producing similar levels of counts during analysis.

5.3.1 Ion-exchange separations

The REEs were separated from whole-rock solutions using a modified cation-exchange
procedure of Greaves ef al. [1989] by a single passage through the small (0.25 ml) cation-
exchange columns described in section 5.1.3. An initial column calibration was
accomplished with a solution containing the radioactive isotopes "*’Ba, /*/Ce, *** Eu and
*Eu, and "*’Cs. To ensure a meaningful calibration the solution also contained Mn and
Fe at concentrations comparable to samples. Successive eluate fractions were monitored

by gamma-ray spectroscopy. The elution of yellow Fe-chloride complexes from the



Analytical Methods 98

columns was self-indicating. A typical elution profile for selected elements is shown in
Fig. 5.1. Cerium and Eu were the only REEs monitered in the calibration runs. Barium and
Eu showed a consistent separation in repeat calibration runs. By comparison with the data
of Greaves ef al. [1989], this was inferred to represent the effective separation of all the
REEs from Ba. The published elution profiles for this separation scheme show that the
MREEs (including Eu) and HREEs are eluted first, followed by Ce and La [Greaves ef al.
1989]. In the column calibration experiment, both Ba and the REEs were eluted with 2M
HNO:;. For the sample separations, the REEs were removed with 4M HNO3, to ensure
complete La recovery by minimising any ‘tailing’ effects. Column recovery was assessed
by analyses of solutions spiked with a known quantity (~200 ng) of Tm that were loaded

onto cation-exchange columns, and were typically better than 99%.

In a typical sample separation, the columns were cleaned with 5 ml of 6 M HNO3, washed
with S ml of Milli-Q water, and then conditioned with 3 ml of 1.75M HCI. Aliquots of
each 6 M HCI sample solution, the analytical blank prepared during sample dissolution,
and various international and in-house standards (section 5.3.3) were evaporated to
incipient dryness and loaded onto the resin bed in 200 pl of 1.75 M HCI. Aliquots of
sample solutions were taken to give the optimum REE yield without overloading the
cation-exchange resin. The aliquot volume of sulphide solutions, that contain low levels of
REEs, is limited by the capacity of the cation-exchange resin (1.7 meq ml™). Aliquots of
each blank sample prepared during sample dissolution were also loaded onto the cation-
exchange columns. Iron was eluted from the columns with 1.5 ml of 1.75 M HCI. This
was followed by the removal of Ba with 3 ml of 2 M HNO;. The REE were then eluted
with 10 ml of 4 M HNQj. The REE fractions and the dissolution/column blank were
evaporated to dryness, then diluted to a known weight with 2% HNOs3 to bring REE

concentrations to an optimum level for ICP-MS analysis.

5.3.2 Mass spectrometry

Sample and standard solutions were analysed for REEs using a VG Elemental Plasmaquad
PQ2+ ICP-MS at the SOC. Instrument operating parameters are shown in Table 5.3.
Operating conditions were adjusted for maximum count stability and machine sensitivity
using a multi-element solution containing 0.1 ppb of Be, Co, Y, In, La, Re, Bi and Ba. The
ion lens system was optimised on "*’La. Calibration of the results was achieved using

appropriate dilutions of the in-house chondritic REE standard and a Johnson Matthey and
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Figure 5.1: Elution curves for a small cation-exchange column loaded with a synthetic
sample solution containing radioactive isotopes of Ba, Cs and selected REEs. Modified
separation procedure of Greaves ef al. [1989].
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Operating parameter Set-up
Plasma conditions:

Forward power 1.35kW
Reflected power <2W
Gas flow rates:

Plasma gas Argon

Coolant gas-flow
Auxiliary gas-flow

Nebuliser gas-flow

N; accessory gas (laser mode)

Vacuum interface:
Expansion chamber

Intermediate stage
Analyser
Sampling cone

Skimmer cone

Sample Introduction:
Method

Sample uptake rate
Nebuliser type

Spray chamber

Acquisition parameters:

Detector type
Detector mode
Analysis mode

No. points per peak
Uptake

Acquisition

Wash time

Dwell time per point
Time per sweep

Quad settle time

14 litre min™
1.1 litre min™
1.0 litre min™
0.42 ml min™

2.0 mbar (0.8mbar with extra rotary pump)
<10 mbar

3.5 x 10° mbar

Ni, 1.0 mm aperture

Ni, 0.7 mm aperture

Gilson perilstaltic pump

1 ml min’!

De Gallen PTFE
Scott-type, chilled to 0° C

Galileo Channeltron
Pulse counting

Peak jumping

3 (AM 0.069 amu)
100 s

150 s

>120's

10. 24 ms

0.65s

10m

Table 5.3: ICP-MS instrument operating conditions

100
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Co. Ltd mixed REE solution, both in a 2% HNO; matrix. The synthetic solution standards
used for each run were chosen so that their concentrations bracketed the range expected in
the unknown samples. This procedure effects a correction for any non-linearity in the

count rate-concentration relationship.

Standards were run at the beginning and end of each procedure. Data were acquired in
peak-jumping mode in 5 runs of 30 seconds for each sample, blank and standard solution.
After each analysis, a wash solution containing 2% HNQO; was run until background levels
were achieved (typically after 1-2 minutes). The REE isotopes selected for measurement
are given in Table 5.4. Signal drift was monitored by running a 1 ppb REE standard after
every fifth sample, and a linear drift correction was applied to the count integrals. The data
quality was monitored throughout the run by examination of the statistics produced after
each analysis. Within-run precision was typically better than 3% (2c). Following
completion of the run, the raw integrated count per second data was exported from the
ICP-MS software in text file format for subsequent manipulation by spreadsheet or other
data handling program. An off-line custom written computer program, the “ICP-MS Data
Manipulation Program”, was used for data processing [A. Milton pers. comm.]. This
program applies a drift and a blank correction to the raw data and produces a multi-

standard calibration based on the concentration of REEs in the standard solutions.

5.3.3 Accuracy and precision of solution REE data

The accuracy and external precision of the REE data was assessed by the acquisition of
ICP-MS REE data for (1) the BHVO-1 international basalt standard (2) an in-house REE
standard and (3) a metalliferous core-top from the TAG vent field [Mills 1992]. These
samples were subject to the REE separation procedures detailed above each time a batch
of samples were analysed. The accuracy of these ICP-MS data was assessed by
comparison with (1) recommended [Govindaraju 1996] (2) predicted [R. Boella pers.
comm.] and (3) TIMS isotope dilution values obtained at Cambridge University [Mills
1992] respectively.

The REE data obtained for these standards are shown in Tables 5.5, 5.6, and 5.7. This is a
relatively small data set, which ideally needs to be augmented with further analyses to
build up a long-term evaluation of the precision and accuracy of the analytical techniques
described. REE data for basalt standard BHVO-1 were on average accurate to within 4%
of published values (Table 5.5). Repeat REE analyses of this solution showed the ICP-M$
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analyses to have an average external precision of 7% relative standard deviation (RSD)
(20). The in-house chondritic REE standard was on average accurate to within 6% of
predicted values (Table 5.6). Replicate column separations and ICP-MS REE
determinations for this standard showed these results to be on average reproducible at a
14% RSD (20) level. REE data for the metalliferous core-top were on average accurate to
within 13% of the TIMS-ID data (Table 5.7). Replicate column separations and ICP-MS
REE determinations for this standard showed the entire analytical procedure to be on
average reproducible at a 3% RSD (20) level. The accuracy of the ICP-MS data is

expressed graphically in Fig. 5.2. Deviations from a hypothetical 1:1 line average 8 %.

The limit of quantitation (LOQ) can be defined as a concentration equal to 10 times the
standard deviation of the background. The blank introduced by the sample dissolution and
REE pre-concentration techniques described in this chapter gives a LOQ for the REE
solutions between ~0.0005 and 0.013 ppb (Table 5.8). The precision on analyses of REEs
at the low levels (<0.02 ppb) present in the procedural blank solutions varied from 1.5 %
RSD for Ce to 18 % RSD for Eu (precisions quoted in Table 5.8 are 15).

5.3.4 Laser Ablation (LA) ICP-MS

Spatially resolved REE analyses of samples were obtained using a VG Elemental
Plasmaquad PQ2+ ICP-MS with Fisons ‘S’ operation interface coupled to a frequency
quadrupoled Nd-YAG UV Q-switched laser probe operating at 266 nm. REE data were
acquired over 15 seconds, with 5 seconds pre-ablation, giving REE analyses from 10-20
um ablation pits.

The general lack of well calibrated, matrix matched standards for use in laser ablation
micro-analysis has led to the widespread use of National Institute of Standards and
Technology (NIST) glass Standéfd Reference Materials (SRM). These synthetically
manufactured wafers contain a range of trace elements (including the REEs) with nominal
concentrations ranging from 0.02 ppm (NIST 616) to 500 ppm (NIST 610). The gas blank
level is determined by acquiring data with the laser switched off. This establishes the

effective background count-rate that is subtracted from subsequent analyses.

Data were calibrated by comparison with count rates for a synthetically manufactured
NIST 612 glass wafer standard reference material (SRM) containing 40 ppm (nominal) of
a range of trace elements including the REEs. Differences in the ablation characteristics of

the sample and SRM (primarily due to matrix variations) can significantly influence the
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TIMS-ID REE concentrations [Mills 1992] compared to REE results for two in-house and
an international geological standard, determined by ICP-MS after cation-exchange REE
separation.
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element concentrations determined. An element (or suite of elements) present in the
sample and the standard at a known concentration can be used as an internal standard for
LA ICP-MS analyses. By comparing the count-rate/concentration ratio for the chosen
element in a sample and the SRM, the relative ablation characteristics can be established
and a correction factor determined. The most frequently used elements for the internal
standardisation of geological materials by LA ICP-MS are Ca, Mg, Al, and Ti, as they can
be easily determined by alternative analytical methods. A graphical comparison of
solution, LA and Ca-corrected LA ICP-MS REE data for REE in a basaltic glass from the
Reykjanes Ridge is given in Fig. 5.3a. The Ca concentration in the basalt glass has been
determined by XRF [R. Taylor pers. comm.] and in the NIST SRM by ion probe [Norman
et al. 1996]. A correction factor can be applied to the basaltic glass REE data through a
comparison of the Ca count rate/concentration ratios for the two materials. The data
obtained by whole-rock dissolution followed by ion-exchange separation and solution
ICP-MS can be regarded as the reference. The chondrite-normalised REE patterns
produced by the NIST SRM calibration (with and without the Ca internal standard)
represent the average of 10 laser shots, each producing a crater approximately 15um in
diameter (Fig. 5.3b). Although the accuracy and precision of the LA ICP-MS REE data is
poorer than the whole-rock solution data, the inter-element ratios are similar; Yb,/Nd, =
1.70 for the uncorrected and Ca-corrected REE profiles, compared with Yb,/Nd, = 1.45

for the whole-rock solution data.

LA ICP-MS analyses of samples investigated in this thesis was achieved using broadly the
method outlined above. However, an exploratory geochemical survey of the samples by
LA ICP-MS revealed significant compositional heterogeneity at the <15 pum level. As no
micro-scale compositional data was available for any samples, the LA ICP-MS REE data
were calibrated using a NIST 610 SRM without an internal standard. Without internal
standardisation of the data set, measured REE concentrations may be subject to an order of
magnitude inaccuracy although inter-element ratios will be broadly unaffected (Fig.5.3a).
Consequently, the degree of enrichment or depletion of Ce, Eu and the LREEs relative to
the HREEs in the chondrite-normalised patterns acquired by LA ICP-MS can be
interpreted in an equivalent manner to whole rock REE data. The reproducibility of 10
repeat laser shots for the REEs in a NIST SRM is typically 2-5% (20) [A. Milton pers.

comm. ].
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Figure 5.3: (a) Comparison of REE data for a basaltic glass from the Reykjanes Ridge
determined by solution and LA ICP-MS. The solution ICP-MS pattern (squares) can be
regarded as the reference. LA ICP-MS patterns represent the average of 10 repeat shots
calibrated by NIST 612 SRM with (diamonds) and without (triangles) an internal standard
(b) 10 repeat laser shots calibrated by NIST 610 SRM. The reproducibility of ten laser

shots is typically 2 to 5% (20) [A. Milton pers. comm.].



Analytical Methods 111

54 Neodymium isotope ratio analysis

Aliquots of sample solutions were taken to give between 100 and 1000 ng Nd and
evaporated to dryness. Separation of Nd from matrix elements was achieved by passage
through stage 1 (clean-up) cation-exchange columns then HDEHP/7eflon reverse phase
columns. The first column separates the REE from Groups I, II and III elements while the
reverse phase column separates Nd from the other REE. In a typical stage 1 separation,
columns were conditioned with 5 ml of 2.2 M HCI. Samples were loaded onto columns in
2 ml of 2.2 ml HCI, then washed on with a further 2 ml. Group I, II and III matrix
elements were eluted with 24 ml of 2.2 M HCI and discarded. The REE were eluted into
Teflon beakers with 24 ml of 6 M HNOj3 and evaporated to dryness.

The reverse phase ion-exchange columns were conditioned with 5 ml of 0.17 M HCI. The
REE fraction eluted from the stage 1 Nd columns was redissolved in 10 drops of 0.17 M
HCI and loaded onto the columns. Samples were washed on with a further 10 drops of
0.17 M HCI. La, Ce and Pr were eluted with 16 ml of 0.17 M HCL. Nd was eluted into
Savillex vials with 7 ml of 0.17 M HCI. Sm and the HREE that were not separated in the

first separation were stripped off the column during cleaning with 5 ml of 6 M HCI.

The Nd fraction was loaded in a few pl of Milli-Q water onto the side Ta filament of a Ta-
Re triple filament assembly. Nd isotope ratios were determined using a V.G. Isomass 54E
mass spectrometer. The Nd isotope ratios were determined as the average of >100 ratios
by measuring ion beam intensities in multi-dynamic collection mode. Isotope ratios were
normalised to “**Nd/***Nd = 0.7219 to correct for fractionation occurring during isotope
analysis. A filament loaded with Johnson & Matthey Nd standard JMC 321 was prepared
to monitor the accuracy and precision of the isotope determinations within each turret of
20 samples. A mean value of *Nd//*Nd = 0.511121 (N = 52) was obtained for the JMC
321 standard compared with the récommended value of 0.511123 with an external
reproducibility of 9 ppm on the isotope ratio during the period of time over which the

samples were analysed (Table 5.9). Errors quoted on the isotope ratios are 2o.

5.5 Major and trace element analysis

A Philips PW1400 fully automatic X-ray fluorescence spectrometer fitted with a 3 kW

Rh-anode tube was used for major and trace element analyses. Major elements were

determined on fused beads prepared with 10:1 or 20:1 mixtures of Spectroflux 100 and
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ignited sample powder. Adsorption and enhancement matrix corrections are applied to all
samples using influence coefficients supplied by Phillips. Precision of major element data
18 1t0 5% (20) for Si0;, Al,03, Fe,03, Ca0, K,0; 5 to 10% (26) for TiO,, MnO, MgO
and over 10% (2o) for Na,O and P,Os (Table 5.8).

Trace elements were determined on pressed powder pellets bound with an aqueous
solution of polyvinyl alcohol. Precision of trace element data is better than 3% (2o0) when
concentrations are well above detection limit. A modified Compton scatter technique was
employed to correct for matrix effects for all wavelengths (Croudace & Gilligan 1990)

resulting in detection limits which range from 4 ppm (Nb, Rb, Sr and Zr) to 60 ppm (T1).

5.6 X-ray diffraction

X-ray diffraction (XRD) patterns were obtained for some powdered samples using an
ENRAF-NONIUS PDS120 system with a position sensitive detector (PSD) at the Natural
History Museum, London. An acquisition time of 900 s was used for each sample. Fe-

fluorescence background was subtracted from the patterns of Fe-rich samples.

5.7 Transmission electron microscopy

The presence of crystalline phases on a micro-scale within X-ray amorphous samples of
the ferromanganese oxide samples was investigated using transmission electron
microscopy (TEM) techniques. Selected area electron diffraction patterns were obtained
using a JEOL JEM-2000 RX electron microscope in transmission mode operated at 200
kV. One drop of an ultrasonically dispersed suspension of crushed sample was placed on a
carbon film supported by a copper mesh TEM grid. This was allowed to air dry, and stored
under vacuum until use. Semi-quaﬂtitative chemical analyses were obtained using energy
dispersive X-ray analysis (EDS) with an acquisition time of 200 s from a spot size of 100

nm or less.
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Table 5.10 Precision of XRF major element data

Si0, TiO, ALO, Fe,Os MnO MgO CaO Na,O K0 P,05 Total

¥ Rock standard:

BEN:

December-97 3951 2.84 9.74 13.41 0.2 13.95 14.58 2.86 1.54 1.16 100.2
June-97 39.45 279 10.48 13.42 0.21 13.99 14.64 2.69 1.58 1.14 100.4
May-97 40.16 278 10.53 13.70 0.20 14.20 14.62 2.90 1.55 1.16 101.8
May-97 40.20 2.82 10.56 13.48 0.20 14.04 14.61 2.84 1.56 1.14 105.4
May-97 40,10 2.82 10.61 13.55 0.20 14.18 14.59 2.91 1.56 1.16 105.7
June-97 39.00 2.72 1041 13.21 021 14.19 14.80 317 1.50 1.18 103.5
August-97 38.63 2.81 10.40 13.38 0.19 13.41 1433 275 1.59 1.17 101.8
mean 40 2.8 10 13 0.20 14 15 2.9 1.6 1.2 103
RSD (20) 31 2.8 5.7 2.3 53 4.0 1.9 10.6 3.7 2.6

NIM-S:

June-97 61.91 0.04 16.53 1.51 0 0.59 0.75 0.68 16.35 0.12 100.1
July-97 62.35 0.04 16.49 1.54 0 0.61 0.74 0.56 16.88 0.12 101
Tuly-97 62.65 0.04 16.29 1.52 0 0.67 0.74 0.58 16.62 0.12 100.9
August-97 62.87 0.05 16.09 1.49 0 0.58 073 0.78 16.6 0.13 101
July-97 62.62 0.04 16.18 1.53 0 0.64 0.76 0.88 16.64 0.12 101.2
mean 62.48 0.04 16.32 1.52 0 0.62 0.74 0.70 16.62 0.12 100.84
RSD (20) 0.16 0.005 0.10 0.02 ] 0.04 0.01 0.13 0.02 0.004

GXR-1:

June-97 49.94 0.06 6.82 3797 0.13 0.48 135 0.6 0.07 0.15 99.2
Tuly-97 50.31 0.07 6.8 37.87 0.13 0.69 1.37 1.24 0.07 0.17 1004
July-97 50.06 0.08 6.73 37.95 013 0.6 135 0.49 0.1 0.15 992
August-97 50.54 0.07 6.69 37.46 0.12 0.58 1.37 0.89 0.07 0.17 99.6
Tuly-97 49.17 0.07 6.99 37.62 0.13 0.59 135 0.60 0.07 0.15 983
mean 50.00 0.07 6.81 3177 0.13 0.59 1.36 0.76 0.08 0.16 99.3
RSD 20) 2.1 20 3.4 1.2 6.8 25 1.7 80 36 15

SY-2:

December-96 60.90 0.15 11.85 6.50 0.33 337 8.13 5.62 4.50 0.55 101.9
December-96 60.979 0.147 11.6845 6.512 0.3235 26175 8.0015 4.4355 4.5155 0.434 99.7
mean 60.94 0.15 11.77 6.51 0.33 299 8.06 503 4.51 0.49 100.80
RSD (20) 0.19 1.4 2.0 0.26 1.9 35 22 33 0.47 34

Mica-Fe:

Decernber-96 34358 2.478 19.252 26.43 0328 5.498 0.446 2.016 8.398 0.532 99.9
December-96 3474 2.51 18.98 26.27 0.37 4.66 0.43 0.56 8.45 0.40 97.5
mean 34.55 2.49 19.12 26.35 035 5.08 0.44 129 8.42 0.47 98.70
RSD (20) 1.6 1.7 2.00 0.84 16 23 3.90 159 0.86 38

JGb-1:

May-97 42.41 1.61 16.39 14.77 0.18 781 11.62 0.27 0.19 0.03 95.6
May-97 4231 1.60 16.23 15.10 0.18 7.93 11.69 0.41 0.19 0.04 95.7
May-97 42.41 1.61 16.39 14.86 0.18 7.81 11.62 0.27 0.19 0.03 95.7
May-97 43.20 1.61 16.11 14.92 0.18 7.94 11.58 0.39 0.18 0.04 96.5
June-97 40.83 1.50 16.02 13.97 0.18 7.91 11.37 0.51 0.18 0.05 93.1
mean 42.23 1.58 16.23 14.72 018 7.88 11.57 0.37 019 0.04 9531
RSD (20) 4.1 6.0 2.0 6.0 2.7 1.7 2.1 56 7.0 42

¥ Recommended data are from Govindaraju [1996]:

BE-N is a basalt from an old volcano near Nancy, France
NIM-S is a syenite from the Palabora Igneous Complex

GXR-1 is a jasperoid from the Drum Mountains, Utah, USA
SY-2 is a syenite from eastern Ontario, Canada

Mica-Fe is bioite from a two-mica granite, Massif Central, France

JGb-1 is an augite-hypersthene-homblende gabbro from Utsushigatake



Chapter 6

REE mobility in a mineralised
alteration pipe within the Troodos
ophiolite, Cyprus*

6.1 Introduction

The significance of hydrothermal circulation on the chemistry of seawater and the oceanic
crust is critically dependent on the degree, and nature of axial versus off-axis alteration of
the oceanic basement following accretion at the ridge crest [review by Elderfield &
Schultz 1996]. The aim of this study is to establish relative REE mobility during axial
hydrothermal alteration and subsequent ageing of the oceanic basement in a Troodos
stockwork-type massive sulphide deposit. Active ridge crest vent systems may be in an
early (high-temperature) stage of evolution in comparison to the mature hydrothermal
systems preserved within the Troodos ophiolite as superimposed alteration episodes, that
provide a cumulative record of fluid-rock interaction and fluid pathways not available
from surface observations of active systems [e.g. Gillis & Robinson 1988; Gillis &

Robinson 1990a,b; Bickle & Teagle 1992; Bickle ef al. 1998].

Studies of modern hydrothermal systems have elucidated numerous aspects of the ore-
forming processes operating at oceanic spreading centres. Axial hydrothermal alteration of
the oceanic crust gives rise to ~350° C black smoker fluids with a REE composition that
exhibits little variability between \Vent fields, and is distinct from either basalt or seawater
(Fig. 6.1) [Michard ef al. 1983; Campbell ez al. 1988; Klinkhammer ef al. 1994; Mitra et
al. 1994]. Seawater is chemically modified during low-temperature reactions with basalt
within zones of hydrothermal recharge [Hellman & Henderson, 1977; Humphris e al.
1978; Ludden & Thompson 1978, Ludden & Thompson 1979; Juteau et al. 1979; Alt et

al. 1986; Staudigal & Hart 1983; Gillis & Robinson 1990a,b; Minai ef al. 1990; Gillis et
115

SWELLS, D. M., MILLS, R. A. & ROBERTS, S. 1998. Rare earth elements mobility in a
mineralised alteration pipe within the Troodos ophiolite, Cyprus. [n: MILLS, R. A &
HARRISON, K. (eds) Modern Ocean Floor Processes and the Geological Record,
Geological Society, London, Special Publication, 148, 153-176.
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Figure 6.1: Chondrite normalised REE data for N-MORB, North Atlantic and Pacific
seawater and a TAG black smoker fluid. Data are from Sun & McDonough [1989], Mitra
et al. [1994] and Bau et al. [1996]. The shaded area shows the range in REE content of
Troodos volcanic glasses, which are presumed to be free of the effects of any secondary
alteration. Data are from Rautenschlein ef al. [1985].
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al. 1992]. However, experimental and theoretical studies have shown that black smoker
fluids acquire their chemical signature at depths of 2 to 3 km within the crust, where
plagioclase alteration in a reaction zone above an axial heat source generates fluids in
equilibrium with greenschist facies mineral assemblages [Bischoff & Dickson 1975;
Bowers ef al. 1985, 1988; Berndt ef al. 1988, 1989]. The striking similarities in the
chondrite normalised REE patterns of black smoker fluids sampled from contrasting
oceanic settings indicate that reactions between heated seawater and basalt exert a primary
control on the REE composition of vent fluids [Klinkhammer ef al. 1994], while

complexation in solution may play a significant role in subsequent REE fractionation [e.g.
Bau 1991; Haas ef al. 1995].

The application of REEs to investigations of black smoker fluid-basalt interactions at mid-
ocean ridges [e.g. Alt & Emmerman 1985; Gillis ef al. 1990; Bach et al. 1996; Humphris
et al. 1998] has been limited by infrequent sampling of the lithologies in the interiors of
these systems. Therefore, ophiolite-based studies continue to provide important insights
into those processes occurring in the sub-surface of active vent systems. The record of
high temperature alteration minerals preserved in ophiolites attests to reactions between
wall rock and black smoker fluids ascending from the reaction zone, that will modify their
REE composition prior to venting [e.g. Regba ef al. 1991; Gillis ef al. 1992; Valsami &
Cann 1992]. However, patterns of multistage hydrothermal alteration in ophiolites are the
product of prolonged (~20 My) ageing of the oceanic basement in addition to axial
hydrothermal circulation at ancient ocean ridges [Gillis & Robinson 1988, Gillis &
Robinson 1990a, b; Staudigel & Gillis 1990; Bednarz & Schmincke 1990]. Consequently,
studies of ophiolites have not generally been able to constrain hydrothermal fluid
chemistries because they integrate a long history of alteration, which may or may not be
dominantly related to axial venting processes. Consequently, in order to document the
evolution of hydrothermal fluids Within ophiolitic ocean crust, it is necessary to identify
and geochemically characterise secondary mineral phases that have precipitated within the

contrasting alteration regimes.

This study investigates REE mobility in the host volcanic rocks of a stockwork
mineralised alteration pipe within the Troodos ophiolite. The distribution of REEs
between high- and low-temperature secondary minerals within the lavas has been
investigated by LA ICP-MS. This is an in sifu technique that offers spatially resolved REE

analyses from 10-20 pum ablation pits. Compared with mineral separate analysis, LA ICP-
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MS has advantage of facilitating in situ REE analyses of often fine-grained and intimately
intergrown alteration phases. These REE data have been used to infer fluid compositions
and mixing in a hydrothermal upflow zone, and to establish relative REE mobility during

axial hydrothermal alteration and subsequent ageing of the oceanic basement.

6.2 Oceanic hydrothermal upflow zones

The results of limited sampling suggest that the alteration of lavas directly beneath
seafloor sulphide deposits is characterised by silicification, K-fixation, chloritisation and
Mg-fixation [Alt ef al. 1987, Delaney et al. 1987; Saccocia & Gillis 1995]. The oceanic
database is presently restricted to hydrothermally altered basalts dredged from upflow
zones exposed on fault scarps near oceanic fracture zones on the MAR and EPR [Delaney
et al. 1987, Saccocia & Gillis 1995], samples from the mineralised transition zone of ODP
Hole 504B [Honnorez ef al. 1985] and the ~2.7 Mt hydrothermally active TAG mound
located at 26° N on the Mid-Atlantic Ridge, that was recently drilled by Leg 158 of the
Ocean Drilling Program [Humphris ez al. 1995]. The ‘stockwork-type’ mineralisation in
Hole 504B is typical of alteration observed at the transition between the sheeted dykes and

overlying volcanic sequence in ophiolites [Honnorez ef al. 1998].

6.2.1 Seafloor basalts

Oceanic faulting allows sampling of deeper parts of hydrothermal systems than are
exposed at most seafloor vent sites. Samples dredged from the ocean floor comprise Fe- or
Mg-rich chlorite-quartz-sulphide breccias [Delaney et al. 1987; Saccocia & Gillis 1995]
and illitised basalts [Alt ef al. 1987], indicating reactions with ~150 to 375°C alkali and

metal-enriched hydrothermal fluids in near-surface upflow zones.

6.2.2 ODP Hole 504B

Stockwork-like sulphide mineralisation occurs at 910-928 mbsf in the pillow/dyke
transition zone of ODP Hole 504B. Basalts in the transition zone are altered to a metal-
and sulphur-enriched quartz-chlorite-albite-titanite assemblage. The mineralisation occurs
in quartz-sulphide veinlets within the altered basalts [Honnorez et al. 1985; Alt et al.
1986]. The chlorite is relatively Mg-rich, reflecting incorporation of seawater Mg or

preferential partitioning of Fe into pyrite. The greenschist facies alteration minerals are
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inferred to have formed in veins and host rocks by reaction with partially reacted seawater
circulating through the crust at temperatures of ~200 to 250°C. This alteration is
overprinted by a ‘stockwork-like’ mineralisation where cooling/mixing of the circulating
fluids induced the deposition of pyrite, chalcopyrite, sphalerite and rare galena from Mg-
depleted, metal, Si and 8'°0 enriched fluids at temperatures of ~230 to 340°C [Honnorez
et al. 1985]. The 87S1/%°Sr ratios of the mineralised rocks are elevated towards seawater
values, demonstrating the influence of seawater [Honnorez ef al. 1985]. Fluctuations in
fluid temperature and composition resulted in a complex sequence of sulphide mineral
deposition [Honnorez ef al. 1985]. The last alteration stage was zeolite formation in veins
and host rocks from Mg-depleted and Ca-enriched fluids at temperatures <200°C
[Honnorez ef al. 1985].

6.2.3 TAG sulphide mound, 26 °N MAR

Drilling of the actively forming TAG mound and stockwork deposit has provided
important insights into those alteration processes occurring in the shallow sub-surface of a
mature oceanic mineralising system [Humphris ez al. 1995]. The surficial sulphide mound
is 30-40 m thick and contains 2.7 Mt of pyrite-, quartz- and anhydrite-rich breccias (Fig.
3.2). A laterally and vertically zoned stockwork, ~100 m in diameter underlies the mound
and extends to at least 125 mbsf [Humphris ef al. 1995; Honnorez et al. 1998]. The
stockwork does not extend beyond the perimeter of the mound, and to ~100 mbsf
comprises silicified wall-rock breccias, which contain basalt clasts totally replaced by
quartz, paragonite, pyrite and a Ti-bearing phase, in a matrix of quartz and pyrite. Below,
and at the margins of the mineralised zone, the silicified wall-rock breccias grade abruptly

into quartz- and pyrite-cemented chloritised basalt breccias [Humpbhris ef al. 1995].

A sequence of alteration for the TAG stockwork has been determined by combining data
for different samples in the 17 drill holes [Honnorez ef al. 1998; Humphris ef al. 1998].
Geochemical and mineralogical variations in altered basalts in different parts of the
stockwork are indicative of interaction with hydrothermal fluids containing variable
amounts of entrained seawater, reflecting the spatial and temporal evolution of the
mineralising system [Honnorez ef al. 1998; Humphris ef al. 1998]. The earliest alteration
is the chloritisation of the basaltic basement beneath the mound at temperatures of ~250

to 370°C. Chloritisation is pervasive in the deep stockwork underlying the centre of the
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mound, to an assemblage of chloritetquartzt+pyrite with elimination of all primary igneous
phases except Cr-spinel [Honnorez ez al. 1998]. Chlorite under the south-east mound
margin is Mg-rich and formed via reactions with Mg-bearing hydrothermal fluid-heated
seawater mixtures, while chlorite under the north-west mound margin and in the deep
chloritised stockwork is Mg-poor, and is inferred to have formed from black smoker fluids
mixed with small amounts of seawater [Honnorez et al. 1998; Teagle ef al. 1998]. Basalt
chloritisation resulted in the uptake of Al, Fe, Mg, H,O", Co, V, Cu, Ni and Zn while Ca,
Na and Sr were lost during plagioclase alteration. Changes in Si content are variable in

direction and small [Humpbhris ef al. 1998].

The early chloritisation was followed by the replacement of basalt and chloritised basalt
clasts by paragonitetquartz during reactions with upwelling alkali-enriched hydrothermal
fluids. The clay mineral formed during these reactions is a Na-rich mica (paragonite)
rather than K-rich mica (sericite/illite) found in the alteration pipes underlying some land-
based [Richards ef al. 1989] and oceanic massive sulphide deposits [Alt ef al. 1987]. This
is due to the high Na/K ratio of the ~360°C black smoker fluids discharging from the
mound [Edmonds ef al. 1996] compared to other black smokers [e.g. Von Damm 1995].
Paragonite is observed to replace both relict primary minerals and clay minerals formed
during chloritisation, and additionally precipitated directly from hydrothermal fluids in
interstitial spaces within quartz-pyrite breccias. All primary minerals were replaced during
this phase of alteration, which resulted in the uptake of Si, Fe, S and small amounts of K,
Na, Ba and Zn. Mineralised basalts show gains in Cu and Zn. Basaltic textures and
minerals were obliterated through repeated pyritisation and silicification, and the altered
basalts are hard to discern from the directly precipitated quartz +pyrite +paragonite
assemblage. The last stage of hydrothermal alteration in the TAG stockwork was the

precipitation of anhydrite in open spaces in veins and voids [Honnorez et al. 1998].

The least altered basement rocks occur at the mound margins, in which chloritisation is
restricted to mm- to cm-thick halos which formed at the edges of basalt clasts in contrast
to the pervasive chloritisation in the deep stockwork closer to the centre of the upflow
zone [Honnorez ef al. 1998]. At the mound margin, basalt alteration by cold, oxidising
seawater results in the partial replacement of olivine by smectite, while all other primary
phases are unaltered. In some basalt fragments, the oxidative alteration is manifested as
reddish Fe-oxyhydroxides which replace disseminated pyrite in green alteration halos

associated with early chloritisation [Honnorez ef al. 1998].
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6.3 Troodos mineralised stockworks & alteration pipes

Since its recognition as a virtually undeformed fragment of Cretaceous oceanic lithosphere
[Gass 1968], the Troodos ophiolite complex has been the focus of many important
investigations over the last 30 years. Studies of the ophiolite have resulted in models for
the generation and tectonic evolution of oceanic lithosphere at oceanic spreading centres
[Gass & Smewing 1973; Schmincke er al. 1983; Varga & Moores 1985], and the
incidence and geometry of axial hydrothermal systems [Spooner & Bray 1977, Spooner et
al. 1977; Schiffman et al. 1987; Schiffman & Smith 1988] associated with the
mobilisation [Richardson ef al. 1987; Schiffman ez al. 1990] and concentration of metals
within sulphide ore bodies [Constantinou & Govett 1973; Constantinou 1980; Adamides
1990]. Further studies have emphasised the ubiquitous low-temperature alteration of the
upper oceanic crust that occurs during waning hydrothermalism and crustal ageing
[Staudigel ef al. 1986; Staudigel & Gillis 1990; Gillis & Robinson 1988; Gillis &
Robinson 19904, b; Bednarz & Schmincke 1990].

Troodos volcanic-hosted sulphide ore bodies vary in size from ~50,000 tonnes to over 20
Mt, and are among the closest ancient analogues of seafloor sulphide deposits. Many of
them are situated on hydrothermally mineralised lavas and are demonstrably exhalative
[Constantinou 1980]. Stockwork-mineralised lavas occur at the centre of concentrically
zoned alteration pipes beneath these ore bodies, and represent the channels of ascending
black smoker fluids [Constantinou & Govett 1973; Constantinou 1980; Lydon & Galley
1986; Cann ef al. 1987; Richards ef al. 1989]. The mineralised alteration zones are
produced by reaction of hot upwelling hydrothermal solutions with wall rock, often with
seawater mixing at the periphery of the upflow zone [Cann ef al. 1987, Richards ef al.
1989]. The alteration pipes frequently have outer chloritic zones where rocks are enriched
in Mg and Na and have lost Ca, K, Rb and Ba, and illitic or Fe-chlorite mineralised central
zones enriched in K, Rb, Ba, Fe, Si and S [Lydon & Galley 1986; Cann ef al. 1987,
Richards ef al. 1989]. Post-mineralisation alteration of the extrusive sequence of the
ophiolite [Staudigel er al. 1986; Staudigel & Gillis 1990; Gillis & Robinson 1988,
1990a,b; Bednarz & Schmincke 1990] may have caused the retrogressive alteration of

hydrothermal sericite to illite or rectorite [Richards ef al. 1989].

Two types of Troodos alteration pipe have been distinguished on the basis of

mineralogical and geochemical characteristics; P (Pitharokhoma) and M (Mathiati) types,
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with minor variations in secondary mineralogy attributed to low-temperature overprinting
effects [Richards 1987; Richards er al. 1989]. The two pipe types have similar chlorite-
smectite mixed layer outer alteration zones. Further towards the pipe centre, layer-silicates
are dominated by chlorite, and plagioclase is albitised, giving rise to a chlorite-albite-
quartz-sphene assemblage. The significant differences between the two types of alteration
pipes are in the intensely metasomatised and mineralised pipe centres. In the centres of P-
type alteration pipes, the lavas are altered to a Mg chlorite-illite-quartz-pyrite-anatase
assemblage. Chlorite tend to decrease towards the pipe centre, and is completely
eliminated in the centre of some P-type pipes. The pipe centre is enriched in K, Rb and Ba,
and depleted in Mg, Ca, Sr, Na and Al . This type of stockwork alteration is seen
underlying the Memi and Kambia deposits, and in an alteration pipe cored by the ICRDG
Holes CY-2 and CY-2a [Cann ef al. 1987]. The M-type alteration pipes at Mathiati,
Skouriotissa, Limni, Mousoulos and Kalavasos have outer parts altered to a Mg-chlorite-
rectorite-quartz-pyrite-anatase assemblage and central parts altered to Fe-rich chlorite-

quartz-pyrite-anatase assemblage. In both pipe types, the chloritic zones are enriched in
Mg.

Around the axial alteration zone in both pipe types, Mg-chlorite and sericite were
stabilised by vent fluids containing a small proportion of entrained Mg-bearing seawater
[Richards ef al. 1989]. Fluids upwelling in the pipe centres were Mg-deficient by analogy
with black smoker fluids, so chlorite in the centre of M-type pipes is Fe-rich [Richards ez
al. 1989]. In P-type alteration pipes, illite was the only aluminosilicate phase stabilised
[Richards ef al. 1989]. The elimination of chlorite to form illite may have initiated pyrite

precipitation at Pitharokhoma, by increasing the Fe-activity of the hydrothermal fluid
[Richards ef al. 1989].

Much of the variability in the alteration characteristics of Troodos stockwork deposits
[Lydon & Galley 1986; Cann et al. 1987; Richards ef al. 1989] is comparable to that
observed in upflow-zone breccias recovered from the Mid-Atlantic Ridge and East Pacific
Rise [Delaney et al. 1987; Saccocia & Gillis 1995]. This is interpreted to reflect the H,S
content of the ascending hydrothermal fluid, consistent with the measured variability of
vent fluids [e.g. Von Damm 1990; 1995]. In P-type alteration pipes the ratio of S to Fe
addition is greater than for pyrite addition, which implies mineralising solutions with high
S/Fe ratios. In M-type alteration pipes the basalts were altered by solutions with low S/Fe

ratios, that stabilised Fe-rich chlorite in the pipe centres [Richards et al. 1989].
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6.4 The Pitharokhoma alteration pipe

The Pitharokhoma deposit is located on the northern flank of the Troodos ophiolite close
to the transition between the sheeted dyke complex and overlying lavas (Fig. 6.2). It is one
of many stockwork-type deposits within the ophiolite, some of which are structurally
contiguous with exhalative ore bodies formed on the Troodos seafloor [Constantinou &
Govett 1973; Constantinou 1980]. The deposit comprises 2.3 Mt of non-cupriferous
disseminated pyrite and minor occurrences of massive pyrite, located within two originally
vertical pipe-like zones (each ~100 m in diameter) of intense basalt metasomatism
[Richards e al. 1989]. The altered zones are comparable in lateral extent with the

intensely altered and mineralised upflow zone (~80 m in diameter) that underlies the TAG

sulphide mound.

Drilling records indicate that the deposit is overlain by less altered and mineralised lavas
[Richards et al. 1989]. It is inferred that the deposit formed in a zone of mixing between
ascending black smoker fluids and relatively unreacted seawater below the
contemporaneous seafloor [Jensenius 1984; Richards 1987; Richards ef al. 1989], as has
been proposed for some active vent systems [Corliss ef al. 1979; Edmond et al. 1979a]
and the mineralised ‘stockwork’ zone in the Ocean Drilling Program Hole 504B
[Honnorez ef al. 1985]. While Hole 504B is therefore a better modern analogue for the
Pitharokhoma deposit than the TAG stockwork (which underlies a sulphide mound), to
date the TAG stockwork is the best sampled oceanic upflow zone, due to the drilling of a
total of 17 ODP holes through the sulphide deposit and into the underlying basalt

basement.

This study builds on previous work that characterised the major and trace element
geochemistry and alteration assemblages of the eastern alteration pipe of the
Pitharokhoma deposit [Richards 1987; Richards ef al. 1989]. This alteration pipe is
essentially intact, and one of the most completely exposed within the ophiolite. It
comprises a sequence of concentrically zoned alteration facies, each defined by a
characteristic secondary mineral assemblage with the most intense alteration and
mineralisation occurring in the pipe centre (Table 6.1). Mineralisation occurred chiefly by
the preferential replacement of interstitial ferromanganoan oxide sediments, with some
replacement of lavas in the centre of the pipe [Richards 1987]. During hydrothermal

alteration of the lavas, interstitial sediments in the peripheral alteration facies were
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Ultramafic suite O Major sulphide deposit
557 Plutonic suite ® Pitharokhoma deposit
[:] Sheeted dyke complex

Extrusive sequence

@ Sedimentary cover

Figure 6.2: Simplified geological map of the northern flank of the Troodos ophiolite
complex, showing the location of the Pitharokhoma deposit and other major sulphide
deposits. Inset shows location of main figure within the island of Cyprus.
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converted to hematitic jasper [Richards et al. 1989], that is found associated with all
Cyprus ore deposits [Richards & Boyle 1986]. Sulphide mineralogies and textures similar
to modern vent sulphides have been described in sulphide scree from the western pipe of

the deposit [Jensenius & Oudin 1983].

6.4.1 Wall rock alteration

Lavas at the periphery of the pipe are altered to a smectitic assemblage [Richards et al.
1989], which outside localised zones of upwelling is typical of the pervasive low
temperature alteration of the extrusive sequence [Gillis & Robinson 1988; Bednarz &
Schmincke 1990] and is similar to that reported for in situ upper oceanic basement [Alt &
Emmermann 1985; Alt ef al. 1985; Alt et al. 1986]. Lavas altered to chlorite-smectite
mixed layer, chlorite-albite and chlorite-illite facies assemblages surround Mg depleted,
illitised leached facies lavas at the pipe centre (Table 6.1). The leached facies lavas are
inferred to have reacted with Mg deficient upwelling hydrothermal fluids [Richards 1987,
Richards et al. 1989] by analogy with experimental studies [e.g. Bischoff & Dickson
1975] and modern black smoker fluids [e.g. Edmond ef al. 1979a]. Metasomatic Mg
enrichments in the chloritised lavas surrounding the pipe centre are attributed to mixing
between black smoker fluids and relatively unreacted seawater at the margins of the zone

of axial upflow [Richards 1987; Richards et al. 1989].

The alteration zones of the pipe produced by axial hydrothermal circulation are
heterogeneously overprinted by K-feldspar and calcite attributed to lower-temperature
alteration [Richards ef al. 1989]. Similarly, illite in the pipe centre contains expandable
smectite layers and is inferred to have formed from hydrothermal sericite in the waning
stages of the ore-forming event, or during post-mineralisation alteration of the lavas

[Richards ef al. 1989].

Subaerial gossanisation due to the circulation of meteoric waters through the mine has
degraded the exposure since exploratory mining in 1983. This supergene oxidation is

unlikely to have had any significant effect on the REE inventory of the alteration pipe.

6.5 Sampling & Methods

18 samples were collected from across the eastern alteration pipe of the Pitharokhoma

mine (Fig. 6.3). The sample set comprises variably altered and mineralised lavas and
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pefeasuiun] .
ety Leached facies

="

Chlorite-illite facies

Chlorite-albite facies

Chlorite-smectite mixed layer facies

Smectitic facies

Figure 6.3: Map of the Pitharokhoma open pit with sample locations. Simplified alteration
facies are from Richards ef al. [1989].
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dykes, hematised and mineralised interstitial sediments and massive pyrite, described in
Table 6.2. Major, trace and rare earth element determinations were made using the
analytical methods described in Chapter 5. REEs in all Pitharokhoma sample solutions
exceeded the LOQ as defined in 5.3.3. Repeat analyses of the REE fraction of the BHVO-
1 international basalt standard obtained using the above procedures were on average
accurate to within 4% of published values (Govindaraju 1996) with an external precision

averaging 7% (2c) (refer to 5.3.3 and Table 5.6).

6.6 Results

Major and trace element data are presented in Table 6.3. Geochemical and alteration
trends across the eastern pipe are similar to those reported by Richards ef al. [1989],
summarised in Table 6.1. Immobile element ratios indicate that the lavas were originally
andesites or basaltic andesites with 60 to 55% SiO; and 2 to 6% MgO [Richards 1987,
Richards et al. 1989]. Metasomatic changes within each alteration facies were calculated
by Richards [1987] by comparing immobile element ratios in the altered lavas to those of

available analyses of Troodos volcanic glasses.

The smectitic facies is depleted in Si and Ca, and enriched in K, Na, Rb and Ba. These
changes can be ascribed mainly to the heterogeneous occurrence of secondary smectite and

K-feldspar in these lavas [Gillis & Robinson 1988].

Chlorite-smectite mixed layer facies lavas are more Ca depleted than smectitic facies lavas
due to enhanced alteration of Ca bearing phases. They are variably enriched in Na and Mg,
reflecting the degree of plagioclase albitisation and replacement of the igneous groundmass
with mixed-layer chlorite smectite (+ discrete chlorite) respectively. The low Na and Sr
content of sample 157 reflects the extent of plagioclase replacement by mixed-layer
chlorite smectite and chlorite. This facies is generally depleted in K, Rb and Ba, except in

lavas that contain post-minefalisation K-feldspar [Richards et al. 1989].

Towards the pipe centre, the enhanced albitisation of plagioclase (chlorite-albite facies)
gives way to chlorite-illite facies alteration where albitised plagioclase is progressively

replaced by illite and the igneous groundmass by quartz and Mg rich chlorite.

Leached facies lavas in the centre of the alteration pipe are altered to an illite-quartz-

pyrite-anatase assemblage. The extent to which fluid flow was focused through the
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alteration pipe during axial hydrothermal circulation is evident in the magnitude of major
and trace element metasomatism of these lavas [Richards ez al. 1989]. The chemical
changes in this facies are due to illitisation at the expense of Mg rich chlorite. The lavas
are highly depleted in MgO (up to -3.8 g /100 g) [Richards et al. 1989]. The elimination of
feldspar results in depletions in Ca, Na and Sr with K, Ba and Rb added through
illitisation [Richards ez al. 1989]. Lava compositions indicate considerable mobility of
Al,O3 (up to -10.5 g/100 g), V and P. Only Ti, Zr and Y are judged to have been immobile
during axial alteration [Richards ef a/. 1989]. Similar trends are noted for leached facies
samples analysed in this study. For example, sample 150 has a Ti0O,/Al,03 ratio of 0.15,

compared with values typically less than 0.1 for most Troodos Ti-rich lavas [Robinson et
al. 1983].

Whole rock REE data are shown in Table 6.4, with additional REE data for TAG black
smoker fluids [Mitra ef al. 1994], North Atlantic and Pacific seawater [Mitra et al. 1994;
Bau ef al. 1996], Troodos smectites [Gillis ez al. 1992] and Troodos volcanic glasses
analysed by Rautenschlein ez al. [1985]. These glasses are presumed to be free from the
effects of secondary alteration, and have a REE composition similar to N-MORB (Fig. 6.1).
The Ce anomaly, Eu anomaly, and the fractionation between the LREE and the HREE in
the Pitharokhoma samples have been quantified according to the methods outlined in

Chapter 2. All ratios are shown in Table 6.4.

6.6.1 Pitharokhoma Dykes

Approximately 20% of the rocks exposed in the pit are dykes. Some of these were
probably intruded after the peak of hydrothermal activity, as they are differentially altered
with respect to their host lavas [Richards 1987]. The alteration of samples 110, 154 and
156 1s equivalent to adjacent lavas, hence their intrusion is inferred to pre-date axial
hydrothermal alteration. They are altered to chlorite-smectite mixed layer facies
assemblages, but are less albitised and chloritised than the lavas they intrude (e.g. 155)
This implies the dykes were less susceptible to hydrothermal alteration than the enclosing
lavas. The most altered dyke analysed (112) intrudes illitised lavas at the pipe centre (e.g.

114), but contains secondary chlorite and mixed layer chlorite-smectites rather than illite.

Chondrite normalised whole rock REE patterns for dyke samples are shown in Fig. 6.4.
Absolute REE concentrations (5.51-9.10 ppm Nd) are comparable to Troodos glasses
(2.43-10.41 ppm Nd). They exhibit LREE depletions and Eu anomalies (La,/Sm, = 0.31-
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110
112
1E +154
156

Chondrite normalised REE

Dykes

Chlorite-smectite mixed layer facies

0.1 ! ! | 1 H 1 i I 1 Il ] 1 I ]
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 6.4: Chondrite normalised whole rock REE data for Pitharokhoma dykes.
The shaded area shows the range in REE content for Troodos volcanic glasses. Data
are from Rautenschlein ef al. [1985].
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0.66; Eu/Eu* = 0.88-1.2) that are slightly smaller or larger than those of Troodos glasses
(La,/Sm,= 0.54-0.62; Eu/Eu* = 0.89-1.0). Hydrothermal alteration of these lavas has not
caused any significant net REE mobilisation. There is no correlation between the degree of

LREE depletion and the shape or magnitude of the Eu anomaly.

6.6.2 Pitharokhoma lavas
Smectitic and chlorite-smectite mixed layer facies lavas at the periphery of the alteration

pipe (Fig. 6.5a) and leached facies lavas at the pipe centre (Fig. 6.5b) display contrasting
REE patterns.

Smectitic and chlorite-smectite mixed layer facies

Chondrite normalised REE patterns for lavas from the smectitic and chlorite-smectite
mixed layer alteration facies generally parallel Troodos glasses with some variability in
the LREEs (Fig. 6.5a). There is little evidence for net REE mobilisation in smectitic (146)
and most of the chlorite-smectite mixed layer facies lavas (145, 147, 155). They have REE
concentrations (4.24-8.45 ppm Nd) and ratios (La,/Sm,= 0.52-0.63; Eu/Eu* = 0.96-1.0)
similar to Troodos glasses (2.43-10.41 ppm Nd; La, /Sm, = 0.54-0.62; Eu/Eu* = 0.89-
1.0). Two samples from the chlorite-smectite mixed layer facies (153, 157) are more
LREE depleted (La, /Sm, = 0.21 and 0.37) than Troodos glasses (La, /Sm, = 0.54-0.62)

indicating a net mobilisation of LREEs during crustal alteration.

The REE content of secondary alteration phases in some of these lavas was determined by
LA ICP-MS. The minerals analysed were identified petrographically and/or by XRD
analyses. Sample 146 from the periphery of the mine is altered to a smectitic alteration
assemblage, that is inferred to post-date axial mineralisation [Richards et al. 1989].
Twinned feldspars in this lava are essentially unaltered. Smectite is the principal
secondary phase and occurs replacing the mesostasis and intergrown with fracture filling
zeolites. LA ICP-MS analyses show void filling smectite to be slightly LREE enriched
(La,/Sm, = 0.44-0.58) and Eu depleted (Eu,/Sm,= 0.52 and 0.55) relative to the whole
rock (Fig. 6.5¢). Intergrown zeolites (mordenite and cowlesite) which fill vesicles and
fractures are LREE enriched compared to the whole rock (La,/Sm, = 1.9-3.8 cf. 0.70) and
variably Eu depleted (Eu,/Sm, = 0.14-0.74 cf. 1.0). Intimately associated smectite and
amorphous Fe-oxides which replace much of the igneous groundmass are typically more
LREE and Eu depleted (La,/Sm, = 0.42-0.72; Eu/Eu* = 0.64-0.84) than the whole rock
(La,/Sm, = 0.70; Eu/Eu* = 0.97).
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Figure 6.5 (a) & (b): Chondrite normalised whole rock REE data for (a) Pitharokhoma

lavas from the smectitic and chlorite-smectite mixed layer facies (b) Pitharokhoma lavas
from the leached facies. The shaded areas in (a) and (b) shows the range in REE content
for Troodos volcanic glasses. Data are from Rautenschlein et al. [1985].
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Figure 6.5 (c) & (d): Chondrite normalised LA ICP-MS REE data for alteration phases in
(c) 146 from the smectitic facies lavas. The dashed line shows the range in REE content of
secondary smectite in Troodos lavas [Gillis ef al. 1992] (d) 153 from the chlorite-smectite
mixed layer facies lavas. The numbers in parentheses indicate the number of analyses
represented by each compositional field. Whole rock data are shown for reference.
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Sample 153 from the chlorite-smectite mixed layer facies contains ~40% secondary
chlorite-smectite developed primarily within the igneous groundmass and ~10% matrix-
and fracture-filling amorphous Fe-oxides with minor goethite (Table 6.2). LA ICP-MS
REE patterns of fracture-filling amorphous Fe-oxides are relatively flat to HREE enriched
and generally more LREE depleted (La,/Sm, = 0.09-0.53) than the whole rock (La,/Sm, =
0.21; Fig. 6.5d). Poorly crystalline Fe-oxide stained mixed layer chlorite-smectites replace
both igneous feldspars and groundmass adjacent to amorphous Fe-oxide filled fractures.
They display flat LREEs (La,/Sm, = 0.67-1.0) and some HREE enrichment (Nd,/Yb,=
0.25-0.28) compared to the whole rock (Nd,/Yb, = 0.30). Chlorite-smectites without
overprinting amorphous Fe-oxides have REE patterns that are LREE enriched with a
larger negative Eu anomaly (La,/Sm, = 2.7-4.4; Eu/Eu* = 0.62-0.79) than the whole rock
pattern (La,/Sm, = 0.21; Eu/Eu* = 1.0). The LA ICP-MS data reveal that the REE
composition of amorphous Fe-oxides that overprint the chloritic alteration is dominating

the whole rock pattern of this lava, due to their elevated REE content.

Sample 145 from the chlorite-smectite mixed layer facies comprises lava fragments
partially replaced by chlorite-smectite within a matrix of amorphous Fe-oxides, quartz and
chlorite-smectite. Matrix-filling amorphous Fe-oxides in this sample have REE
compositions that mimic pristine basalt (Fig. 6.5¢). Chlorite-smectites show somewhat

flatter REE patterns (La,/Sm, = 1.0-1.5) than in sample 153 (La,/Sm, =2.7-4.4).

Leached facies

Lavas from the leached facies (114, 143, 150) comprise chiefly illite, quartz and pyrite.
Consequently, the whole rock REE patterns of these lavas reflect the REE composition
and modal abundance of these secondary phases. They have whole rock REE contents that
are similar to, or slightly lower than Troodos glasses (1.27-2.56 ppm cf. 2.43-10.41 ppm
Nd) and are similarly LREE depleted (La,/Sm, = 0.50-1.0 cf. 0.54-0.62; Fig. 6.5b).
Metasomatic gain of SiO; and FeS, during axial alteration manifested as replacive quartz
and pyrite [Richards et al. 1989] will tend to dilute the whole rock REE concentrations
and account for a degree of the observed depletion. Europium is significantly more

depleted than the other REEs (Eu/Eu* = 0.57-0.62 cf. 0.89-1.0 for Troodos glasses).

Quartz and pyrite in sample 114 have REE contents below the detection limit of the LA
ICP-MS technique. Thus, illite is inferred to be the major repository for REEs in the centre

of the alteration pipe. Fine-grained illite in sample 114 occurs in a granular matrix of
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Figure 6.5 (¢) & (f): Chondrite normalised LA ICP-MS REE data for alteration phases in
(e) 145 from the chlorite-smectite mixed layer facies lavas (f) 114 from the leached facies

lavas. The numbers in parentheses indicate the number of analyses represented by each

compositional field. Whole rock REE data are shown for reference.
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quartz and pyrite with rare preservation of igneous textures, and shows a range of REE
compositions (Fig. 6.5f). HREE enriched illite (Nd,/Yb, = 0.19) with a Eu depletion
comparable to the whole rock (Eu/Eu* = 0.56 cf. 0.57) can be inferred to dominate the
whole rock REE composition. Another composition is slightly more HREE enriched
(Nd./Yb, = 0.47) than the whole rock without any Eu enrichment or depletion (Eu/Eu* =
1.0). A third illite composition is extremely LREE depleted (La,/Sm, = 0.02) and HREE
enriched (Nd,/Yb, = 0.32) relative to the whole rock, with a REE composition similar to

low temperature amorphous Fe-oxides in sample 153 (Fig. 6.5d).

6.6.3 Interstitial sediments
The whole rock REE data for interstitial sediments within the alteration pipe defines two
groups with contrasting REE characteristics (Fig. 6.6a); hematitic jasper from the chlorite-

smectite mixed layer facies (111, 144) and highly mineralised sediments from the leached

facies at the pipe centre (149, 152).

Interstitial hematitic jasper has a relatively flat REE pattern (Nd,/Yb, = 1.1 and 1.2) with a
pronounced negative Ce anomaly (Ce/Ce* = 0.66), demonstrating the influence of
seawater REEs (Fig. 6.1). Hematitic jasper (111) has a REE composition that is slightly
more HREE enriched and Ce depleted (Ce/Ce* = 0.46-0.50; Nd,/Yb,, = 0.58-1.1) than the
whole rock (Ce/Ce* = 0.66; Nd,/Yb, = 1.1; Fig. 6.6b). Void filling smectite in this sample
is LREE enriched (La,/Sm, = 4.0-5.7) compared with the whole rock (La,/Sm, = 2.2) with
no Ce depletion (Fig. 6.6b).

Interstitial sediments from the pipe centre are intensely altered to granular aggregates of
pyrite and quartz with minor illite. They account for a large proportion of the total
sulphide mineralisation within the Pitharokhoma deposit [Richards ef al. 1989], and in the
alteration pipe intersected by ICRDG Holes CY-2 and CY-2a [Cann ef al. 1987]. They are
depleted in REEs (Nd = 1.08 and 0.441 ppm) and show a striking LREE enrichment

(Nd,/Yb, = 6.0 and 15) relative to hematitic jasper (Nd =1.97 and 2.62 ppm; Nd,/Yb, =
1.1 and 1.2).

Quartz and pyrite in sample 149 have REEs below the detection limit of LA ICP-MS. A
compositionally insignificant phase was identified by Scanning electron microscopy
(SEM) as a K-Al silicate, inferred to be illite or possibly hydrothermal sericite [Richards
et al. 1989]. The REE content of the illite/sericite evidently controls the whole rock REE
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Figure 6.6 (a): Chondrite normalised whole rock REE data for massive pyrite (113) and
altered interstitial sediments from the chlorite-smectite mixed layer and leached alteration
facies.
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Fig. 6.6 (b) & (c): Chondrite normalised LA ICP-MS REE data for alteration phases in

interstitial sediments in (b) 111 from the chlorite-smectite mixed layer facies lavas (b) 149
from the leached facies lavas. Numbers in parentheses indicate the number of analyses for
each field. Whole rock REE data are shown for reference
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composition, despite its low modal abundance (less than 5%). It contains abundant REEs
(Fig. 6.6¢) and is more enriched in LREEs (La,/Sm, = 3.5-7.5) and depleted in Eu
(Eu/Eu* = 0.45-63) than the whole rock (La,/Sm, = 2.1; Eu/Eu* = 0.67). While apatite has
been described as a minor phase in leached facies interstitial sediments [Richards 1987;
Richards et al. 1989] it was not observed in these samples, consistent with low measured

P;0s contents (below detection limit).

6.6.4 Massive pyritic mineralisation

Massive sulphide in the centre of the alteration pipe consists of monomineralic pyrite
(113) with very low levels of REEs (Nd = 0.0836 ppm). It is LREE enriched (Nd,/Yb, =
2.1) but depleted in the middle REEs, particularly Eu (Ew/Eu* = 0.48; Fig 6.6a).

6.7 Discussion

The chondrite normalised REE patterns for North Atlantic and Pacific seawater [Mitra et
al. 1994; Bau ef al. 1996], a typical black smoker fluid [Mitra ef al. 1994] and the range of
REE compositions of Troodos volcanic glasses [Rautenschlein ef al. 1985] are shown in
Fig. 6.1. The REE compositions of North Atlantic and Pacific seawater are characterised
by a pronounced negative Ce anomaly and HREE enrichment. Similar REE characteristics
would be predicted for Cretaceous seawater, given that the REE pattern of seawater is
governed by the oxidation state of the ocean and the physical properties of the REEs (refer
to discussion in section 2.11). Black smoker fluids are enriched in REEs (1 to 3 orders of
magnitude) over seawater concentrations. Chondrite-normalised black smoker REE
patterns show a large positive Eu anomaly, LREE enrichment but no Ce anomaly. This
pattern is common to all known high-temperature fluids from sediment-free ridges,
although there is a some variation in the size of the Eu anomaly between different vent

sites [Klinkhammer ez al. 1994; Mitra et al. 1994].

Lavas and dykes from the alteration pipe show either no change in REE content or a
depletion in the LREE + Eu. Quantification of REE mobility in the Pitharokhoma samples
is problematic because all lavas and dykes analysed have been subject to a degree of
hydrothermal alteration. Immobile element ratios indicate significant primary geochemical
variability within the Pitharokhoma lavas [Richards 1987] hence the REE content of a

pristine lava or dyke cannot be assessed with confidence.
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6.7.1 Leached facies

Secondary illite is the primary repository for REEs in the leached facies lavas and
interstitial sediments at the centre of the alteration pipe. Illite in the lavas (e.g. 114; Fig
6.5f) and illite/sericite in the mineralised sediments (e.g. 149; Fig 6.6¢) show contrasting
REE patterns, that are interpreted to reflect the REE signatures of fluids they have been
altered by, or precipitated from. It is inferred that LREE enriched pattern of illite/sericite
in the mineralised interstitial sediments was acquired from upwelling LREE enriched
hydrothermal fluids, akin to modern black smoker fluids (Fig. 6.1). This interpretation is
consistent with extreme Mg depletion of the lavas and inferred alteration temperatures of

300 to 370° C within the pipe centre [Jensenius 1984; Richards 1987].

In contrast, illite in the lavas that enclose these sediments has REE compositions similar to
amorphous Fe-oxides and intergrown amorphous Fe-oxides/smectite in chlorite-smectite
mixed layer and smectitic facies lavas (e.g. Figs. 6.5¢ & d). Itis inferred that any high-
temperature (LREE enriched) signature has been overprinted by REEs sourced from a
lower-temperature hydrothermal fluid. This supports the inference of Richards et al.
[1989] that illite in the pipe centre formed from non-expandable sericite during the waning
stages of axial alteration, or during off-axis alteration at temperatures <260° C [Richards
et al. 1989]. The different illite REE compositions in sample 114 (Fig. 6.5f) may indicate
variable degrees of crystallographic control on REE uptake from the fluid, or differences

in fluid composition arising from retrograde precipitation-dissolution reactions within the

lavas.

The LA ICP-MS REE data indicate that the low-temperature phyllosilicates are the major
repository for REEs in leached facies lavas in the core of the alteration pipe. LREE
enriched illite/sericite in the mineralised interstitial sediments with a REE composition
derived from ~350° C axial hydrothermal fluids was apparently stable during lower-
temperature alteration, conceivably due to its occurrence within a chemically and

physically robust granular quartz-pyrite assemblage.

6.7.2 Chlorite-smectite mixed layer facies
Mixed layer chlorite-smectites in the peripheral alteration facies of the pipe are inferred to
have formed at temperatures of ~200° C by analogy with Icelandic geothermal systems

[Richards ef al. 1989]. Temperatures of formation of 80 to 240° C have been inferred for
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chlorite in upper dyke zone of the Troodos ophiolite [Gillis & Robinson 19905]. The
alteration mineralogy of these lavas reflects mixing of upwelling black smoker fluids with
relatively unreacted seawater at the periphery of the axial upflow zone [Richards ef al.
1989]. The variably LREE enriched composition of chlorite and mixed layer chlorite-
smectites in Pitharokhoma lavas (La,/Sm, = 1.0-4.4; Fig. 6.5d & e) is inferred to reflect
precipitation from mixtures of entrained seawater and hydrothermal fluid, that would have

been dominated by hydrothermal fluid rather than seawater REEs (refer Fig. 6.1).

Amorphous Fe-oxides that overprint chloritic alteration in these lavas are variably LREE
depleted (Figs. 6.5d & €). These patterns are inferred to reflect the REE content of low-
temperature hydrothermal fluids they were altered by or formed from, as Fe-oxides have
the capacity to scavenge REEs from solution without significant fractionation
[Koeppenkastrop & De Carlo 1992]. Large volumes of seawater circulate freely through
the permeable volcanic section of oceanic lithosphere [Alt 1995]. Because basalt has a
greater REE content than seawater (Fig. 6.1), even minor mobilisation of REEs during this
circulation would produce solutions with rock-dominated REE compositions [Staudigel &
Hart 1983]. The LA ICP-MS REE data show that the seawater-derived fluids responsible
for low-temperature alteration were variably LREE depleted with a REE composition that

mimics pristine basalt, as proposed by Gillis ef al. [1992].

Dyke samples analysed in this study are altered to chlorite-smectite mixed layer facies
assemblages, and excluding one sample (112) are hosted by similarly altered lavas. 112
contains secondary chlorite and mixed layer chlorite-smectites and intrudes illitised lavas
in the pipe centre. It is inferred that this dyke was relatively impermeable to ascending
hydrothermal fluids (resulting in the incomplete elimination of Mg-bearing phases), or
was intruded following the peak of hydrothermal alteration. In the latter case, a degree of
seawater entrainment into the axial upflow zone is implied by the presence of chlorite in

the otherwise Mg depleted pipe centre.

The REE patterns of interstitial hematised jasper in chlorite-smectite mixed layer facies
lavas (Fig. 6.6a) reflect uptake of REEs from seawater (Fig. 6.1) via scavenging
mechanisms prior to, or following sedimentation on the Troodos seafloor, and are similar
to ridge crest metalliferous sediments [Owen & Olivarez 1988; German ef al. 1990] and

Troodos umbers [Robertson & Fleet 1976].
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6.7.3 Smectitic facies

Zeolite and smectite precipitation in voids is characteristic of low-temperature (<50 to
100° C) alteration of Troodos lavas [Gillis & Robinson 1990q,b]. The LREE enriched
composition void-filling smectite in smectitic facies Pitharokhoma lavas is comparable to
smectites in Troodos lavas analysed by Gillis ez al. [1992], shown in Fig. 6.5¢. However,
void filling smectite in hematised jasper from the chlorite-smectite mixed layer facies is
LREE enriched (Fig. 6b). Similarly, the REE compositions of mixed layer chlorite-
smectites, amorphous Fe-oxides and illite vary between samples (Figs.6.5¢-f, 6.6b&c).
Thus, the REE content of a Pitharokhoma lava or interpillow sediment reflects the REE
composition of hydrothermal fluids that have altered them at both high and low-
temperatures, and is not a simple function of modal alteration mineralogy. Similar results
have been obtained in previous oceanic and ophiolite-based alteration studies. Basalts
from the transition zone of Hole 504B that display REE enrichments show a similar
alteration mineralogy to non-enriched samples [Alt & Emmerman 1985]. Finely
intermixed sulphides, sulphate and amorphous silica samples from the Southern Explorer
Ridge with similar modal mineralogies show contrasting REE patterns [Barrett ef al.
1990]. On Troodos, void-filling epidote and chlorite in sheeted dykes sampled by ICRDG
Hole CY-1A have contrasting REE profiles to epidote and chlorite replacing the igneous
groundmass, and are inferred to have precipitated from fluids with different REE

compositions [Gillis et al. 1992].

Intergrown void filling mordenite and cowlesite shows a LREE enrichment and a striking
Eu depletion, whereas void-filling smectite in the same sample is LREE depleted (Fig.
6.5¢). Assuming the low-temperature fluid had a REE content depicted by amorphous Fe-
oxides (Figs 6.5d & e) the zeolites have preferentially incorporated LREEs and

discriminated against Eu.

6.7.4 REE composition of the mineralising fluid

Hydrothermal fluids venting at the seafloor at mid-ocean ridges share a characteristic
LREE and Eu enrichment [e.g. Klinkhammer ef al. 1994] (Fig. 6.1). Lavas and sediments
in the centre of the alteration pipe were altered by ancient analogues of black smoker
fluids in a zone of axial hydrothermal alteration [Jensenius 1984; Richards er al. 1989].
Secondary chlorite and chlorite-smectites that precipitated at the periphery of the upflow

zone possess a LREE enrichment, that is inferred to reflect the REE composition of the
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hydrothermal fluid. However none of the secondary phases analysed possess a striking Eu
enrichment, although a small positive Eu anomaly has been noted in the REE pattern of

chlorite from the sheeted dyke complex [Gillis ef al. 1992].

Pyrite from the pipe centre is similarly LREE enriched and lacks a positive Eu anomaly
(113, Fig. 6.6a). REE substitution into sulphide phases from the TAG sulphide mound and
other oceanic deposits appears to be strongly influenced by crystallographic controls
[Morgan & Wandless 1980; Alt 1988; Barrett ef al. 1990; Mills & Elderfield 19954].
Smaller HREE cations are more easily accommodated in the sulphide lattice than the
larger LREEs. Therefore, the REE composition of sulphides reflects that of the parental
hydrothermal fluid, albeit with a smaller positive Eu anomaly and a relative HREE
enrichment [Mills & Elderfield 1995]. Given that the partitioning of REEs between
hydrothermal fluid and sulphide is relatively well understood [e.g. Morgan & Wandless
1980}, the REE composition of pyrite in the Pitharokhoma alteration pipe suggests that the
parental hydrothermal fluid had a higher Nd,/Yb, ratio than the pyrite, and lacked the

striking Eu enrichment that is characteristic of seafloor vent fluids

Preferential mobilisation of Eu in the divalent state has been invoked to explain the Eu
enrichments of vent fluids [Sverjensky 1984; Wood 199056; Bau 1991]. Divalent Eu
dominates at temperatures in excess of 250° C, while at lower temperatures the relative
stability of divalent and trivalent Eu will also depend on pH and complexing ligands in
solution [Sverjensky 1984]. The absence of a Eu enrichment in the pyrite may reflect
subsurface processes operating within the upflow zone relating to the temperature,
pressure, Ey and pH of the mineralising system. This has been implied for the Snake Pit
vent field on the Mid-Atlantic Ridge, where venting fluids are characteristically Eu
enriched, but sulphides in hydrothermal sediments do not show a Eu anomaly, and are
inferred to be precipitating from fluids with a different composition to those exiting at the
seafloor [Gillis et al. 1990]. Alternatively, Troodos hydrothermal fluids may have differed
in some fundamental respect to modern vent fluids (relating to redox conditions in the
subsurface of the hydrothermal system) which is reflected in the REE composition of the

alteration minerals.

6.7.5 Axial alteration versus crustal ageing processes

The LA ICP-MS REE data demonstrate that during high- and low-temperature
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hydrothermal alteration there may have been some relative loss or gain of LREEs and

HREEs, that did not necessarily cause any substantial net REE mobilisation.

Although leached facies lavas in the pipe centre were extensively altered by ~350° C
hydrothermal fluids, their REE composition is dominated by retrogressive illite and
records interaction with a low-temperature fluid. Interstitial hematised jasper at the
periphery of the pipe has a similar REE composition to ridge crest metalliferous sediments
and reflects seafloor sedimentation processes. Mineralised sediments have REE

compositions that are inferred to reflect axial alteration by ~350° C LREE-enriched

hydrothermal fluids.

The REE composition of chlorite-smectite mixed layer facies lavas comprises a
component of the primary REE inventory (due to the incomplete alteration of igneous
phases), with some high-temperature (mixed layer chlorite-smectites + chlorite) and low-
temperature REEs (amorphous Fe-oxides). The elevated REE content of overprinting
amorphous Fe-oxides controls the whole rock LREE depletion of some lavas and dykes
from the chlorite-smectite mixed layer facies (e.g. 153, 157, 112; Figs. 6.4 and 6.5a)
although they also contain variably LREE-enriched mixed layer chlorite-smectites +
chlorite. The REE content of smectitic facies lavas at the periphery of the alteration pipe is

chiefly a primary inventory, with low-temperature smectite and amorphous Fe-oxides

having REE patterns that mimic fresh basalt.

Low-temperature alteration phases have been identified as the major repository for the
REEs in many of the altered lavas. Lavas with net depletions in the LREE + Eu have
whole rock REE compositions dominated by low-temperature alteration phases (e.g. 153,
Fig. 6.5a; 114,143, 150; Fig 6.5b). These data suggest that much of the REE signature of
the alteration pipe reflects off-axis low-temperature crustal alteration rather than axial

alteration by mineralising hydrothermal fluids.

6.7.6 REE mobility in hydrothermal systems

Contrasting trends in REE mobility have been noted in rocks altered at low (<100°C) and
high (>300°C) temperatures at a variety of water/rock ratios during hydrothermal and
crustal ageing processes in oceanic crust and ophiolites. These trends range from REE
immobility to overall enrichment [Hellman & Henderson 1977; Ludden & Thompson

1978] or depletion of the REEs [Bach ef al. 1996], to the selective uptake of LREEs
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[Ludden & Thompson 1978, 1979; Juteau et al. 1979; Minai ef al. 1990; Regba ef al.

1991; Gillis et al. 1992]. From the results of these studies, REE mobility is understood to
be dependant upon several factors, including the protolith crystallisation history
[Humphris e al. 1978; Ludden & Thompson 1978; Gillis et al. 1992] the longevity of
seawater exposure [Ludden & Thompson 1978, 1979; Juteau et al. 1979] and the
water/rock ratio during alteration [Valsami & Cann 1992]. Further studies have shown that
the REE patterns of altered rocks are controlled by their secondary mineral assemblages

[Humphris ef al. 1978; Regba et al. 1991; Valsami & Cann 1992].

REE depletions (~10 to 1200 ppm of the LREEs) are frequently observed in the alteration
zones beneath ancient volcanic-hosted massive sulphide deposits, and often attributed to
interaction with ore-forming fluids in the subsurface of the hydrothermal system [Graf
1977; Baker & de Groot 1983; Campbell ez al. 1984; Bence & Taylor 1985; MacLean
1988; Whitford et al. 1988; MacLean & Hoy 1991; Regba et al. 1991]. Less frequently
REE mobility has been implied to post-date ore formation [Schandl & Gorton 1991], or
magmatic fluids have been invoked to account for some of the observed depletions
[Schade ef al. 1989]. A negligible capacity for hydrothermal fluids to mobilise REEs
during hydrothermal circulation is inferred from the ubiquitously low REE inventories of
seafloor vent fluids [e.g. Michard ef al. 1983; Campbell et al. 19885; Mitra et al. 1994]
(Table 6.4). Studies of hydrothermal systems at mid-oceanic ridges predict that the REE
budget of oceanic crust is unmodified during alteration at inferred water/rock ratios of ~1
[Michard et al. 1983; Michard & Albaréde 1986; Bau 1991; Klinkhammer ef al. 1994].
Furthermore, thermodynamic considerations suggest the observed REE depletions beneath
ancient massive sulphide deposits are unlikely to have been achieved by ancient analogues
of black smoker fluids, even for systems with water/rock ratios of ~1000 [Wood &
Williams-Jones 1994]. The extreme REE mobility identified in the altered zones beneath
some massive sulphide deposits [e.g. Baker & de Groot 1983; Campbell ef al. 1984,
Bence & Taylor 1985; Macl.ean & Hoy 1991; Schandl & Gorton 1991] is not evident in
the stockwork mineralised lavas of the Pitharokhoma alteration pipe. Determination of the
REE mineralogy of stockwork lavas by an in situ method such as LA ICP-MS might

clarify the significance of the extreme REE mobility observed in many alteration pipes.

The inferred hydrothermal circulation for Troodos [Bickle & Teagle 1992, Bickle et al.
1998) is considerably greater than for typical mid-ocean ridges [e.g. Morton & Sleep
1985]. Hydrothermal alteration at water/rock ratios of ~20 to 1000 has been inferred for
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the formation of epidosites (quartz-epidote-sphene assemblage) near the base of the
sheeted dyke complex, that are considered to represent deep upflow zones of Mg-depleted
hydrothermal fluids [Richardson ef al. 1987; Seyfried ez al. 1988; Schiffman et al. 1990].
Similarly, it is evident from the extreme metasomatism of Pitharokhoma leached facies
lavas that large volumes of ~350° C hydrothermal fluid were focused through this
fossilised upflow zone [Richards ez al. 1989]. While studies of active vent systems predict
little mobilisation of REEs during axial hydrothermal circulation [e.g. Klinkhammer ez al.
1994; Bau 1991; Michard et al. 1983; Michard & Albaréde 1986] these systems are in an
early (high-temperature) stage of evolution in comparison to the mature hydrothermal
systems preserved within Troodos as superimposed alteration episodes. It is not possible
to assess the extent of REE mobilisation from the Pitharokhoma lavas by ancient
analogues of black smoker fluids during axial hydrothermal alteration, as the REE

inventory now observed is chiefly a low-temperature overprint, associated with ageing of

the oceanic basement.

6.7.7 REE mobility in the TAG stockwork

ODP drilling of the TAG sulphide mound and stockwork deposit has provided the
opportunity to test in the modern setting the model developed in this chapter for the
relative loss or gain of light and heavy REEs during low- and high-temperature
hydrothermal alteration of stockwork mineralised lavas, often without any substantial net

REE mobilisation.

Figure 6.7 shows chondrite normalised REE data for chloritised basalts and pillow
breccias from the TAG mound stockwork. Shown for comparison is the range in REE
compositions of isotopically-unaltered “fresh” basalts from the TAG-2 and TAG-4 areas
at the periphery of the mound [Alt & Teagle 1998; Teagle ef al. 1998]. These basalts
contain only minor amounts (5% to 15%) of secondary minerals, predominantly smectite
that partially replaces olivine and interstitial areas and fills vesicles [Teagle ez al. 1998].
Hydrothermally altered pillow breccias were recovered at ~20 mbsf in the TAG-2 area,
located near the edge of the lower mound platform. They comprise glassy clasts replaced
by Mg-rich chlorite cemented by quartz, chlorite and hematite [Honnorez et al. 1998;
Humphris et al. 1998]. Bulk rock Sr-isotope ratios are near seawater, indicating that they
were altered by interaction with large amounts of conductively-heated seawater at

temperatures >200°C [Teagle ef al. 1998]. The chondrite normalised REE patterns of the
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Figure 6.7: Chondrite normalised whole rock REE data for TAG stockwork samples. The
shaded area shows the range in REE content of “fresh” basalts from the TAG-2 and TAG-
4 areas. All data are from Humphris ez al. [1998].
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pillow breccias resemble “fresh” basalts, with slightly higher REE contents. Thus during
high- and low-temperature seawater-dominated alteration, there has been some REE

uptake without differential mobility of the LREE or HREE.

Chloritised basalt breccias were recovered at depths greater than 110 mbsf in the TAG-1
area, drilled to the SW of the black smoker complex. These samples are altered to a
quartz-chlorite-pyrite assemblage [Humphris ez al. 1998]. The fluid that caused
recrystallisation of the basalt breccia was Mg-bearing, and inferred from whole rock Sr-
isotope analyses to be a mixture of upwelling, black-smoker fluid (>300°C) with a minor
proportion of entrained seawater (<10%) [Teagle et al. 1998]. The chondrite normalised
REE patterns are lower than in “fresh” basalts, and are characterised by the development
of a marked negative Eu anomaly [Humphris ef al. 1998]. The REE pattern of a 90% black
smoker fluid, 10% seawater mixture would be dominated by black smoker REEs.
However, the REE pattern of these samples lacks the LREE and Eu enrichment that
characterises TAG black smoker fluids (Fig. 6.1). They more closely resemble Troodos
smectites (Fig. 6.5¢) and illite from leached facies lavas in the Pitharokhoma alteration
pipe (Fig. 6.5b) that are inferred to have a lower-temperature origin. The results of the
Pitharokhoma study have shown that in the absence of REE analyses of individual
alteration phases from the same samples for which isotope analyses and mineralogical
descriptions are available, the significance of whole rock REE data for hydrothermally
altered basalts is ambiguous, and will often display contrasting trends [e.g. Alt &

Emmerman 1985]

6.8 Conclusions

REE mobility has been investigated in stockwork mineralised lavas and dykes that lie in a
zone of former black smoker fluid upflow within Troodos oceanic lithosphere. The major
and trace element geochemistry of the lavas of the Pitharokhoma deposit described by
Richards ef al. [1989] reflects increasing alteration towards the centre of a focused

hydrothermal upflow zone, with heterogeneous overprinting by lower-temperature phases.

Most lavas from the Pitharokhoma alteration pipe have REE compositions similar to
Troodos volcanic glasses, indicating that on- and off-axis hydrothermal alteration
processes have not induced significant net REE mobilisation. A degree of REE mobility is

inferred for some lavas which are depleted in the light REE + Eu. LA ICP-MS REE data



REE mobility in a mineralised alteration pipe 153

for stockwork mineralised lavas, dykes and interstitial sediments from the eastern
alteration pipe indicate that REE mobility was associated with the development of both
high- (~200 to 350° C) and low-temperature (<100° C) alteration phases that precipitated
within contrasting alteration regimes (discharge- and recharge-dominated respectively).
Lavas and sediments in the centre of the alteration pipe were altered by ancient analogues
of black smoker fluids upwelling in a zone of axial hydrothermal alteration [Jensenius
1984; Richards et al. 1989]. The LREE enriched composition of pyrite, chlorite and
chlorite-smectite is inferred to reflect the composition of the ~350° C hydrothermal fluid
and contrasts with the typically LREE depleted patterns of lower-temperature amorphous
Fe-oxides and smectite. The whole rock REE compositions of altered lavas and dykes thus
reflect the REE composition of hydrothermal fluids that have altered them at both high-
and low-temperatures. During low- and high-temperature hydrothermal alteration of the
lavas there may have been some relative loss or gain of LREEs and HREEs, that did not

cause significant net REE mobilisation in most of the analysed lavas and dykes.

Low-temperature alteration phases are the major repository for the REEs in lavas that
show LREE + Eu depletions relative to pristine volcanic glass compositions. Hence much
of the REE signature of the alteration pipe is a post-mineralisation overprint acquired in
the waning stages of hydrothermal activity and during the protracted alteration of the
oceanic basement which continued for ~20 million years following crustal accretion
[Staudigel ef al. 1986; Staudigel & Gillis 1990] rather than on-axis greenschist facies

hydrothermal alteration.

This study has demonstrated the successful application of LA ICP-MS in identifying
alteration phases which host REEs within complex matrices, although as of yet there is no

accepted calibration protocol for the method [Norman ef al. 1996].




Chapter 7

The rare earth element geochemistry
of an ophiolitic sulphide mound

deposit and associated metalliferous
sediments

7.1 Introduction

Submersible and drilling studies of the TAG mound at 26°N, Mid-Atlantic Ridgé have led to
the development of models of mound growth and fluid evolution within an actively-forming
seafloor sulphide deposit [e.g. Mills & Elderfield 1995a; Edmond et al. 1995; Humphris et
al. 1995; Tivey et al. 1995, James & Elderfield 1996; Edmonds et al. 1996; Mills et al.
1996; Goulding et al. 1998; Mills et al.1998; Teagle et al. 1998; Tivey et al. 1998]. These
studies have shown that the subsurface mixing of hydrothermal fluids with entrained
seawater plays a crucial role in creating and modifying the TAG ore deposit, and the
relevance of these models to hydrothermal mineralisation at other seafloor vent sites is now
being investigated [Humphris ez al. 1995]. The TAG models may also have important
implications for on-land analogues such as Cyprus-type ore bodies. This chapter describes a
study in which the REEs and other geochemical proxies have been used to determine if the
processes described by the current TAG models of sulphide mineralisation and metalliferous
sediment formation are identifiable in Troodos massive sulphide ore bodies, which are
among the closest ancient analogues of the TAG sulphide mound. REE and other
geochemical data were obtained for a suite of samples collected from the Skouriotissa ore
body and other sites of hydrothermalism within the Troodos ophiolite. Sampling of
Skouriotissa sulphides and associated metalliferous sediments was undertaken on a similar
scale to that on the seafloor at TAG [e.g. Mills & Elderfield 1995a] to allow interpretation
of the results within the framework of the TAG models.

154
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Although not formed in a mid-ocean ridge setting [Pearce 1975; Robinson ef al. 1983;
Rautenschlein ef al. 1985], the Skouriotissa ore deposit is similar to the TAG mound in
terms of its size (~6 Mt), sulphide mineral associations and textures [Oudin 1984] and the
occurrence of metal-enriched hydrothermal sediments and oxidised gossans spatially
associated with the ore body [Herzig et al. 1991]. However, hydrothermal sediments in
Cyprus differ from those in the modern setting by having distinctly bimodal Mn contents,
and have been classified in the literature as Mn-rich, Fe-poor umbers and Mn-poor, Fe-rich
ochres, both formed by hydrothermal processes occurring at a Tethyan spreading ridge
[Corliss 1972; Elderfield ez al. 1972; Robertson & Hudson 1973; Robertson 1975;
Robertson 1976; Robertson & Fleet 1976; Gale et al. 1981; Boyle & Robertson 1984;
Boyle 1990; Herzig ef al. 1991; Robertson & Boyle 1993].

It is important to clarify how the terms ‘umber’ and ‘ochre’ in Troodos relate to the results )
of modern studies of metalliferous sediment formation. In the modern setting, the term
ochre is used to describe oxidised gossans formed by low-pH reactions between the mound
sulphides and seawater and/or diffuse hydrothermal fluids (section 3.2.7.3) [Hannington et
al. 1991; Herzig et al. 1991; Tivey et al. 1995], in addition to primary Fe-oxyhydroxide
sediments forming in areas of diffuse flow on seafloor sulphide mounds [e.g. Mills &
Elderfield 1995a; Mills et al. 1996, Goulding et al. 1998]. Similar processes have been
invoked to account for the formation of the surface gossan of trace metal-enriched

secondary minerals and Fe-oxides on the Skouriotissa mound [e.g. Robertson 1976; Herzig

etal. 1991].

Troodos umbers show a much wider distribution across the palaeo-seafloor than the ochres,
occurring up to 10’s of kms from the high-temperature vents [Boyle 1990]. In contrast to
the Fe-rich ochres, Troodos umbers are mostly Mn-rich oxyhydroxide sediments which have
been described as low-temperature precipitates from off-axis diffuse fluids [Robertson 1975;
Robertson 1976], or alternately attributed to distal plume fall-out from high-temperature
vents [Boyle 1990]. However, Troodos umbers are significantly different from TAG plume-
derived sediments. The umbers are dark brown to black manganiferous sediments (2 to 16.3
wt.% Mn, averaging 8 wt.%) [Robertson 1976], unlike the metal-enriched pale-brown
calcareous oozes that accumulate on the seafloor at TAG (296 ppm to 1.06 wt.% Mn,
averaging 0.11 wt.%) [Scott ef al. 1978; Shearme et al. 1983; Metz et al. 1988; Mills et al.
1993]. The TAG sediments comprise hydrothermal Fe-oxyhydroxide sediments (11.3 to
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40.5 wt.% Fe) variably diluted by detrital (1.16 to 12.5 wt.%) and biogenic (<1 to 58.2
wt.%) components [Metz ef al. 1988; Mills et al. 1993]. Within these sediments, Mn-
enriched layers containing up to 1.06 wt.% Mn are marked by black Mn-oxide crusts [Mills
et al. 1993], which may be more akin to the Mn-rich Troodos umbers. Additionally, one
sediment core from the southern periphery of the TAG mound contains a ~10 ¢m thick zone
of Mn (as well as Cu, Zn and Pb) enrichment (up to 15.2 wt.% Mn), which is inferred to be
controlled by sharp redox gradients within the core, consistent with REE evidence for
seawater ingress and overprinting in this core [Goulding ef al. 1998]. However, perhaps the
most similar sediments to umbers at TAG are the Fe- and Mn-rich oxide crusts (containing
up to 39 wt.% Mn) that are found in the relict Mir and Alvin zones and the low-temperature
field [M. Scott et al. 1974; Thompson ef al. 1985; Rona ef al. 1993a,b]. The origin of these

Mn-rich crusts is investigated in Chapter 8 of this dissertation.

7.2  Geochemical proxies of hydrothermal processes at TAG

The TAG models of mound growth and evolution as inferred from the results of drilling and
submersible studies of the active TAG deposit are described in section 3.2.4. The results of
these studies indicate that diffuse flow is important in stripping metals soluble at lower
temperatures from the interior of the deposit to generate secondary pyrite phases and
enrichment of Zn- and trace metal-rich (Cd, Au, Ag, As and Sb) sulphide phases in
gossanous crusts at the outer surface of the deposit [Edmond et al. 1995; Tivey et al. 1995;
James & Elderfield 1996; Edmonds et al. 1996; Mills et al. 1996]. Drilling by ODP has
extended the sampling to three dimensions and confirmed that the mound is zone-refined on
a deposit scale, due to ongoing sulphide reworking in the mound interior [Hannington ef al.
1998]. For example, sulphides at the surface of the mound contain up to 12 wt.% Cu
compared with an estimated value of 2 wt.% Cu for the bulk deposit [Hannington et al.

1998]. These dynamic mound processes are summarised in Fig. 3.3.

The REEs have been used as an important tool in the investigations of the formation and
evolution of the TAG deposit [German ef al. 1993; Mills & Elderfield 1995a; James &
Elderfield 1996; Mills ez al. 1996; Humphris 1998; Goulding et al. 1998]. They are effective
geochemical proxies of hydrothermal processes because the REE compositions of high-
temperature hydrothermal fluids and seawater are well-characterised and distinct (refer to

Fig. 2.1) [e.g. Klinkhammer et al. 1994; Mitra et al. 1994]. Consequently, fluid mixing and
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evolution by processes related to mound growth are recorded in the REE compositions of
mound precipitates and a range of fluids that exit from the mound surface (refer to sections
2.510 2.9) [e.g. Mills & Elderfield 1995a; James & Elderfield 1996; Mills et al. 1996;
Goulding et al. 1998; Humphris 1998].

The REEs have been used to elucidate mechanisms of metalliferous sediment formation at
TAG via plume fallout, mass wasting of sulphides and low-temperature precipitation, as
these sediment sources have distinct REE signatures which reflect the degree of seawater
exposure during sedimentation [German ef al. 1993; Mills et al. 1993; Mills & Elderfield
1995a; Mills et al. 1996; Goulding ef al. 1998]. Ochreous Fe-oxide sediments which
precipitate from diffuse fluids at the surface of the TAG mound have vent fluid-like REE
patterns, tﬁat indicate direct precipitation from, or alteration by a modified hydrothermal
vent fluid [Mills & Elderfield 1995a; Mills ef al. 1996]. One core sampled from the southern
periphery of the mound provides evidence of seawater ingress and REE overprinting (i.e.

development of a negative Ce anomaly; Fig. 2.4) [Goulding ez al. 1998].

Fine-grained oxyhydroxide sediments deposited from the neutrally buoyant plume have
seawater-like REE patterns and REE/Fe ratios that are elevated over vent fluid values due
to scavenging interactions with large volumes of seawater [German ez al. 1990; Rudnicki &
Elderfield 1993]. The extent of REE uptake depends on the degree of seawater exposure,
both prior to and following sedimentation on the seafloor. Consequently, the REE/Fe ratios

of plume particles and sediments increases with time/distance from the vent source [German

et al. 1990].

Investigations of geochemical interactions in the TAG plume have characterised the
behaviour of the oxyanions (As, P, V, U and Mo) and chalcophile elements (Cu, Zn and Pb),
[German et al. 1991a; German ef al. 1993; Mills et al. 1993]. Oxyanions are conservative in
seawater and underlying metalliferous sediments, and are co-precipitated with Fe-
oxyhydroxides in the buoyant hydrothermal plume [German ef al. 1991a]. Consequently
As/Fe, P/Fe, V/Fe, U/Fe and Mo/Fe ratios tend to be constant in hydrothermal plume
particulates and in sediments underlying areas of plume dispersion, with some modifications
due to alteration processes occurring on the seafloor [Trefry & Metz 1989; Feely et al.

1991; German ef al. 1991a; German et al. 1993; Mills et al. 1993].

Chalcophile elements such as Cu, Zn and Pb enter sulphide phases which accumulate on the

TAG mound without significant interactions with seawater. Sulphides eroded from vent
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structures are rapidly resedimented in surrounding sediments with relatively little
interaction with seawater. They typically occur as distinctive layers of fragmented clasts of
mound sulphides in a fine sedimentary matrix of plume particles. Even when partially
oxidised, the original sulphide elemental associations remain. The composition of these
sulphidic sediments is distinct due to their elevated U/Fe ratios (although complete
oxidation leads to U dissolution and correspondingly lower U/Fe ratios), high chalcophile
element content and vent fluid-like REE patterns [Metz et al. 1988; German ef al. 1993;
Mills e al. 1993; Mills et al. 1994].

The results of the TAG studies have shown that the geochemistry of hydrothermal deposits
allows the identification of their processes of formation, in addition to post-depositional
modifications. The aim of this chapter is to investigate these geochemical associations in

the ancient setting.

7.3 Troodos sulphide mound and metalliferous sediment deposits

The characteristic morphology and mineralogy of the Troodos massive sulphide deposits,
and their relationship to axial graben structures preserved within the ophiolite complex is

discussed in detail in sections 3.3.2.5 and 3.3.2.6 of this dissertation.

7.3.1 Umbers

Troodos metalliferous sediments are preserved spatially and genetically associated with
Troodos seafloor sulphide mound deposits. They occur overlying the ore bodies, inter-
calculated with off-axis boninitic lavas that overlie many of the sulphide deposits, and
additionally accumulated in fault-bounded grabens and half-grabens in the uppermost
surface of the volcanic pile up to 10’s of km from the high-temperature vents [Wilson
1959; Corliss 1972; Constantinou & Govett 1972; Robertson 1975; Robertson 1976; Boyle
& Robertson 1984; Boyle 1990; Robertson & Boyle 1993]. The fault-bounded deposits are
up to 50 m thick and locally grade into pelagic sediments [Karpoff ez al. 1988; Robertson
& Boyle 1993]. The absence of terrigenous material and siliceous microfossils in the
majority of the umbers indicates they accumulated relatively rapidly [Boyle 1990].

The distribution of hydrothermal sediments across the upper surface of the Troodos lava
pile is more similar to the rift valley-confined deposits of the MAR, rather than sediments

formed at faster-spreading ridges [Boyle 1990]. At EPR spreading centres there is fairly
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uniform sediment cover and a smooth decrease in hydrothermal enrichment away from the
ridge axis [e.g. Bostrom & Peterson 1966, Bostrom & Peterson 1969; Dymond ef al. 1973,
Barrett et al. 1987] due to the lateral dispersion of hydrothermal plumes in the mid-depth
circulation [Edmond ez al. 1982]. However in Cyprus, like the rift valley floor at TAG,
umber did not accumulate uniformly at the ridge axis. Boyle [1990] has invoked the
absence of any mid-depth circulation to account for the short (c. 10 km) range of influence

of the high-temperature vent sources.

Troodos umbers comprise massive or poorly bedded goethite and poorly crystalline Mn-
oxides with small amounts of quartz and calcium apatite, with some additional terrigenous
and biogenic inputs [Elderfield ez al. 1972; Robertson 1975; Boyle 1990]. They are
typically enriched in Mn and trace elements (Ba, Co, Cu, Ni, Pb, V, Zn and Zr) relative to
ochres and ovberlying pelagic sediments [Robertson 1975, Robertson 1976]. Seawater and
hydrothermal sources have been invoked to account for the characteristic trace element
enrichment of the umbers [Elderfield ef al. 1972; Robertson 1976]. The lead isotopic
composition of Troodos metalliferous sediments indicates that a significant proportion of
Pb in these sediments was derived from the underlying oceanic basement, while the
strontium isotope ratios are indistinguishable from Late Cretaceous seawater [Gale e al.
1981]. Some basal umbers and interpillow metalliferous sediments are notably Mn-
deficient, and contain volcaniclastic material which is mainly converted to smectite
[Robertson 1976; Robertson & Fleets 1976]. The Mn-deficient umbers resemble ochres in
the field, but are chemically more similar to the Mn-rich umbers [Robertson 1976].

The majority of Troodos ore bodies are directly overlain by the unmineralised UPL
[Constantinou 1980]. However, the Skouriotissa mound and associated ochres were not
completely buried by lavas, so that Mn-poor umbers occur directly above the mound ochres
(or conglomeritic ore, where the ochres are absent) at some localities along the north
margin of the pit [Robertson 1976]. Data from early boreholes indicate that metalliferous
sediments formed a near-continuous cover over unconsolidated conglomeritic ore at the
upper surface of the Skouriotissa orebody [Wilson 1959]. Mn-poor umbers pass upwards
suddenly, but conformably into Fe- and Mn-rich umbers [Robertson 1976]. This transition
is inferred to reflect sudden changes in E; during mixing between hydrothermal fluids and
seawater at the mound surface, or the diagenetic remobilisation and diffusion of redox-

mobile Mn [Elderfield ef al. 1972; Robertson 1976].
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The Mathiati deposit is inferred to have formed towards the margin of the Tethyan rift
valley [Boyle & Robertson 1984]. The Mathiati-Margi area is one of a number of areas of
the Troodos which are metal enriched at many levels within the extrusives, indicating that
hydrothermalism was locally persistent [Boyle & Robertson 1984]. Umbers were dispersed
over the seafloor up to ¢.10 km from the site of high-temperature venting (marked by the
Mathiati deposit), including the Margi area [Boyle & Robertson 1976]. Margi umbers have
been interpreted as low-temperature proximal precipitates [Robertson 1975], as dispersed
oxidised sulphides [Boyle & Robertson 1984] or alternately as distal plume fall-out [Boyle
1990]. The basal sediments at Margi resemble Mn-poor basal umbers at Skouriotissa

[Robertson 1975].

Umbers are commonly altered to siliceous jasper in proximity to mineralised faults, and in
mineralised stockworks beneath the ore bodies [Boyle 1990]. However, Troodos
metalliferous sediments are inferred not have undergone any significant diagenetic
alteration, as their radiogenic isotope ratios are analogous to those of modern metalliferous

sediments, and opaline silica in the umbers is not completely recrystallised to quartz [Gale

et al. 1981].

7.3.2 Ochres

The Skouriotissa deposit is one of the classic localities for ochreous sediments within the
Troodos ophiolite [Wilson 1959; Robertson 1976; Herzig et al. 1991]. In the Skouriotissa
Mine, ochres are interbedded with conglomeritic sulphides, and separated from overlying
umbers by a gentle angular conformity [Robertson 1976; Constantinou & Govett 1973].
The ochres are compositionally and texturally diverse, ranging from fine-grained, laminated
goethite (formed from amorphous Fe-oxides) to oxidised and resedimented sulphides in a
matrix of coarse-grained crystalline goethite, jarosite and quartz, with amorphous Fe-
oxides and traces of hematite and gypsum [Robertson 1976; Herzig et al. 1991]. The
laminated ochres have chemistry more like umbers, and are interpreted to be low-
temperature hydrothermal precipitates [Robertson 1976]. Some of the ochres contain
alternating dark, Fe-oxide rich bands and lighter, jarosite-rich bands which may represent
original layering in the sulphide debris [Herzig ef al. 1991]. Some of the ochres are partly

silicified and show small scale sedimentary features [Robertson 1976]. The gossanous caps
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of Cyprus ore deposits have been extensively mined for precious metals [Wilson 1959].
Skouriotissa ochres exhibit gold enrichments averaging 7 ppm which are similar to TAG
ochres, and a common enrichment mechanism has been implied (refer to section 3.2.7.3)

[Herzig et al. 1991].

7.4  Sampling

Figure 7.1 shows sampling localities for the 24 metalliferous sediment and sulphide samples
analysed in this study. The sulphide samples are dominated by pyrite (>95%), and show a
range of textures. The ochres and umbers are fine grained and homogeneous in appearance,
with the exception of the Margi umber sample (33), which has a fragmental texture and is
pervasively silicified, and a metal-enriched radiolarite from Kambia (159) which contains

siliceous microfossils. The sampling localities are described in the following sections.

Shkouriotissa Mine

The Skouriotissa sulphide deposit is located on the northern flank of the ophiolite in the
axial valley of the Solea seafloor graben identified by Varga & Moores [1985]. The
Skouriotissa area contains half (c. 4 Mt) the total ancient slag in Cyprus, indicating that it
was an important mining district in antiquity [Constantinou 1987]. The deposit was
discovered in 1914 during prospective drilling by the Cyprus Mines Corporation.
Production and export of ore began in 1920 [Wilson 1959]. The ore body was a flat-lying
mound 671 m long and 213 m wide with a concave upper and convex lower surface, and a
maximum thickness of 150 m thinning to a few metres at the mound periphery [Wilson
1959]. Over 6 Mt of massive ore was extracted from the deposit averaging 48 wt. % S and
2.5 wt. % Cu [Constantinou 1987]. Prior to mining, the Skouriotissa deposit displayed the
vertical array of breccia units that is characteristic of Troodos massive sulphide deposits
[Wilson 1959], and similar to that revealed during ODP drilling of the TAG mound
[Humpbhris et al. 1995]. Currently the deposit is being exploited by in situ acid-leaching to
produce copper cement with up to 65-70% Cu metal [Constantinou 1987].

Specimens of sulphide, bedded ochre and umber were sampled from an exposed section

through the upper surface of the Skouriotissa ore body and additional sites in the mine (Fig.
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Kambia area;

Mathiati Mine. Black triangles show the locations of major sulphide ore bodies. Heavy lines represent high angle faults.
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7.2). In situ quartz-pyrite ore (171) and overlying basal Fe-rich (172 and 213) and
overlying Fe- and Mn-rich umbers (170 and 214) were sampled from the north margin of
the western part of the pit. Adjacent to the open pit, massive (162) and colloform pyrite
(168) in a matrix of sandy pyrite (163) overlain by Mn-rich umbers (169) were sampled.
This sulphide assemblage is comparable to that observed in the upper ¢. 5 m of the TAG
deposit [Humphris ef al. 1995]. On the TAG mound, the sandy pyrite is being weathered
out of large anhydrite blocks at the base of the Black Smoker Complex, and a similar origin
has been invoked for Troodos pyrite sand [Hannington ef al. 1998]. A piece of loose
massive pyrite from the floor of the pit (211) was also collected for analysis. Massive
orange ochre (165) near the contact with overlying bentonites, and light brown massive
ochres (164a, 164b, 164c) and bedded umbers (167 and 166) were sampled to the
northeast of the open pit.

Kinousa Mine

The Kinousa deposit is a relatively small ore body located in the northeastern part of the
ophiolite complex from which only 0.3 Mt of ore averaging 2.4 wt.% Cu has been mined,
with 4 Mt of in situ reserve ore averaging 1.5 wt.% Cu. This deposit is close to the Limni
deposit (Fig. 7.1), which is the largest within the ophiolite complex and comprised ¢. 14.5
Mt of stockwork and mound sulphides [review in Hannington et al. 1998]. A sample of in
situ massive pyrite (sample 179) was collected from Kinousa ore body. This ore exhibits

colloform textures, with some pyritohedra.

North Mathiati Mine

The leases for both North and South Mathiati Mines are held by Cyprus Mines
Corporation. There are extensive dumps of Roman slag near Mathiati village, indicative of
Roman workings [Gass 1960]. Both the North and South deposits were worked during the
1930’s for precious metals in the gold- and silver enriched gossan [Gass 1960]. Beneath the
surface gossan at South Mathiati is a small uneconomic disseminated ore body [Gass

1960]. The ore body at North Mathiati was discovered in 1937 upon the sinking of a shaft
to a 700 ft level that encountered pyrite, but was not mined until 1957 [Gass 1960]. The
orebody is a tilted and fault-bounded sulphide mound 50 m wide and >250 m long [Lydon
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& Galley 1986]. The ore body is inferred to have formed in a fault-controlled bathymetric
depression, and is overlain by unmineralised UPL [Constantinou 1980]. The sulphide
mound and mineralised stockwork together contained 2.8 Mt of sulphides with 0.2 wt. %
Cu. Two samples of brownish-yellow interpillow Mn-poor umber (95 and 99) were

sampled adjacent to the mineralised stockwork of the North Mathiati deposit.

Margi area

The Margi area lies ¢.~5 km to the north of the North Mathiati ore body and contains
extrusives (LPL and olivine-rich picrite basalts of the UPL) and high level intrusives first
described by Gass [1960]. A sample (33) of light brown highly silicified Fe-rich pyrite-

bearing sediment with a fragmented texture was collected from the Margi area.

Kambia area

Supra-lava umbers were collected from outcrops near Kambia village on the northern flank
of the ophiolite. These umbers (116, 123 and 125) are dark brown in appearance, and
contain sufficient clay to exhibit a shale-like parting. The outcrops have a rubbly
appearance due to an abundance of swelling clays [Boyle 1990]. The underlying lavas are
highly altered and light-green in colour. The umbers accumulated in a north-south striking
fault-bounded half-graben, and are overlain by radiolarian mudstones (sample 159), then by

Maastrichtian and Tertiary chalks [Boyle 1990].

7.5  Analytical methods

Whole-rock rare earth element determinations were made on ¢. 0.3 g samples of powdered
metalliferous sediment and c. 0.5 g samples of powdered and roasted sulphide using the
analytical methods described in Chapter 5. Aliquots of sulphide samples, which have low
concentrations, were taken to give the maximum REE yield without overloading the cation
exchange columns.

REEs in the sample solutions exceeded the LOQ as defined in section 5.5.3 except for Sm,
Eu, Gd and Lu in samples 162 and 168 and Ho, Er, Tm and YD in sample 168. These REEs
were at, or above the LOD as defined in 5.5.3. Repeat analyses of the REE fraction of a
Mn-rich core-top from the TAG vent field were on average accurate to within 13% of

TIMS-ID values [Mills 1992] with an external precision averaging 3.3% (20) (refer to
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Table 5.7).

LA ICP-MS REE analyses of the Margi umber (33) were performed according to the
methods outlined in section 5.3 .4, in order to provide spatially resolved REE analyses of

the altered pyrite fragments and fine-grained Fe-oxides in this sample.

Major and trace elements were determined by XRF. Precision of major element data is 1 to
5% (20) for Si0,, AL O3, Fe,03, Ca0, K20; 5 to 10% (20) for TiO, MnO, MgO and over
10% (20) for Na,O and P,Os (Table 5.10). Precision of trace element data is better than

3% (20) when concentrations are well above the detection limits, which range from 4 ppm

(Nb, Rb, Sr and Zr) to 60 ppm (Ti) [Croudace & Gilligan 1990].

7.6 Results

Major and trace element data for the 18 sediments and 6 sulphide samples analysed in this
study are shown in Table 7.1. The most comprehensive geochemical data sets for Troodos
metalliferous sediments are those of Robertson [1976] and Robertson & Fleet [1976].
Robertson [1976] measured some major and trace elements (excluding the REEs) in
metalliferous sediments from the Skouriotissa Mine and other localities within the ophiolite
complex. Table 7.2 contains the data of Robertson [1976], along with equivalent data for
the sediments analysed in this study (major elements were calculated from the XRF oxide
determinations in Table 7.1). Robertson & Fleet [1976] measured REEs in metalliferous
sediments associated with the Skouriotissa deposit, but did not present any major or trace
element data for the same samples. There are no published REE analyses of Troodos

massive sulphides.

7.6.1  Major and trace elements

Sulphides

Skouriotissa mound sulphides are dominated by Fe (48.6 to 65.7 wt.% Fe,03) with Cu
near, or at the limit of detection of the XRF method. The sulphides have lower As (29.6 to
89.8 ppm), and similar Pb (57.9 to 84.7 ppm) contents compared with overlying ochres (As
=142 to 361 ppm; Pb = 46.7 to 67.1 ppm). Sample 171 contains 24 wt.% SiO, (compared

with very low levels for the other sulphides), which reflects the presence of
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quartz in this sample. Sample 211 comprises euhedral pyrite with minor sphalerite, and is
correspondingly Zn-enriched (4290 ppm). Mo concentrations are either similar, or elevated
above (17.8 ppm to 188 ppm) those of overlying ochres and umbers (20.1 to 68.1 ppm). Ni
concentrations in the Skouriotissa sulphides (32.4 to 135 ppm) are comparable to overlying
ochres (15.1 to 62.5 ppm), but less than in the umbers (153 to 363 ppm). Chromium is
below the limit of detection in the Skouriotissa sulphides, but present at concentrations
between 22 ppm and 111 ppm in the overlying umbers and ochres. Sample 179 from the

Kinousa Mine has a similar trace element composition to the Skouriotissa sulphides (Table

7.2).

Skouriotissa ochres and umbers

Skouriotissa ochre samples 164a, 164b, 164c and 165 have similar compositions to those
from the north face of the west pit analysed by Robertson [1976] (Table 7.3). They are
enriched in Fe,03 (17.3 to 82.2 wt. %) and contain lower and more variable amounts of
SiO; (2.5 to 64.7 wt. %) and MnO (0.024 to 16 wt. %). They generally exhibit lower trace
element concentrations (particularly Pb, Ba, Ni and Sr) than overlying Mn-rich and Mn-
poor umbers. The ochre samples analysed in this study have lower Zr contents (4.5-10.9)
than those analysed by Robertson [1976] (Zr = 49 to 134 ppm), as do the umbers (Zr =
19.7 to 99.3 compared with 233 to 1102 ppm). Robertson [1976] also found Skouriotissa
ochres to be enriched in Cr, V and Zn relative to Mn-rich umbers. These trends were not

apparent in this sample set presented here.

Samples 166 and 167 have chemical attributes of both ochres and Mn-poor umbers, as
defined by Robertson [1976]. They both have low Ni, Ba, Rb and Sr contents, which are
similar to Skouriotissa ochres. Sample 166 has an ochre-like Pb content (47.1 ppm
compared with 46.1 to 67.1 ppm) while Pb in sample 167 (908 ppm) is considerably

greater then in the Mn-poor umbers analysed by Robertson [1976] (145 to 291 ppm) and in
this study (140 to 223 ppm).

Samples 172 and 213 are basal Mn-poor umbers (1.71 and 1.66 wt. % Mn respectively)
sampled approximately 15 cm below a sharp contact with overlying Mn-rich umbers (1.54
to 12.67 wt. %), represented by samples 169, 170 and 214. The Mn-poor umbers are
chemically more similar to umbers than ochres, as noted by Robertson [1976]. Compared

with the Mn-rich umbers, they are depleted in Mn, Ba and Sr, with higher Ni, Pb and Zr
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contents than ochres.

Metalliferous sediments from the Mathiati Mine, and Margi and Kambia areas

Sample 33 from the Margi area is a Mn-poor, pervasively silicified sediment (0.05 wt. %
Mn; 87.7 wt. % S10,) that was sampled because it displays a distinctive fragmental texture
and contains partially oxidised pyrite. The high silica content cannot be attributed to the
presence of terrigenous or hydrothermal clays because the Al content of this sample is low
(0.161 wt. %) compared with, for example, clay-rich umbers from the Skouriotissa pit (~8
to 10 wt. % Al) [Robertson 1976]. Because this sample is not genetically related to a
massive sulphide ore body, it would be classified as an umber [Robertson, 1976]. However,
chemically it is more similar to ochre as it contains low levels of Ni, Ba, Rb, Pb and Sr

which are comparable to the Skouriotissa ochres analysed in this study (Table 7.2).

Interpillow sediments from the Mathiati Mine (95 and 99) are Mn-poor umbers, and displély
the highest Ca contents of all samples analysed (48.6 wt. % and 16.2 wt. %). Robertson
[1976] found that calcium is enriched in those samples that contain apatite, but the P,Os
contents of samples 95 and 99 are low (0.075 and 0.053 wt. % respectively). This Ca is
inferred to be due to the presence of calcite, that was observed rimming the pillow
interstices. Nickel, Pb and Zn concentrations are similar to, or lower than ochre

compositions.

Mn-rich umber in the Kambia area (samples 116, 123 and 125) is overlain by a siliceous
radiolarite (sample 159) that contains 86 wt. % SiO, but only 0.92 wt. % Fe and 0.22 wt.
% Mn, indicating only a small input of hydrothermal Fe-rich particulates into a dominantly

pelagic sediment. Compared with ochre and umber, this sediment is depleted in Pb and V.

7.6.2 Rare earth elements

Rare earth element data for the 18 sediments and 6 sulphide samples are shown in Table
7.3. The Ce anomaly, Eu anomaly and the chondrite normalised Nd/Yb ratios (Nd,/Yb,)
have been quantified according to the methods outlined in 2.2. All ratios are shown in
Table 7.3. Also shown for comparison in Table 7.3 are REE data for Atlantic and Pacific
seawater [Mitra ef al. 1994; Bau et al. 1996], a TAG black smoker fluid [Mitra et al. 1994]
and mound sulphide [Mills & Elderfield 19954}, and various Troodos [Robertson & Fleet
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1976], EPR [Ruhlin & Owen 1986] and TAG metalliferous sediments [Mills 1992; German
et al. 1993; Goulding ef al. 1998]. The REE systematics of these fluids and hydrothermal

precipitates are described in Chapter 2 of this dissertation.

Existing REE data for Troodos umbers are plotted in Fig. 7.3a [Robertson & Fleet 1976].
They are strongly enriched in REESs relative to normal pelagic clays and exhibit seawater
dominated REE patterns with large negative Ce anomalies (Ce/Ce* = 0.068-0.71), and are
more similar to EPR (Ce/Ce* = 0.027) than TAG plume-derived sediments (Ce/Ce* =
0.68). Bentonitic clays that overlie the umbers have greatly reduced Ce anomalies due to
the incorporation of greater amounts of detrital clays, which do not possess any Ce
anomaly [Robertson & Fleet 1976]. These REE patterns have been interpreted to reflect
REE uptake from seawater during particle sedimentation on the seafloor [Corliss ez al.

1971; Robertson & Fleet 1976].

Existing REE data for Troodos ochreous sediments genetically associated with the
seafloor-weathered caps of Cyprus ore bodies are plotted in Figure 7.3b [Robertson &
Fleet 1976, Herzig et al. 1991]. Herzig et al. [1991] reported large positive Eu anomalies
in a partially oxidised seafloor gossan at the top of the Skouriotissa ore body, that is
inferred to be a vent fluid signature. However, ochres analysed by Robertson & Fleet

[1976] have seawater-derived REE patterns, albeit with lower REE abundances than the

umbers.

Skouriotissa and Kinousa sulphides

Chondrite normalised REE patterns for the sulphides analysed in this study are shown in
Fig. 7.4. In the absence of any REE data for Tethyan seawater (refer to discussion in
section 2.11), Atlantic and Pacific seawater compositions are plotted for comparison

[Mitra ef al. 1994; Bau ef al. 1996]. The REE content of a typical TAG mound sulphide is
also shown [Mills & Elderfield 19954].

The REE patterns of the Skouriotissa and Kinousa sulphides from Cyprus ore are strikingly
different to TAG mound and other oceanic sulphides. Pristine sulphides from active mid-
ocean ridge settings typically contain extremely low REE contents with chondrite
normalised patterns that largely reflect the parental fluid compositions (refer to section 2.6)

[e.g. Mills & Elderfield 1995a]. Troodos sulphides have elevated REE
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Figure 7.3 (a) & (b): Published REE data for (a) Troodos umbers and overlying bentonitic
clays. Data are from Robertson & Fleet [1976] and Robertson & Hudson [1973] (b)
Troodos ochres. Data are from ‘Robertson & Fleet [1976] and “Herzig ef al. [1991]
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Figure 7.4: Chondrite normalised REE patterns for the sulphide ores analysed in this
study. Plotted for comparison are North Atlantic and Pacific seawater [Mitra ef al. 1994,
Bau et al. 1996] and a TAG mound sulphide composition [Mills & Elderfield 1995a]. All
sulphides are from Skouriotissa Mine, excluding sample 179 (Kinousa Mine). Compared
with TAG mound sulphides, Troodos sulphides have elevated REE concentrations, no Eu
anomaly and a pronounced negative Ce anomaly, demonstrating the influence of seawater-
derived REEs.
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concentrations (Nd = 0.0147 to 0.623 ppm) relative to a TAG mound sulphide (Nd =
0.0081 ppm) and have pronounced negative Ce anomalies (Ce/Ce* = 0.19 to 0.650),
demonstrating the influence of seawater REEs. None of the sulphides analysed show the
striking Eu enrichment that is characteristic of TAG and many other modern oceanic
sulphides. Recrystallised quartz-pyrite ore (171) and pyrite ore (211) from the Skouriotissa
deposit have high REE abundances (Nd = 0.623 and 0.0798 respectively) and REE patterns
that are indistinguishable from Troodos umbers and ochres. Colloform (168) and massive
pyrite (162) from the upper ore body contain lower levels of REEs (Nd = 0.0147 and
0.0151 ppm) than the pyrite-silica ore. The sandy pyrite (163) contains similar levels of
REEs (Nd = 0.471 ppm) as the pyrite-silica ore, and has a REE composition which is
identical to colloform pyrite from Kinousa Mine (179). These two samples are particularly
enriched in the middle REEs and have higher Nd,/Yb, ratios (14 and 13 respectively) than
the other sulphides (Nd,/Yb,= 4.2 to 1.3).

Metalliferous sediments

Chondrite normalised REE patterns for all umbers and ochres from the Skouriotissa Mine
are shown in Fig. 7.5. The most striking feature of the REE concentration data is that it
discriminates between the umbers (both Mn-rich and Mn-poor) and ochres. The umbers are
enriched in REEs up to three orders of magnitude over ochre contents, consistent with their
generally higher trace element concentrations (Table 7.2). Samples 166 and 169 show a
slight enrichment in the LREE over the HREE (Nd,/Yb, = 7.2 and 2) and are somewhat
depleted in the middle REEs.

Excluding samples 166 and 169, the umbers and ochres have similar REE patterns with
pronounced negative Ce anomalies (Ce/Ce* = 0.087 to 0.2), that are more similar to EPR
(Ce/Ce* = 0.027) than TAG plume-derived sediments (Ce/Ce* = 0.68). The umbers and
ochres exhibit similar LREE enrichments to EPR and TAG plume-derived sediments (Nd,,
/Yb, = 3.2 and 3.8 respectively), although the umbers (Nd,/Yb, = 4.6 t0 2.9) tend to be
more LREE enriched than the ochres (Nd,/Yb, = 2.6 to 1.2).

Chondrite normalised REE patterns for umbers from other sampling localities are shown in
Fig. 7.6. Umbers from the Kambia area have similar REE patterns to the Skouriotissa
umbers, but exhibit larger negative Ce anomalies (Ce/Ce* = 0.064 to 0.13). The overlying

radiolarite has lower REE concentrations, and a reduced Ce anomaly (Ce/Ce* = 0.68),
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Figure 7.5: Chondrite normalised REE patterns for umbers and ochres from the
Skouriotissa Mine. The REE data discriminate between umber and ochre, as REE
concentrations in the umbers are up to 1000 times greater than ochre samples.
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Figure 7.6: Chondrite normalised REE patterns for metalliferous sediments from Mathiati
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reflecting inputs of detrital REEs with flatter REE distribution patterns.

Interpillow sediments adjacent to the mineralised stockwork at Mathiati Mine are enriched
in Si, Al and Mg (presumably reflecting the presence of detrital or hydrothermal clays) and
are depleted in REEs compared with typical umbers. They show a pronounced HREE
enrichment (Nd,,/Yb, = 0.83 and 1.2) and have somewhat reduced Ce anomalies (Ce/Ce* =

0.25 and 0.17) compared with the other sediments analysed in this study (Nd,/Yb, = 7.2 to
1.2; Ce/Ce* = 0.05 to 0.20).

The Margi sediment (33) contains much lower REE concentrations (Nd = 20.7 ppm) than
typical Troodos umbers (Nd = 319.7 ppm) [Robertson & Fleet 1976], although it is similarly
LREE enriched (Nd,/Yb, = 4 compared with 5.7). The low REE abundances in this sample
are consistent with a trace element composition which is reminiscent of ochre rather than
umber compositions (section 7.8.1). This sample exhibits a slight Eu-enrichment (Eu,/Sm, =
0.88) compared with typical umber compositions (Eu,/Sm, = 0.79). Unlike the other |
sediments, this sample has a heterogeneous, fragmental texture. In order to investigate its
origin, spatially resolved REE analyses for this sample were obtained by LA ICP-MS. As no
micro-scale compositional data were available for this sample, the LA ICP-MS REE data
were calibrated using a NIST 610 SRM without an internal standard. Without internal
standardisation of the data set, measured REE concentrations may be subject to an order of
magnitude inaccuracy although inter-element ratios will be broadly unaffected (refer to
section 5.3.4). The chondrite normalised LA ICP-MS REE patterns for sample 33 are
shown in Fig. 7.7. The whole rock REE pattern, a typical umber [Robertson & Fleet 1976]
and a TAG sulphidic sediment [German ef al. 1993] are plotted for comparison. The LA
ICP-MS REE data indicate that the sediment is composed of materials with a range of REE
patterns. The fragmented layers in this sediment contain partially oxidised pyrite, and exhibit
pronounced positive Eu anomalies (Eu/Eu* up to 2 compared with 0.97 for the whole rock)
and smaller Ce anomalies than the whole rock (Ce/Ce* up to 0.27 compared with 0.16).
These patterns resemble TAG sulphidic sediment (albeit with a more pronounced negative
Ce anomaly). The fine-grained Fe-oxide sediment matrix is more Ce-depleted and Eu-
depleted, and closely resembles the whole rock REE pattern. The fine-grained Fe-oxides
appear to have higher REE levels, but this might be an artefact of the LA ICP-MS
technique. For example, the sulphidic and Fe-oxide materials might have different ablation

characteristics, perhaps related to
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Figure 7.7: Chondrite normalised LA ICP-MS REE data for umber sample 33 from the
Margi area. The numbers in parentheses indicate the number of analyses defining each
compositional field. The whole rock REE pattern of sample 33 is shown for reference.

Fine-grained Fe-oxides in this sample have REE patterns similar to a typical Troodos

umber analysed by Robertson & Fleet [1976]. Sulphide-rich layers in sample 33 have REE

patterns with a small positive Eu anomaly, and negative Ce anomaly indicative of the

influence of seawater and hydrothermal fluid REEs. A similar REE pattern is observed in

layers in a TAG mound sediment core (2182-4) which contain slumped sulphides in a
matrix of plume-derived Fe-oxyhydroxides (data are from German ef al. [1993]).
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heterogeneous silicification of the sediment.

7.7  Discussion

7.7.1 Skouriotissa & Kinousa sulphides

The vent fluid-like patterns with large Eu enrichments that are characteristic of TAG
sulphides are not observed in the Troodos sulphides (Fig. 7.4). Unconsolidated vent
sulphides from the Snake Pit vent field on the MAR are LREE enriched but do not exhibit
any anomalous Eu enrichment, in contrast to nearby high-temperature fluids [Gillis ef al.
1990]. At the Snake Pit site, the absence of a Eu anomaly in the hydrothermal sulphides is
inferred to reflect their precipitation from a fluid with a REE composition that is buffered by
extensive modification via seawater entrainment in the shallow subsurface of the
hydrothermal system [Sverjensky 1984, Gillis ef al. 1990]. Consequently, the absence of"
large positive Eu anomalies in sulphides from Skouriotissa and Kinousa Mines does not
necessarily imply that the Troodos mineralising vent fluids did not contain the anomalous

Eu-enrichments that are ubiquitous in modern black smoker fluids.

The presence of a distinct negative Ce anomaly, the lack of any Eu-enrichment and the wide
range of REE concentrations observed in the Troodos sulphides suggests that post-
depositional addition of seawater REEs has occurred, and overprinted any original vent fluid
REEs. Recrystallised ores from the Skouriotissa deposit (171 and 211) have elevated REE
concentrations and more seawater-like Ce anomalies compared with the colloform and the
massive ‘conglomeritic’ ore. The Troodos sulphides are scarcely altered or oxidised, which
is not consistent with prolonged contact with seawater at the seafloor. Rather, seawater
REE uptake is inferred to have occurred during pyrite recrystallisation within the sulphide
mound. This interpretation is backed up by textural evidence for recrystallisation, which by
analogy with the active TAG mound is inferred to be associated with seawater ingress and a
subsequent drop in redox potential and pH during zone refinement of the deposit (refer to
section 3.2.4) [e.g. Tivey et al. 1995; Edmond ef al. 1995, Humpbhris ef al. 1995]. At TAG,
continued mineralisation within the sulphide mound results in evolution of the hydrothermal
fluid via preferential discrimination of the LREEs [Mills & Elderfield 1995a]. The variable
LREE and HREE enrichment of the Troodos sulphides suggests that also in the ancient
setting, sulphide recrystallisation was associated with continued mineralisation that

fractionated the REEs.
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The similarity of the REE patterns in sulphide sand from the Skouriotissa deposit and a
colloform pyrite ore from the Kinousa deposit indicates that processes of sulphide

mineralisation and/or recrystallisation were comparable between these isolated mineralising

systems.

7.7.2  Metalliferous sediments

Major and trace elements

In a combined mineralogical and geochemical study of hydrothermal sediments from the
Mathiati-Margi area, Boyle [1990] found that the sediment compositions can be explained
in terms of relatively few chemical components: volcanic debris, Mn- and Fe-oxides, silica
and apatite. Rather than adopting the mineralogical source approach of Boyle [1990] the
geochemical data presented in this chapter have been evaluated in terms of geochemical

proxies determined from studies of modern ocean-ridge metalliferous sediments.

Major element data for alteration clays in Troodos lavas are scarce, but the published data
are included in the following element plots. A positive correlation between SiO»-Ti0-,
Ti0,-ALO; and Al,03-Si0; (Fig. 7.8a-c) in the majority of the sediments indicates that
most of the Si, Al and Ti are within a relatively invariant aluminosilicate component. Figure
7.8a shows that most samples possess TiO,/Si0, ratios similar to those of Troodos
volcanic glasses (c. 0.013), which are presumed to be free from the effects of secondary
alteration [Rautenschlein ef al. 1985]. Secondary illite formed by hydrothermal alteration of
the volcanic lavas exhibits somewhat lower TiO,/SiO; ratios (c. 0.0023) than pristine
basalts [Richards ez al. 1989]. It is therefore inferred that most of the Al, Ti and Si in the
metalliferous sediments represents locally-derived lava detritus, which in some sediments is
observed to be converted to smectite [Robertson 1975; Robertson 1976], and has similar
Al/Si ratios to pristine basalts (Fig. 7.8b) [Richards et al. 1989]. Samples 166 (bedded
umber from Skouriotissa Mine), 33 (inter-lava umber from the Margi area), 159
(radiolarian mudstone from the Kambia area) and 99 (interpillow sediment from Mathiati
Mine) are enriched in Si, and lie off the trend defined by the other samples in Fig. 7.8a.
While the Si enrichment of sample 159 can be attributed to the presence of siliceous

microfossils, a hydrothermal origin is implied for Si enrichments in the other samples. The
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Figure 7.8 (a) & (b): Relationship between TiO; and (a) SiO; and (b) Al,O; content in

Troodos umbers (diamonds) and ochres (triangles). Insets show Troodos basalt
compositions from glass analyses by Rautenschlein et al. [1985]. Secondary clay data are
from Richards et al. [1989]. Marked samples are discussed in the text.
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nature of the Si enrichment is clarified by inspection of the TiO,-Al,O3 and Al,03-S10,.
correlations (Figs. 7.8a & b). Figure 7.8b shows that excluding sample 99, the Ti and Al
contents of the sediments is consistent with the presence of detrital clays which have similar
Ti/Al ratios to Troodos basalts. It can therefore be inferred that the Si enrichments in
samples 33 and 166 are not due to the presence of hydrothermal clays (such as illite, shown
in Fig. 7.8b), as these have Ti/Al ratios that are lower than Troodos basalts. Sample 33
from the Margi area has a fragmental texture and is pervasively silicified, indicating that
silicification was late-stage, possibly related to alteration by a Si-rich hydrothermal fluid.
Sample 99 has a lower T1/Al ratio that is lower than Troodos basalts (Fig. 7.8b). Fig. 7.8¢c
shows that this may be due to the presence of secondary chlorite-smectite in this sample,
which has a Al,Os/SiO; ratio of ¢.0.4, compared with 0.26 for Troodos glasses. This
interpretation is consistent with the higher Mg content of sample 99 (2.1 wt. %) compared
with the other sediments (0 to 1.58 wt.%; Table 7.3).

Figures 7.9a & b investigate the extent to which the LREE/HREE fractionation of the
sediments correlates with detrital volcanic content, that can be represented by either the
Si0, or TiO, content on the basis of the relationships observed in Figs. 7.8a & c. It is not
possible to include any published data in Figs. 7.9 to 7.12, because there are no Troodos
sediments for which major, trace and REE element data have been presented. The Nd,/Yb,
ratios of the sediments generally increase with TiO, content, although the data show a large
amount of scatter (Fig. 7.9a). There is a more significant correlation between SiO, content
and Nd,/Yb, ratio (shown in Fig. 7.9b), although the Si-enriched samples discussed above
plot separately on this graph. From Figs. 7.9a & b it can be inferred that the detrital
component of the sediments is relatively LREE enriched (higher Nd,/Yb, ratios) compared
with pristine Troodos basalts. The implication of this observation is that while the Ti, Al
and Si contents of lava detritus have not been altered during sedimentation, the REEs have
undergone some fractionation to compositions with higher Nd,/Yb, ratios. This is further
investigated Figs. 7.10a & b, in which the TiO, content of the sediments (representing the
detrital basalt component) is plotted against Nd content. A line representing the
composition of pristine Troodos basalt is plotted for comparison [data from Rautenschlein
et al. 1985]. The data exhibit a large amount of scatter. Figure 7.10a shows that the ochres
and interpillow sediments contain less lava detritus (lower TiO,) than the umbers, and plot

more closely to the line representing an average Troodos basalt
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composition. This plot is expanded in Fig. 7.10b to show only those samples with <30 ppm
Nd, which are mostly ochres. Figure 7.10b shows that the ochres lie to the right of the
Troodos basalt line. Consequently there must be another source of Nd to the lava detritus
in addition to basaltic REEs. The whole rock-REE patterns of the ochres are seawater-like
(Fig. 7.5). This suggests that the increased Nd,/YDb, ratios of the lava detritus over pristine
Troodos basalts compositions (illustrated in Fig. 7.9b) is due to the incorporation of
LREEs (including Nd) from seawater. In Fig. 7.10a the umbers plot away from the line
representing Troodos basalt compositions, indicating that the majority of the REEs in these

samples are associated with hydrothermal oxides, rather than detrital clays.

Robertson & Fleet [1976] reported the purest umbers they sampled (i.e. lowest detrital clay
content) to have the highest REE contents. The two umber samples with the lowest clay
content (170 and 116) are the most Nd-enriched, while those with higher TiO, contents
tend to have lower Nd contents (e.g. 213). This is the general relationship observed by -
Robertson & Fleet [1976], although the data in this study are somewhat scattered.
Additionally there is no clear relationship between Fe,O; (representative of hydrothermal
particle input) and Nd content in the metalliferous sediments (Figure 7.11). This indicates
that the sediments are composed of hydrothermal oxide particulates with varying REE
contents. Given that the REE content of the umbers is not clearly related to either the
‘detrital’ (Ti0,) or ‘hydrothermal’ (Fe,Os) components, it is apparent that there has been
varying degrees post-formation addition of REEs to the sediment particles, which is
probably a function of hydrothermal plume dispersal and/or seafloor sedimentation rates

(refer to sections 2.8 and 2.9).

Robertson & Fleet [1976] noted that the umbers with the highest clay content have the
smallest negative Ce anomalies, because detrital clays have flatter REE patterns. Figures
7.12a & b show that no clear relationship exists between TiO, (detrital input) or Fe
(hydrothermal input) concentrations and the size of Ce anomaly, indicating that other
factors (for example, accumulation rate) are more important in controlling the Ce content

of these sediments (discussed further in section 7.5.3).

Because silica can be sourced from biogenic as well as detrital sources, Al and Ti are
generally more accurate proxies of detrital inputs. However, the observed correlations

between Si-Ti and Si-Al for the majority of these sediments warrant the use of Si as a
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Figure 7.12 (a) and (b): Relationship between the Ce anomaly and (2) Fe203 content and
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proxy for detrital clays (Fig. 7.8). Figure 7.13 shows the Fe,O; content of the metalliferous
sediments plotted against SiO, content. Lines representing the composition of Troodos
basalts [Rautenschlein et al. 1985] and a range of secondary hydrothermal clays [Richards
et al. 1989] are shown for comparison. There is a negative correlation between Si and Fe
content for the majority of samples which indicates that the majority of Fe is independent of
the detrital sediment component. The negative correlation is therefore inferred to reflect the
dilution of hydrothermal Fe-oxides by detrital clays. Samples that do not fall on this
hypothetical mixing line are those that contain a significant amount of another component
(e.g. sample 95 which contains abundant calcite) or are enriched in hydrothermal (samples
166 and 33) or biogenic (159) silica. Figure 7.14 indicates that excluding the Si- or Ca-
enriched sediments, there is a negative correlation between Fe and Mn concentrations. This
relationship indicates that Fe-oxide and Mn-oxides formed within the hydrothermal plume

are separate sediment components.

Rare earth element patterns

There is a striking uniformity in the REE patterns for most of the Troodos umber and ochre
samples. The REE content of the sediments is bimodal and discriminates between umber
(both Mn-poor and Mn-rich) and ochre (Fig. 7.5). Both umbers and ochres have REE
compositions indicative of extensive scavenging of seawater REEs. Similar patterns have
been reported for EPR ridge crest metalliferous sediments [Dymond, 1973; Ruhlin & Owen
1986; Barrett & Jarvis 1988; Owen and Olivarez, 1988], for hydrothermal ferromanganese
deposits [Toth 1980; Fleet 1983], and for metalliferous sediments accumulating on the
seafloor beneath the TAG neutrally buoyant plume [Mills 1992; Mills ef al. 1993; German
et al. 1993]. The REEs are particle-reactive metals that are rapidly scavenged from the vent
fluid and entrained seawater onto newly-formed hydrothermal oxyhydroxide particulates
during plume dispersion (refer to section 2.8) [Klinkhammer ef al. 1983; German et al.
1990; German et al. 1991a; Rudnicki & Elderfield 1993]. The enhanced REE
concentrations of the umbers is inferred to reflect a greater extent of seawater contact prior
to and/or following sedimentation from the hydrothermal plume. Prolonged scavenging of
seawater REEs causes fractionation of the REEs because LREEs have a greater affinity for
Fe- and Mn oxide surfaces than the more soluble HREEs [Koeppenkastrop & De Carlo
1992]. Consequently, the umbers have higher REE contents
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and are generally more LREE-enriched than the ochres (Fig. 7.15).

7.7.3 Ce anomalies

All the umber and ochre samples possess negative Ce anomalies which are more pronounced
than TAG plume derived sediment, but similar to REE patterns for EPR distal hydrothermal
sediments (Fig. 7.3) [e.g. Ruhlin & Owen 1986]. The behaviour of Ce in seawater 1s
dominated by preferential oxidative uptake onto manganese oxides in particular [Goldberg
1961], rather than the general scavenging processes which dominate the oceanic chemistry
of the trivalent REEs [Elderfield 1988]. The characteristic Ce depletion of plume derived-
particulates and metalliferous sediments is due to the rapid uptake of REEs from a Ce-
depleted seawater source. Experimental studies have demonstrated that enhanced Ce
scavenging is characteristic of manganese- rather than iron oxyhydroxide particulates
[Koeppenkastrop & De Carlo 1992]. Mn-rich umbers might therefore be expected to have
higher Ce contents than ochres, as Mn-oxides will scavenge Ce from seawater more
effectively than Fe-oxide particles. However, like the Nd content (representative of the
trivalent REESs), variations in the size of the Ce anomaly of the umbers and ochres do not
correlate with either Fe or Mn contents (Fig. 7.12a). These observations may reflect variable
sedimentation rates, that will lead to differing amounts of REE uptake from seawater in the
hydrothermal plume and on the seafloor [e.g. Ruhlin & Owen 1986; Barrett & Jarvis 1988;
Olivarez & Owen 1989; German ef al. 1990].

All the umber samples show evidence for large amounts of seawater contact during
sedimentation in their elevated REE contents and large negative Ce anomalies. In previous
studies, the Mn-poor basal umbers have been inferred to form as a consequence of changes
in either depositional or diagenetic Eh [Robertson 1976; Boyle 1990]. Fig. 7.6 shows that
Mn-poor and Mn-rich umbers have similar REE concentrations. Therefore, if Mn was
mobilised during reducing diagenetic reactions (e.g. 172 and 213), then the trivalent REEs
were immobile during this alteration in addition to Eu and Ce, that like Mn display a redox
chemistry (refer to section 2.2). Alternately, if the Mn depletion in the basal umbers is
attributed to changes in depositional E, by mixing between acidic hydrothermal solutions
and oxic seawater during sediment formation [e.g. Elderfield ef al. 1972; Robertson & Fleet
1976], then the REE patterns of the umbers indicate that then REE uptake was independent
of the Mn/Fe ratios of the hydrothermal particles.
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7.7.4  Ochre formation

Skouriotissa ochres have been inferred to form by the submarine oxidation of mound
sulphides in addition to the precipitation of Fe-oxyhydroxide sediments from diffuse vent
fluids [Robertson 1976; Herzig ef al. 1991]. At TAG, sediments formed by these two
processes have distinctive, vent fluid-like REE patterns [German ef al. 1993; Mills &
Elderfield 1995a; Mills et al. 1996; Goulding ef al. 1998]. While Herzig [1991] reported
ochres from the Skouriotissa deposit with large positive Eu anomalies (Fig. 7.3a), the
ochres analysed in this study possess seawater-derived REE patterns without any
anomalous Eu-enrichment. These REE patterns are inferred to be associated with seawater
ingress into the mound sediments, and overprinting of any hydrothermal REE signature
with seawater derived REEs. This is a process that has been observed in its inception in an
ochreous sediment core from the periphery of TAG mound [Goulding ef al. 1998]. The
lower 10 cm of the core displays fractionated vent fluid REE patterns, with no evidence of
any seawater influence (Fig. 2.4). However, the upper 15 cm of the core has REE patterns
with positive Eu anomalies and small negative Ce anomalies, demonstrating the influence of
both vent fluid- and seawater-derived REEs [Goulding ef al. 1998]. The REE patterns of
this core provide evidence for low-temperature seawater overprinting of the TAG ochres
while the TAG mound is still actively forming, and would be predicted to continue when
the deposit becomes inactive. The seawater-like REE patterns of the Skouriotissa ochres
provide evidence for extensive uptake of REEs from seawater on the seafloor following the

peak of hydrothermal activity, and prior to uplift and emplacement of the ophiolite.

7.7.5 Origin of the Margi sediment

The silicified umber from Margi (sample 33) is reminiscent of some sediments within the
TAG vent which contain slumped sulphides in a matrix of fine-grained plume derived
sediment [German ez al. 1993; Mills et al. 1993]. This origin is supported by the highly
fragmented texture of the umber and the presence of partially oxidised pyrite, which was
not observed in any of the other sediments. LA ICP-MS analyses show that the fragmented
material displays negative Ce and small positive Eu anomalies, demonstrating the influence
of both vent fluid and seawater REEs. The Fe-oxide matrix has REE patterns similar to the
whole rock REE pattern (and other umbers), and is inferred to represent fall-out from a
hydrothermal plume. The sulphides in this sediment would have been derived from a high-

temperature vent source. The nearest sulphide body is the Mathiati deposit, that is located
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~ 5km south of the Margi area. This implies transport of sulphides ~ Skm from the high-
temperature vent to the site of deposition. At TAG, slumped sulphides are transported
several km’s from sulphide structures to sediments accumulating on the floor of the median

rift valley [Metz er al. 1988; Mills ef al. 1993].

7.7.6 Trace metal contents

Modern metalliferous sediments are enriched in elements that are mobilised from the
oceanic crust during ridge crest hydrothermal activity, with some additional seawater
sources for some elements that coprecipitate from seawater with Mn- and Fe-
oxyhydroxides particles in hydrothermal plumes [e.g. Bender ef al. 1971; Dymond & Veeh
1975, Trocine & Trefry 1988; Trefry & Metz 1989; German ef al. 1991a,b]. Troodos
umbers are highly enriched in Mn (2 to 16.3 wt.% Mn, averaging 8 wt.%), compared with
metal-enriched calcareous oozes accumulating on the seafloor at TAG (296 ppm to 1.06
wt.% Mn, averaging 0.11 wt.%). It may be that Fe- and Mn-rich oxide crusts (containing
up to 39 wt.% Mn) that are found in the relict Mir and Alvin zones and the low-
temperature field at TAG [M. Scott et al. 1974; Thompson et al. 1985; Rona et al.

19934, b] are better modern analogues of umbers. The trace element composition of
Troodos umbers and a range of modern metalliferous sediments and nodules are shown in
Table 7.4. Compared with TAG metalliferous sediments and hydrothermal ferromanganese
crusts, hydrogenous ferromanganese deposits are particularly enriched in Co, Cu, Pb, Nj,
Cr and Ba. Compared with TAG metalliferous sediments Troodos umbers are slightly
enriched in Pb and Cr, and contain an order of magnitude higher concentrations of Ni
(~220 ppm compared with ~20 ppm). At TAG, the distribution of chalcophile elements
such as Cu, Zn, Co and Pb in metalliferous sediments is mineralogically controlled, as they
are contained in sulphides that are deposited close to the high-temperature vents [Metz et
al. 1988; Mills ef al. 1993]. The contrasting compositions of plume- and sulphide-derived
sediment layers at TAG is shown in Table 7.4 [Metz ef al. 1988]. Because Troodos umbers
are generally non-sulphide bearing oxide sediments, their Pb, Cu and Co enrichments
cannot be explained in terms of the sulphide mineralogical controls of the TAG models of
metalliferous sediment formation. Consequently, these trace metals are inferred to be

incorporated into the umbers by slow
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adsorption from seawater, in an analogous manner to hydrogenous ferromanganese
deposits [e.g. Toth 1980]. Implicit in this interpretation is that the umbers accumulated
sufficiently slowly on the Troodos seafloor for hydrogenous processes to significantly
affect their trace element composition. In light of this observation, the preservation of large
negative Ce anomalies in these sediments is unclear. The preferential oxidative Ce uptake
from seawater onto Mn-oxides in the umbers would be expected to produce the positive Ce

anomalies that characterise hydrogenous ferromanganese sediments [e.g. Fleet 1983].

7.8 Conclusions

The REE patterns of the Troodos sulphides are strikingly different from TAG mound and
other oceanic sulphides. Despite the many similarities between modern and ancient massive
sulphide deposits, the data suggest that the Troodos ore bodies are dominated by seawater
REE signatures introduced during the extensive entrainment and sub-surface circulation of
Cretaceous seawater, which has resulted in the overprinting of any original hydrothermal
signatures in both mound sediments and sulphides. Sulphides with seawater-dominated
REEs have not been recorded at modern oceanic vent sites. Consequently, it can be
inferred that the seawater overprinting of the Skouriotissa deposit is the end product of a
process which we only see the initiation of on the modern seafloor [e.g. Tivey ez al. 1995,
Edmond ef al. 1995; Goulding ef al. 1998]. By analogy with the TAG models, it is inferred
that these processes involve seawater incursion, and overprinting by lower temperature
assemblages within hydrothermal mounds and stockworks (cf. Chapter 6). The present
study has demonstrated that the geochemistry of the sulphide mound deposits continues to
evolve following the peak of hydrothermal activity, and that the REE can be used to trace
seawater entrainment, fluid evolution and ore formation processes in both the active setting

and geological record.

Troodos umbers are essentially fine-grained oxide sediments which are analogous to modern
hydrothermal ferromanganese sediments, and have seawater-like REE patterns reflecting
extensive seawater exposure prior to/and or following sedimentation on the palaco-seafloor.
Exposure of fine oxides to seawater is inferred to have facilitated extensive scavenging of

the REEs and preferential uptake of the less soluble LREEs.

TAG ochres have fractionated vent fluid-like REE patterns, because they precipitate from

fluids which have evolved within the mound by the precipitation and dissolution of mound
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sulphides and anhydrite [Mills & Elderfield 1995a; Mills et al. 1996; Goulding ef al. 1998].
Although other Skouriotissa ochres have previously been described as the products of
hydrothermal weathering of sulphides on the basis of textural, mineralogical and REE
evidence [Herzig ef al. 1991], the Troodos ochres analysed in this study display REE
patterns indicative of REE scavenging from seawater by particulate phases. These REE
patterns may be a primary (i.e. direct seawater precipitation) or secondary (i.e. overprinting)
signature. At TAG, in addition to the REE evidence, the zone-refined nature of the sulphide
mound, and the complex assemblage of anhydrite-pyrite-silica breccia units revealed by ODP
drilling are interpreted to reflect ongoing processes of seawater entrainment and the
formation of diffuse fluids within the ore body [Humphris ez al. 1995; Hannington et al.
1998]. Troodos ore bodies are similarly zone-refined, displaying Cu-enrichments of up to 4
wt.% Cu in the upper parts of the ore bodies, compared with < 1 wt.% in the stockwork
breccias [review by Hannington 1998]. By analogy with the TAG mound, cycles of
anhydrite formation and dissolution have been inferred to have played an important role in
the evolution of the sub-surface pyrite-silica breccias of the Troodos deposits [Humpbhris ez
al. 1995; Hannington ef al. 1998]. In view of these observations, the Skouriotissa ochres
might be expected to have had similar REE patterns to TAG ochres, reflecting continued
sub-surface mineralisation and anhydrite precipitation associated with seawater ingress and
circulation within the Troodos sulphide structures. However, the REE patterns of the ochres
analysed in this study no longer signify their processes of formation. Rather, the REE
patterns of umber, ochre and sulphide sampled from a section through the top of the
Skouriotissa ore body clearly demonstrates extensive seawater ingress and circulation

throughout the upper ore body.

Drilling and submersible studies of the TAG mound have formulated models in which
seawater circulation and mixing within the mound is inferred to cause significant dissolution
and re-precipitation (reworking) of mound sulphides, through the formation of diffuse
hydrothermal fluids (section 3.2.7) [Tivey et al. 1995; [Mills & Elderfield 1995a; Edmond et
al. 1995; Humphris et al. 1995; Tivey ef al. 1995]. By analogy with the TAG models, a
similar origin can be implied for the formation of multiple generations of pyrite ore within

the Troodos mound deposits [e.g. Constantinou & Govett 1972].

At TAG, processes of fluid mixing and modification within the TAG mound involving

seawater circulation, and the precipitation of anhydrite, pyrite and chalcopyrite, the
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dissolution of sphalerite within the mound are reflected in the REE systematics of the
various hydrothermal phases associated with the active mound [Mills and Elderfield,
1995a]. The integrated effects of seawater ingress into the Skouriotissa deposit during
waning hydrothermalism, and subsequent sustained seawater alteration during cooling of

the mound have obscured any such REE signatures in the sulphides and metalliferous

sediments of this ophiolitic deposit.




Chapter 8

The origin of low-temperature
hydrothermal deposits from the TAG
vent field, 26° N, Mid-Atlantic Ridge

8.1 Introduction

A spectrum of hydrothermal deposits are observed to be associated with ridge-crest
hydrothermal activity. Sulphide-rich, Mn-poor assemblages occur where black smoker
fluids are sufficiently channelled to vent directly at the seafloor [e.g. Speiss ef al. 19805, -
Edmond ez al. 1982; Rona et al. 1986; Fouquet et al. 1988; Scott et al. 1990]. The
precipitation of dissolved hydrothermal manganese is kinetically limited, hence occurs at
lower temperatures than for sulphide minerals and in distal localities relative to sites of
high-temperature venting [e.g. Klinkhammer et al. 1986]. Consequently manganese is a
sensitive tracer of plume dispersion as the hydrothermal end-member is a million times
enriched (c.1 mmol kg™) relative to ambient seawater and displays a near-conservative
behaviour for some time after discharge, in contrast to many other metals [Klinkhammer
et al. 1986]. Dissolved Mn can persist in the water column as a detectable anomaly for
100’s of km from Pacific vents [Klinkhammer & Hudson 1986], and has been frequently
used as a prospective tool for locating new hydrothermal sites along the ocean-ridge
system [e.g. Klinkhammer et al. 1977; Klinkhammer 1980; Lupton ef al. 1980,
Klinkhammer et al. 1983; Klinkhammer et al. 1985; Klinkhammer & Hudson 1986;
Klinkhammer ef al. 1986].

In contrast to sulphide chimneys and mounds that precipitate from ~350°C black smoker
fluids, low-temperature metal-rich deposits of Mn- and Fe-oxides and Fe-silicates form
around the discharge sites of diffuse hydrothermal fluids that have mixed with seawater in
the subsurface of the hydrothermal system, and contain only a few per cent of the high-
temperature fluid [e.g. Edmond et al. 1979b; James & Elderfield 1996]. These low-
temperature fluids are effective at transporting manganese, that during seawater mixing is

unaffected by processes of oxidation and sulphide formation which result in the removal
201
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of many other metals (e.g. Fe, Cu, Ni, Cd, Cr, U) [Edmond ef al. 1979b; James &
Elderfield 1996; Mills ef al. 1996].

At the TAG vent field, 26° N Mid-Atlantic Ridge, significant deposits of Fe-oxides, Fe-
silicates and Mn-oxides are located in a ‘low-temperature field’ on the east median valley
wall between depths of 2400 m and 3200 m (section 3.2.1). These metalliferous oxides
have been described as a ‘bath-tub ring’ deposit, forming where the neutrally buoyant
TAG plume impinges on the median valley walls [Elderfield & Rudnicki 1992], or
alternately as hydrothermal precipitates forming where channelled, dilute hydrothermal
fluids seep from faults on the eastern valley wall [Rona 1973; Scott ef al. 1974, M. Scott
et al. 1974; Thompson et al. 1985; Ravizza ef al. 1996].

The origin of these low-temperature oxides has implications for the fate of hydrothermal
manganese in the TAG vent field; specifically whether this element is behaving as a tracer
of the hydrothermal plume sourced from black smoker elctivity on the TAG mound, or -
low-temperature ‘diffuse’ hydrothermal venting occurring high on the east rift valley wall.
This chapter describes the distribution of REEs within some low-temperature
metalliferous oxide crusts from different locations within the TAG vent field. These data

are used to assess their mode of formation, in view of previously suggested models.

8.2  Hydrothermal ferromanganese deposits

Hydrothermal Mn- and Fe-oxide deposits are widespread in tectonically active areas of the
ocean floor, and have been recovered from active spreading centres and seamounts in the
Atlantic, Pacific and Indian oceans [e.g. Scott ef al. 1974; Bonatti 1975; Thompson ez al.
1975; Moore & Vogt 1976; Cann et al. 1977; Corliss et al. 1978; Bicker et al. 1985; Alt et
al. 1987; Alt 1988; Marchig et al. 1988; De Carlo & McMurtry 1992; Hein ef al. 1994].
They represent one end-member of a spectrum of oceanic ferromanganese deposits that
differ in the degree of influence of hydrothermal versus hydrogenous metal enrichment
processes in their formation [e.g. Fleet 1983]. The hydrogenous end-member is
represented by ferromanganese nodules, that are widespread in areas with low
sedimentation rates including oceanic abyssal plains and topographic highs [Bonatti

1975]. The nodules form by a combination of direct metal precipitation from seawater,
and diagenetic metal remobilisation and cycling via adjacent marine sediments [Bonatti

1975; Elderfield & Greaves 1981; Elderfield ez al. 1981a,b].
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In contrast to hydrogenous nodules, hydrothermal ferromanganese deposits are the final
precipitates from ~350°C black smoker-like fluids that have mixed with cold, oxidising
seawater in the subsurface of the system. While infrequently sampled, these diffuse fluids
are probably analogous to the 3 to 13°C Galapagos ‘hot springs’ [Edmond et al. 19794, b].
The Galapagos fluids are strongly enriched in reduced, divalent Mn (derived from the
breakdown of silicate minerals during high-temperature basalt alteration), while Fe
contents are low and variable [Edmond ef al. 1979a]. Mn is fractionated from Fe because
the Fe’"/Fe’" redox couple occurs under conditions of lower Ej, than the Mn**/Mn**
couple, and additionally because the kinetics of Mn oxidation are slow compared with
those of Fe [Krauskopf 1957]. Consequently, Fe oxidation and precipitation occurs before
that of Mn during mixing between reduced hydrothermal fluids and seawater [Krauskopf
1957]. If this mixing occurs below the seafloor, Fe precipitates as sulphides or hematite
within the crust [Hajash 1975], generating fluids that seep from the seafloor with low
Fe/Mn ratios [e.g. Edmond et al. 1979b; James & Elderfield 1996]. Although the
oxidation of Mn?" is extremely slow, it is autocatalytic, whereby newly formed insoluble
MnO, provides reaction sites for further oxidation. Mn is therefore effectively scavenged
from diffuse hydrothermal fluids to form crust-like accumulations of metalliferous oxides
[Edmond et al. 1979b; Mills et al. 1996].

Compared with black smoker fluids, diffuse fluids sampled from the surface of the TAG
mound are depleted in Fe, Cu, H,S and silica, contain comparable amounts of Mn and are
enriched in Zn [James & Elderfield 1996]. Although Mn enrichments of up to 15 wt.%
have been reported in the upper part of an sediment core from the TAG mound [Goulding
et al. 1998], ferromanganese crusts are not presently forming from these diffuse fluids at
the surface of the TAG mound [Hannington et al. 1998], although they are present in the
relict Mir and Alvin zones that lie to the north and north-east of the active TAG mound
(section 3.2.1) [Rona et al. 1993a,b; Lalou et al. 1993].

Toth [1980] identified two distinct hydrothermal end-member deposits; crystalline
birnessite and/or todorokite crusts and Fe and Si-rich crusts composed of Fe-rich
nontronite or amorphous oxyhydroxides and silica. This suite of low-temperature metal-
rich deposits is found associated with Galapagos diffuse fluids, and is inferred to reflect
the degree of subsurface mixing of hydrothermal fluid with seawater prior to venting
[Edmond et al. 19795]. In general, Mn-oxides precipitate from extremely dilute fluids

(seawater: hydrothermal fluid ratio >100:1), Fe-rich silicates from less dilute and
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oxidising fluids (<1:1) and Fe- and Mn-rich sediments from fluids of intermediate

composition [Edmond ef al. 19795].

Compared with hydrogenous ferromanganese nodules, hydrothermal deposits are
characterised by extreme Fe/Mn ratios and low concentrations of trace metals and the
REE. The trace element composition of these deposits is controlled by adsorption of
elements onto MnO; and FeOOH surfaces [e.g. Koeppenkastrop & De Carlo 1992]. The
metalliferous crusts incorporate hydrothermal Zn, As, Sb and Hg and adsorb minor
amounts of Co, Cu, Ni, Pb Ba and REE from seawater [Toth 1980]. Hydrothermal
ferromanganese deposits accumulate several orders of magnitude faster (c.250 mm Myr™)
than hydrogenous ferromanganese nodules [e.g. M. Scott et al. 1974; Moore & Vogt 1976;
Cann ef al. 1977], which inhibits the hydrogenous enrichment of trace elements from
seawater [ Toth 1980].

8.3 Low-temperature hydrothermal deposits in the TAG vent field

Submersible investigations of the eastern rift valley wall at TAG by the deep-sea research
vessel (DSRV) submersible Alvin in 1982 delineated the vertical extent of fault-controlled
deposits of Fe-oxides and -silicates, and Mn-oxides that occur in discontinuous linear
stripes subparallel to the rift axis, and cumulatively cover ~10% of the low-temperature
field [McGregor and Rona 1975; Temple ef al. 1979; Shearme et al. 1983]. These deposits
are spatially distinct from the TAG sulphide mound located at the junction of the east wall
and floor of the\axial rift valley (Fig. 3.1), and their relationship to the high-temperature
hydrothermal system is unresolved. Some of the Fe- and Mn-rich oxide crusts have
compositions which preclude a hydrogenous mode of formation, but are consistent with
direct precipitation from diffuse hydrothermal fluids containing large amounts of
dissolved Fe, Mn and Si [Thompson ez al. 1985]. No vent fluids have been sampled from
the low-temperature field, but venting has additionally been inferred from water column
temperature, *He and ***Rn anomalies [R. Scott ef al. 1974; Rona 1975; Rona 1978; Rona
1980; Jenkins et al. 1980; Elderfield ef al. 1993], the occurrence of Fe-hydroxide vent-like
protrusions (c.10 cm tall and 4 cm in diameter) on the surface of these deposits
[Thompson et al. 1985], and the presence of large amounts of suspended particulate Fe-

and Mn rich matter above the seafloor [Scott ef al. 1974; Nelson & Forde 1991].

Within the TAG vent field, the distribution of Mn is decoupled from Fe and other metals
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enriched in the high-temperature end-member fluid. There is a gradient of manganese
concentrations in hydrothermal deposits on the scale of the entire vent field. Copper, Zn
and ~50% of the Fe in the vent fluid are deposited as sulphides either within, or in close
proximity to the TAG mound [e.g. Tivey ef al. 1995], while Mn and the remaining Fe is
dispersed over several km in the hydrothermal plume, within the confines of the median
rift valley [Klinkhammer ef al. 1985; Klinkhammer ef al. 1986]. Vent sulphides located at
3650 m depth contain <50 ppm Mn [Rona et al. 1986] while todorokite and/or birnessite
crusts between depths of 2800 and 2400 m on the eastern rift valley wall contain up to 39
wt.% Mn [M. Scott ef al. 1974; Thompson et al. 1985]. These crusts vary from thick,
laminated- to loose earthy Mn-oxides to layered nontronite and/or amorphous Fe-oxides,
which occur as discrete deposits ranging in size from ~1 to 20 m in diameter [Thompson
et al. 1985; Rona et al. 1984]. They overlie and cement basalt talus and are accumulating
2 orders of magnitude faster (100 to 200 mm Myr™") than hydrogenous ferromangangse
deposits [R. Scott ef al. 1974)]. Hydrothermally-enriched sediments occur on the valley
floor and lower east wall up to the 3000 m isobath. These sediments contain Fe-, Cu- and
Zn-enriched, Mn-poor layers which represent inputs of partially-oxidised slumped mound
sulphides onto the floor of the median valley [Scott et al. 1978; Shearme ef al. 1983; Metz
et al. 1988; Mills ef al. 1993]. Non sulphide-enriched calcareous oozes on the rift valley
floor exhibit a correlation between Fe and Mn concentrations [Shearme ef al. 1983], that
also characterises EPR surface sediments [Bostrom & Peterson 1969]. Mn- and Fe-
stained sediments occur from 3000 m and extend up the valley wall to the base of the low-
temperature field at 2800 m water depth [Thompson et al. 1985]. The surficial Mn and Fe-
enrichments may reflect either interaction with diffuse fluids [Thompson e al. 1985] or
deposition from the TAG hydrothermal plume [Rudnicki & Elderfield 1993]. In the Alvin
and Mir relict zones, Mn and Fe-rich deposits dated at around 125,000 years occur as dark
stains on semi-consolidated carbonate ooze, and as coatings on fractured pillow lavas and

basalt talus [Rona et al. 19934,b; Lalou et al. 1993].

8.4  Physical and chemical properties of the TAG hydrothermal plume

The detection of manganese anomalies, and subsequent use as a tracer of hydrothermal
venting [Klinkhammer et al. 1985, Klinkhammer et al. 1986; Trefry et al. 1986] led to the
discovery of black smoker activity on the active TAG mound in 1985 [Rona et al. 1986].

Black smoker and diffuse fluids are entrained into the rising, buoyant hydrothermal plume
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and mix with seawater before spreading laterally upon reaching density equilibrium with
the surrounding seawater between 200 and 455 m above the TAG mound [Speer & Rona
1989; Rudnicki and Elderfield 1992]. Pacific hydrothermal plumes exceed the height of
the valley walls at the ridge crest, and are dispersed tens to hundreds of kilometres from
the ridge crest system [e.g. Lupton & Craig 1981]. At TAG, the hydrothermal plume is
trapped by the MAR valley walls that rise to 1700 m above the rift valley floor, and both

near- and far-field hydrothermal deposits are confined to the median valley [Klinkhammer
et al. 1986].

The ¢.250 m thick neutrally buoyant TAG plume can be defined by various physical and
chemical anomalies (e.g. temperature, salinity, particulate matter and elevated Mn
content), and has a layered structure indicative of multiple sources [Nelson & Forde 1991;
Rudnicki and Elderfield 1992]. Five main layers have been identified that reflect venting
from different chimney structures on the mound and the degree of integration of the.
chemical and physical properties of black smoker and diffuse hydrothermal fluids
[Rudnicki & Elderfield 1992]. Mapping of hydrothermal particulates [Nelson & Forde
1991] and a comparison of ***Rn, He isotopes and Mn at the level of neutral buoyancy
[Elderfield er al. 1993] indicate an additional low-temperature hydrothermal source region
on the east wall that may be related to the formation of the Mn- and Fe-rich oxide
deposits. Plume studies have lead to heat flux estimates of 500-940 MW for the TAG vent
field, of which low-temperature fluids may contribute up to %7 of the total heat loss
[Rudnicki & Elderfield 1992; Elderfield ef al. 1993].

The flux of elements into the ocean from vents is modified by chemical reactions within
hydrothermal plumes. Fe does not persist in solution after venting [German ef al. 1991a].
The molar ratios of total (i.e. dissolved and particulate) Fe to Mn in TAG hydrothermal
fluids is ¢. 10, whereas that of neutrally buoyant plume particles is c.5, because half of the
iron in the high-temperature fluid is precipitated as sulphides within the first few minutes
of mixing in the buoyant plume [German ef al. 1990; Rudnicki & Elderfield 1993]. Fe has
undergone >95% removal by the time it has reached plume height, where there are high
levels of Fe-oxyhydroxide particulates (~250 nmol kg) [Rudnicki & Elderfield 1993]. In
contrast, Mn exhibits near-conservative behaviour, and its concentration in the neutrally
buoyant plume is a function of the degree of seawater entrainment into the high-
temperature vent fluid [Rudnicki & Elderfield 1993]. Dissolved manganese profiles over

the TAG vent field are similar to those found over sites of high temperature venting on the



The origin of low-temperature hydrothermal deposits at TAG 207

EPR [Klinkhammer & Hudson 1986] with maximum Mn anomalies of ~60 nmol kg at a
height of 330 m above the mound [Klinkhammer et a/. 1986], indicative of an entrainment
ratio of 10* [Elderfield et al. 1993]. In the near field, 100% of vent fluid Mn is in solution
[Trocine & Trefry 1988]. Most of the dissolved Mn remains in solution as it is dispersed

over the first 100-1000 m away from source [German ef al. 1991a].

Increased microbial biomass relative to ambient seawater is a common feature of
hydrothermal plumes [e.g. Jannasch 1995; Sudarikov ef al. 1995]. Microbes provide a
large and chemically suitable surface area for metal deposition, and there is evidence they
influence the partitioning of Mn from Fe in the plume because they have direct metabolic
role in Mn, but not Fe oxidation [Cowen et al. 1986]. Microbially-mediated removal of
Mn from the plume has been demonstrated to occur in the near- [Mandernack & Tebo
1993] and to a greater extent in the far-vent field [Cowen et al. 1986]. This process
additionally affects Co and Ni concentrations, because these metals are scavenged by Mn

oxide phases [Lilley ez al. 1995].

Near-vent sulphides are enriched in Fe, Zn, Cu, Co, Cd and Pb. These particulates settle
from the plume and undergo oxidative dissolution within the water column [German ef al.
1991a]. Many hydrothermally- and seawater-derived trace elements are co-precipitated
with newly formed oxide particles in the buoyant and neutrally buoyant hydrothermal
plumes (e.g. V, As and Cr), while particle reactive elements such as the REEs, Th, Y and
Be undergo additional uptake from seawater during plume dispersion [Trocine & Trefry
1988; Trefry & Metz 1989; Feely et al. 1990; German ef al. 1990, 1991a,b]. Vent-derived
REEs undergo quantitative removal from seawater by a combination of co-precipitation
and scavenging uptake onto iron oxyhydroxide particles, and consequently do not become
entrained into the ocean circulation or affect the seawater chemistry of the REEs
[Rudnicki & Elderfield 1993; Olivarez & Owen 1991]. Moreover, the adsorption of vent-
and seawater-derived REEs onto hydrothermal particle surfaces is capable of producing
sub-ambient dissolved REE levels in the neutrally buoyant plume [Klinkhammer et al.
1983] where seawater-scavenged REEs account for >99% of total measured particulate
REE concentrations [German et al. 1990]. Particle fall-out from the neutrally buoyant

plume contributes to metalliferous deposits forming in the median valley.

The results of TAG plume studies have shown that sediments formed by deposition from
the neutrally buoyant plume are dominated by fractionated seawater REEs, scavenged

during interactions between newly-formed hydrothermal particles and large volumes of
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seawater [German et al. 1990; Rudnicki & Elderfield 1993]. Metalliferous oxides that
form from diffuse hydrothermal fluids show a more ‘proximal’ REE chemistry, reflecting
a lesser degree of seawater interaction during deposition [e.g. Mills & Elderfield 1995a;
Mills et al. 1996; Goulding et al. 1998]. This chapter describes the distribution of REEs
within low-temperature metalliferous oxide crusts from different locations within the TAG
vent field. In the TAG literature, these sediments have been described as forming by
deposition from the TAG plume [Elderfield & Rudnicki 1992}, or as precipitates from
diffuse vent fluids seeping from eastern rift valley wall [Rona 1973; Scott ef al. 1974; M.
Scott et al. 1974; Thompson et al. 1985; Ravizza et al. 1996]. The aim of this chapter is to

use the REEs to discriminate between the two suggested modes of formation

8.5 Sampling & Methods

Metalliferous oxide crusts were recovered from the TAG vent field in 1994 during the
British-Russian Atlantic Vents Expedition (BRAVEX) cruise of the RV Akademic
Mstislav Keldysh, that is equipped with two MIR deep-sea submersibles.

Basalt and indurated carbonate sediment with thin (mm-thickness) Mn- and Fe-rich oxide
coatings were recovered from the ‘low-temperature field’ during dredge hauls 3386 and
3387 at depths of ~ 2400 m to 2800 m on the eastern wall of the axial rift valley, shown in
Fig. 8.1. Siliceous samples with mm-thick Mn- and Fe-oxide coatings were collected from
the inactive Alvin zone located 2 km north-east of the active TAG mound at 3450 m depth
during dive 15 gf the BRAVEX submersible program.

Additionally, five powdered samples of metalliferous oxide deposits collected in July
1982 by DSRV Alvin from dive sites located between 2500 and 2900 m within the low-
temperature field [Rona ef al. 1984] were obtained from G. Thompson at the Woods Hole
Oceanographic Institute (WHOI) for REE analysis. These samples have previously been
described by Thompson et al. [1985]. The osmium isotope composition of some of the
WHOI samples has been described by Ravizza ef al. [1996]. Sample descriptions are given
in Table 8.1.

8.5.1 Rare earth elements
Rare earth element determinations were made on ¢.10 mg samples of powdered

metalliferous oxide using the analytical methods described in Chapter 5. REEs in all TAG
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samples exceed the LOQ as defined in 5.5.3. Repeat analyses of the REE fraction of a Mn-
rich core-top from the TAG vent field obtained using these procedures were on average
accurate to within 13% of TIMS-ID values [Mills 1992] with an external precision
averaging 3.3% (20) (Table 5.7).

Samples 3387-R-1 MnAl, 3387-R-1 MnA2, 3387-R-1 MnA3 and 3387-R-1 MnB were
picked with the aid of a binocular microscope to obtain pure ~10 mg sub-samples. For the
other samples, the mechanical separation of fine oxide from biogenic carbonate phases
was not possible. Carbonate can be readily dissolved from a mixture of oxide and
carbonate phases by acid leaching. However, this procedure was considered undesirable in
view of the possibility of leaching REEs from the oxides if they occur as loosely adsorbed
(rather than lattice-bound) species. Samples 3387-R-1 MnA1 and 3387-R-1 MnA2 were
therefore analysed as picked and unpicked samples to assess any discrepancy in REE
content. The REE determinations for these samples are shown in Table 8.2. The difference
in REE content between picked and unpicked samples is typically less than occurs during
replicate REE separations and ICP-MS analyses of the BHVO-1 and in-house standards
(refer to section 5.3.3). The results for samples 3387-R-1 MnA1 and 3387-R-1 MnA2
demonstrate that in the unpicked samples, the REEs reside mainly in the oxide rather than
calcite phases, and that separation of the carbonate detritus does not significantly affect the
REE analyses. This observation corresponds with previous measurements of low (Nd = <

0.2 ppm) levels of REEs in foraminiferal calcite [Palmer 1985].

8.5.2 Neodymium isotopes

The Nd-isotope composition of the five WHOI samples and five of the BRAVEX samples
was determined by TI-MS. Aliquots of dissolved sample were taken to give between 100
ng and 1000 ng Nd. The Nd fraction was separated using the cation-exchange procedures
described in 5.4. Nd isotope ratios were determined using a V.G. Isomass 54E mass
spectrometer. A mean value of “*Nd//*Nd = 0.511121 (N = 52) was obtained for the IMC
321 standard compared with the recommended value of 0.511123. The external
reproducibility of Johnson & Matthey JMS 321 Nd standard was 9 ppm on the
NdM*Nd isotope ratio during the period of sample analysis (Table 5.7). All Nd-isotope

ratios are shown in Table 8.3. Errors quoted on the isotope ratios are 2.
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8.5.3 XRD analysis
X-ray diffraction patterns were obtained for powdered specimens using an ENRAF-
NONIUS PDS120 system with a position sensitive detector (PSD) with an acquisition

time of 900 s for each sample. Fe-fluorescence background was subtracted from all

patterns.

8.5.4 TEM analysis

The presence of crystalline phases on a micro-scale within X-ray amorphous samples was
investigated using TEM techniques. Selected area electron diffraction patterns were
obtained using a JEOL JEM-2000 RX electron microscope in transmission mode operated
at 200 kV. One drop of an ultrasonically dispersed suspension of crushed sample was
placed on a carbon film supported by a copper mesh TEM grid. This was allowed to air
dry, and stored under vacuum until use. Semi-quantitative chemical analyses were

obtained using energy dispersive X-ray analysis (EDS) with an acquisition time of 200 s

from a spot size of 100 nm or less.

8.6 Results

8.6.1 XRD and TEM results

XRD analysis identified all BRAVEX samples as X-ray amorphous oxides. There was
insufficient sample powder to prepare fused glass beads and pressed powder pellets for
XRF analysis. The results of published XRD analyses of the WHOI samples are shown in
Table 8.1 [Thor}lpson et al. 1985].

TEM investigations were made of BRAVEX samples 3386-R-1 MnA and 3387-R-1 MnA2
and the WHOI sample 1247-2-2B from the low temperature field , and BRAVEX sample
3423-R-33 MnB from the inactive Alvin zone. TEM energy dispersive X-ray spectroscopy
identified particles (c.300 to 1000 nm in size) of 4 types with Fe-Si-, Fe-Mn-, Fe-Mn-Si-
and Mn-rich compositions. These particles probably represent mixtures of Fe oxide and -
silicate and Mn oxide. Fe-rich particles were dominant in sample 3423-R-33 MnB from the
relict Alvin zone. Particles with Fe-Si- and Fe-Mn-rich compositions were identified in
sample 3386-R-1 MnA. Particles with Fe-Mn-rich compositions were most common in
sample 3386-R-1 MnA2, while of three particles analysed from sample 1247-2-2B two
were Mn-rich and one had an Fe-Mn-Si-rich composition. This sample has previously been

described as amorphous iron oxides [Thompson ef al. 1985]. The limited number of TEM
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analyses indicate that small-scale compositional heterogeneities exist in all the sample

investigated.

Electron diffraction patterns for these 'samples vary from a regular array of spots for an Fe-
Si-rich particle from sample 3386-R-1 MnA from the low-temperature field (indicative of a
crystalline material) to diffuse rings with spots for an Fe-rich particle in sample 2423-R-33
MnB from the relict A/vin zone (indicative of crystalline domains within a dominantly
micro-crystalline matrix). Mn-rich particles (sample 1247-2-2B) exhibit electron diffraction
patterns with well-defined rings, indicative of a random array of ordered, but micro-
crystalline material. The degree of crystallinity of the metalliferous oxides and silicate
samples is significant because amorphous phases are characterised by higher surface area
to volume ratios than the crystalline phase, and consequently possess relatively more
surface sites available for REE complexation. This factor has been invoked to account for
experimental variations in the REE-adsorptive properties of amorphous FeOOH and,

crystalline goethite [Koeppenkastrop & De Carlo 1992].

8.6.2 Rare earth elements

Rare earth element data for 11 samples from the low temperature field and 2 samples from
the relict Alvin zone are shown in Table 8.4. The Ce anomaly, Eu anomaly and the
chondrite normalised Nd/YDb ratios (Nd./Yb,) have been quantified according to the
methods outlined in 2.2. All ratios are shown in Table 8.4. Also given are published REE
data for North Atlantic seawater [Mitra ef al. 1994], and a range of hydrothermal deposits
and fluids sampled from the TAG vent field [German et al. 1990; Mills 1992; German et
al. 1993; Mitra et al. 1994; James & Elderfield 1996]. The REE systematics of these fluids
and hydrothermal precipitates is described in Chapter 2 of this dissertation. Also shown in
Table 8.4 is some unpublished REE data for pore fluids extracted from sediments forming
in a zone of diffuse fluid upflow near the surface of the mound [M. Rudnicki pers.

comm.].

REE patterns for all samples analysed in this study are shown in Figure 8.2. The REE data
have been normalised to a composite chondrite composition [Evensen ef al. 1978]. The
REE data define two groups with differing REE concentrations. BRAVEX samples from
the low-temperature field and the relict Alvin zone have greater REE contents (Nd = 231 to
334 ppm) than the WHOI samples recovered from the low-temperature field by DSRV
Alvin (Nd = 0.499 to 7.63 ppm). The REE patterns of these two groups are discussed in
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Figure 8.2: Chondrite normalised REE patterns for all ferromanganese crusts analysed in

this study. The WHOI samples were collected by DSRV Alvin in 1982 and described by

Thompson et al. [1985].
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turn in the following sections.

BRAVEX samples (Alvin zone and low-temperature field)

Chondrite normalised REE patterns for BRAVEX samples from the low temperature field
and the relict Alvin zone are shown in Fig. 8.3. The REE patterns of typical TAG plume
particulate matter [German ef al. 1990], plume derived sediments [Mills 1992; German et
al. 1993] and a Mn-enriched metalliferous core-top (AMKG-1895) [Mills 1992] are
shown for comparison (note that the REE concentrations of the plume particulate matter

are scaled up six orders of magnitude to plot in this figure).

The amorphous Mn- and Fe-rich amorphous oxides have elevated REE concentrations
(Nd = 231 to 334 ppm) compared with the plume derived sediments (Nd = 17.6 and 6.49
ppm) and metalliferous core-top AMKG-1895 (Nd = 15.9 ppm). Although the
metalliferous oxides are more LREE-enriched (Nd,/Yb, = 4.1 to 4.6) than the plume
derived sediments (Nd,/Yb, = 3.8 and 3.1) and sample AMKG-1895 (Nd,/Yb, = 3.8),
their REE patterns are broadly similar except for the Ce anomaly. Samples from the relict
Alvin zone display negative Ce anomalies (Ce/Ce* = 0.64 and 0.69) similar to those of
plume derived sediments (Ce/Ce* = 0.64 and 0.68) and sample AMKG-1895 (Ce/Ce* =
0.56) but are less Ce-depleted than TAG plume particulates (Ce/Ce* = 0.296) and
seawater (Ce/Ce* = 0.10). In contrast, BRAVEX samples from the low temperature field
are enriched in Ce relative to the trivalent REEs (Ce/Ce* = 1.7to 2.2). The BRAVEX
samples are more depleted in Eu (Ew/Eu* = 0.68-0.72) than the plume derived particles
and sediments (Eu/Eu* = 0.72 to 2.2).

WHOI samples (low-temperature field)

Chondrite normalised REE patterns for metalliferous oxides and silicates collected from
the low-temperature field by DSRV Alvin are shown in Fig. 8.4. The REE patterns of
North Atlantic seawater at 3400 m [Mitra ef al. 1994] and the range of REE compositions
of TAG mound pore fluids [M. Rudnicki pers. comm.] are shown for comparison. The pore
fluids have negative Ce and positive Eu anomalies, indicating the influence of both

seawater and vent-derived REEs (refer to Fig. 2.1).

The WHOI samples have REE concentrations (Nd = 0.499-7.36 ppm) that are two orders of
magnitude lower than those recorded for the BRAVEX samples from the low temperature

field. Sample 1243-1 has the highest REE abundances, and a distribution pattern that is
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Figure 8.3: Chondrite normalised REE patterns for the BRAVEX samples from the low-
temperature field and the relict Alvin zone. Plotted for comparison are the REE patterns of
oxyhydroxide particles from the TAG neutrally buoyant plume (REE concentrations
multiplied by 10°), a manganiferous TAG core top (AMKG 1895) [Mills 1992], a plume-
derived layer from a TAG sediment core® [Mills 1992], and a plume-derived layer within a
sediment core from the active TAG mound® (2182-4) [German et al. 1993].
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Figure 8.4: Chondrite normalised REE patterns from the WHOI samples collected from
the low-temperature field by DSRV Alvin in 1982. Samples 1244-1B and 1244-1C are the
top and lower surfaces of the same cm-thick birnessite crust, described by Thompson et al.
[1985]. Plotted for comparison are the REE patterns of North Atlantic seawater (3400 m)
at 26°N [Mitra et al. 1994], and TAG mound pore fluid samples 2900-8 and 2900-5 [M.
Rudnicki pers. comm.]. These two samples represent the range in REE compositions of 8
pore fluids extracted from a sediment core sampled from the upper TAG mound.
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similar to the plume derived particulates and sediments and BRAVEX samples from the
relict Alvin zone, shown in Fig. 8.3 (Ce/Ce* = 0.41; Eu/Eu* = 0.72; Nd,/Yb, = 4.8). In
contrast, the other WHOI samples show a degree of HREE enrichment (Nd,/Yb, = 0.82 to
1.1) that is greater than TAG plume derived sediments (Nd,/Yb, =3.8 and 3.1) and
seawater (Nd,/Yb, = 1.1) but within the range exhibited by TAG mound pore fluids
(Nd./Yb, = 0.44 to 1.4). The Eu anomalies of the WHO! samples (Eu/Eu* = 0.68 to 0.83)
are comparable to plume derived particulates (Eu/Eu* = 0.72). In comparison the pore

fluids are relatively enriched in Eu (Eu/Eu* =2.0to 1.5).

8.4.3 Nd-isotopes

Radiogenic isotopic results for the ten analysed samples are recorded in Table 8.4, with the
results of Os isotope analyses of four of the WHOI samples [Ravizza et al. 1996]. The
"PNd/"**Nd ratios are expressed as parts per 10* deviation from the CHUR(0) value of
enda(0) = 0.512638. The Nd-isotope results are also displayed as a histogram of ena(0)
values in Fig. 8.5, with the values of some Atlantic ferromanganese deposits (authigenic

and hydrothermal) determined by Piepgras ef al. [1979].

The ena(0) values for four of the WHOI samples fall in the range -12.3 to —10.17. Sample
1247-2-2D has a considerably higher exg(0) value of —=2.13. The five BRAVEX samples

exhibit much lower exd(0) values that range from -12.19 to —10.92, and are similar to the

other four WHOI samples.

x

8.7 Discussion

8.7.1 Seawater scavenging of REEs

The BRAVEX samples from the inactive Alvin zone and the low-temperature field (Fig.
8.3), and WHOI sample 1243-1 from the low-temperature field (Fig 8.4) have
compositions indicative of extensive scavenging of seawater REEs. Similar patterns have
been reported for EPR ridge crest metalliferous sediments [Dymond, 1973; Ruhlin &
Owen 1986; Barrett & Jarvis 1988; Owen and Olivarez, 1988], for hydrothermal and
hydrogenous oceanic ferromanganese deposits [Toth 1980; Fleet 1983], and for
metalliferous sediments accumulating on the seafloor beneath the TAG neutrally buoyant

plume [Mills 1992; Mills ef al. 1993; German ef al. 1993].
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Sediments forming on the valley floor at TAG from the slow fall-out of oxyhydroxide
particles from the neutrally buoyant plume have highly elevated REE/Fe ratios, due to
continued uptake of REEs from seawater after deposition on the seafloor [German et al.
1993; Mills et al. 1993]. The BRAVEX samples and WHOI sample 1243-1 are enriched in
LREESs compared with the plume particulates and underlying sediments. Prolonged
scavenging of seawater REEs causes this fractionation because LREEs have a greater
affinity for Fe- and Mn oxide surfaces than the HREEs [Koeppenkastrop & De Carlo
1992]. This behaviour reflects the greater solubility of the HREEs in seawater, due to the

enhanced stability of the aqueous carbonate complexes of the REEs with increasing

atomic number [Cantrell & Byrne 1987].

The BRAVEX samples are enriched in REEs ¢.3 orders of magnitude over WHOI sample
1243-1 (Fig. 8.4), although the REE patterns reflect a common enrichment process. The
REE enrichment of some of the metalliferous crusts may reflect differences in the flux of
hydrothermal particulates from the neutrally buoyant plume (i.e. exposure time of
particles within the plume). However, there is no obvious reason why local variations in
sedimentation rate would produce such distinctly bimodal REE contents, rather than a
range of concentrations. It is probably more likely that the extreme REE enrichment of
the BRAVEX over the WHOI samples is related to differences in the substrate in the two
groups of samples. Experimental studies have shown that REEs are more effectively
scavenged onto amorphous than crystalline Fe-oxyhydroxides because they have
relatively more surface area available for REE uptake [Koeppenkastrop & De Carlo
1992] This may account for the REE enrichment of the BRAVEX amorphous oxides, in
comparison to iVHOI sample 1243-1, which has been described as crystalline nontronite

with amorphous Fe-oxides [Thompson ef al. 1985].

8.7.2. Cerium fractionation

The behaviour of Ce in seawater is dominated by preferential oxidative uptake onto
manganese oxides in particular [Goldberg 1961] rather than general scavenging processes
which dominate the oceanic chemistry of the trivalent REEs [Elderfield 1988].
Experimental studies have demonstrated that enhanced Ce scavenging is a feature of MnO

rather than FeOOH systems [Koeppenkastrop & De Carlo 1992].

Hydrothermal ferromanganese deposits typically have Ce-depleted REE patterns because

they incorporate particles that have scavenged seawater REEs and/or precipitate from
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dilute hydrothermal fluids that have mixed with large amounts of seawater [e.g. Bonatti
1975; Toth 1980; Elderfield & Greaves 1981; Fleet 1983; De Carlo & McMurtry 1992;
Hein et al. 1994]. Hydrogenous deposits, including ferromanganese nodules, form by
direct precipitation from seawater and diagenetic interactions with surrounding sediments
[Bonatti 1975; Elderfield ez al. 1981a,b]. They are typically Ce-enriched and are the main
repository for insoluble Ce that is depleted in seawater compared with the trivalent REE
[Elderfield et al. 1981a,b]. While the trivalent REEs undergo some diagenetic cycling
through surface sediments, Ce is incorporated directly from seawater into the nodules
[Elderfield ef al. 1981a]. Most ferromanganese deposits are formed by a combination of
hydrothermal and hydrogenous processes [Fleet 1983], and atypical negative Ce
anomalies in Pacific ferromanganese nodules have been attributed to formation in the

vicinity a hydrothermal plume [Elderfield & Greaves 1981].

BRAVEX samples from the relict Avin zone and the WHOI samples from the low-
temperature field display negative Ce anomalies, while BRAVEX samples from the low
temperature field are enriched in Ce relative to the trivalent REEs (Fig. 8.4). The
contrasting Ce contents of these two groups of samples might be related factors such as
deposit mineralogy or accumulation rate. However, the results of limited TEM analyses
suggest that both the Ce-enriched BRAVEX low-temperature field samples and Ce-
depleted relict A/vin zone samples comprise X-ray amorphous particles with similar
compositions. Further evidence against a compositional control on Ce content is provided
by the WHOI samples from low-temperature field. These samples display similar negative
Ce anomalies, despite extreme differences in Mn content (52.3 wt. % Mn for sample
1244-1B to 0.6’\/ wt. % for sample 1243-1) [Thompson ef al. 1985]. It is therefore more
likely that differences in the Ce anomaly are related to accumulation rate. The
characteristic Ce depletion of plume derived-particulates and metalliferous sediments (e.g.
Fig. 8.3) is indicative of the rapid uptake of REEs from a Ce-depleted seawater source.
The negative Ce anomalies exhibited by samples from the inactive A/vin zone might
reflect the rapid accumulation of Mn-Fe particles in a zone of fall-out from the neutrally
buoyant TAG plume. However, these particles are presumably accumulating sufficiently
rapidly to inhibit the development of large Ce-enrichments that are typical of hydrogenous

ferromanganese deposits.

The Ce-enriched chondrite normalised REE patterns of the BRAVEX samples from the

low temperature field are reminiscent of hydrogenous ferromanganoan sediments and
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nodules [e.g. Bonatti ef al. 1975; Elderfield et al. 1981a,5b; Fleet 1983; De Carlo &
McMurtry 1992]. The Ce-enrichment can be attributed to the preferential removal of Ce
from seawater onto Mn-oxides [Goldberg 1961; Koeppenkastrop & De Carlo 1992]. These
samples are inferred to be accumulating relatively slowly in the absence of a Ce-depleted
particle flux from the neutrally buoyant plume. The accumulation rates of these samples
might be more similar to hydrogenous ferromanganese deposits in the Atlantic (~3 mm
Myr™) [Claude-Ivanaj et al. 1998] than to hydrothermal ferromanganese deposits in TAG
vent field (100 to 200 mm Myr™") [Scott et al. 1974]. Ferromanganese crusts have been
previously described from outside the TAG vent field that are similarly enriched in REEs

and exhibit small positive Ce anomalies [Toth 1980].

Although the BRAVEX samples analysed exhibit variable Ce content, there is no
fractionation of the trivalent REEs in these samples over the range of crystallinities

inferred from TEM electron diffraction patterns, inferred accumulation rates, nor with

depth (refer to Fig. 8.1).

8.7.3 REE evidence for diffuse venting within the low-temperature field

Excluding sample 1243-1 (section 8.7.1), the WHOI samples have REE compositions
(Nd./Yb, = 0.82 to 1.1) that are distinct from the other samples analysed in this study
(Nd./Yb, = 3.8 to 4.8) but are similar to TAG mound pore fluids (Nd,/Yb, = 0.44 and 1.4)
in terms of the degree of LREE /HREE fractionation they exhibit. To assess if this
fractionation can arise during uptake of REEs from a seawater source, the REE contents of
the BRAVEX and WHOI samples are shown normalised to TAG seawater concentrations
in Fig. 8.6. Also plotted in Fig. 8.6 (after appropriate scaling) are scavenging rate
constants for REEs onto Fe-oxyhydroxides in the neutrally buoyant TAG plume calculated
by Rudnicki & Elderfield [1993]. Scavenging rate constants REEs in the neutrally buoyant
plume range between 3.5 to 16 x 10 (nmol/kg)™' s (for Sm and Lu respectively) and
are greater for the intermediate- than light- and heavy REE [Rudnicki & Elderfield 1993].
Consequently scavenging uptake of the REEs at these different rates within the neutrally
buoyant plume leads to the addition of a fractionated (MREE-enriched) seawater REE
pattern that is reflected in the fractionated (MREE enriched) seawater REE patterns of
underlying plume-derived sediments [German ez al. 1993; Mills et al. 1993].

The BRAVEX samples and WHOI sample 1243-1 have REE patterns (excluding Ce) that

are similar in form to that predicted by the chemical plume model of Rudnicki &
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Figure 8.6: Seawater normalised REE patterns for the WHOI and BRAVEX
ferromanganese crusts. Scavenging rate constants for REEs in the TAG neutrally buoyant
plume from the chemical plume model of Rudnicki & Elderfield [1993] have been plotted
for comparison, after appropriate scaling. These constants range from 16 x 10!
(nmol/kg)'1 s? for Smto 3.5 x 107! (nmol/l{g)'l s for Lu, and are greater for the
intermediate- than light- and heavy REE [Rudnicki & Elderfield 1993]. The scavenging
model accounts for the relative abundances of the trivalent REEs in the BRAVEX samples
and WHOI sample 1243-1, but cannot explain the HREE-enriched patterns of the other
four WHOI samples. Ce concentrations are elevated above the trivalent REEs and not
accounted for by the scavenging model (see discussion in text).
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Elderfield [1993], confirming the scavenging uptake of seawater REEs onto
hydrothermally produced metal-oxyhydroxides. The striking similarity of the REE
fractionation patterns of the BRAVEX samples and WHOI sample 1243-1 (Fig. 8.4)
indicates that the concentration of the trivalent REEs are controlled by uptake processes,
rather than the composition of the scavenging particles, the inferred accumulation rates or
depth of sampling. The seawater normalised REE patterns for the BRAVEX and WHOI
samples (Fig. 8.6) display large positive Ce anomalies, that are not reflected in the
scavenging rate constant for Ce compared with the adjacent REEs. This indicates that the
behaviour of Ce is not accounted for in the scavenging model. It is necessary to invoke the
preferential uptake of Ce onto Mn-oxide particles to account for the observed Ce
enrichments of these samples [e.g. Goldberg 1961; Koeppenkastrop & De Carlo 1992].
Slow Mn particle production and fall-out from the TAG plume has similarly been inferred

to account for the anomalously high Ce content of underlying hydrothermal sediments
[Rudnicki & Elderfield 1993].

Figure 8.6 shows that the HREE enrichment exhibited by the WHO! samples (excluding
1243-1) cannot be generated by the scavenging uptake of seawater REEs, as the
incorporation of the HREEs into these samples (and possibly Eu in 1244-1C) is greater
than that predicted by the scavenging model. It is therefore inferred that these
ferromanganese deposits have precipitated from and/or been subject to alteration by a Eu-
enriched hydrothermal fluid with a lower Nd,/Yb, ratio than seawater, similar to the TAG
mound pore fluids [M. Rudnicki pers. comm.]. Figure 8.7 shows that the REE pattern of
this fluid cannot be replicated by any simple mixture of end-member black smoker fluid
and seawater, a\s mixing alone cannot produce a fluid with low Nd,/Yb,ratios. The REE
pattern of the pore fluids is also different from diffuse flow that has been sampled at the
surface of the TAG mound, also shown in Fig. 8.7. The REE content of this diffuse flow
has been explained as a dilute (c. 25 °C) black smoker fluid containing 0.12 mmol of
dissolved anhydrite per kilogram of fluid, and is not enriched in HREEs (Nd,/Yb, = 7.1)
[James & Elderfield 1996]. Ochreous sediments in zones of diffuse (c. 46°C) fluid upflow
on the TAG mound have more fractionated (evolved) REE patterns with high Nd,/Yb,
ratios (8.2 to 14), and are inferred to form from fluids with similarly LREE-enriched
compositions [Mills et al. 1996]. The contrasting REE patterns of these diffuse fluids are
inferred to reflect the complexity of fluid mixing and evolution processes occurring within

the sulphide mound [Mills et al. 1995a; James & Elderfield 1996; Mills ef al. 1996].
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Figure 8.7: Comparison of the chondrite normalised REE patterns for the WHO!
ferromanganese crusts and various mixtures of TAG black smoker fluid and North
Atlantic seawater. Also shown are end-member REE compositions of North Atlantic
seawater (concentrations multiplied by 10%) and a TAG black smoker fluid (data are from
Mitra et al. [1994]), and diffuse flow sampled at the mound surface [James & Elderfield
1996].The shaded area represents the range in REE compositions of some TAG mound
pore fluids [M. Rudnicki pers. comm.]. The REE patterns of the WHOI samples cannot be
explained as any simple mixture of black smoker fluid and seawater REEs, as mixing
alone cannot produce fluids with lower Nd,/Yb, ratios than seawater.
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Because they cannot be generated by seawater interactions, the REE patterns of four of the
WHOI samples confirm that diffuse venting is occurring within the low-temperature field,
as proposed in previous studies on the basis of other chemical and physical criteria [Rona
1973; R. Scott ef al. 1974; M. Scott et al. 1974; Rona 1975; Thompson ef al. 1985; Rona
1978; Rona, 1980; Jenkins ef al. 1980; Nelson & Forde 1991; Elderfield ef al, 1993;
Ravizza ef al. 1996]. The REE patterns of the WHO! samples demonstrate the influence of
REEs derived from a hydrothermal fluid with a similar REE composition to diffuse pore
fluids from the TAG mound [M. Rudnicki pers. comm.]. This fluid must have reacted with
basalts at high temperatures (¢.350°C) to have become enriched in metals such as Fe and
Mn, and its REE content can be inferred to have evolved from an initial black-smoker-like
composition. Within the TAG vent field, the TAG mound is the present focus of high-
temperature hydrothermal activity. Fluids are presumably channelled to the low-
temperature field by faults that dissect the TAG mound [Kleinrock & Humphris 1996].
The REE patterns of the WHOI samples indicate that the high-temperature fluid has
undergone considerable chemical modification prior to venting on the rift valley wall, in c.

1 km shallower water depths than the active TAG mound.

Diffuse fluids associated with ferromanganese deposits at the Galapagos spreading centre
contain large amounts of dissolved Mn, with variable Fe and Si contents [Edmond ef al.
1979q,b]. By analogy, the ‘hydrothermal’ WHOI samples can be inferred to have
precipitated from similar fluid compositions. The origin of the HREE enrichment of these
samples is unclear. It might arise by the precipitation/dissolution of phases with REE-
fractionated patterns, or because of a change in REE speciation during seawater mixing.
Speciation of the trivalent REEs in seawater is dominated by carbonate complexation
[Cantrell & Byrne 1987, Wood 1990a]. Seawater is relatively enriched in HREEs because
they form more stable carbonate complexes than the LREEs and consequently less prone
to particle-reactive uptake from seawater [Cantrell & Byrne 1987]. In acidic hydrothermal
solutions the REE are transported as less stable chloride species in the absence of other
ligands [Wood 1990a,5]. LREEs form more stable CI complexes than the HREEs in
acidic hydrothermal solutions, and Fe-oxides precipitating from such solutions would be
HREE enriched. Mixing of hydrothermal fluid with seawater may generate a HREE
enrichment in the fluid as REE speciation becomes increasingly dominated by carbonate-
rather than chloride complexation at higher dilutions and lower temperatures. However,
seawater mixing alone this cannot account for the observed enrichments, because as

discussed, these samples are mostly more HREE enriched than North Atlantic seawater.
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Therefore, fractionation of the REEs to the observed HREE-enriched compositions might
have occurred via the preferential uptake of LREEs from solution onto particulate phases
formed prior to venting, in addition to a change in REE speciation from their transport as

chloride- to carbonate dominated REE complexes.

Solution complexation will not affect the Eu and Ce anomaly, which should therefore
reflect the redox state of the parental fluid. Europium will be present as Eu’* at
temperatures below 250°C and will behave coherently with the other trivalent REEs
[Sverjensky 1984]. The ‘hydrothermal’ WHOI samples contain residual Eu enrichments
inherited from the high-temperature fluid, that arises from the fractionation of Eu’* from

the trivalent REEs at elevated temperatures and pressures (refer to section 2.5)

[Sverjensky 1984].

8.7.4 Radiogenic isotope systematics

Because REE residence times are shorter than the oceanic mixing time, Nd-isotopes can
used to identify sources of Nd in addition to mixing, transport and depositional processes
within the ocean (refer to section 2.10) [Elderfield 1988, Piepgras & Jacobsen 1992].
Seawater below 1000 m depth in the north Atlantic is dominated by North Atlantic Deep
Water (NADW), that has low eng (0) values (-13 £ 5) because Nd inputs are dominated by
the erosion of continental material [Piepgras et al. 1979; Piepgras & Wasserburg 1980;
Piepgras & Wasserburg 1987]. Fluids venting from the active TAG mound, 26°N MAR
have gnq (0) = +11.9 [T. Masuzerawa pers. comm.]. There are no published Nd-isotope

data for TAG basalts.

The histogram in Fig. 8.5 shows that Nd isotope data for Atlantic ferromanganese nodules
and exhibit distinctive and tightly clustered exg (0) values of —10 to —14 [Piepgras et al.
1979]. The Nd-isotopic composition of a hydrothermal oxide-rich crusts from the
FAMOUS site on the MAR (enq (0) = -11.5) falls within the range of exq (0) values
exhibited by the Atlantic ferromanganese nodules [Piepgras et al. 1979, Piepgras &
Wasserburg 1980]. The similarity of the Nd isotopic composition of the hydrothermal and
hydrogenous deposits is consistent with inferences that mantle-derived hydrothermal Nd is
confined to deposits accumulating around hydrothermal vents, and is rapidly overprinted
by seawater-scavenged Nd (refer to section 2.10) [e.g. Mills ef al. 1993; Halliday et al.
1992]. Direct seawater measurements indicate that present-day NADW has a well-defined

isotopic composition of exg (0) =-13.5 £ 0.5. A recent comparison of the Nd-isotopic
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composition and '’Be/’Be ages of hydrogenous ferromanganese crusts in the western
North Atlantic by Burton ez al. [1998] suggests that NADW has evolved to its present
composition from more radiogenic isotope compositions of exq (0) = -11 over the last ¢.4
Myr, due to an increasing contribution of more negative waters originating in the Labrador
Sea (end (0) = <-18 [Piepgras & Wasserburg 1987]) to NADW formation. This signal is
evident in the enq (0) values of slowly accumulating ferromanganese deposits analysed by
Piepgras et al. [1979]. These integrate the NADW signal over the time-scale of their

formation, and have values up to —10 (Fig. 8.5), compared with the present NADW value
of —13.5 [Piepgras et al. 1987].

Excluding WHOI sample 1247-2-2D, the samples analysed in this study have exg (0)
values ranging from —10.7 to —12.3, and are within the range of compositions of Atlantic
ferromanganese nodules and hydrothermal crust analysed by Piepgras ez al. [1979], being
slightly more radiogenic than the NADW value of exg (0) =-13 £ 0.5. Ce-enriched
(hydrogenous) BRAVEX samples from the low-temperature field are inferred to be
accumulating outside the influence of a hydrothermal plume, and more slowly than the
Ce-depleted WHOI samples from the low-temperature field and BRAVEX samples from
the relict Alvin zone (section 8.7.2). The Ce-enriched BRAVEX samples have more
radiogenic enq (0) values (-10 to —12.2) than samples from the relict A4/vir zone (-12.1 and
—12.2). If the Ce-enriched samples are accumulating relatively slowly, then the thin Mn-
oxide coatings analysed in this study may be integrating former (i.e. more radiogenic) and
present-day NADW compositions, accounting for the compositions that are more
radiogenic than present-day NADW. The ena (0) values of the WHOI samples are also
more radiogenic than modern NADW (-2.13 to —12.3). Previous radiochemical analyses of
hydrothermal ferromanganese crusts from the low-temperature zone indicate they are
accumulating two orders of magnitude faster (100 to 200 mm Myr™) than typical
hydrogenous deposits [Scott ef al. 1974], and they have been dated to ¢.4000 to 125 000
years [Lalou et al. 1986; Lalou et al. 1990; Lalou et al. 1993]. The elevated exq (0) values
of the WHOI samples is therefore interpreted to reflect the incorporation of a small

amount of basaltic, in addition to seawater-derived Nd.

Sample 1247-2-2D has a more radiogenic composition, ¢.8 € units higher than the other
samples (eng (0) = -2.13). This is inferred to reflect the incorporation of some Nd sourced

from a hydrothermal fluid, consistent with REE evidence for the formation of the WHO!

samples from diffuse hydrothermal fluids, as discussed in section 8.7.3.
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The eng(0) values of the BRAVEX and WHOI samples have been plotted against their
Yb,/Nd, ratios in Fig. 8.8. The Nd isotopic composition of a TAG black smoker fluid [T.
Masuzerawa pers. comm.] and NADW are shown for reference [Piepgras & Wasserburg
1987]. Also plotted are some data for a metalliferous sediment core sampled 2 km NE of
the TAG mound, which comprises layers dominated by either TAG plume particles or
eroded sulphide material [Mills e al. 1993]. On this graph the plume-derived sediments,
the BRAVEX samples and WHOI sample 1243-1 plot in a group that is characterised by
relatively low Nd,/Yb, ratios (c. 0.25) and low, seawater-like eng(0) values (c. —12). The
other samples display more scatter in ena(0) values and comprise the ‘hydrothermal’
WHOI samples (Yb,/Nd, = c. 1.2) and the sulphidic metalliferous sediments of Mills et al.
[1993] (Yb,/Nd, = c. 0.3). Mills et al. [1993] found that the Nd-isotope compositions and
Nd concentrations of the sediments define two mixing lines between seawater (ena(0) =
=13.5, Nd = 19.9 ppm) and two hydrothermal end-members with inferred exa(0) values of
+10 and Nd concentrations of 2.4 ppm and 0.74 ppm respectively [Mills et al. 1993].
These two groups of samples are distinguished in Fig.8.10 by the use of solid (2.4 ppm
end-member) and open (0.74 ppm end-member) symbols. The plume-derived sediments
(circles) have higher Nd concentrations than the sulphidic portions of the core (~ 12 ppm
Nd compared with ~3 ppm). Fig. 8.8 suggests that the process responsible for the Nd
enrichment of the plume-derived sediments causes fractionation of the REEs away from
compositions predicted by the mixing line by reducing the Yb,/Nd, ratios. This trend
towards generally lower Yb,/Nd, ratios with decreasing enq(0) towards seawater values is
delineated in Fig. 8.8 by the curved arrows. It is inferred that the process responsible for
lowering the exg(0) values of the sediment samples and increasing the degree
LREE/HREE fractionation is the scavenging uptake of Nd from seawater. Preferential
uptake of the less soluble LREEs from seawater onto oxide or oxyhydroxide particulates is
characteristic of natural and experimental systems [Cantrell & Byrne 1987; Elderfield ez
al. 1988; Koeppenkastrop & De Carlo 1992].

The plume-derived sediments, BRAVEX ferromanganese deposits and WHOI sample
1243-1 have seawater-like eng(0) values and exhibit a range of Yb,/Nd, ratios, that is
inferred to reflect the extent of LREE uptake from seawater. WHOI sample 1243-1 shows
the greatest degree of LREE-enrichment (lowest Yb,/Nd, ratio), and therefore might be
expected to possess the highest Nd concentrations. However, sample 1243-1 contains

much lower levels of REEs than the BRAVEX samples (7.63 ppm cf. >250 ppm). This
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Figure 8.8: Relationship between exa(0) value and Yb,/Nd, ratio for the WHOI and
BRAVEX ferromanganese crusts. None of these samples fall on the mixing line defined
by NADW [Piepgras & Wasserburg 1987; Mitra ef al. 1994] and TAG black smoker fluid
compositions [Mitra ef al. 1994; T. Masuzerawa pers. comm.]. The BRAVEX samples,
WHOI sample 1243-1 and sub-samples of a TAG field core analysed by Mills ez al. [1993]
define a trend towards lower ratios with decreasing enq(0) value, which is inferred to
reflect seawater REE uptake. There are clearly different controls on the Yb,/Nd, ratios of
the other four WHOI samples, which fall within the range exhibited by TAG mound pore
fluids. Error bars on the WHOI samples are 20.
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apparent discrepancy may reflect differences in the crystallinity of the BRAVEX samples
(amorphous Fe- and Mn-oxides) compared with WHOI sample 1243-1 (crystalline Fe-
silicates and amorphous Fe-oxides). In experimental studies, scavenging uptake of all
REEs from solution onto amorphous FeOOH is greater than onto crystalline goethite,
because of the greater effective surface area of the amorphous phases [Koeppenkastrop &
De Carlo 1992]. Moreover, while scavenging onto both crystalline and amorphous
FeOOH is more efficient for the LREEs than the HREESs, there is a lesser fractionation
during scavenging onto the amorphous phase which is more likely to sorb non-selectively
both LREEs and HREESs than crystalline FeOOH [Koeppenkastrop & De Carlo 1992].
This observation is consistent with the observations of higher Yb,/Nd, ratios for the
BRAVEX samples then WHOI sample 1243-1, despite their much higher Nd

concentrations.

Fig. 8.8 indicates that the ‘hydrothermal’ WHOI samples are incorporating REEs from
fluids with highly evolved REE compositions. The Yb,/Nd, ratios of the ‘hydrothermal’
WHOI samples fall outside than the range defined by the seawater and hydrothermal end-
members but fall within the range of Yb,/Nd, ratios of TAG diffuse fluids, as discussed in

section 8.7.3.

The osmium isotope composition of four of the WHOI samples analysed in this study has
been determined by Ravizza et al. [1996], and are shown in Table 8.4. Comparison of the
REE and osmium isotope geochemistry of these samples can provide further insights into
their formation. Over the course of geological time, the decay of !87Re to 70s has
produced large differences in the Os isotopic composition of different geochemical
reservoirs within the earth. Os is inferred to be mobilised from the oceanic crust during
hydrothermal circulation, and like manganese does not show any preferential partitioning
into sulphides [Briigmann ef al. 1998]. The concentration and isotopic composition of
seawater Os of seawater has not been measured directly, but has been inferred from
investigations of modern marine sediments [Ravizza & McMurtry 1993]. The inferred
18705/'%50s ratios of seawater and basalt are ¢. 8.6 to 8.8 [Ravizza & Turekian 1992] and
c.1 [Schiano et al. 1996] respectively. While this large isotopic contrast gives scope for Os
to be used as a sensitive indicator of chemical exchange during hydrothermal processes,
measurements are hampered by the low (ppt) Os content of hydrothermal fluids and
precipitates [e.g. Briigmann ef al. 1998]. In spite of these difficulties, studies have found

that distal metalliferous sediments on the EPR have values approaching the inferred
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seawater value, while hydrothermal sulphides have values 18705/'%0s of ¢. 2, indicating
that of the majority of the Os has been mobilised from the oceanic crust during

hydrothermal circulation [Ravizza & McMurtry 1993].

The WHOI samples have ‘*’Os/'®°Os ratios that are less radiogenic (4.24 to 7.14) than the
inferred ‘’0s//%°Os ratio of seawater (~8.7), indicative of some basaltic Os sourced from a
hydrothermal fluid. The Os isotopic ratio of the least radiogenic crust (1244-1C;
18705/'%0s = 4.24) places an upper limit on the '*’Os/’ Qs ratio of the low-temperature
fluid, as Os acquired during post-formation uptake from seawater would make the
18705/'%0s ratios appear less ‘hydrothermal’. Because the 18705/'%0s ratio these samples
fall approximately mid-way between the isotopic compositions of seawater and oceanic
crust, it has been inferred that they contain a roughly 50:50 mixture of seawater and ocean
crust-derived (i.e. black smoker) Os [Ravizza ef al. 1996]. The REE pattern of such a
mixture would possess a large positive Eu anomaly and no negative Ce anomaly (refer to
Fig. 8.7). However, these four samples have seawater-like Ce anomalies (Fig. 8.7). For
these samples it would appear that REEs are scavenged more effectively than Os from
seawater by the oxide crusts, implying that the residence time of Os in seawater is less
than for the REEs (e.g. 270 yr for Nd [Goldberg et al. 1963]). While the inputs and

~ processes controlling the behaviour of the REEs in the marine environment are well-
characterised [review by Elderfield ez al. 1988], the marine geochemical cycle of Os,
(including the reactivity of Os in the oceanic environment) is still poorly constrained [e.g.
Ravizza & McMurtry 1993]. These observations indicate that a comparison of the Os
isotope composjtion of hydrothermal precipitates with the better-understood REE

systematics may prove useful in gaining further insights into the oceanic chemistry of Os.

The 4’0s/"%°0s ratios of the WHOI samples have been plotted against their eNd(0) values
in Fig. 8.9. Approximate NADW and TAG Black Smoker fluid end-member compositions
have been plotted using the Nd isotopic data Piepgras & Wasserburg [1987] and T.
Masuzerawa [pers. comm], and inferred 18705/'%60s ratios of ¢.8.7 and c.1 respectively
[Ravizza & Turekian 1992; Schiano et al. 1996]. The WHOI samples display a trend
towards less radiogenic ’ 8705/!%%Qs ratios with increasing eNd(0) values, interpreted to
reflect the variable incorporation of Nd and Os sourced from a vent fluid. The REE and Os
chemistry of WHOI sample 1243-1 shows the greatest seawater influence, possessing a
seawater-scavenged REE pattern (Fig. 8.4), the lowest eNd(0) value and the most
radiogenic /4’0s/'®°0s ratio. On the basis of their REE distribution patterns, REEs in the
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Figure 8.9: Refationship between '¥’0s/'*°0s ratio and eNd(0) for the WHO! samples.
Osmium isotope data for the WHOI samples are from Ravizza et al. [1996]. Approximate
NADW and TAG Black Smoker fluid end-member compositions are plotted using
inferred /670s//%%Qs ratios of c. 8.7 and ¢. 1 respectively [Ravizza & Turekian 1992;
Schiano et al. 1996]. Nd isotopic data for NADW and TAG vent fluids are from Piepgras
& Wasserburg [1987] and T. Masuzerawa [pers. comm]. The WHOI samples display a
trend towards less radiogenic 1870511805 ratios with increasing eNd(0), interpreted to
reflect the variable incorporation of Nd and Os sourced from a vent fluid.
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other three WHOI samples shown in Fig. 8.9 are inferred to be dominantly sourced from
an evolved, diffuse fluid (refer to section 8.7.3). This interpretation is reinforced by the
less radiogenic Os isotope compositions of these samples, which is interpreted to reflect

the incorporation of some hydrothermally-derived Os, in addition to Nd.

While the controls on the behaviour of the REEs in hydrothermal fluids and precipitates
are relatively well established, the behaviour of Os in these systems is more poorly
understood. Some published Os isotope data for TAG hydrothermal sediments are shown
plotted against Eu anomaly in Fig. 8.10. The circles in Fig. 8.10 represent data for sub-
samples of a push core (2182-4) collected near the base of the TAG hydrothermal mound
[German et al. 1993]. This ~13 cm core contains two metalliferous layers derived from
mass wasting of sulphidic material from the TAG mound superimposed on a background

of Fe-oxyhydroxide sedimentation from the TAG plume.

A negative correlation might be expected between the two parameters in Fig.' 8.10 (i.e.
high Eu/Eu* corresponding to low 18705/156Qs ratios) given that TAG black smoker fluids
and NADW are characterised by Ew/Eu* = 9.1 and 0.63, and inferred 18705/1%60s ratios of
c.1 and ¢.8.7 respectively. However, this trend is not apparent in either the WHOI samples
(diamonds) or the TAG mound sediment core (circles). Sub-samples of the TAG mound

- sediment core (excluding one sample) exhibit only minor variations in 18705/'%50s ratio
over a wide range of Eu anomalies (Eu/Eu* = 0.8 to 3.7). The high Ew/Eu* values
correspond to core layers containing slumped sulphides. These sulphides have vent fluid-
like REE patterns with large positive Eu anomalies, and have been interpreted as having
undergone no significant reaction with seawater [German et al. 1993]. However, the
18705/'%0s ratios of the majority of the sediment core layers are indistinguishable from
seawater, in spite of REE patterns that indicate mixing between different proportions of
vent fluid- and seawater-derived REEs. Conversely, for the recorded range in 18705115605
ratios of the WHOI samples (4.24 to 6.8), there is very little variation in the Eu anomaly
(Eu/Eu* = 0.68 to 0.83). Clearly Os and the REEs are behaving very differently in these
samples. This must reflect fundamental differences in the oceanic chemistry of these
elements, which may relate to factors such as their hydrothermal geochemistry,

complexation in seawater, particle reactivity and redox chemistries.
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Figure 8.10: Relationship between 1870/!%Qs ratio and the Eu anomaly for four of the
WHOI samples and TAG mound sediment core 2182-4. Osmium isotope data for the
WHOI samples are from Ravizza et al. [1996]. Sediment core REE data are from German
et al. [1993]. There is a decoupling between the Eu anomaly and "¥0s/'®50s ratio as
indicators of hydrothermal inputs, which must reflect differences in the marine
geochemistry of Os and the REEs.
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8.8 Conclusions

Mn- and Fe-rich oxide deposits from the TAG vent field exhibit two types of REE
fractionation pattern, that is inferred to reflect their mode of formation rather than their
mineralogy, sampling depth or accumulation rate. Samples from the inactive A/vin zone
located 2 km north-east of the active TAG mound have REE patterns dominated by
seawater-scavenged REEs. While BRAVEX samples from the low-temperature field
located c. 1 km higher on the east rift valley wall have similar REE characteristics, the
four WHOI samples from the low-temperature field are inferred to have incorporated

REEs from diffuse hydrothermal fluids seeping from the valley wall.

The BRAVEX samples and WHOI sample 1243-1 have REE patterns dominated by REEs
scavenged from seawater, that have a high affinity for both Mn- and Fe oxide surfaces.
Experimental studies have shown that enhanced Ce scavenging is a feature of manganese-
rather than iron oxyhydroxides, and accounts for the typical Ce-enrichment of
hydrogenous ferromanganese deposits [e.g. Koeppenkastrop & De Carlo 1992]. However,
BRAVEX samples from the relict A/vin zone (that lies between 3550 and 3450 m depth)
have negative Ce anomalies, and are inferred to be incorporating a flux of Ce-depleted
oxyhydroxide particles from the overlying TAG plume, that achieves neutral buoyancy
between 3450 and 3200m above the seafloor. WHOI sample 1243-1 from the low-
temperature field is similarly Ce-depleted, and shows a greater seawater REE influence
than the other WHOI samples. However, the Os isotope composition of sample 1243-1 and
the other WHOI samples suggests the incorporation of some Os sourced from a
hydrothermal fluid. Ce-enriched BRAVEX samples from the low-temperature field are
inferred to be accumulating outside the influence of a hydrothermal plume. Their
formation is dominated by hydrogenous enrichment processes with preferential Ce uptake

compared to the trivalent REEs.

Four of the WHOI samples have precipitated from and/or been subject to alteration by
slightly Eu-enriched, evolved hydrothermal fluids with lower Nd./Yb, ratio than either
seawater or end-member black smoker fluid compositions. The REE data confirm that
diffuse venting is occurring within the low-temperature field, as proposed in previous
studies on the basis of other chemical and physical criteria [Rona 1973; R. Scott et al.
1974; M. Scott et al. 1974; Rona 1975; Thompson et al. 1985; Rona 1978; Rona, 1980;
Jenkins et al. 1980, Nelson & Forde 1991; Elderfield et al, 1993; Ravizza ef al. 1996]. The

Mn-enriched diffuse fluids are inferred to have similar REE compositions to some TAG
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mound pore fluids [M. Rudnicki pers. comm.]. Given that some of the Mn-Fe oxides from
the low-temperature field have been dated at 125,000 yr, it seems likely that the diffuse
fluids and/or plume particulates that contribute to the formation of the TAG low-
temperature deposits were sourced from the relict A/vin or Mir zones when they were
hydrothermally active (from 100 kyr and 40 kyr respectively), in addition to the TAG
mound. The affinity of REEs for metal oxide surfaces is such that during exposure to
seawater, they will acquire a seawater derived REE pattern that will overprint any
hydrothermal REE signature. However, the Nd isotope analyses have confirmed

hydrothermal inputs of Nd to one sample, as well as Os to these samples [Ravizza ef al.
1996].

The focus of many studies of hydrothermally active areas has been the sites of high-
temperature venting and associated near-field deposits, whereas the far-field deposits have
been relatively under-sampled and in general more poorly characterised. Dredging
operations during the BRAVEX cruise confirmed that Mn and Fe-oxide precipitates are
extensive over the eastern rift valley wall at TAG between depths of ~2400 m and 2800 m.
The REE data presented in this study indicate that the separation of Mn from other
hydrothermally-derived metals at TAG is due to both plume processes and the spatial
distribution of diffuse flow within the vent field. Diffuse fluids venting on the eastern
valley wall at TAG have evolved REE distribution patterns. These fluids transport large
amounts of Mn and variable amounts of Fe, but have lost other metals from solution prior
to venting on the rift valley wall. This fractionation can be largely attributed to changes in
solution E; upon mixing with oxic seawater. Establishing the relative importance of
diffuse venting \in axial hydrothermal systems is a prerequisite to resolving global
hydrothermal flux and chemical budgets, because the lower-temperature fluids are
associated with different heat and chemical fluxes than the spectacular ~350°C black
smokers [e.g. Wolery & Sleep 1976; Morton & Sleep 1985; Palmer & Edmond 1989;
Schultz et al. 1992; Elderfield & Schultz 1996]. This study has shown diffuse
hydrothermal venting to be more extensive within the TAG field than has previously been

accepted.




Chapter 9

Summary & Conclusions

While submarine hydrothermal activity is recognised to provide a source of many
dissolved elements to the oceans at similar rates to river inputs, numerous factors frustrate
quantification of the hydrothermal chemical flux. One problem is that the temporal
variability and periodicity of high-temperature venting is not well-constrained.
Additionally, upon seafloor venting the chemistry of the pristine vent fluid and local
seawater is severely modified within the near-field environment. Mixing processes in
hydrothermal plumes generate a flux of trace-metal enriched Fe-oxyhydroxide particles to
underlying metalliferous sediments, which may undergo further chemical modification on
the seafloor. These processes have been characterised more fully at the TAG site than any
other modern vent field, aided by the physical containment of the TAG plume by the walls
of the MAR rift valley [e.g. German et al. 1990; German ef al. 1991a,b; Rudnicki &
Elderfield 1993; Mills et al. 1994].

The hydrothermal chemical flux is additionally modified by reactions that occur during the
formation of on-axis and ridge flank diffuse fluids. Most research efforts at active vents
have been towards characterising black smoker chemistries, as these fluids are easier to
sample without dilution by local seawater than lower-temperature diffuse flow.
Consequently, the geochemical significance of on-axis diffuse fluids, in addition to those
formed during the lower-temperature waning phases of high-temperature hydrothermal
systems and off-axis crustal ageing processes (which can continue for up to 10’s of Myr)
is not well understood. These problems have been addressed through a comparison of the
REE systematics of hydrothermal materials from the TAG vent field, 26° N Mid-Atlantic
Ridge, and the Troodos Ophiolite, Cyprus. These two areas possibly represent the best
characterised localities for modern and ancient ore-forming hydrothermal systems.
Previous investigations of both areas have been instrumental in the recognition of the
significance of hydrothermal circulation at mid-ocean ridges, and in developing models of

the mineralising systems.

The relative importance of diffuse flow versus discrete high-temperature venting in the
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axial zone is not well known. Experiments to quantify the balance of on-axis diffuse and
high-temperature flow suggest that black smoker fluids may account for only 10% of the
axial heat loss [Schultz et al. 1992; Schultz et al. 1996]. Mixing between black smoker
fluids and seawater lowers the temperature of the venting fluid, according to the degree of
seawater entrainment and any sub-surface conductive cooling. However, the chemical
consequences of sub-surface mixing are much less predictable. Establishing the relative
importance of diffuse venting in axial hydrothermal systems is a prerequisite to resolving
global hydrothermal flux and chemical budgets, because the lower-temperature fluids are
associated with different heat and chemical fluxes than the spectacular ~350°C black

smokers [e.g. Wolery & Sleep 1976, Morton & Sleep 1985; Palmer & Edmond 1989;
Schultz et al. 1992; Elderfield & Schultz 1996].

At TAG, diffuse fluids have been sampled at the surface of the active sulphide mound, but
as at other vents, the far-field deposits have been relatively undersampled and, the lower-
temperature processes occurring in this environment are less-well characterised. In
particular, the origin of Mn and Fe-rich oxide deposits forming within the low-temperature
field has remained controversial over 25 years of investigations of the TAG vent field.
TAG end-member vent fluids are highly enriched in manganese (600 pmol kg?), and the
origin of these low-temperature deposits reflects the behaviour of this element during
mixing with seawater both prior to, and following venting at the seafloor. The REE and
Nd isotope data presented in this thesis indicate that ferromanganese deposits within the
TAG vent field are forming by a combination of sedimentation of Mn-rich particulates
from the hydrothermal plume and direct precipitation from diffuse hydrothermal fluids
seeping from the rift valley wall. The REE data confirm that diffuse venting is occurring
within the low-temperature field, as proposed in previous studies on the basis of other
chemical and physical criteria [Rona 1973; R. Scott ef al. 1974; M. Scott ef al. 1974; Rona
1975; Rona 1978; Rona 1980; Jenkins ef al. 1980; Thompson ef al. 1985; Nelson & Forde
1991; Elderfield ef al. 1993; Ravizza et al. 1996]. The REE data for these deposits indicate
that the separation of Mn from other hydrothermally-derived metals at TAG is due to both
plume processes and the spatial distribution of diffuse flow within the vent field. The REE
compositions of four of the samples analysed indicates that they have precipitated from
and/or been alteration by slightly Eu-enriched, evolved hydrothermal fluids with lower
Nd,/Yb, ratios than either seawater or end-member black smoker fluid compositions.
These Mn-enriched diffuse fluids are inferred to have similar REE compositions to some

TAG mound pore fluids [M. Rudnicki pers. comm.], but have quite different REE
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characteristics to diffuse fluids sampled at the surface of the TAG mound, which are
essentially diluted black smoker fluids [James & Elderfield 1996]. Clearly, different
processes are involved in the formation of the diffuse fluids which vent within the low-
temperature field, and also the TAG mound pore fluids which display similarly HREE-
enriched REE patterns. This study has shown diffuse hydrothermal venting to be more
extensive within the TAG field than has previously been accepted. The relative
abundances of the different types of diffuse flow needs to be established in order to

evaluate the consequences of their formation on hydrothermal chemical budgets at TAG.

The TAG sulphide mound has been episodically constructed during high-temperature
venting episodes over the last ~50,000 yrs. Drilling and submersible studies of the TAG
deposit indicate that subsurface mixing of hydrothermal fluids with seawater plays a
crucial role in creating and modifying the ore deposit. Processes of fluid mixing and
modification within the TAG mound involving seawater circulation, the precipitation of
anhydrite, pyrite and chalcopyrite, and the dissolution of sphalerite within the mound are
reflected in the REE systematics of hydrothermal precipitates and fluids sampled at the
mound surface [Mills & Elderfield 1995a; James & Elderfield 1996; Mills et al. 1996;
Humphris 1998; Goulding ef al. 1998]. Seawater circulation within the mound has
effectively zone-refined the ore body through the dissolution and re-precipitation of
mound sulphides by diffuse hydrothermal fluids [Tivey et al. 1995; Edmond et al. 1995].
In light of the TAG studies, similar processes have been invoked to account for the
observed metal-enrichments in the upper parts of Cyprus-type ore bodies. However,
ophiolites integrate a long (c. 20 Myr) history of seafloor alteration, which will reflect
both axial and off-axis hydrothermal processes. The REEs have been used to test the
applicability of the TAG models of sulphide mound and metalliferous sediment formation

to processes of sulphide mound formation operating within the Troodos ophiolite, Cyprus.

The REE patterns of mound sulphides from the Skouriotissa and Kinousa ore bodies are
strikingly different from TAG mound and other oceanic sulphides. Despite the many
similarities between modern and ancient massive sulphide deposits, the REE data suggest
that the Troodos ore bodies are dominated by seawater REE signatures. The REE patterns
of umber, ochre and sulphide sampled from a section through the top of the Skouriotissa
ore body clearly demonstrates extensive seawater ingress and circulation throughout the
upper ore body, which has resulted in the overprinting of any original hydrothermal

signatures in both mound sediments and sulphides. Troodos ore bodies exhibit a similar
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compositional zonation to that revealed by ODP drilling of the active TAG deposit
[Humphris et al. 1995; Hannington ef al. 1998]. At TAG, the seawater ingress and
circulation within the sulphide mound which is responsible for this zonation are reflected
in the fractionated REE patterns of Fe-oxyhydroxide sediments which precipitate from
diffuse fluids at the mound surface [Mills & Elderfield 1995a; Mills et al. 1996; Goulding
et al. 1998]. If these processes were important in the formation and evolution of the
Skouriotissa sulphide mound, then ochres forming on the mound surface might be
expected to show similar REE patterns to TAG ochres. However, the integrated effects of
seawater ingress into the Skouriotissa deposit during waning hydrothermalism, and
subsequent sustained seawater alteration during cooling of the mound have obscured any
such REE signatures in the sulphides and metalliferous sediments of this ophiolitic
deposit. This study has demonstrated that the geochemistry of the sulphide mound
deposits continues to evolve following the peak of hydrothermal activity, and that the
seawater overprinting of the Skouriotissa deposit is the end product of a procéss which we
only see the initiation of on the modern seafloor [e.g. Tivey et al. 1995; Edmond ef al.
1995; Goulding ef al. 1998].

Compared with active vents, patterns of multi-stage alteration in ophiolites are the product
of prolonged ageing of the oceanic basement, in addition to axial hydrothermal circulation
at ancient ridge crests [Gillis & Robinson 1988, Gillis & Robinson 1990a,b; Staudigel &
Gillis 1990; Bednarz & Schmincke 1990]. In order to document the evolution of
hydrothermal fluids within ophiolitic ocean crust, it is therefore necessary to identify and
geochemically characterise secondary mineral phases that have precipitated within these
contrasting alteration regimes. The distribution of REEs between high- and low-
temperature secondary minerals in the host volcanic rocks of a stockwork mineralised
alteration pipe within the Troodos ophiolite has been investigated by LA ICP-MS. LA
ICP-MS REE data for stockwork mineralised lavas, dykes and interstitial sediments from
the Pitharokhoma alteration pipe indicate that REE mobility was associated with the
development of both high- (~200 to 350° C) and low-temperature (<100° C) alteration
phases that precipitated within contrasting alteration regimes (discharge- and recharge-
dominated respectively). Lavas and sediments in the centre of the alteration pipe were
altered by ancient analogues of black smoker fluids upwelling in a zone of axial
hydrothermal alteration [Jensenius 1984; Richards et al. 1989]. The LREE enriched
composition of pyrite, chlorite and chlorite-smectite is inferred to reflect the composition

of the ~350° C hydrothermal fluid and contrasts with the typically LREE depleted patterns
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of lower-temperature amorphous Fe-oxides and smectite. However, most lavas from the
Pitharokhoma alteration pipe have REE compositions similar to Troodos volcanic glasses,
indicating that on- and off-axis hydrothermal alteration processes have not induced any
significant net REE mobilisation. Low-temperature alteration phases are the major
repository for the REEs in lavas that show LREE + Eu depletions relative to pristine
volcanic glass compositions. Hence much of the REE signature of the alteration pipe is a
post-mineralisation overprint acquired in the waning stages of hydrothermal activity and
during the protracted alteration of the oceanic basement, which continued for ~20 million
years following crustal accretion [Staudigel ef al. 1986; Staudigel & Gillis 1990] rather

than on-axis greenschist facies hydrothermal alteration.

The studies presented in this dissertation have demonstrated the use of REEs as tracers of
chemical processes in ancient and modern hydrothermal systems on a wide range of
temporal and spatial scales. While the rocks of ophiolites integrate multiple alteration
episodes, new techniques such as LA ICP-MS allow REE analyses of individual alteration
phases, and can be used to de-convolve the complex alteration processes associated with

crustal generation at oceanic spreading ridges.
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Glossary of Terms

AMU
BRAVEX
BSC
BSV
CHUR
CSA
DSDP
DSRV
EPR
EDS
GSC
HDEHP
HDPE
HREE
HTA
ICRDG
IAT
ICP-MS
JdFR
LA ICP-MS
LDPE
LOQ
LPA
LREE
LTA
LTZ
MAR
mbsf
MORB
NADW
NIST
N-MORB
NOAA
ODP
OIB
PMP

ppb

ppm
REE
RSD

Atomic mass unit

British-Russian Atlantic vents expedition
Black smoker complex

Boninite series volcanics

Chondritic uniform reservoir

Cold seawater alteration

Deep sea drilling project

Deep sea research vessel

East Pacific Rise

Energy dispersive system

Galapagos Spreading Centre
di-2-ethyl-hexyl-ortho-phosphoric acid

High density polyethylene

Heavy rare earth element

High temperature alteration

International crustal research drilling group
Island arc tholeiite

Inductively coupled plasma mass spectrometry
Juan de Fuca Ridge

Laser ablation inductively coupled plasma mass spectrometry
Low density polyethylene

Limit of quantitation

Lower pillow alteration zone

Light rare earth element

Low temperature alteration

Low temperature zone

Mid-Atlantic Ridge

Metres below seafloor

Mid-ocean ridge basalt

North Atlantic deep water

National institute of standards and technology
Normal mid-ocean ridge basalt

National oceanic and atmospheric administration
Ocean drilling programme

Ocean-island basalt

Polymethylpentene

parts per billion

parts per million

Rare earth element

Relative standard deviation

246



Appendix 247

SEM Scanning electron microscopy

SOC Southampton Oceanography Centre
SRM Standard reference material

Swz Seafloor weathering zone

TAG Trans-Atlantic geotraverse

TEM Transmitted electron microscopy
TIMS-ID Thermal ionisation mass spectrometry isotope dilution
TZ Transition zone

TZD Transition zone and dyke complex
UDZ Upper dyke zone

UPA Upper pillow alteration zone

UPL Upper pillow lavas

WHOI Woods Hole Oceanographic Institution
XRD X-ray diffraction

XRF X-ray fluorescence
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