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Abstract

The deep ocean is considered the largest unexplored environment left on the earth. Since the
discovery of active hydrothermal venting on the seafloor over 40 years ago, deep ocean research
has furthered our understanding on the role that hydrothermal systems have in transferring heat
and elements from the earth’s interior, and the unique chemosynthetic biota that inhabit vents
provide a potential analogue for the origins of life on earth. With a global shift towards the
development of green technologies, and the general decreasing grades of on-land mineral deposits,
mineral reserves in the deep ocean could prove to be of economic interest in the future. Seafloor
massive sulphide (SMS) deposits form at hydrothermal vent sites at a wide range of ocean spreading
centres, however due to their high venting temperatures and unique life, are not considered viable
for mineral exploitation. However, extinct seafloor massive sulphide (eSMS) deposits are an
understudied aspect of modern seafloor hydrothermal activity, and are thought to be a potential
resource for base and precious metals. The transition from active to inactive sulphide deposits
poses important, but as yet, unanswered questions about their preservation as hydrothermal
venting ceases. Upon cessation of hydrothermal activity, oxygenated ocean water has the potential
to destroy the metal tenor and grade in SMS deposits, unless they are somehow protected. Surface
study of inactive mounds from the TAG Hydrothermal Field has been undertaken, and reveals that
with one hydrothermal field, multiple eSMS deposits present a range of surface weathering

features, indicating that if deposits remain on the seafloor they begin to oxidise. However, upon



drilling three eSMS deposits, Si-Fe caps, in the order of 3-5 m thick, were discovered at each deposit,

directly overlying the massive sulphide ore bodies.

This project brings together historical data based on comparable Si-Fe material from volcanogenic
massive sulphide deposits (the geological equivalent of SMS deposits), and uses a range of
petrological and geochemical techniques to assess their origins, to identify the range of processes
which have combined to form these cap rocks, and to determine what effect these caps may have

on the preservation of eSMS deposits.

Petrological assessment of the Si-Fe cap rocks and the overlying sediments has identified a range
of comparable textures and mineralogy to determine that the cap is a product of silicification of
hydrothermal sediments. Preserved textures imply that the sediments have formed by a
combination of seafloor weathering processes including mass-wasting, and likely involve microbial
mediation and abiological precipitation of iron oxides. Late-stage, low temperature, reduced,
diffuse hydrothermal fluids are interpreted to have silicified these sediments, thus forming the Si-
Fe cap. Three dimensional connected porosity and permeability simulations undertaken on Si-Fe
cap rock samples show that they are impermeable to vertical fluid movement (i.e. seawater ingress
or hydrothermal upflow) in their current form. Two of the eSMS deposits show evidence of
hydrothermal resurgence which has resulted in deep bleaching and sulphide precipitation within
the base of the Si-Fe cap, and provides evidence that the formation of the Si-Fe cap has imparted a

significant control on the hydrological regime of the eSMS deposit.

Ultimately, the processes that are interpreted to have formed these Si-Fe cap rocks are generic and
are likely to occur at other seafloor hydrothermal deposits. Combined with the fact that the Si-Fe
cap is impermeable to fluid flow, their presence is identified as a potential auto-preservation
mechanism to protect eSMS deposits from losing their metal tenor and grade as they move off-axis.
Therefore, occurrence of these Si-Fe features in eSMS deposits could have significant implications

for the potential for exploitation of eSMS deposits, and the future of deep-sea mining.
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Chapter1 Introduction

1.1 Seafloor Hydrothermal Activity

Although the existence of seafloor hydrothermal venting was first suggested in 1965 (Elder, 1965),
active venting was not discovered until 1977 (Corliss et al., 1979). This discovery not only triggered
over 40 years of continued exploration for active venting, but has also had a significant impact on
the scientific community’s understanding of global heat and elemental fluxes from the earth’s
interior to the surface, provided an example of extreme environments where life can thrive, and

provided evidence for the origin of life on Earth.

Hydrothermal vent systems are products of convective hydrothermal cells (Figure 1), where cold
seawater percolates through ocean crust, becomes heated, buoyant, chemically altered, and rises
resulting in transfer of heat and elements (such as base metals from water-rock interaction, and
addition of magmatic volatiles) from the deep oceanic crust to the shallow crust and ocean reservoir
(Fontaine et al., 2009). Depending on a range of temperature and geochemical conditions (i.e. pH,
or Eh) elements are either deposited at or near the seafloor, or are exhaled into the ocean by
concentrated flow (as hydrothermal plumes), or by diffuse flow. One of the most interesting
features of concentrated hydrothermal venting is the precipitation and accumulation of base metal-
rich massive sulphides at or near the seafloor-ocean interface (Figure 1). These are known as
seafloor massive sulphide (SMS) deposits and are classified as ‘active’ at currently venting

hydrothermal sites, or extinct (eSMS deposits) at inactive hydrothermal vent sites.
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Figure 1: Schematic sketch of a convective cell of hydrothermal fluid at a mid-ocean ridge forming a SMS

deposit. Step 1) At surface, cold seawater infiltrates and percolates through kilometers of
oceanic crust. Step 2) As this seawater descends it gets closer to a heat source (i.e. magma
chamber) and starts to increase in temperature, thus increasing its ability to scavenge
metals from the surrounding basalt or other oceanic crustal rocks. Step 3) At a certain point,
when the fluid reaches super-criticality, it will become positively buoyant and start to rise,
continuing to scavenge metals. This area is known as the ‘reaction zone’ and is the principal
site of elemental enrichment of the fluid. This results in a high temperature reduced, low
pH, hydrothermal fluid containing a range of elements leached from the oceanic crust. Step
4) As this fluid ascends it likely mixes with cold, oxygenated seawater within saturated
shallow oceanic crust. This change in Eh, pH, and temperature can cause precipitation of a
range of minerals at, or below the surface. This is the dominant mechanism for seafloor
massive sulphide formation. Step 5) Residual fluid is emitted from the seafloor into the
ocean either by focussed venting (i.e. hydrothermal vents, (5a)) or by diffuse flow (5b). Cold

seawater recharge occurs distally to the heat source, thus completing the cycle.

Heat sources driving hydrothermal circulation at ocean spreading centres are attributed to

decompression melting of the mantle. This melt is buoyant and rises through the oceanic

lithosphere, transferring heat from the upper mantle to the oceanic crust (Coogan et al., 2019). This
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heat transfers to fluids within the oceanic crust, making them rise due to an increase in buoyancy,
and hence forming part of the hydrothermal cell. This enables the flux of heat from the mantle, to
transfer through the shallow oceanic crust to the ocean (Coogan et al., 2019). Hydrothermal heat
flux is considered to approximately represent a third (~ 11 x 102 W) of predicted global oceanic
heat flux (~ 32 x 10*2W), with mid-ocean ridge axial hydrothermal fluxes representing ~18-36% of
the global hydrothermal total (~2-4 x 102 W) (Stein and Stein, 1994).

From a geochemical point of view, elements such as Fe and Mn are enriched in hydrothermal fluids
with respect to seawater by a factor or ~10° (Elderfield et al., 1993) and are considered good tracers
for calculating hydrothermal fluxes (Baker et al., 1993) in the ocean. At individual vent field scales,
hydrothermal Fe and Mn fluxes have been calculated using a combination of vent fluid analysis,
hydrothermal plume analysis, and a fluid mixing model (assuming the hydrothermal plume has
formed by a combination of discrete high temperature and diffuse low temperature fluid flows)
(Baker et al., 1993; Massoth et al., 1994). These studies indicate that discrete high temperature
vent fluids contribute >90% of dissolved Fe and >60% dissolved Mn to hydrothermal plumes, but
only contribute ~ 3% of the total water flux from hydrothermal discharge (Baker et al., 1993).
Conversely, diffuse flow contributes <10% dissolved Fe, and <40% dissolved Mn, but is interpreted
to have ~30 times higher water flux, and ~2 times higher heat flux. Monitoring at a single vent site

indicates hydrothermal fluxes are constant on a timescale of 3-7 years (Massoth et al., 1994).

Early estimates of global hydrothermal fluxes were calculated geochemically by using inputs from
fluvial environments, hydrothermal fluids, submarine weathering, and volcanic effusion (Wolery
and Sleep, 1976). More recent estimates of iron flux from hydrothermal vents conclude a
contribution of ~10% (9% (Sander and Koschinsky, 2011), 10% (Raiswell, 2006)), but could

potentially be between 12 and 22% (Bennett et al., 2008), of the total iron flux into the oceans.

Compared with seawater, hydrothermal fluids are enriched in Fe, Mn, Be, Al, H*, Ba, Rb, Li, and Si,
have comparable Sr, K, Ca, Na, and Cl concentrations, and are depleted in Mg, SO,* (Elderfield et
al., 1993; Baker et al., 1995). However, hydrothermal plumes can act as a sink for a range of
elements dissolved in seawater: Cr, V, As, P, U, Mo, Be, Ce, Nd, and Lu (Elderfield and Schultz, 1996).
Coupled with the observation that seafloor massive sulphide deposits can accumulate base, trace,
and precious metals in sulphides (Petersen et al., 2016), hydrothermal activity in general likely
imparts controls on a wide range of elemental fluxes and potential reservoirs in the ocean and

oceanic crust.
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1.2 Occurrences of active hydrothermal vents

As of 2016, 697 hydrothermal vent sites are known from around the world, either as confirmed or
inferred (Table 1). Over 70% of these are recorded as being in water deeper than 1500 meters below
sea level, and approximately 50% of the sites are ‘inferred’ from water column signals. Because of
their water column signatures, that are relatively easy to locate, the 2016 database is biased
towards active (both inferred and confirmed) SMS over inactive deposits, with only 56 eSMS

deposits known, representing ~ 8% of the total (Table 1, Figure 2).

Table 1: Summary of vent sites from the InterRidge vent database v3.4. Depth data is maximum

depth, or single reported depth.

Meters below sea level Active Confirmed Active Inferred Inactive
(mbsl)
<500 68 26 1
500 - 1000 25 20 5
1000 - 1500 25 24 3
1500 - 2000 45 26 10
2000 - 2500 43 78 6
2500 - 3000 63 104 12
3000 - 3500 10 42 8
3500 - 4000 5 25 3
4000 - 4500 2 8 2
4500 - 5000 2 0 4
> 5000 0 0 2
Total 288 353 56
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Figure 2: Histogram of InterRidge vent database v3.4, based upon depth.

The ease by which new hydrothermal vents are found is also the reason why inactive one are
overlooked; features typical of active hydrothermal vents (such as geochemical or turbidity
anomalies in the water column i.e. plume signatures) include: temperature and Eh anomalies,
dissolved particulates, methane and other chemical indicators, are not present at inactive vent sites
(Murton et al., 2019). Recent changes in investigation methods (e.g. geophysical) have started to
increase the number of inactive deposits found and include those discovered off-axis, and/or
beneath sediment cover (e.g. Murton et al. 2019; Hannington et al. 2015; Petersen et al. 2019).
There remains a general lack of knowledge regarding the size, volume, distribution, and frequency
of eSMS deposits. It is thought that eSMS deposits are likely far greater in number than active
deposits (Murton et al., 2019), and have the potential to be present under sediment cover over a
significantly larger area than is currently being investigated on the mid-ocean ridges and their near

off-axis flanks.

1.3 SMS deposits as a resource?

With the continuing increase in global population, increasing demand for modern technology, the
shift towards the use of green technology enable low-carbon economies (Zepf et al., 2014), and the

decrease in ore grades from terrestrial deposits (Calvo et al., 2016) the demand for base and critical
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metals continues to grow. This has resulted in consideration of alternative mineral sources, with
deep-sea mineral deposits such as ferromanganese crusts, manganese nodules, and SMS deposits

presenting a potential future source for both critical and base metals.

To be commercially viable, SMS deposits must have both grade and tonnage. Tonnages are poorly
estimated, and the grades are biased towards metal-rich hydrothermal chimney sampling.
Comparison of 142 SMS deposits from the InterRidge database (v3.4) show that only 91 have
average metal contents that make them of potential economic interest (shown in red in Figure 3).
SMS deposits show a wide range of geochemical and mineralogical variation within a single
hydrothermal field, at deposit, at hand specimen, and even at thin section scales, and the current
bias towards surface sulphide samples may not represent the average composition of sulphides
within the main orebody at depth. Out of the 91 SMS deposits of potential economic interest, only
13 have resource estimates based on (albeit sparse) three dimensional data (Petersen et al. 2016

and references therein), showing the widespread lack of volumetric information for SMS deposits.

Figure 3: Distribution of high-temperature seafloor hydrothermal systems and associated seafloor
mineralisation from Petersen et al.(2016). Red = average grade of deposit is either > 5
wt% Cu, >15 wt% Zn, or > 5 ppm Au; large symbols have size estimate of > 1 million

tonnes.

Studies of the frequency of occurrence of hydrothermally active SMS deposits against parameters
such as spreading rate, back-arc length, etc. (Beaulieu et al., 2015) yield estimates that ~40% of the
active systems have been discovered, with the majority of the undiscovered deposits being at mid-
ocean spreading ridges (Hannington et al., 2011; Beaulieu et al., 2015). This unknown deposit

occurrence rate, combined with limited geochemical and three dimensional deposit information,
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makes global resource estimates difficult. One estimate extrapolates deposit occurrence data over
10,000km of mid-ocean ridges, arc, and back arc spreading centres, to estimate the tonnage of SMS
deposits in the neovolcanic zones using a median grade of 5 wt% Cu and Zn, resulting in ~30MT
Cu+Zn (Hannington et al., 2010). This total metal tonnage estimate is considered similar to the total
metal content for all on-land Cenozoic volcanogenic massive sulphide (VMS) deposits (Hannington
etal., 2010, 2011). Another method uses Monte Carlo modelling to estimate Cu, Zn, Pb, Ag, and Au
contents across SMS deposits within mafic (256,000 km?) and felsic/bimodal (100,000 km?) tracts,
resulting in median undiscovered metal contents at 6.4Mt (Zn), 4.6Mt (Cu), 1.2Mt (Pb), 10,000t
(Ag), and 390t (Au) (Singer, 2014). This second estimate is significantly lower than the first, and
highlights the lack of knowledge and potential range of global resource estimations for SMS

deposits.

Neither global SMS resource estimates include ‘off-axis’ (Hannington et al., 2010) or >4km off axis
(Singer, 2014) deposits, and rely on median grades and metal distribution of VMS analogues
respectively to estimate metal contents. More importantly, neither estimates includes inactive
‘eSMS’ deposits, although they may represent up to ~ 600Mt of Cu and Zn off-axis (Hannington et
al.,, 2010). Yet, due to the unigue chemosynthetic biota, high temperatures, and low pH
environments created by ongoing hydrothermal fluid expulsion, actively forming SMS deposits are
not currently considered prospective for exploitation. Instead, it is much more probably that eSMS
deposits will be the first to be exploited. As such, the unknown and currently unquantifiable eSMS
metal tonnage estimates could represent a significant reserve of economically interesting metals

at or near the seafloor of potential interest for deep-sea mineral exploitation (Murton et al., 2019).

1.4 Comparing SMS deposits with VMS deposits

SMS deposits are broadly considered to be the modern day, actively forming equivalent of some
types of volcanogenic massive sulphide deposits (VMS), a significant source of base metals,
preserved as sulphide bodies within ophiolites (oceanic crust obducted onto continental crust).
Both SMS deposits and VMS deposits occur at a wide range of geological settings, where active
magmatism and tectonics combine to create suitable environments for hydrothermal circulation.
These settings are often extensional, and include mid-ocean spreading centres, volcanic arcs, back

arcs, intraplate volcanoes, rifted continental margins and strike-slip basins (USGS 2012, Figure 4)
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Figure 4: Geological formation environments for Volcanogenic Massive Sulphide (VMS) deposits, a

product of seafloor hydrothermal activity (USGS, 2012)

VMS deposits are classified into five different groups by the USGS ‘Volcanogenic Massive Sulfide
Occurrence Model’ (USGS, 2012), summarised in Table 2.

Table 2: VMS classification summary

VMS classification Tectonic Setting

Siliciclastic-felsic Epi-continental back arcs

Bimodal-felsic Continental margin arcs and back arcs

Bimodal-mafic Rifted intra-oceanic volcanic arcs

Siliciclastic-mafic Sediment covered back arcs (includes sediment covered mid-
ocean spreading ridges)

Mafic-ultramafic Mature back arc spreading centres (includes un-sedimented
mid-ocean spreading ridges)

To enable VMS and SMS deposits comparison, an understanding of the geological setting of each
deposit is necessary due to their inherent variability between geological settings. In SMS deposits,
variable geological setting is thought to result in variable metal content e.g. slow spreading ridges

tend to have higher Cu and Au than intermediate-fast ocean ridges due to the increased interaction
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with ultramafics (German et al., 2016), and arcs and back arcs have variable source rocks and
volatile input resulting in higher Cu, Zn, Pb, Ag, and Au concentrations than mid-ocean settings
(Petersen et al., 2016). Different geological settings can also result in variable contributions from
non-sulphide materials into the system, i.e. mid-ocean deposits are likely only to have deep water
carbonate or hydrothermal sediments associated with deposits; arc and back arc settings likely have

more input from volcaniclastics and potentially a contribution from continental sediments.

With these variations in mind, this study focusses on a comparison between three eSMS deposits
of the same type: from an un-sedimented, slow-spreading, mid-ocean ridge setting. The closest
geological analogy to these eSMS characteristics are (ultramafic-)mafic dominated VMS deposits.
Figure 5 shows a comparison of the stratigraphy between a ‘type’ deposit for mafic extrusive-
dominated VMS deposit and a comparable SMS deposit. There are some similarities in stratigraphy,
for example multiple zones defined by sulphide assemblages or alteration mineralogy and an
overall structure including a massive ore body and underlying stockwork. The main difference
appears to be the presence of overlying material, understandably lacking in modern hydrothermally

active or recently inactive SMS deposits.

Zone A Zone B
Sandy Ore Silica sulfide ores: Pyrite-silica breccia
Conglomeratic ore: Pyrite Breccia J Quartz-pyrite stockwork [C] Massive pyrite breccia
Compact ore: Massive Pyrite Chlorite-pyrite stockwork [T pyrite-anhydrite breccia
D Pyrite-silica-anhydrite breccia
Other " )
D Pyrite-silica breccia
- Ochre Group Basalt (overlying and underlying) D Silicified wallrock breccia
I Clay Alteration I:l Chloritized basalt breccia

[ Basalt

Figure 5: Comparison of ‘Mafic’-type VMS deposits vs the TAG Active Mound SMS deposit. Left) Mafic-
extrusive VMS deposit type model (Cyprus-type), edited from Hannington et al. (1998),
Right) Active TAG Mound, mafic hosted SMS deposits on the Mid-Atlantic Ridge, from
Humphris & Tivey (2015).

In general, eSMS deposits represent a missing link between active SMS deposits, and preserved

VMS deposits. In comparison to modern active SMS deposits (i.e. Active TAG Mound), eSMS and
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VMS deposits (i.e. Cyprus-type) have gone through processes relating to the reduction and
cessation of hydrothermal activity. Comparison between active SMS deposits, eSMS deposits, and
ancient VMS deposits can potentially identify late-stage geochemical, fluid dynamic and,
hydrothermal processes that are particular to hydrothermal closure, and that may lead to

modification of these deposits with implications for their fate.

1.5 Preservation of VMS deposits through time

It is clear from the geological record that VMS deposits have been preserved throughout geological
history, from the Archaean to the Tertiary (Franklin et al., 2005; Groves et al., 2005). Until the
Palaeozoic Era, deep ocean anoxia provided a reduced environment for the precipitation of seafloor
massive sulphides, and is one of the most likely mechanisms that explains the preservation of early
VMS deposits (Groves et al., 2005). Since the ocean oxidation event at the beginning of the
Palaeozoic Era (Fike et al., 2006), deep ocean water has been oxidised, and as such has represented
a large reservoir of oxidising fluid that had the potential to oxidise VMS deposits after they had
formed on the seafloor. Despite this, VMS deposits have still been preserved, which begs the
question of how and why? Key processes that are linked to preserving VMS deposits include:
localised or widespread ocean bottom anoxia (Eastoe and Gustin, 1996; Slack and Grenne, 2018);
rapid burial by clastic and/or volcaniclastic sediments and/or exhalites; and burial under extrusive
volcanic materials (e.g. lava flows) (Eastoe et al., 1987; Eastoe and Gustin, 1996; USGS, 2012). A
common factor linking all of these processes is the protection of these seafloor sulphides from

weathering by oxidation.

Continued circulation of chemically reduced hydrothermal fluids after burial is apparent in many
VMS deposits and indicated by the acidic leaching and alteration of hanging wall rock
stratigraphically overlying massive sulphide ore bodies or sub-surface sulphide emplacement
and/or replacement (Doyle and Allen, 2003; Herrington et al., 2005; Galley et al., 2007). Regardless
of the type of hanging wall lithology, such alteration implies that cover existed over the ore bodies
before hydrothermal activity ceased, supporting the idea that burial of deposits increases the
chance of preservation. However, this is not always evident and there is often a long period of time
between the formation of SMS and their burial during which the deposits remain exposed and
susceptible to destruction by oxidation. Hence the question arises: by what processes, if any, do
eSMS deposits persist on the modern seafloor and become part of the metal inventory embedded

in the oceanic crust, that could act as a reservoir for base metals?
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1.6 Thesis rationale, Blue Mining Project, and aims of the study

One of the most important unanswered questions is if, and how, eSMS deposits are preserved on
the seafloor. During hydrothermal activity, the emitted reduced fluids enable sulphide precipitation
and preservation while hydrothermal fluids dominate over oxygenated seawater. Upon cessation
of hydrothermal flow, it is likely that cold oxygenated seawater would infiltrate, diffuse, and
otherwise permeate though and penetrate the deposit, resulting in oxidation, weathering and
chemical dissolution of the massive sulphide ore, and the mobilisation and loss of economic metals
to the ocean. The evidence from the geological record is that VMS deposits are typically preserved
by processes that physically or chemically limit oxidation (Chapter 2). But many of these processes

do not appear to apply to modern eSMS deposits (or at least to the same extent).

A simple calculation yields a theoretical abundance of eSMS deposits on the axis and flanks of mid-
ocean ridges. For slow-spreading ridges, SMS deposits form over a period of 10-50ka (Lalou et al.,
1995). Assuming an average of 50-100ka for each deposit from start to finish (including multiple
hydrothermal events at the same site), and extrapolating out across the ridge flanks to crust that is
1Ma old on both sides of the spreading axis, then there may be 20-40 times as many eSMS deposits
than hydrothermally active ones. If the metal grade and tenor is preserved during the transition
from an SMS to an eSMS deposit, and continues to be preserved as the deposits move off-axis and
are buried by increasingly thick pelagic sediment, they could potentially act as a significant reservoir
for base and precious metals. Although these observations are based upon a series of assumptions

that cannot be confirmed at this current time, they are all linked to the question of preservation.

Considering the problem of preservation alone, many questions are broadly unanswered, such as:
is the metal tenor of reduced SMS deposits preserved as eSMS deposits, despite being in direct
contact or likely influenced by a reservoir of oxidised fluids? If so, how are they preserved? Are
there any common features between eSMS deposits and VMS deposits that could explain

preservation? These questions can only be answered by comprehensive study of eSMS deposits.

This research presented here is derived from a European Union commissioned project ‘Blue
Mining’, which produced the most comprehensive 2D and 3D multidisciplinary investigation of
eSMS deposits to date. A range of geological and geophysical techniques were used to investigate
a series of eSMS deposits within the TAG Hydrothermal Field (TAGHF), that hosts one of the largest
and most well known hydrothermally active SMS deposits known (the Active TAG Mound). Here,
the TAGHF is used as a natural laboratory to address many of the outstanding questions around the
fate of eSMS deposits at slow spreading ridges. This thesis focuses on the hitherto unique finding
of a sequence of Si-Fe lithologies, forming a substantial thickness (up to 5 metres), overlying

massive sulphide ore bodies at each of three separate eSMS deposits that were drilled by the ‘Blue
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Mining’ project in the TAGHF at 26°N, Mid-Atlantic ridge. Here, | set out to test the premise that
this cap may have formed by late-stage hydrothermal processes during the final stages of
hydrothermal activity, and that this process may act as an auto-preservation mechanism for
retention of the metal tenor of eSMS deposits. Discovery of these Si-Fe lithologies, at each of the
three eSMS mounds investigated, implies that their occurrence may be the product of common
processes that preserve SMS deposits after hydrothermal activity ends. Understanding the
formation mechanisms and role that these Si-Fe caps may play in metal preservation can shed
further understanding of the resource potential of eSMS deposits, and raises the prospect of re-
evaluating the magnitude of the ocean crust as a reservoir for base metals with implications for

global fluxes and cycles.
In summary, the main aims of this study are:

- to characterise and interpret the origins and paragenesis of Si-Fe capping lithologies
recovered from the three eSMS deposits;
- to understand the role of Si-Fe capping lithologies, and whether it has the potential to be

involved in the preservation of the underlying orebody in eSMS deposits.

It is important to note that the study of the mineralogy and geochemistry of the underlying massive
sulphide ore body, quantification of the metal tenor and whether it is preserved in the underlying
eSMS deposits is outside of the scope of this project. Instead, this project focuses on the unique
discovery, on the modern seafloor, of a silica cap overlying massive sulphide ore bodies, and the

potential of this material to influence metal preservation in eSMS deposits.

1.7 Outline of dissertation

Chapter 2 aims to provide a review of literature relating to the formation of silica and iron
lithologies and the evidence for the formation processes from both geological analogues (VMS
deposits) and modern seafloor environments (SMS deposits) to understand their distribution and
historical and current interpreted formation mechanisms of Si-Fe materials. Chapter 3 summarises
the Trans-Atlantic Geotraverse (TAG) Hydrothermal field and knowledge of the active hydrothermal
mound, and inactive deposits, including through both historical work and the presentation of
geological mapping and surface surveying undertaken as part of this study. Chapter 4 presents the
range of analytical techniques used to conduct this research, including methodologies, and
accuracy and precision assessments. Chapter 5 summarises and presents the physical
characterisation of the Si-Fe lithologies using a range of analytical techniques (thin section
petrography, XRD, SEM, FTIR), including macro- and micro-textural assessment. Chapter 6 presents

the geochemical characterisation of the Si-Fe lithologies, including whole rock geochemistry (major
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elements and trace elements), and stable isotope investigations which highlight changes in
physicochemical conditions such as temperature, eH, and pH. Chapter 7 presents results from CT
scanning, analysis of total porosity, connected porosity, and permeability simulations Si-Fe and
underlying massive sulphide samples. Chapter 8 is the main discussion chapter where, firstly, the
genesis of the three main constituents of the Si-Fe cap are considered, followed by the presentation
of the interpreted paragenesis of the Si-Fe cap. Secondly, the role of the Si-Fe capping materials
within the context of the hydrothermal cycle and the potential preservation of the sulphide ore
body are discussed, and some wider implications of the presence of SI-Fe caps is considered. Finally,
Chapter 9 will discuss the wider implications of this research, and present conclusions and further

work which would complement this body of work.
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Chapter 2  Background

As stated in Chapter 1, one of the key questions, which is yet to be fully answered, is if and how
eSMS deposits are preserved on the seafloor. Recent three dimensional investigation of three eSMS
deposits at the TAG hydrothermal field discovered variable thicknesses of Si-Fe material directly
overlying the massive sulphide orebody (fully described in Chapter 3 and Chapter 4), which could

potentially contribute to the preservation of the underlying orebody.

Similarities between SMS deposits and VMS deposits enable general comparison, with the main
differences highlighting the presence or lack thereof of overlying material. The occurrence of Si-Fe
material directly overlying sulphide ore bodies in TAG hydrothermal field eSMS deposits, leads to
various questions: Are there any examples of comparable material at other SMS or VMS deposits
to this material? If so, how have they formed? Are there any comparable formation mechanisms

that can explain the formation of this material?

In order to answer these questions, a review of potentially comparable Si-Fe material from a series
of VMS deposits and modern seafloor hydrothermal systems has been undertaken. This review is
not exhaustive, but focusses on the distribution of Si-Fe material (thicknesses, spatial distribution,
and stratigraphic relationship to the massive sulphide orebodies), the interpreted origins of the
material (including formation mechanisms of both silica and iron oxide), and how or if they may

have acted to preserve underlying massive sulphide ore bodies (for VMS deposits only).

Literature review for Si-Fe materials is not as simple as it sounds as a wide range of terminologies
exist including: iron stone, jaspers, jaspilloids, tetsusekiei, jasperite, iron rich cherts, and more
(Hollis et al., 2015) and are used to describe Si-Fe lithologies throughout geological analogues, but
all share the dominant silica and iron oxide/oxyhydroxide mineralogy. In order to try to normalise
the wide range of literature descriptions of what appear to be similar materials a few terms have
been defined (Section 2.1). These terms relate to defining the physical state of the silica and iron,
both chemically and in their host crystal structures (i.e. specific iron and silica hosted mineralogy,
and the degree of crystallinity of these minerals etc.). The differences between these terms are
important as they are determined by the formation processes and environments and include
temperature, pH, Eh, alkalinity, kinetics, and general chemical environment. Understanding the

characteristics of the material in these terms thus yields information on their formation history.
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2.1 Si-Fe lithologies, their definitions and modes of formation

2.1.1 Difference between Si-Fe and Fe-Si materials

In this thesis, the term Si-Fe material or lithology denotes either a sediment, or rock, which is
predominantly composed of silica (amorphous silica, opal-A, opal-CT, quartz) and iron oxides or
oxyhydroxides (haematite, goethite, or ferrihydrite) with silica being the dominant phase (e.g.
SiO,/silica minerals > 50 wt%). The term Fe-Si material is used to denote a sediment or rock sample
where iron oxides or hydroxides are the dominant phase (e.g. Fe,Osr/iron oxide or oxyhydroxide
minerals > 50 wt%). Si-Fe or Fe-Si will be used where possible to group Si-Fe lithologies together
and make the literature comparable, as a wide range of names exist in the literature for Si-Fe

lithologies (Table 3).
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Table 3: Summary of Si-Fe terminologies from Hollis et al. 2015

[EL0T) qreps
1 H2e18 '(S00F ) HIE(S PUE JULDIT
0T "GEEL] MO[[AIPE0T PUE 1313

(ETENVEERTEIETEY
PUE (Z10T) [0 3 MoyILua|sely
[FO0E) axiep =

(BRG] 1oog pue sopodouaBogey

[£861] 1oog pue sopnodouaBogey
lengl Ageqy

AL patiag

[ZLOF) T8 1o Aoy IUuS|SERy

(S00E) sors

[OLCED T8 12 daxyag
{oo0z) 18 12 Ads (0861 | S50

(SO0} s01s

THIUESP Usyer] “Ea) Avaadop] U] USdIPLIIG) Lol Salaej-apl|ns pue -spea[is o spag

“I00||E3E AU smojag 10 18 sanpd pue spuas [Py piy paeRI-S s

W seeeyd g F 28 F € F 15 F upy F a4 snogdiowre Spurew o oo epdizead gEROI) pauog 1um
‘AUELLAY puE 0oy Eas Ag padsejdaln Alanus Esoeupe

[ELaEw JIseRofedly 10/ PUE JEL00IEY PIZIIELY i PENILL SAPLINS ISP pazpeo asaduins
Afieaauasy san»o Jo sando{Eue payig] A pue yo00 AEIUMUIPIS PRALSP-URSsnE JULIELLGNS ¥
SSRGS PUE SPaE) “SSE0a) LIOJIELES ST YU (Bt sao sy Suia S8 naoo des sajisdse]
e zenb £4101q e Ag paguawao are s;meEaaSSe ruenb-ageway paueld

U J0 SIUMUERL] ANSPR0[ELY JALI0] W0l PRSI IAasedal jo 3a1EMNpOL sainiea) Wepunge
[RUIE SEUTIHET 201~ PI20a0gOIAT Jo JUnoaae wo siadsel won) paeiuaiagp sy duenb-ajeway aguei
(snad iy sopooa ) pur addepy prewas <802) sjuawnpas snourEnia) pasoydioweiawn paaLap-uessony
SISO PAL3IWS [PIAU-33E1 SUILI0) [SIFU0GQIED PUE BIJIS ‘U0 “8a) [eaiew [Fnap

pUE JUSF0IG 10 SIUMOWE SORLIRA Yl paiupe sapixoipiy S upy-ad jo psadap Oepiawipas ¢
“APEL S/ MUI0IS P SIOI0EN] PUE ‘SU0IEIIS

SNOBEYIND “JBOISPUES STIOAIEIN] 'SBI3I200 A S0 EUED SROIELM 01| 3215 1582 2TeIaAE 00 SUIpIoaae
PapLp an Aepy pEaiew anseds pue (g6 -cF ) ase o0 A o SInaxi ¢ SuEinog Yy fao g

PN EIOT VIER] YN Aoy sajduesy epeue] a0 JUo)sudaad oy Ayl ul {sanenEs

SNOIIEIND 5F 01 PRIIAIAT UIL0) S9200 AIPTUALIPDS [EHUIAD STOAJELNT JO) P3SN WP 33027y

B RESET]

[ (B2 3] SAEIEL*D PUE [SNOA0RYNT) ISR Yiog Jo iy e se paaadiaug wedel 1msip oyoany
AU 10 S0 AIRIUSIIPAS [EIUALD WAL UGBS J0J Pasn eU 2)1aua5y assuede| u) zuenb wor)
48] UOELLAGY Ued] PpapUrn B o) Wa) uRl|Rnsny aneway pue sadsel pappacgiaiu)

3 I G5 PUE S[EIAUNL IPIO0 LU0 0 W00 YSI B Ui 1

L= ar)) SINCUIE 33EL) AAD0E 5B APYINS 2q1SLA [IIA LGNS L]

(UL ] < 07 W a3} s5auyangl

A[QEUEA JJ KLIJEW EM[1S B Ul pasiadsip aineway amjersiood o i saangxal anegiod aous

IO PRAZIEISALIAE 20 AR NP BRIEUNUASSp Alau Aq peledug SOjoo 1) e 1als pasood pay
LR IEy

Jedn pue sAPQ Y SI0J03 YR PUE 'SHISEINUEY|0A W01) SAP[ 0I5 10 MLIGILD Y1 PXEI0SSE
Afend AL a0 S10)03 Bty saandn jo sapmuenh [[Ews [ eas pauierd-aog jo Apueusopaid
pasodwny ‘U NusFoiang s 10 [ENUaY00g uaEong jo 3000 APIusupes Snoaol|is pauieis-auny
SR UBLIquIEa ] ul [41g]

UIOEIELEO] U0d] Bl SF o1 paiiagay sadAr-eod]y pue -Josxdng oou) ajqisiai 21uoqies Jo s
srenb i paraEpaIun a0e S]EISUIL Lo0] S0 T2 EI [ [ YA 000 pajRU e 10 peppar pataie
S50 puE sjuesuaaed Ssapnpou

LA =2t "STUALLIPAS STOE) [P ' SUOIIEILLIOY WOUL S3PR|a0] a5 61 < SUTETIG Y] 00 A1 pes

SssE,

SUJELXT

AlILIESS 0y

apuadse]
I

(@3N Jo] degupy

(O3NS NENAs )
1N L

[oye) nswas)
1R

ETREESET

anyyedsef

AL YHI-uoa)
ALICYS L LY 3 PTG

BEL b R TE T I TN T TR

uayd

LOEELLLI0g uog|
(00 NEuas )
SUOTEU0I]

Sl Miala]=Y

o=

s ]

Gossan vs. exhalite

2.1.2

When associated with hydrothermal systems, Si-Fe lithologies are typically described as either a

gossan or an exhalite. These two terms, by definition, imply specific environmental and/or chemical
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processes involved with the formation of the Si-Fe material. It is important to understand the
differences between these terminologies when describing Si-Fe lithologies because of the inherent

implication of formation mechanism with the use of the terms.

An exhalite is defined as an ‘exhalative chemical sediment’ and refers to typically stratiform or
lenticular units of variable composition that have ultimately been precipitated from an exhalative
hydrothermal source (Spry, Peter and Slack, 2000). Banded iron Formations (BIFs) are considered
to be exhalites (Isley and Abbott, 1999; Klein, 2005; Posth et al. 2011; Gourcerol et al., 2016), and
commonly Si-Fe exhalite beds are spatially associated with VMS deposits (Davidson et al., 2001;
Grenne and Slack, 2005; Bekker et al., 2010; USGS, 2012; Hollis et al., 2015). Their origin is typically
linked to the accumulation of precipitated amorphous mineral phases (mainly Fe+ Mn £Si+S+ Ba
+ B) from hydrothermal vents and/or plumes (USGS, 2012). The term exhalite also includes
examples such as hydrothermally altered volcaniclastic materials that can overly VMS deposits. This
type of exhalite has likely undergone silicification as a result of seafloor or subseafloor precipitation
of silica from diffuse venting (Jones et al., 2006) and although different to hydrothermal plume

related deposits, are still classified as exhalites.

A gossan is defined as a lithology typically composed of fine grained iron oxide or oxyhydroxides
(i.e. goethite, limonite etc.) and quartz which has been derived from oxidation and weathering of
existing massive sulphide material (Velasco 2013). It is commonly accompanied by secondary
enrichment of base and/or precious metals (USGS, 2012; Velasco et al., 2013). Two different types
of gossans have been identified from VMS deposits: 1) a gossan derived from subaerial weathering
and enrichment related to circulating meteoric water, a process that can act on a deposit post-
obduction assuming it is located within a water table (Andrew, 1984; Velasco et al., 2013), and 2)
seafloor gossans formed in-situ by seafloor weathering by exposure of massive sulphide material
to circulating oxygenated seawater where a massive sulphide deposit may be located at or just

below the seafloor (Hannington, 1993; Herrington et al., 2005; Gablina et al., 2006).

The main difference between the two gossan types are their timing, the contrasting hydrological
settings, and the processes forming them. It is also likely that VMS deposits contain both types of
gossan, but post depositional processes such as faulting or erosion may have destroyed evidence
of seafloor gossan formation. Furthermore, it may also be difficult to determine whether a gossan

has formed as a preserved seafloor gossan, or as a subaerial gossan in on land VMS deposits.

For comparison between modern day and geological analogues, it is important to realise the
differences between gossans and exhalites, and between subaerial and submarine gossans. Where
geological examples are presented and comparisons drawn, the interpreted origin of the iron-silica

units in question should be discussed within the context of these three endmembers.
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2.2 Origins of iron oxide, iron oxyhydroxides, and silica in hydrothermal

environments.

To consider the origins of Si-Fe material from geological analogues one must consider the separate
mechanisms of formation or accumulation of both of the iron and silica components. Iron oxides
can form from gossan formation, plume fallout, exhalite precipitation or biologically mediated
precipitation in hydrothermal environments, and silica is predominantly thought to be a low
temperature hydrothermal precipitate. Each of these formation mechanisms is summarised below,
presenting an understanding of the geochemical conditions and scenarios in which they are

prevalent.

221 Iron oxide/oxyhydroxide - Gossan Formation

During the formation of both SMS deposits and VMS deposits, massive sulphides are stable under
reduced conditions, from prevailing reduced hydrothermal fluids. At some point after cessation of
hydrothermal activity, ambient fluids are allowed to ingress into the deposit so that the prevailing
conditions become more oxygenated, i.e. seawater or meteoric water (depending on environment).
Upon ingress or exposure of massive sulphide material to oxygenated water, sulphides begin to
weather as a result of this redox change. The main difference between subaerial and submarine
gossans is obviously the fact that one is in a marine environment, the other accreted and uplifted
into a terrestrial environment. However, another significant detail is the amount and extent of
oxidised water available to influence weathering of the massive sulphide orebody. Due to water
mobility and fluctuating water tables subaerial gossans often are subject to secondary enrichment,
where metal content of weathered ore material (i.e. base and precious metals) are either mobilised
and reprecipitated within the gossan as secondary oxides (i.e. malachite for copper), or left as
residual native metals (i.e. gold). In a marine environment the entire shallow crust will be saturated,
and therefore sulphide would likely be always in contact with, or have a simple pathway to
oxygenated water. Prolonged residence time at or near the seafloor for any sulphide material would
result in oxidation and loss of metal content into the ocean reservoir, rather than be retained as

oxides in a secondary gossanous deposit.

Main sulphide minerals are typically associated with VMS deposits include: pyrite (FeS,) (and its
metastable polymorph marcasite), chalcopyrite (CuFeS,) and sphalerite ((Zn,Fe)S). Weathering of
pyrite, marcasite and chalcopyrite by oceanic water (i.e. near neutral pH as a result of oceanic
buffering) can form ferrihydrite or ferric hydroxide (Fallon et al., 2017, 2018; Knight et al., 2018) as

shown in the equations below:
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2FeS; (s) + 7.503 (aq) + 4H20 = Fey 03 s) + 450472 + 8H* (pyrite to iron oxide)
FeSy+ 3.7503 (aq) + 3.5H,0 = Fe(OH)3s) + 250472 + 4H* (pyrite to iron oxyhydroxide)
CuFeSy(s) + 8.50; (aq) + 5H20 = CuO(s) + Fe(OH)s (s) + 45042 + 8H* (chalcopyrite to iron oxyhydroxide)

Ferrihydrite is metastable and, as such, would alter to goethite (a-FeO.0OH) or haematite (Fe;0s), a
reaction that has been experimentally shown to be pH and/or temperature dependent under

experimental conditions (Schwertmann, 1983).

Gossanous products in VMS systems often manifest as thick of accumulation of fine-grained
sedimentary iron oxide and oxyhydroxides, are referred to as ‘Ochres’ (defined in Table 3).
However, sometimes it can be difficult to differentiate between gossanous iron oxide formation
and accumulation of iron oxide directly precipitated from a hydrothermal fluid. When this is the
case, other features such as textural evidence (relict sulphide structures and pseudomorphs), and
geochemical data (high residual base metal content), need to be used to determine the origin of

the iron oxide material.

2.2.2 Iron oxide/oxyhydroxide — Precipitation from hydrothermal fluids

Precipitation of iron oxides as direct products from low temperature hydrothermal fluids, or as

particles within hydrothermal plumes, are included within the definition of exhalites.

The predominant mechanism for exhalite formation is the mixing of chemically reduced
hydrothermal fluids with low temperature, oxidised seawater. The resulting change in temperature
and redox state is thought to be the main mechanism driving subsurface precipitation and
mineralisation from fluids (both sulphides and oxides), the growth on the seafloor of sulphide

structures (e.g. chimneys), as well as the formation of hydrothermal plumes.

Iron oxides/oxyhydroxides can precipitate within both buoyant and non-buoyant plumes due to the
change in oxidation state upon mixing of reduced hydrothermal fluids with the cold oxygenated
seawater. After precipitation the particulate iron can act as a sink for a range of trace elements
includingy, Be, Th, V, As, Cr, Zn, Co, and Pb (German et al., 1991). Buoyant material has the potential
to travel large distances before fallout (Lilley et al. 1995; Gurvich 2005 and references therein), and
likely contribute components to seafloor sediments both proximal and distal to hydrothermal vent

fields (Lilley et al., 1995).

Iron is mobilised under reduced conditions, iron oxides/oxyhydroxides can precipitate from
hydrothermal fluids which a limited dissolved sulphur component, i.e. fluids which have formed

massive sulphide minerals at depth exhausting dissolved sulphur, but still contained excess iron
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(Kalogeropoulos and Scott, 1983). If a reduced fluid contained significant amounts of dissolved
sulphur and dissolved iron, then iron sulphide would preferentially precipitate over iron

oxide/oxyhydroxide.

2.23 Involvement of biology

Since the discovery of iron oxide coated, micron scale, filamentous material, which resemble iron
oxidising bacteria, at modern hydrothermal vent systems, comparisons have been drawn with
ancient Si-Fe material from VMS deposits. Although no carbon based material remains, the
morphologies of filaments within iron oxide deposits have typically been interpreted to represent
ancient iron oxidising bacteria. This interpretation is not without criticism, as morphologically
similar abiological filamentous material has been produced experimentally (Garcia Ruiz et al.,
2002), and feasible abiological formation mechanisms have been attributed to similar material form

the TAG active Mound (Hopkinson et al., 1998).

Iron oxidising bacteria metabolise energy produced from the oxidation of reduced iron in solution,
resulting in precipitation of iron oxides. Direct metabolism of Fe?* to Fe3* results in the nucleation
of nanometric-scale iron oxide particles directly onto the cell walls or organic sheaths of the
bacteria (Little et al., 2004; Fortin and Langley, 2005). Continued metabolic oxidation or abiological
iron oxide absorption onto the existing structures would increase the amount of iron forming, and
likely would result in the movement of the bacteria leaving a mineralised sheath (Little et al. 2004).
This movement lengthens the filament and even a small amount of bacteria moving together can
create a complex filamentous network, and existing filaments can provide surfaces for further
abiological dendritic growth (Emerson and Moyer, 2002a; Little et al., 2004). This is supported by
the observation of active bacteria in ~7% of iron oxide sheaths within a microbial mat (Emerson and

Revsbech, 1994).

2.24 Silica in marine sediments

There are two main sources of silica in seafloor silica deposits: biologically derived silica
(radiolarians, etc.) or hydrothermal silica. Biologically derived silica typically refers to cherts (quartz
dominated) and porcellanites (opal-CT dominated) which have formed by replacement of
carbonate sediment, or as a primary bedded feature within a carbonate sediment sequence.
Although the origin of the silica is biogenic, the precipitation and recrystallisation mechanisms are

interpreted to be inorganic (Adachi et al., 1986).

Exact causes of silica precipitation at low temperatures remains enigmatic. On one hand, quartz has

been experimentally precipitated from seawater containing 4.4 ppm dissolved silica, at 20°C, and 1
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atmosphere (Mackenzie and Gees, 1971), and on the other, silica can remain in solution despite
being supersaturated with respect to quartz, interpreted to be a function of slow kinetics
(Krauskopf 1956). Silica precipitation within hydrothermal systems is commonly attributed to
cooling by direct mixing of seawater and hydrothermal fluids, or conductive cooling of
hydrothermal fluids. Silica saturation is controlled by silica polymorph solubility, and therefore

varies with temperature (Krauskopf, 1956; Zarrouk et al., 2014, Figure 6)
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Figure 6: Silica solubility concentrations with respect to amorphous silica and quartz (Zarrouck et

al. 2014)

High temperature hydrothermal fluids require concentrations > 1000 ppm of dissolved silica to be
supersaturated with respect to quartz, and even higher dissolved silica concentrations are required

to be supersaturated with respect to other silica polymorphs.

In hydrothermal chimneys, silica precipitates due to the sharp temperature gradient between the
interior fluid conduit (i.e. ¥~350°C) and ocean bottom temperatures (~2-4°C) over distances of the
order of centimeters. This promotes rapid cooling of hydrothermal fluids resulting in silica
precipitation. This process typically occurs after the precipitation of high temperature massive
sulphides (i.e. chalcopyrite) followed by lower temperature sulphides (i.e. pyrite, sphalerite), before
an outer ring of silica is formed (Koski et al. 1994). The same cooling principle can be applied to sub-
surface silicification of existing material (i.e. sediment) where hydrothermal fluids mix with
entrained seawater resulting in a silica saturated, conductively cooled fluid, thus promoting silica

precipitation within the ‘host’ material.
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Despite typically being supersaturated with respect to quartz, at low temperatures, silica is
precipitated as the metastable hydrous polymorph opal-A (amorphous silica)(Jones and Segnit,
1971; Zhu, 2005) and, similar to non-hydrothermal diagenetic chert, it is often thought to form as
a silica rich gel. This amorphous gel transitions through the metastable polymorphs of opal-CT, and
opal-C before becoming a-quartz, with dehydration (by heat or pressure) driving crystallisation and

structural ordering (Zhu, 2005).

2.3 Geological Analogues

Si-Fe materials have been described throughout the geological record at a range of different
submarine depositional settings including, but not limited to: ocean spreading centres, back and
fore-arc basins, intraplate submarine volcanoes, and anoxic shallow marine basins (e.g.
(Hannington et al., 1998; Cope et al., 2010; Hollis et al., 2015; Brusnitsyn and Zhukov, 2018)). They
commonly occur as a feature of two main types of economic ore deposits: Banded Iron Formations
(BIFs), and volcanogenic massive sulphide (VMS) deposits, both interpreted to be authigenic

products of seafloor hydrothermal activity (USGS, 2012; Gourcerol et al., 2016).

The main focus of this project is the potential involvement of Si-Fe materials on the preservation of
massive sulphide mineralisation. Although Si-Fe materials at BIF deposits may form by similar
mechanisms (i.e. Sun 2015), the lack of accompanying massive sulphide mineralisation does not
make them comparable to VMS deposits. Similarly, if Si-Fe materials exist at pre-Palaeozoic VMS
deposits, the presence of widespread ocean anoxia could explain their preservation, and therefore
would also not provide a suitable comparison in this study. Si-Fe materials from VMS deposits from

the Palaeozoic to Tertiary provide the most suitable material for comparison.

23.1 Si-Fe material in VMS type models

‘Type’ models for VMS deposits are hybrids derived from a range of observed VMS deposits which
fit into the same general classification (i.e. Mafic-Ultramafic, see Figure 7). They often depict key
structures and lithologies that are common between deposits, but potentially do not exist at every
deposit. This is supported from descriptions of specific examples of VMS deposits in the geological
record (Table 4, Figure 7). Each of the examples presented in Table 4 are discussed later in this
chapter and have been selected to illustrate a range of Si-Fe lithologies, each with unique traits that

are not necessarily included on the equivalent ‘Type deposit’ model.
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Figure 7: Summary of VMS type deposits from Galley et al. (2007)

2.3.2

Si-Fe materials in VMS deposits, although generally quite similar mineralogically, can form from
variable combinations of iron oxide, oxyhydroxide, and silica formation processes. Ultimately a
range of factors including stratigraphic thickness,
mineralogy, and textural observations can help determine the combination of formation

mechanisms, which varies on a deposit scale, and have been assessed (Section 2.3.3 to 2.3.8).

The following section describes a series of geological analogues that have a range of iron oxide
sediment, Si-Fe lithologies, and silicified material not associated within iron oxide formation. Each

example is typically described at a district scale, however if interesting and relevant individual

VMS deposit analogues

loc

ation and distribution, geochemistry,

deposits exist, they have been highlighted (Table 4, Figure 8).

55



Table 4: Selected occurrences of Si-Fe lithologies associated with VMS deposits

initiation, Late

Cretaceous

Also commonly found within
stockwork alteration and within
pillow lavas sequences as veins

and open-space infill.

Location Geological Description/Occurrence of Si-|Relevant formation
Setting and Fe or Fe-Si material mechanisms of Si-Fe or Fe-Si

Age material
1) Troodos |Fore-arc As an apron zone around VMS| Gossan formation (directly
ophiolite, | spreading or |deposits, tens of meters wide, | overlying ore bodies). Plume
Cyprus subduction interbedded with sulphides”.|fallout, mass wasting, general

low temperature silicification

distal from orebodies.

References: Hannington et al. 1998; Constantinou 1972; Constantinou & Govett 1973;
Antivachis 2015; Adamides 1984; Adamides 2010a; Adamides 2013; Boyle 1984; Richards &

massive sulphide ore bodies
that extend over ~ 2 times the

area of the underlying orebody.

Boyle 1986

2) Kuroko Back arc Tetsusekiei — ‘iron quartz’ | Predominantly exhalites, with
deposits, |basin, Tertiary |facies: thin discontinuous beds | minor gossan formation.
Japan of haematite and silica overlying

Cathles 1983

References: Ohmoto et al. 1983; Tsutsumi & Ohmoto 1983; Kalogeropoulos & Scott 1983;

3) lberian
Pyrite
Belt,
Spain and

Portugal

Early
intracontinent
al rifting or
back arc
thinning,
Devonian —

Carboniferous

‘Red  haematitic chert
magnetite’ - Locally developed

at the expense of the volcanic or

sedimentary host and is
reworked as pebbles in
overlying  tuffaceous and

epiclastic beds (pre- to syn-

diagenetic).

Predominantly exhalites with

minor gossan  formation,

directly overlies  massive

sulphide orebodies.

References: Leistel et al. 1997;

Barriga 1983; Barriga & Kerrich 1984; Barriga & Fyfe 1988
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4) Urals, Island arc, Directly  overlying  basaltic| Hydrothermal replacement of
Russia inter-arc and |volcanics, or associated with|volcaniclastic rocks.
back arc, flanks of VMS ore bodies.|‘Halmyrolysis’ mechanism.
Devonian Dominated by quartz and iron|Contribution from gossans
oxides within variable|and biological iron oxide
carbonate  fragments  and | precipitation.
altered volcanic clasts.
References: Maslennikov et al. 2012; Ayupova & Maslennikov 2013; Ayupova et al. 2017
5) Lgkken Back arc Massive or laminated beds|Exhalites (Plume fallout),
ophiolite, | system, (extending over several |minor degree of gossan
Norway |Ordovician kilometres) and iron silica- | related mass-wasting

sulphide debris-flow deposits,
locally abundant near VMS ore

bodies.

References: Grenne & Slack 2003a; Grenne & Slack 2003b; Grenne & Slack 2005; Grenne & Slack

2018
6) Myra Arc related Semi-continuous horizon of | Exhalite, hydrothermal
Falls, volcano- chert ‘cap’ rock, interbedded |replacement of clastic
Canada |sedimentary |with a range of lithologies|material.
terrane, including siltstone, rhyolitic
Devonian sandstone and conglomerate,

rhyolite, mixed andesite-dacite-

rhyolite volcaniclastics, and

sulphide/ore related horizons

References: Jones et al. 2006; Jones 2001
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Figure 8: Global distribution of VMS districts, selected here to describe the range of settings, ages

and occurrences. Numbers correlate to Table 4.

In addition to this summary, multiple studies provide a more general review of VMS deposits and

systematics (Lydon, 1984; Galley et al., 2007; USGS, 2012).

233 VMS deposits of the Troodos Ophiolite

The closest geological analogue to the mafic-hosted, mid-ocean ridge hydrothermal field studied in
this thesis are VMS deposits from the Troodos Ophiolite, Cyprus. The ophiolite has been the focus
of a wide range of studies of VMS deposits, from a district scale (Constantinou, 1972; Constantinou
and Govett, 1973; Oudin and Constantinou, 1984; Herzig et al., 1991; Adamides, 2010b) down to
individual deposit systematics (Pantazis and Govett, 1973; Adamides, 2013; Keith et al., 2016).
Study of VMS deposits within the Troodos ophiolite resulted in the creation of the type deposit
model for Mafic type VMS (i.e. Figure 5). Furthermore, out of the main VMS ‘type’ deposits, this is
the only model to display iron oxide-rich material directly overlying the massive orebody as a cap,
implying that similar processes may have occurred at both Troodos VMS deposits, and the eSMS

deposits of the TAG hydrothermal field.

The Troodos Ophiolite is interpreted to represent a Mesozoic spreading centre, possibly relating to
a triple junction, or fore-arc spreading in the Cretaceous (Gass, 1968; Moores et al., 1984; Regelous
et al., 2014) and has undergone comparatively little deformation (Varga and Moores, 1985; Dilek
et al., 1990). This lack of deformation, combined with the presence of multiple large VMS deposits
(Adamides, 2010a) enables one of the best comparisons between modern spreading centre settings

and a geological analogue.

58



VMS deposits of Cyprus are typically observed at the contact between ‘Lower’, comparatively

altered pillow basalts, and ‘Upper’ comparatively unaltered pillow basalts (Figure 9).

VMS

Upper Pillow La

— Troodos Pillow Lava Series

Lower Pillow Lavas

Basal Group

Massive Sulphide Lens — Sheeted Dyke Complex
3 g

N
Alteration /S'tdcthqu'
Zone i\ Zone | 4~

— Troodos Plutonic Complex

Troodos Ophiolite Stratigraphy

Figure 9: Troodos Ophiolite Stratigraphy and location of VMS deposits within the sequence.

Table 5 shows a summary of Si-Fe and iron oxide dominated materials from individual VMS deposits
throughout the Troodos VMS deposits. In this context, Si-Fe materials have been described in the
literature by a range of terms from jaspers to iron oxide stained and banded cherts. ‘Iron oxide
dominated materials’ are typically described in the literature as ochres (or of the ‘Ochre Group’
(Constantinou, 1972; Boyle, 1984)), a term relating to unmetamorphosed iron-rich sediments

derived from weathering of massive sulphides).

Table 5: Summary of Si-Fe materials, and iron oxide dominated materials distribution in Troodos
VMS deposits (summary from Constantinou 1972; Antivachis 2015; Adamides 1984;
Adamides 2010b; Adamides 2013)

Ore body Description of Si-Fe material Description of iron oxide dominated

material

Skouriotissa | Jasper occurred as veins and nodules
within the Upper part of the Basal
Group. Patches of strong gossanitised
pillow basalt associated with
silicification and abundant red jasper in
the lower pillow lavas. Silica cemented
brecciated ore (directly over the centre

of the ore body) grading upward into

9 m thickness of ‘Ochre Group’ overlying
the massive sulphide orebody. Includes
red-brown-orange ochre with graded
and bedded with

banding chert

sulphide.
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banded chert with sulphides. Bands
varying in colour from grey, grey-green,

pink, brown to haematitic red.

Kokkinopezula

Jasper associated with silicified lavas
within the upper part of the basal
group. Pillow structures within basalts
with  the body

associated ore

surrounded by pyrite, quartz, and
jasper. Red jasper is common in the ore

body as variable sized nodules and

veins.
Agrokipia A - Intercalated layer of ochre between the
upper and lower pillow lavas.
Agrokipia B - -
Kokkinoyia Abundant red jasper within uplifted,
weathered, blocks of the Upper basalt
group in the vicinity of the ore body.
Red jasper within Zone B of the ore
body, associated with pyrite,
chalcopyrite, and rare sphalerite.
Mathiatis Red jasper as veins but more commonly | Ochre group overlies the ore body at 3 —
North nodules up to 30 cm within Zone B of |8 m thick. Alternating beds of brown-
the ore body. yellow ochre, siliceous limestone, and
siliceous calcareous tuff.
Mathiatis Jasper present at various levels and|-
South have a ‘close spatial relationship’ to the

mineralisation.
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Present as veins in the mineralised zone
and surrounding rocks

Mousoulos Jasper associated with silicified lavas in| Thin  band of ocherous sediment
the Upper Basal Group. between upper and lower pillow lavas
Jasper associated with an ‘appreciable | (and directly overlying the ore body).
portion’ of the silica within Zone B of | ‘Ochre fault” with red haematic ochre
the orebody. and brecciated lava along the fault

plane. Ocherous material found within
‘inter-volcanic sediments’ in the Upper
Pillow Lavas.

Apliki Jasper is widely present in the|Ochre overlies the massive sulphide and
brecciated lavas and veins or open-|underlies a thickness of upper pillow
space filling between pillows, often|lavas.
associated with epidotisation. Jasper
and quartz veining characterises the
stockwork zone

East Lefka Red pyritic jasper occurs within the|-
mineralised zone

Si-Fe materials from within the Troodos ophiolite can be separated into three different
manifestations: a group of iron oxide dominated sediments that can directly overly the massive
sulphide orebodies (and occasionally contain Si-Fe materials), Si-Fe materials which occur as pods
and enclaves within the massive sulphide orebodies, and Si-Fe material which occur distally from

sulphide dominated ore bodies.

Out of the ten ore bodies summarised in Table 5, five deposits have iron oxide dominated
sedimentary material directly overlying the massive sulphide ore bodies. The other five deposits
had either already been eroded down into the massive sulphide ore body, thus creating a sub-aerial
gossan (and destroying any evidence of potential capping materials) or were directly overlain by
the Upper Pillow lava unit. Agrokipia B was the only deposit described to have no significant

occurrences of Si-Fe material nor ‘ochre group’.

Skouriotissa provides the best example of the iron oxide dominated sediment package, and also
contains examples of Si-Fe lithologies. Two units described as ‘Bedded chert with sulphides’, and

‘Red haematitic ochre’ material were typically restricted to the ochre-ore contact (Constantinou,
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1972). The bedded, finely banded chert unit was observed to directly overlie the massive ore in the
central area, and conformably overlie altered lavas to the east and south of the orebody
(Constantinou, 1972). Banding is a result of the variable quartz:sulphide ratio, and colouration from
the amount and dispersion of iron oxides within the silica at a microscopic level (Constantinou,
1972). The fact that the sulphidic chert unit was conglomeratic near the ore body-sediment
interface, and was conformable with both the orebody and the adjacent lava, implies that this unit

was the product of silicification of mass wasted sulphide material.

The haematitic ochre was best developed in the centre of the eastern orebody at or close to the
top of the ore, and consisted of repeating bands of sulphides, sulphide rich ochre and sulphide poor
ochre material (Constantinou, 1972). Highly corroded pyrite material, completely devoid of zoning
(unlike pyrite within the underlying massive sulphides), was consistently observed within the ochre
units, and the occurrence of chalcopyrite (rimmed by covellite and rarely digenite) was limited to
<50 cm above the ore-body sediment, beyond which no copper sulphides were observed

(Constantinou, 1972).

Based upon the geochemistry, textures, and association with submarine lithologies, the iron oxide
dominated material in Troodos deposits is interpreted to be a direct result of submarine leaching
and oxidation of the underlying massive sulphide ore, i.e. submarine gossan formation
(Constantinou, 1972; Adamides, 1984; Boyle, 1984). Two different formation mechanisms of the
iron oxide dominated material have been suggested: 1) the dissolution of pyrite and precipitation
of iron hydroxides and oxides, or 2) alteration of pyrite to iron oxide by a solid-state reaction

(Constantinou, 1972; Constantinou and Govett, 1973).

Si-Fe materials were more commonly described within ‘Zone B’ of the massive sulphide ore bodies,
which, when present, is located above the stockwork zone, but below the main massive sulphide
ore zone (Zone A) (See Figure 9). The occurrence of Si-Fe material has been interpreted to represent

either:

- late stage replacement of conglomeratic massive sulphide ore by silica, where zoned quartz
are supposedly pseudomorphs of zoned pyrite material formed by acid leaching of the
pyrite and infill of the relict structure by silica (Constantinou, 1972)

- ormore likely, entrained fragments of precursor Si-Fe deposits, formed by low temperature
diffuse flow at or near the palaeoseafloor during the onset of hydrothermal activity

(Hannington et al., 1998).

The fact that this material was observed within the orebody implies that its formation did not likely

influence the preservation of the ore body.
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In the South Mathiatis deposit, Si-Fe jasper is ‘spatially associated’ with massive sulphides as veins
in the mineralised and surrounding rocks (Adamides 2013). Jasper textures include spherulitic silica,
filamentous and ellipsoid structures, and dendritic structures (Figure 10) and are interpreted to be
of mixed biological and abiological origin, with evidence of silica crystallisation from a gel precursor
(Adamides 2013). Jasper veins are cross-cut by sulphide mineralisation implying that the Si-Fe

materials formed earlier than the main sulphidation event (Adamides 2013).

Figure 10: Spherulitic and filamentous/dendritic material from Si-Fe rocks from South Mathiatis

(Adamides 2013) Scales are 100 um.

The final type of Si-Fe materials in the Troodos ophiolite typically occur as interpillow deposits
(Figure 11). The iron oxide or oxyhydroxide component is considered to derive from either low
temperature sub-seafloor weathering of basalts within a volcanic stack (Richards and Boyle, 1986),
or as accumulations of iron rich sediment (i.e. hydrothermal plume fallout, or transported iron
oxides from sulphide weathering material) in relict seafloor topography (evidenced by preserved
skeletal ostracod remains)(Boyle, 1984). Silicification of this iron oxide material is attributed to low-
high temperature hydrothermal fluids, exploiting faulting and factures in the volcanic sequence
enabling silicification of the interpillow material (Boyle, 1984; Richards and Boyle, 1986; Hannington
et al., 1998). Distribution of iron oxide (haematite) against iron oxyhydroxides (predominantly

goethite), is attributed to the temperature of silicification; low temperature fluids (<100°C) may
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have preserved goethite, but higher temperature fluids (>100°C) may have transformed goethite
into haematite (Boyle, 1984). Pyrite is observed within interpillow basaltic material, despite being
distal from massive sulphide ore bodies. This could imply that the pyrite was preserved during
sediment accumulation (i.e. mass wasting or plume fallout), or may have been precipitated during

late-stage silicification, but this is a speculation without evidence.

Interpillow
Jasper

Figure 11: Interpillow jasper and unsilicified iron oxide sediment at Mathiatis, Cyprus. Hammer is ~

20 cm long.

Some ‘Type’ deposit diagrams for ‘Cyprus-type’ VMS deposits show a chert and iron oxide
dominated cap directly overlying the ore bodies (Franklin et al., 2005; Galley et al., 2007). Review
of individual Troodos ophiolite deposits show that this is likely representing the iron oxide
dominated sediment (with minor Si-Fe materials) of the ‘Ochre Group’, which only occurs at half of
the sites described, and in turn does not exhibit the same degree of silicification as implied by the

description of a unit of ‘banded chert and iron oxide’.

In fact the interpretation that the overlying iron oxide dominated material is derived from the
massive sulphides, and that no sulphide minerals are present >50 cm above the ore body in a
seafloor weathering profile, implies a relatively efficient oxidation on the palaeoseafloor. The fact

that these deposits are preserved in the geological record (without significant synchronous Si-Fe

64



formations), implies another mechanism is responsible for deposit preservation. Study and
modelling of dyke emplacement within the Troodos ophiolite implies that VMS deposits are initially
preserved by rapid burial to depths where seawater is unable to weather the deposits, but also
requires burial to depths where the deposits are not subject to destruction by dyke emplacement
(0.1 km above the 25 percent dyke density surface (Hall and Yang 1994)). This is estimated to be

depths between 200 m and 800m beneath the volcanic surface (Figure 12 from Hall and Yang 1994).
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Figure 12: Ideal preservation depth for Troodos VMS deposits from Hall and Yang 1994. Multiple
pathways of potential VMS deposit burial within an ophiolite sequence. Too shallow
burial would result in seawater oxidation and metal loss/transport (Pathway Il). Too
deep burial (Pathway 1V) would result in destruction by dyke emplacement at depth.
‘Optimum burial’ (Pathway lll), is buried deep enough to be protected from seawater

oxidation, but not to be destroyed by dyke emplacement.

2.3.4 Tetsusekiei, Kuroko deposits, Japan

“Tetsuskiei”, literally translated as ‘iron quartz’, are described as a product of VMS deposits of the
Kuroko district, Japan. In contrast to Cyprus VMS deposits, Kuroko-type VMS deposits fall into the
siliciclastic felsic type (but contain subordinate basaltic material), and were formed in a Tertiary
back arc basin. This difference in geological setting would cause a range of differences within the

VMS system, including: differing host lithologies (associated with more siliceous volcanism); a
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potential change in hydrothermal geochemistry as a result of differing source rocks; and a likely

significant input of volcaniclastic material during ore deposit genesis.

In general, tetsusekiei are interpreted to be a late stage formation product at low temperatures
(Cathles, 1983; Eldridge et al., 1983; Kalogeropoulos and Scott, 1983; Tsutsumi and Ohmoto, 1983),

that typically directly overlies the massive sulphide ore deposits (Figure 13).

‘Current’ palaeo-seafloor.

g e

Mass wasting g

Late stage
yellow or black
sulphide veins

Palaeo-seafloor at
time of deposition

Stockwork
Tetsusekiei | Massive Pyrite Ore
Sulphide Talus " | Siliceous Black Ore
Barite Ore | Siliceous Yellow Ore
Massive Black Ore [ Siliceous Pyrite Ore
Semi-massive Black Ore Undifferentiated cover
Siliceous Pyrite Ore J Volcanic Host

Figure 13: Idealised Kuroko-type VMS model, edited from (Eldridge et al., 1983)

Tetsusekiei occurs discontinuously over roughly double the area of the underlying massive sulphide
ore body and is commonly less than 20 to 30 cm in thickness (Kalogeropoulos and Scott, 1983). In
its bedded form, tetsusekiei occurs conformably over the massive sulphide ore bodies (or the ore-
horizon’s tuffaceous host), and is overlain by basaltic tuff/breccia material (Kalogeropoulos and
Scott, 1983). Alternating clastic and chemical sediments of bedded tetsusekiei are composed of the
same minerals in differing proportions. The clastic beds share textural characteristics with the

overlying hanging-wall tuff, the ore horizon tuff, and the upper layered part of the orebody,
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whereas the chemical layers are less similar with increased chemical components (Kalogeropoulos
and Scott, 1983). As a breccia matrix, tetsusekiei is dominated by quartz, haematite, and pyrite, all

of chemical origin.

A three-stage formation model for tetsusekiei in the Kuroko deposits summarised in Table 6

(Kalogeropoulos and Scott, 1983).

Table 6: Three stage formation of tetsusekiei in the Fukazawara VMS deposit

fluids) away from the main
locus of sulphides, possibly

from satellite vents.

the system enabling

precipitation of tetsusekiei

interlayed with tuffaceous

material to form a laminated

Stage 1 Stage 2 Stage 3

Initial formation of tetsusekiei | Waning in hydrothermal | Resurgence of higher
(precipitation from low | activity, increased cold |temperature activity resulted
temperature hydrothermal | oxygenated seawater cooling|in partial sulphidation of iron

oxides within the tetsusekiei.
This process was aided by the
inhibition of seawater ingress

after silica precipitation and

unit overlying the massive|formation of the tetsusekiei

sulphide deposit overlying the orebody.

Tetsusekiei are considered to represent an exhalite by precipitation from slow mixing of
hydrothermal fluids and seawater within hydrothermal sediments (in this case volcaniclastic
material) as the likely mechanism of formation (Ohmoto and Skinner, 1983). The precipitation of
haematite is interpreted to potentially represent an excess of iron over dissolved sulphur within
the ore-forming fluids, resulting in initial sulphide precipitation (possibly at depth), and subsequent
haematite precipitation once the sulphur supply was exhausted, and mixing with oxygenated
seawater occurred (Ohmoto et al., 1983). Estimated formation temperatures from oxygen isotopes
(including margins of error) range from a minimum of 40°C to a potential maximum of 370°C
(Tsutsumi and Ohmoto, 1983). Despite the fact that a back arc setting of the Kuroko VMS deposits
is not comparable with a mid-ocean spreading centre or mafic type deposits, the stratigraphic
occurrence and broadly comparable mineralogy of tetsusekiei share some important characteristics

with the Si-Fe material of this study.

Post-ore intrusion of dacite bodies is interpreted to have aided the mechanical break up of some
ore bodies, and chemical modification by fluid circulation (including magmatic fluids, pore water,
and seawater/meteoric water) are both interpreted to have a potential role in preservation of
Kuroko deposits (Kumita et al. 1982). The deposits are interpreted to have been overlain by fine

grained basaltic tuffs and mudstones, which were considered to be relatively impermeable (Kumita
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et al., 1982). Evidence of continued fluid circulation is apparent by alteration of the hanging wall
material (lijima, 1972) but the overlying consolidated mudstones and tuffs likely hinder fluid

movement, limiting further alteration of the orebody (Kumita et al. 1982).

235 Aljustrel and chert in the Iberian Pyrite Belt (IBP), Spain and Portugal

The IBP hosts the Feitais ore body, Aljustrel, Portugal, where an ‘up to 15 m thick’, stratiform Si-Fe
layer, directly overlies and extends laterally away from the massive sulphide ore has been studied
(Figure 14, Barriga and Fyfe, 1988). Feitais provides one of the best examples of a thick Si-Fe
material which directly overlies a massive sulphide orebody, potentially comparable with the Si-Fe

material investigated in this study.

Si-Fe materials at the Feitais orebody appear to be directly related to the generation of underlying
massive sulphide. Referred to as the Aljustrel jasper formation, this layer has differing mineralogy
proximal to the VMS orebody, compared to distal. The predominant distal end-member is described
as a typical jasper (haematitic red chert), and is often accompanied by black manganiferous chert
and Mn-oxides. However, the cherts proximal to the ore deposits are interpreted to have been
altered to a bluish-grey pyritic chert, with evidence of alteration of haematite to magnetite

(muschketovitization) and the occurrence of pyrite indicative of reduced conditions.

SW NE

Mertola Formation

' Quartz eye Tuff Formation W

Mine Tuff Formation

Figure 14: Schematic cross section of the IBP stratigraphy at Aljustrel, with the Aljustrel jasper

directly overlying VMS deposits. Diagram modified from Barriga and Fyfe (1988).

Evidence of reduction haloes around veins cross-cutting unaltered jasper, the restriction of red
jasper proximal to the ore bodies as relics on the decimeter scale, and the pre-tectonic, likely syn-

sedimentary, deformation of these alteration features all imply that the proximal chert is the
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reduced, altered, equivalent of the same distal red jasper unit. Quartz separates were analysed for
oxygen isotopes were found to be between +17.9% and +20.1% &80 (Barriga, 1983; Barriga and
Kerrich, 1984), which correlates to silica precipitation at 100-120°C. Primary textures within the
jasper were destroyed by recrystallisation, and similar material from elsewhere within the IBP
showed evidence of radiolarians in comparable red jasper material, but were noted to not be
present proximal to underlying massive sulphide ore bodies (Barriga, 1983; Barriga and Fyfe, 1988),
either implying that they were not present, or more likely were recrystallised during hydrothermal

activity.

Three formation hypotheses for the origin of the alteration of the Aljustral jasper, and the
relationship between the formation of the jasper and the underlying massive sulphide deposits, are
discussed (Barriga and Fyfe, 1988) (Table 7), with Hypothesis three the preferred formation

mechanism.

Table 7: Three hypothesis for the formation of the Aljustrel jasper formation by Barriga et al. 1988

Hypothesis 1 Hypothesis 2 Hypothesis 3

Early massive sulphide | Initial pile of sulphides covered |Jasper formation took place
precipitation, followed by |by the jasper, and subsequent |first, and the sulphides
jasper precipitation during the | hydrothermal venting through | precipitated under the blanket
waning stage of a hydrothermal | both, caused the jasper|of unconsolidated siliceous
cycle. Alteration of the jasper |alteration and possibly | sediment, probably as a silica

would have taken place during | modification of the sulphides as |gel. Hanging wall alteration

compaction and diagenesis of | well. would represent leakage of the
both sulphide ores and the impermeable blanket
jasper.

Chert throughout the IBP has also been studied with four different types recognised (Table 8) and

with observed cherts at two different levels within the stratigraphy (Leistel et al., 1997):

- 1) Atthe lower level — directly at the top of the youngest of three acidic volcanic sequences
(VA1), or a few meters above within the tuffite, pelite, and black schist hanging wall
- 2) Atthe upper level — within the second acidic volcanic sequence (VA2) often a few meters

above massive sulphide mineralisation which overlies VA1 facies.
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Table 8: Summary of chert facies in the Iberian Pyrite belt after (Leistel et al., 1997)

Chert member

Main mineralogy

Characteristics of the unit

Red haematitic chert

Microcrystalline

Haematite  being altered to  magnetite

conglomeratic chert

haematitic chert *
magnetite, with the
inclusion of
radiolarians
(microcrystalline

quartz)

+ magnetite quartz, finely | (muschketovitization). At least two stages of silica +
crystalline haematite with the second event microbrecciating
haematite, the first and being richer in haematite. Sulphides
magnetite, not abundant, and where present post-date the
chalcedony oxides and are associated with patches of

carbonate.

Radiolarian and|Same as red | Lateral and vertical variations of red haematitic

chert. Conglomeratic chert likely a result of erosion
of a partly silicified unit within an unconsolidated

mud.

Pale sulphidic chert

Microcrystalline
quartz, pyrite,
marcasite,
pyrrhotite,
chalcopyrite,
sphalerite, galena,

and arsenopyrite

Widespread and cuts the red haematitic chert *
magnetite. Two phases of silica genesis. First phase
hosts haematite grains and needles. Second phase
hosts sulphides depositing within brecciation of
first genesis of silica. Late stage veins and veinlets
of quartz do not contain sulphides and may

represent infilled tension gashes.

Rhodonite
carbonate

magnetite facies

and/Mn

t

Siderite, ankerite,
Mg-kutnahorite,

rhodochrosite

Fe or Mn carbonates present as veins cross-cutting
chert facies. Younger origin to the cherts, and can

locally form large beds

Cherts in the IBP are interpreted to be predominantly hydrothermal with a three stage paragenesis:

1) silica and haematite formation; 2) silicification and sulphidation; 3) carbonate and Mn silicate

formation (Leistel et al., 1997). The main observation of these three stages is switches in redox

conditions between oxidising (Stages 1 and 3), to reducing (Stage 2), and the apparent change in

chemistry with the introduction of Mn and Ca in Stage 3.
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Although no stratigraphic links between the range of cherts in the IBP and VMS deposits were
identified, the Aljustrel jasper presents an example where the chert can be directly linked to

hydrothermal activity, and provides an example of post-depositional alteration of Si-Fe material.

IBP VMS deposits are commonly observed to be stratigraphically overlain, or closely associated with
black shales, chert horizons, silts stones, and volcaniclastics (Barriga and Fyfe, 1988; Saez et al.,
1996; Gonzalez Clavijo and Spire, 1998; Matos et al., 2011; Oliveira et al., 2013), including Aljustrel.
The formation and subsequent preservation is attributed to prolonged hydrothermal activity during
volcanic quiescence combined with localised anoxia (implied by occurrences of black shales) (Saez
et al., 1996), but this does not include the potential for the Aljustrel jasper and chert horizons

associated with the volcaniclastics in aiding preservation of ore bodies.

2.3.6 South Urals, Russia

The Urals present a well-preserved accreted island arc system, where VMS deposits are preserved
at multiple levels, unlike other VMS districts (Herrington et al., 2005). Furthermore deposits fall into
a range of VMS classifications including mafic, pelitic-mafic, bimodal-mafic, and bimodal-felsic
deposit types (Herrington et al., 2005). The lack of metamorphic overprinting has resulted in a range
of seafloor related textures and features to be preserved, and in particular a halmyrolysis model for
the formation of Si-Fe materials has been proposed (Herrington et al., 2005; Maslennikov et al.,
2012). Studies have also used the high degree of preservation within the VMS deposits and Si-Fe
materials to study filamentous and other textures interpreted to be biological in origin (Herrington

et al., 2005).

Similar to VMS deposits, Si-Fe materials are distributed throughout and are not always in direct
contact or associated with sulphide mineralisation (Maslennikov et al. 2012 and references there

in) including:

- within and overlying sulphide lenses;

- intercalated with layered sulphide turbidites lateral to VMS deposits;

- interlayered with dacitic and basaltic hyaloclastic sandstones;

- directly overlying basaltic volcanics and associated with limestone or ‘carbonates’;

- in basal basalt formations as ‘jasper’, ‘cherts’ and as interpillow infill

Four different members of Si-Fe or Fe-Si materials (summarised in Table 9) throughout a series of
VMS deposits in the Urals, are interpreted to be either replacement materials or products of gossan

formation (Maslennikov et al., 2012).
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Table 9: Summary of Si-Fe material in the Urals (Maslennikov et al., 2012)

Si-Fe type Occurrence and morphology Formation mechanism

Jasperite Veins, interpillow infill, stratiform beds, lenses, | In-situ replacement of
and interbedded with volcanic units. hyaloclastic material

Gossanite ‘Sedimentary dispersion haloes around sulphide | In-situ oxidation/replacement

mounds’ formed peripheral to the mounds, 1-10 | of massive sulphide material
up to 50-60 mm thick layers directly overlying

clastic sulphide ores or sulphide turbidites

Umber or|Sedimentary sequences, horizons, and lenses.|Seafloor replacement of
Umberite Often associated with gossanites forming |hyaloclastic material,
peripheral to sulphide mounds. Ranging in|gossanites or jasperites.

thickness from 0.01 — 1 m, averaging 0.3 m.

Jasper and | ‘Lateral or distal end members of the jasperites, | In-situ replacement of
sulphidic chert |gossanites, and umberites’ hyaloclastic material,

associated with felsic deposits

In contrast to Troodos, Kuroko, and IBP deposits a different mechanism of Si-Fe generation has
been suggested for Si-Fe materials from the Urals, a halmyrolysis model (Herrington et al., 2005;
Maslennikov et al., 2012). This model relates to sub-seafloor weathering of volcaniclastic materials
resulting in the precipitation of iron oxide and silica and called ‘jasperites’ (Maslennikov et al.,
2012). Hyaloclastic components within the Si-Fe materials increase with distance from massive
sulphide ore bodies, and correlates with the disappearance of sulphide minerals. Proximal Si-Fe
units are dominated by gossanous material (weathered sulphides), and distal by jasperites

(replacement of hyaloclastites) (Maslennikov et al., 2012; Ayupova and Maslennikov, 2013).

Filamentous haematite and quartz bacterial pseudomorphs (examples in Figure 15) were commonly
observed (Maslennikov et al., 2012; Ayupova and Maslennikov, 2013; Ayupova et al., 2017). The
filamentous material was interpreted to be derived from relict siboglinids, polychaetes, and
calcareous serpulids, fossilised during diagenetic alteration of the primary sediments (Ayupova and
Maslennikov, 2013). Haematite associated with fossil material was also determined to be
‘geochemically similar’ to the surrounding haematite, with the exception of As and P, implying both

As and P may be important in the biomineralisation process (Ayupova and Maslennikov, 2013).
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Figure 15: Bacteriomorphic textures in Si-Fe rocks from the Urals (Ayupova et al. 2018). (Top left)
Haematite filaments. (Top right) twisted-fibrous filaments on chlorite-heamatite-quartz
gossan. (Middle left) chain of spheroids. (Middle right) longitudinal cross sections of

filaments. (Bottom row) relicts of ‘tubular’ organisms.

The preservation of VMS deposit research for the Urals focuses more on the preservation from
accretion to modern day (i.e. lack of significant deformation or metamorphism) (Herrington et al.,
2005) rather than specific deposit type preservation. Based upon the wide range of volcanic,
volcaniclastic, and siliciclastic materials often associated with hanging wall strata (Maslennikov et

al.,, 2012) it is likely that preservation is simply attributed to burial. In addition to this, black shale
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horizons are observed within clast materials implying that localised anoxia could have also affected

ore deposit preservation.

The halmyrolysis model interprets Si-Fe materials to have formed as a function of seawater
interaction with volcaniclastic material thus implying the inherent permeability in said volcaniclastic
material. It is possible that the Si-Fe product of halmyrolysis may represent a more impermeable
material and if this process occurred directly above an ore body it could aid in preservation, but this

is a speculative observation.

2.3.7 Lokken Ophiolite

Typically in the VMS districts described in earlier sections, Si-Fe materials occur as lenses, or layers
which are not laterally continuous over large areas (i.e. >100s of m). In contrast, Si-Fe materials
from the Lgkken ophiolite (and associated VMS deposits) are laterally continuous over kilometres

(Grenne and Slack, 2003a, 2003b, 2005, 2018).

The Si-Fe lithologies within the Lgkken ophiolite are present at thicknesses ranging from several
centimeters to over 10m of typically massive or laminated beds that were commonly at or near the
stratigraphic level of the VMS orebodies (Lgkken and Hgydal). Four types of Si-Fe material have
been identified throughout the ophiolite (Table 10).

Table 10: Summary of the variation in Si-Fe lithologies in the Lgkken Ophiolite

Si-Fe Type Description

Massive Rare, dense aphanitic distribution of haematite grains (< 3 um) and matrix
quartz.

Laminated Most abundant. 1-5mm thick laminae with syn-sedimentary disruptions and

folding. Primary laminations not laterally continuous, commonly modified or

destroyed by redistribution of iron oxides or brecciation.

Brecciform Common. Beds of angular red haematite clasts within grey-black matrices. Often
cross cut by quartz veins which replace laminations, or the matrix is replaced by

quartz. Clasts can show both diffuse and sharp contacts with the matrix.

Clasts  within|Jasper fragments (up to 1m diameter) are angular to rounded, and show
sulphide debris|characteristics of both laminated and brecciform jaspers.

flow
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Si-Fe clasts are commonly intermixed with volcanic rocks as debris-flow breccias. Basaltic lavas
distal from the Lgkken ore body (200-400 m from interpreted feeder zone of the ore body),
generally do not show any evidence of hydrothermal alteration (i.e. alteration minerals or textures)
and directly underlie the jaspers. At Hgydal, beds of Si-Fe material up to 5m thick directly overlie
massive sulphide, or sulphide-jasper-basalt debris flow deposits, and directly underlie the massive
sulphide ore body (Grenne and Slack, 2003a, Figure 16). The underlying jasper is bleached by
stockwork veining with only a few small haematite patches implying a jasper protolith (Grenne and

Slack, 2003a).
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Figure 16: Simplified stratigraphy of the Lgkken and Hgydal VMS deposits.
Modified from (Grenne and Slack, 2005)

The Si-Fe lithologies within the Lgkken ophiolite are interpreted to be products of Fe oxide-rich
silica-gels, formed from the combination of iron rich hydrothermal plume material and silica rich
seawater (Grenne and Slack, 2003a, 2005). This interpretation was principally based on a range of
textural and morphological features observed in thin section and hand specimen (examples in
Figure 17), Ge/Si ratios (an indication of a plume diluted by seawater with a low hydrothermal
component) and similar REE patterns to modern hydrothermal plumes (Grenne and Slack, 20033,

2005). The high silica ocean content is interpreted to be a feature of Cretaceous seawater, which
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transitioned to silica-depleted seawater through the Phanerozoic by the emergence of diatoms
(Grenne and Slack, 2003a). Variation in plume output would account for the formation of
laminations within the jasper (i.e. variable iron oxide content) and the brecciation and syn-
sedimentary deformation of the non-massive jasper units is taken as evidence that volcanism was

contemporaneous with plume fallout.

¥ MRS
'rf;i'c&“i

Figure 17: Filamentous material from the Lgkken ophiolite, Grenne and Slack, 2003. (Top left) thin
curved filaments, (Top right) thin tubular filaments, likely formed during silica gel

maturation. (Bottom row) Thick tubular filaments from ~0.8km east of the Hgydal deposit

The interpretation of a hydrothermal plume origin for these jaspers accounts for the widespread
and stratigraphically repetitive nature of the beds. However, the widespread nature is only
attributed to the unusual oceanic conditions (silica-rich ocean) during the early Proterozoic.
Modern oceanic conditions are not silica saturated therefore widespread jasper formation as
observed in the Lgkken ophiolite is not expected. However, textural and potentially geochemical
indicators of plume fallout material may be similar. Thus the Lgkken ophiolite presents a
hydrothermal plume dominated formation end-member example of Si-Fe lithologies. Filamentous
material within the Lgkken ophiolite (Figure 17) is likely a combination of plume material, and

biogenic features.
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The widespread and laterally extensive Si-Fe materials imply oxic to suboxic bottom waters during
precipitation and, thus during VMS formation (Slack and Grenne, 2018). Recent interpretation of
an early Ordovician extinction event has been linked to seafloor anoxia, and the Lgkken
hydrothermal system has been suggested as a source of exhaled reductants (Hz, H,S, Fe?, and Mn?*
(Hannington et al., 2005)) that could have contributed to this event (Slack and Grenne, 2018). If this
is the case, it could indicate that sustained hydrothermal activity exhaling reductants could cause

localised seawater anoxia, thus increasing the chance of seafloor sulphide preservation.

2.3.8 Myra Falls, Vancouver Island

In all previous VMS examples summaries the main focus has been on the occurrence and
distribution of Si and Fe containing materials. In general all of the above examples show a
relationship between the formation of iron oxides and silica, with both predominantly associated
with hydrothermal activity, but not necessarily interpreted as forming a ‘cap’ directly overlying
massive sulphide orebodies. Myra Falls provides one of the few examples of VMS deposits which
has a defined capping material, however it is classified as a silica cap, and has no association with
iron oxide material. Si-Fe materials are identified within the same basin as the VMS mineralisation,

but occur distally on the basin flanks (Jones et al., 2006).

This cap-rock was split into three different units: white chert, black chert, and argillite (Jones et al.,
2006) with the most prominent occurrence of the cap directly overlying the Battle VMS orebody.
The white chert is best developed directly above the sulphide orebodies; at between 3 and 5m
thick, it distally grades into the black chert (Figure 18). Clasts of Si-Fe material exist within the cap
and are interpreted to be mass-wasted from basin flank Si-Fe deposits, and not representative of

in-situ formation (Jones, 2001).

Fluid micro-thermometry, geochemistry, and textural evidence from the Battle chert cap implies
silica precipitation from a hydrothermal fluid at between 100 and 215°C, by replacement and
silicification of pre-existing overlying sediments (Jones et al., 2006). In contrast, the nearby ‘HW’
ore body does not have the same overlying silicified cap as the Battle orebody. This is interpreted
this to be a result of the timing of hydrothermal activity in relation to the deposition of the overlying
sediments (Jones et al., 2006). The Battle orebody formed syn- and post-deposition of the
mudstone, where the sediment cover provided a trap enabling conductive cooling of the
hydrothermal fluids, and nucleation sites for the silica to precipitate (Jones et al., 2006). In contrast,

the ‘HW’ ore body formed pre-mudstone deposition.
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The lack of high iron content in the silica cap, the lack of benthic fauna, and the distal occurrence
of Si-Fe materials both support the hypothesis of stratified oxic-anoxic waters in the basin (Jones

2001), likely increasing the preservation potential of the VMS mineralisation.

Fe-Si-CaCO,
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Fe-Si-CaCO,
deposition
o OXo
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Andesite wallrock Massive Sulphide Orebody
Coarse grained rhyolitic breccia Battle Chert
Laminated muds, clays, and turbidite deposits Black Chert
. Fe-Si-CaCO,deposits /" Fluid movement

Figure 18: Interpretive chert formation diagram after Jones (2001). Silica rich fluids rose through the
overlying siliciclastic sediments and precipitated silica, resulting in the formation of an

iron oxide free silica cap.

2.4 Modern Seafloor Environments

Comparison between VMS deposits, and modern day areas of seafloor hydrothermal activity could
potentially help understand the role of the Si-Fe lithologies in both the modern and ancient

environments.

Similar to VMS deposits, modern seafloor hydrothermal deposits have a wide range of

terminologies for referring to iron-silica materials including: red and grey chert, Fe-Si-
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oxyhydroxides, Si-Fe oxyhydroxides, jasper, opalite, and Fe-Si crusts, but for simplification are

referred to as Si-Fe or Fe-Si materials.

In order to summarise the range of Si-Fe materials associated with seafloor hydrothermal systems

different occurrences have been separated into subcategories as follows:

- ‘Hard rock’ features — surface and sub-surface samples from mounds, and Si-Fe /Fe-Si
chimney materials
- Sedimentary deposits — weathered sulphide products, abiological low temperature

precipitates, and biologically mediated low temperature precipitates.

Sedimentary related Si-Fe materials have been recovered at significantly more hydrothermal sites,
and represent a much greater sample size than hard rock Si-Fe material. Iron oxide dominated
sedimentary deposits have also been included within this review, as they can provide evidence of
iron oxide formation mechanisms associated with hydrothermal activity which may or may not be

independent of silica formation.

A range of modern day examples of deposits (Table 11, Figure 19) where Si-Fe, and iron oxide or
oxyhydroxide lithologies have been recovered, inclusive of the TAG active mound, are summarised

in Table 11:

Table 11: Selected examples from modern seafloor settings

Location Geological Si-Fe or iron oxide | References
Setting dominated material
1) TAG active Ocean Hard rock Si-Fe material Hannington et al. 1998

mound/TAG spreading ridge | Weathered Sulphide Bogdanov et al. 2008;
Hydrothermal sediment Scott et al. 2015
Field

2) MESO Ocean Hard rock Si-Fe material Lalou et al. 1998;
Hydrothermal |spreading ridge Halbach et al. 2002
field, CIR

3) Blanco Fracture

Zone

Ocean

spreading ridge

Hard rock Si-Fe material

Hein et al. 2008; Hein et
al. 1999

4) East Pacific Rise

(multiple sites)

Ocean

spreading ridge

Si-Fe chimney

Weathered sulphide-derived

sediment

Alt, 1988a; Hekinian et
al.,, 1993; Zeng et al.,
2008; Dekov et al., 2015

79




Abiological/Biological
derived, iron oxide-

dominated sediments

5) Lau Basin Back arc Si-Fe chimney Zhilei Sun et al. 2012
Abiological/Biological
derived iron oxide-
dominated sediments

6) Franklin Intraplate Si-Fe chimney Boyd & Scott 2001; Binns

Seamount volcano et al. 1993

7) Lucky Strike Ocean Weathered sulphide derived |Bogdanov et al. 2008

8) Broken Spur spreading ridge |sediment

9) Snake Pit (MAR)

10) Wocan  Field, | Ocean Weathered sulphide derived |Popoola et al., 2019

Carlsberg Ridge

spreading ridge

sediment

11) Green Intraplate Weathered sulphide derived | Alt 1988b; Alt et al. 1987
Seamount volcano sediment

12) Lilliput Ocean Abiological/Biological derived | Dekov et al. 2010
Hydrothermal |spreading ridge |iron oxides  dominated
Field (MAR) sediments

13) Hydrothermal |Ocean Abiological/Biological derived | Li et al. 2013; Sun et al.
field between |spreading ridge |iron oxides  dominated | 2015
segments 27 sediments
and 28, SWIR

14) Society, Austral, | Intraplate Abiological/Biological derived | Hekinian et al. 1993
and Pitcairn|volcanos iron oxides  dominated
hotspots sediments

15) Loihi Seamount | Intraplate Abiological/Biological derived | Karl et al. 1989; Emerson

volcano iron oxides dominated | & Moyer 2002
sediments
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16) PACMANUS Back arc Abiological/Biological derived | Zeng et al. 2012; Yang et
iron oxides dominated | al. 2015
sediments
17) Vanuatu back-|Back arc Abiological/Biological derived | lizasa et al. 1998
arc iron oxides dominated
sediments
18) Bent Hill and|Ocean Non iron oxide silicified|Zierenberg et al. 1998;
ODP mound spreading ridge | material Zierenberg &  Miller

2000; Fouquet et al.
1998
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Mid-Ocean spreading ridges

| Mid-Atlantic Ridge A Back arc spreading ridges
Indian Ridges * Other (Bent Hill, Logatchev)
7 + East Pacific Ridges A Intra-plate volcanism

Figure 19: Modern seafloor hydrothermal examples of SMS where Si-Fe deposits have been
reported, discussed in this section. Figure adapted from Petersen et al. (2016). Numbered sites
correlate with Table 11 (No. 14 = approximate location of 3 locations). Colours correlate with
seafloor spreading rate (Ultraslow (<20 mm/year) = dark blue, Slow (20-40 mm/year) = light blue,
Intermediate (40-60 mm/year) = green, Fast (60-140 mm/year) = orange, Ultrafast (>140 mm/year)
= red)

2.4.1 Si-Fe material associated with SMS mounds

In contrast to VMS deposits, solid Si-Fe material is not a common product observed or recovered
from active hydrothermal systems. This could be due to the lack of systematic investigation of both
SMS and eSMS deposits, the bias of surface samples over sub-surface samples from SMS or eSMS
deposits (to date), or that the processes which formed Si-Fe materials in VMS deposits have not yet

occurred in SMS deposits.

The few Si-Fe ‘hard rock’ samples recovered from SMS deposits present the best possible
comparison between Si-Fe materials from both SMS and VMS deposits, outside of the samples

studied as part of this project (Table 12).
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Table 12: Summary of 'hard rock' surface samples of Si-Fe material from modern day hydrothermal

vent fields

Location Description References

TAG  active|Two types of silicified weathered massive sulphide|Herziget al. 1991

mound* material, differentiated by interpreted initial base metal

content

MESO Zone |Sulphate-sulphide rich jasper Lalou et al. 1998;
Halbach et al. 2002

East Blanco | Opal-CT and haematite low temperature mound Hein et al. 2008

EPR Si-Fe chimney Dekov et al. 2015

Lau Basin Si-Fe chimney Zhilei Sun et al. 2012

Franklin Fe-(Mn)-Si chimneys and Mounds Binns et al. 1993;

Seamount Boyd & Scott 2001

* Only surface samples are discussed in this section. Si-Fe material recovered from drilling of the

active mound is discussed in Chapter 3.

24.1.1 TAG Active Mound

Two facies of Fe-Si material were identified from surface samples from the TAG active mound. The
first: amorphous iron oxide and silica with atacamite, jarosite and goethite, characterised by a high
Au and Cu concentrations and base metal content (up to 23 ppm Au, > 18% wt Cu (Herzig et al.,
1991)). The second: amorphous iron oxide and silica with layers of crystalline goethite and locally
abundant jarosite, characterised by lower Au and low Cu concentrations (<0.71 ppm Au, < 0.59%
wt Cu)(Herzig et al., 1991). These two facies of Fe-Si lithologies were considered to be gossan
material, with their base and precious metal differences attributed to the initial sulphide

base/precious metal content before weathering.

As the TAG active mound is within the same hydrothermal field as the eSMS deposits that form the
focus of this study, a separate short review of historical work at TAG hydrothermal activity, and
other relevant information regarding Si-Fe materials has been conducted in Chapter 3. This review
of the active TAG mound is presented with the description of the eSMS deposits, and includes the
three dimensional stratigraphy of the TAG active Mound (from IODP drilling), and the three

dimensional stratigraphy of the investigated eSMS deposits.
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24.1.2 MESO Zone, Central Indian Ridge (CIR)

The Si-Fe material recovered from the MESO Zone potentially represents the closest analogue to

Si-Fe materials associated with VMS deposits.

Si-Fe material was recovered from the surface of the central area of the inactive Sonne Field
hydrothermal vent site in the MESO Zone (Lalou et al., 1998; Halbachet al., 2002). A wide range of
textures characterised the iron oxide fraction of the material including laminations, dendritic, coral
and fan like structures, individual filaments, and potential relict worm tubes (Halbach et al., 2002).
Additional silica related textures, including spheres, rods, and filaments were also observed within

the samples (Figure 20).
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Figure 20: Range of biogenic and iron oxide/oxyhydroxide dominated textures from Si-Fe material of

the MESO zone (Halbach et al. 2002)

The Si-Fe material is interpreted to represent a late-stage, low temperature hydrothermal
environment (supported by silica formation temperature obtained by oxygen isotopes of ~ 63.2°C)
where the origin of the iron oxides was difficult to determine, but the paragenesis was determined

from first order observations (Halbach et al., 2002, Table 13)
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Table 13: Paragenesis of the sulphide impregnated jaspers of the MESO zone (Halbach et al., 2002)

Formation Phase Description

Iron oxy-hydroxide Formation of a sedimentary sequence of iron oxides with syn-
sedimentary deformation and slumping structures. Origins of the
iron oxy-hydroxides difficult to determine (i.e. weathered
sulphides, low temperature precipitate, microbial mediation of

iron oxide precipitation)

Silica | Impregnation of the iron rich mud to form the ‘jasper’. Silica
precipitation from conductively cooled hydrothermal fluids.
Desiccated micro-cracks occur within the denser parts of the
concentric botryoidal/agate like jasper textures, potentially a

result of opal dehydration (opal-A = opal-CT). Fluids ~ 65°C.

Silica Il and Pyrite | mm- to cm- thick rims of massive, white silica hosting small
euhedral pyrite grains. Partial recrystallisation and hydrothermal
leaching of the jasper to enable localised creation of sulphides.

Fluids between 170 and 215°C.

Barite | Precipitation of an early barite generation, subsequently

corroded/dissolved.

Sphalerite I, Pyrite I, |Fe-rich sphalerite, pyrite Il and chalcopyrite formed from fluids
Chalcopyrite | approaching ~ 225°C. Highest temperature, comparable with

white smoker fluids.

Sphalerite Il and IlI Fe-poor sphalerite (Il) followed by Fe-free sphalerite
Marcasite | Replacement of existing pyrite
Barite Il Sometimes co-precipitated with sphalerite, considerable

seawater-hydrothermal fluid mixing.

Silica lll Spheroidal silica coating all older surfaces at ~ 15um thick and

‘solidified’ the jasper.

The paragenesisin Table 13 is a general definition, due to the apparent co-precipitation of sulphides
(Halbach et al., 2002). Two of the three silica formation stages (Silica | and Ill) are interpreted to be
independent of the main ‘leaching’ or hydrothermal addition of sulphides and sulphates to the

jasper material.
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2.4.1.3 East Blanco Depression (EBD)

A ‘unique’ opal-CT-haematite mound, measuring ~ 5m across by ~1m high, was discovered within
a diffuse-flow hydrothermal field, EBD (Hein et al., 2008) and potentially provides an example of
modern day Si-Fe material occurring distally to massive sulphide mineralisation. Samples were
described as containing millimetre diameter tubular structures and discontinuous wavy
laminations, with thin section analysis showing a porous network of dendritic and filamentous silica
and haematite (Figure 21, examples from Hein et al., 2008). Hard rock samples were described as

being coated by haematite rich mud.

Figure 21: Haematite sheaths and biogenic structures from the Blanco fracture zone low temperature

deposit (Hein et al. 2008).

The mound is interpreted to represent a partially fossilised microbial mat, altered by diffuse, low
temperature, strongly oxidised, silica- and iron-rich, sulphur-poor fluid (Hein et al., 2008). Bacterial
mats elsewhere within the EDB hydrothermal field were mineralised by opal-A and barite
precipitated from hydrothermal fluids at ~50°C and 100°C (Hein et al., 1999). The presence of
haematite (not goethite, nor ferrihydrite), implies a formation temperature greater than ~115°C
(Hein et al., 2008). This higher temperature could also explain the presence of opal-CT within a
porous medium, implying that the opal-CT did not mature from a precursor opal-A (which would
have resulted in a decrease in porosity, something not observed)(Lynne and Campbell, 2003; Hein

et al., 2008), but precipitated directly from hydrothermal fluid.

2.4.2 Si-Fe hydrothermal sulphide chimneys

Iron oxides and silica are common as minor phases associated with massive sulphide hydrothermal
chimney formation and alteration and are typically products of seawater oxidation of sulphides,

and interaction with hydrothermal fluids respectively. On rare occasions, iron oxides and silica can
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form the dominant structure within chimneys, implying variation in the physico-chemical properties
of hydrothermal fluids (from sulphide dominated chimneys) but forming by similar formation
mechanisms. Although sulphide chimney fragments are observed and have been described in VMS

ore bodies, Si-Fe chimney fragments have not.

Two silica-dominated hydrothermal chimneys (18°S EPR, and Lau Basin) are interpreted to have
comparable formation mechanisms, and are composed of iron oxide/oxyhydroxide filaments,
coated by opal-A (Figure 22). Both examples show a clear relationship of early iron
oxide/oxyhydroxide filament formation (likely of biological origin) which have acted as nucleation
sites for late silica precipitation (ZhiLei Sun et al., 2012; Dekov et al., 2015). The early iron oxides
are interpreted to exert a control on seawater-hydrothermal fluid mixing, enabling rapid cooling of
hydrothermal fluids, super-saturation of silica, and precipitation as opal-A (ZhiLei Sun et al., 2012;
Dekov et al., 2015). Both chimney examples imply growth from outside inwards with silica
precipitation acting as a self-sealing mechanism (ZhiLei Sun et al., 2012; Dekov et al., 2015). Oxygen
isotope formation of opal-A materials from both chimneys were broadly similar (ranging from +26.6
to + 32.6 (ZhiLei Sun et al., 2012; Dekov et al., 2015)) with calculated formation temperatures
between ~ 40 and 70°C. A combination of isotopically light carbon isotope composition of organic
material (EPR chimney), and morphological and RNA studies (chimney from the COMRA Discover
Expedition (CDE) vent field), provide strong evidence for biological involvement in the formation of

filamentous iron oxide materials in both chimneys.
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Figure 22: Microbial and bacterial filamentous material from Si-Fe chimneys (Zhilei et al. 2012)

Hydrothermal Fe-(Mn)-Si chimneys and mounds have been described and sampled from the
Franklin Seamount, Western Woodlark Basin, Papua New Guinea (Binns et al., 1993; Boyd and
Scott, 2001). In contrast to the aforementioned Si-Fe chimneys, the Fe-(Mn)-Si chimneys are
interpreted to be have early silica filaments formed (likely influenced by biology), with later stage
iron oxides/oxyhydroxides, Mn, and nontronite (Binns and Scott, 1993; Boyd and Scott, 2001).
Volumetrically significant microbial filamentous material (including fossil remains of iron oxidising
bacteria Leptothrix and Gallionella) and non-biological agglomerates were common across Franklin
Seamount (Boyd and Scott, 2001). Thermodynamic and kinetic controls of iron at Franklin
Seamount have been investigated, implying that the pH conditions of fluids are close to the triple
point of dissolved Fe?*, ferrosic hydroxide, and ferric hydroxide, implying the potential for large
quantities of abiological iron oxide precipitation (Boyd and Scott, 2001). Microbial influence is
inferred to have converted ferrosic hydroxides into ferric hydroxides, resulting in filamentous

textures (Boyd and Scott, 2001).
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243 Iron oxide/oxyhydroxide dominated sediments

There is significantly more un-silicificed, iron oxide/oxyhydroxide related materials observed at
modern day hydrothermal vent sites, than observed in VMS deposits. Understanding the sediment
accumulation and iron oxide/oxyhydroxide formation mechanisms of these materials (in lieu of Si-
Fe material) may provide evidence for the paragenesis of the modern day Si-Fe material

investigated in this study.

Sediments that are dominated by amorphous to crystalline iron oxide and/or oxyhydroxides
commonly occur at a wide range of hydrothermal sites. These sediments can contain a wide range
of other non-iron minerals including: volcanic glass, barite, sulphides, amorphous silica,
gypsum/anhydrite, and carbonate (e.g. (Popoola et al., 2019)). Typically, iron oxide/oxyhydroxide
dominated sediments are interpreted to have formed by a combination of accumulation processes,
with three main inputs: mass wasting of gossan related mechanisms, hydrothermal plume fallout,
or abiological or biological accumulation. All three of these mechanisms are comparable with iron

oxide material in VMS deposits described in Section 2.3.

24.3.1 Gossan related sediment input

Materials recovered from close proximity with existing massive sulphide material (e.g. exterior and
plugging massive sulphide chimneys, or loose powdery deposits associated with off axis inactive
vents) are likely to be in-situ, or directly associated with massive sulphide weathering processes.
However, when sediments have been recovered without this context, occurrence of high base
metal content (including Cu, Co, Zn, Ni) often coupled with the presence of trace sulphides enable
(zeng et al., 2008) interpretation of gossan related input to iron oxide/oxyhydroxide dominated

sediments.

An example of this is an investigation of ~100 samples of dredged loose amorphous iron oxide
material from along the EPR. The modal sediment was interpreted to have a significant gossan
derived component because of the presence of trace sulphides, with Cu+Co+Zn+Ni values > 0.1 wt%

(Zzeng et al., 2008).

Examples of this kind of material have been recovered from a wide range of geological settings and

are summarised in Table 14:
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Table 14: Gossan related hydrothermal sediments associated with modern day hydrothermal vent

fields

Location General description References

East Pacific Rise Loose amorphous iron oxy-hydroxides Zeng et al., 2008

Central Indian Ridge |Amorphous to poorly crystalline iron|Popoolaetal., 2019
oxyhydroxides with minor goethite and

manganese oxides, and silica.

Green Seamount Fine grained goethite with variable smectite|Alt et al., 1987; Alt,

content 1988b)

In addition to iron oxide/oxyhydroxide sediments, at least one study has focussed on thin iron oxide
films, and coating of massive sulphide boulders and chimneys along the MAR (Table 15). These films
could represent in-situ seafloor oxidation of the massive sulphide materials, which could contribute
to iron oxide/oxyhydroxide sediments upon collapse and mass wasting of the sulphide chimneys,
or potentially represent direct precipitation of iron oxides by the mixing of hydrothermal fluids and

seawater during diffusion through sulphide deposits (Bogdanov et al., 2008).

Table 15: Example of non-sediment related low temperature iron oxide deposits along the MAR

(Bogdanov, Vikent'ev, et al., 2008)

Hydrothermal Site | Sample ‘type’

Snake Pit ‘Ironshot’ film coating sulphide chimney, oxide and sulphide ‘crust’ coating

the chimney, crust on basalt

TAG ‘Low temperature’ mound, oxide films, massive sulphide loads, and films on

sulphide chimneys

Broken Spur Films on surface of chimneys, films on sulphide plates
Lucky Strike Films on surface of chimneys, films on sulphide plates
24.3.2 Plume related sediment input

It is difficult to identify hydrothermal plume material by textural assessment mainly due to the fact
that plume material is very fine-grained or colloidal (Figure 23). Plume contributions to sediments

are typically inferred from geochemical studies (Cave et al., 2002; Lough et al., 2019).
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Figure 23: Plume material particle size distribution from Lough (2019)

Plume related iron oxide/oxyhydroxide sediment input has been identified from increased total
REE, V and P concentrations, elements which have been scavenged from seawater during dispersal

(Zeng et al., 2008).

24.4 Abiotic/Biotic iron oxide growth

Another main feature of Si-Fe and Fe oxide sediments across seafloor hydrothermal sites is the
presence of complex, microscopic textures of filamentous and dendritic iron oxide/oxyhydroxide
materials of contested origin. These textures are commonly interpreted as either evidence for
microbial (or bacterial) activity, or as abiological precipitation of iron oxides. Discovery and
evidence from modern systems has enabled interpretation and understanding of the role biology

can play in iron oxide accumulation and formation throughout time.

A range of modern day hydrothermal sites with iron oxide/oxyhydroxide, or Si-Fe materials which
have been studied with respect to biological formation mechanisms are summarised in Table 16.
This description also includes a summary of the identified biological or abiological morphologies to

highlight the range and ambiguity of the textures.
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Table 16: List of hydrothermal sites with Si-Fe and Fe oxide sediments with descriptions, and

interpretation of biological vs abiological formation mechanism

Hydrothermal

Site

Description

Abiological vs

Biological

MAR vent sites

(inc. Snake Pit,

Early proto-ferrihydrite iron oxide minerals identified in low

temperature hydrothermal deposits can often exhibit

Predominantly

biological

like structures, comprised goethite and x-ray amorphous Fe-Si-
oxyhydroxides, goethite and ferrihydrite. At micron-scales the
samples were composed of web-like and mesh-like bacterial
structures, coated with goethite (observed by SEM analysis) and
microbial-like structures resembling iron oxidising bacteria were
identified from white and reddish mat-like material coating

goethite (by transmitted light microscopy). (Dekov et al., 2010)

(Figure 24)

TAG, Broken|characteristic filamentous textures, which have been preserved

Spur, Lucky [during recrystallisation (commonly into ferrihydrite and

Strike) goethite)(Bogdanov et al., 2008). Iron oxide mats (Snake Pit and
TAG) interpreted to be the product of iron oxidising
Zetaproteobacteria (Scott et al., 2015).

Lilliput Thin and fragile crust-like layers forming channel and chamber | Predominantly

biological with
some
abiological

interaction

Segments 27 to
28, SWIR

Sediments/semi-consolidated iron-silica materials, recovered
from an area of metal sulphides, relict chimneys and yellow-
brown low temperature hydrothermal deposits. The recovered
iron-silica samples were composed predominantly of iron
oxyhydroxide filamentous structures, sometimes surrounded by
amorphous silica or opal-A. The filamentous structures were
formed by oxidation and precipitation of iron from
hydrothermal fluids creating mineralised sheaths of iron
oxidising neutrophilic bacteria (FeOB)(Li et al., 2013; Sun et al.,
2015), but the possibility of auto-catalysed abiotic iron oxide

growth is not discounted. (Figure 26)

Predominantly
biological with
potential for
abiological

contribution
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EPR, Society,

Austral,
Pitcairn

hotspots

and

Type 1 — Purple-red Fe oxyhydroxides. Typically amorphous Fe
oxides with only goethite as well-crystallised phase. Rarely
contain nontronite. Sometimes interbedded with brecciated
volcanic material formatted as hyaloclastic deposits.

Type 3 - Alternating layered nontronite-rich lamellae and
purple-red limonite goethite deposits. Also can form as
concentric concretions or as powdery precipitates.

Type 4 — Opaline Si-Fe oxyhydroxides. Soft lightweight material
forming a gel-like precipitate. Forms as edifices or small
mounds. Dominated by silica (> 40%) containing amorphous

silica, quartz and amorphous iron oxides. (Karl et al., 1989)

All types

abiological

EPR - Alt

Fe-oxyhydroxide deposits forming as laminated muds with
fragments of more lithified material, both mud and fragments
are composed of amorphous iron oxides (with haematite and
goethite identified in a few samples). Red Seamount deposits
are also associated with laminated nontronite-oxides with
variable detrital grains of quartz and pyrite. Proximal to
hydrothermal activity, dominant textures include filament
morphologies, with rare spherules, and aggregates composed of
iron oxide, with at the inactive site deposits comprising broken

filaments and sheaths (Alt, 1988a).

Biological

Loihi

Iron oxide deposits recovered as flocculated mats of hydrous
ferric oxides, and are texturally amorphous, or occur as sheaths,
or twisted or irregular filaments (Emerson and Moyer, 2002b).
The bacterial mat deposits are composed of tubular filaments in
the order of 1-2 microns diameter, and 200-500 microns in
length (Figure 25). Organic material was identified within 1-2%
of filament cross sections, with only ~1.8 wt% organic carbon in
the mat samples(Karl, Brittain and Tilbrook, 1989). Cultures
from Loihi samples enabled isolation of two strains of iron
oxidising bacteria, both interpreted to be dominant at
hydrothermally low temperatures (i.e. 20-30°C)(Emerson and

Moyer, 2002b).

Biological
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PACMANUS

Loose, fragile, low density iron-silica-manganese samples (Zeng
et al., 2012). Three sample suites were determined based upon
colour (black, yellow, and yellow-green)(Zeng et al., 2012). The
Fe-Si-oxyhydroxide samples were composed of opal-A, iron
oxides, manganese oxides, and nontronite, and displayed a wide
range of microtextures that resembled bacteria-like strands
encrusted with Fe-Se oxyhydroxides. Samples obtained from the
same cruise were described with a range of textures described,
including rod-like, twisted, and sheath-like filaments, along with

globular and spherical grains. (Yang et al., 2015)

Both
abiological
and biological

growth.

Lau Basin

Yellow to orange-yellow and green, laminated, semi
consolidated materials and are texturally dominated by
filamentous materials, including radiating and mesh-like
patterns, composed of single and branching rod-like and thread
filaments, and twisted stalks of iron oxides.(Zhilei Sun et al.,
2012) interprets two silica generations with the first co-
precipitating and adsorbing onto the surface of microbially
mediated iron oxides, and the second precipitating from
conductively cooled hydrothermal fluids utilising the iron oxide-
silica filaments and mats as nucleation sites resulting in a coating

of opal-A.

Biological

Vanuatu

Futuna Trough

Semiconsolidated amorphous Fe-Si precipitates and manganese
oxides, with trace barite, pyrite, marcasite, chalcopyrite, and
sphalerite. The deposits are typically either massive or
filamentous, displaying web-like networks of filaments with
tube-like voids and colloform textures (lizasa et al., 1998).
Goethite is present as amorphous in the upper layer to well
crystallised at depth in the Futuna Trough gravity core and
interpreted to be a direct hydrothermal precipitate rather than
weathered sulphide material (lizasa et al., 1998). The increase in
crystallisation with depth is interpreted to reflect aging of the
material where relatively unstable ferric oxyhydroxides partially

dehydrate to more stable crystalline goethite (Schwertmann,

1983).

Unknown
but abiological
mechanisms

evidenced.
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Table 16 covers Si-Fe material across a range of geological settings, which display a range of
common textures, but also show variable interpretations as to whether the material is biologically
or abiologically controlled. Loihi Seamount was the location of a series of studies focussed
specifically on the biological aspects of these deposits, and provided solid evidence of biological
involvement by isolating bacteria from filaments. However, this study also highlights the difficulty
in the determination of biological activity, even in active modern systems with only 1-2% of the

filamentous material containing organic material (Karl et al., 1989).

Other than the difficulty in interpreting the exact origins of the iron oxide components, the origin
of the silica is often interpreted as a product of conductively cooled hydrothermal fluids. Generally,
the iron oxide filamentous material pre-dates the silica, and is often interpreted to represent a
network of nucleation sites for silica precipitation. This mechanism may be the main difference

between an iron oxide/oxyhydroxide only sediment, and an Si-Fe sediment.

Figure 24: Microbial and bacterial material from the Lilliput hydrothermal field
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Figure 26: Si-Fe filamentous material from SWIR, including twisted filaments (Sun et al. 2015)

2.4.5 Non-iron oxide related silicification

Silicified material that is comparable to the Myra Falls VMS deposit, and considered a direct product
of hydrothermal activity but not associated with iron oxides, is also observed within modern day

analogues.

Bent Hill and ODP mounds are located on the Juan de Fuca spreading ridge and were the subject of
drilling during ODP Leg 169 (Zierenberg and Miller, 2000). Both SMS mounds are hosted within a
thick of sediment sequence (100s m), with Bent Hill showing a typical single ore lens over a feeder

zone structure, and ODP mound revealing three stacked ore lenses and feeder zone complexes,
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with both overlying an anomalous deep copper zone (DCZ). The DCZ is a thickness of sulphide-
impregnated sediments, directly overlain by a layer of intensely silicified sediments. Sulphides
present as subhorizonal veins and replacing sedimentary features such as parallel and cross
bedding, and burrows (Fouquet et al., 1998) in the DCZ. Other silicified layers with associated
pyrrhotite and lesser pyrite were determined to be at comparable depths to the DCZ but did not

host significant copper mineralisation.

2400
; Massive Sulphide (right = inferred)

Stockwork Zone
Altered Basalt

Clastic Sediments
Silicified sediments

22500 -
=

Clastic Sulpides
| Deep Copper Zone

2600

100 m

Figure 27: Simplified Bent Hill cross section, modified after Zierenberg et al. (1998). Silicified
sediment represents an impermeable barrier which delineates the top of the DCZ unit. Note that

this unit and the DCZ are both deeper than both the main ore body and stockwork zone.

The silicified layers are interpreted to form as a result of lateral movement of fluids through a
permeable sandstone unit with subsequent conductive cooling promoting silica precipitation
(Fouquet et al., 1998). This silica precipitation provided a hydrological control on the system,
forming an impermeable cap (Zierenberg et al., 1998), similar to the mechanisms of Si-Fe chimney
growth where silica precipitation limits fluid mobility (Dekov, 2015). Subvertical veins within the
DCZ are interpreted to represent high permeability fluid pathways through the silicified unit. When
the veins closed, the decrease in porosity facilitated further lateral movement and mass deposition

of Cu-Fe sulphides (Zierenberg et al., 1998).

The Myra Falls deposit discussed in Subsection 2.3.7 provides an interesting analogue to the Bent
Hill and ODP mound deposits, with the presence of a sedimentary protolith enabling silicification

to take place, and promoting lateral fluid flow and further silicification.
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2.5 Summary of comparison between ancient VMS and modern SMS Si-

Fe lithologies

A summary of the main comparative features of Si-Fe material at VMS vs SMS deposits in
summarised in Table 17, however it is important to consider the inherent sample bias between VMS
and SMS deposits. One of the benefits of VMS deposits is that they have been preserved and
emplaced onto continental crust during obduction of ophiolite sequences. They present a much
easier environment for exploration and recovery of materials throughout the VMS system including
‘palaeo’-subseafloor samples, hanging and footwall materials, a wide range of ore body samples,
and deeper and more widespread alteration assemblages associated with hydrothermal activity. In
contrast, sampling of SMS deposits have historically been limited to surface sample recovery by

dredges or ROV grab arms, with very limited three-dimensional data available.

Ironically the presence of subaerial gossanous material (e.g. those observed at a range of Troodos
VMS deposits), commonly used to discover VMS deposits on land, means that the overlying material
has been eroded away, likely removing paleo-seafloor weathering products, the predominantly
sampled material type at SMS deposits. Si-Fe materials recovered from the VMS analogues
described in this chapter are all interpreted to have formed at or near the palaeo-seafloor and likely

present the best comparison with samples from modern day SMS deposits.

Table 17: Summary of comparison of iron-silica lithologies between VMS deposits and SMS deposits

distribution of
Si-Fe materials
at each deposit

time

sulphide mineralisation, at basal alteration
zones, as interpillow infill and as veins and
clasts within stockwork zone. This Chapter
presents examples of both common and
uncommon Si-Fe materials which overly

massive sulphide orebodies.

VMS deposits SMS deposits
Type of Si-Fe|Predominantly Si-Fe material, dominated|Generally not recovered as Si-Fe
materials by high silica contents. Some iron oxide | materials, typically semi
recovered dominated sediments, typically attributed|consolidated or unconsolidated
to sub-seafloor or sub-aerial gossans. iron oxide dominated material.
Spatial Commonly recovered at the periphery of|Sampling is generally limited to

surface  samples, but Si-Fe
materials have been recovered at
or near the seafloor. Unsilicified

material is associated with pillow

basalts, massive sulphide ore
bodies, or general sediment
substrate.
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Mineralogy Typically dominated by quartz and|lron oxides: typically goethite,
haematite, can contain a range of accessory |ferrihydrite, and/or amorphous.
minerals including calcite, chlorite,|Silica: typically amorphous silica or
magnetite, manganese oxides, and|opal-A, and rarely opal-CT. Quartz
fragments of volcanic glass. and haematite samples observed

from limited sub-surface material.

Silicification Silicification typically interpreted as a|Silicification typically interpreted

mechanism product of conductive cooling of|as a product of conductive cooling

interpretation |hydrothermal fluids (low temperature) of hydrothermal fluids (low
temperature)

Iron oxide | Iron oxides form from a range of processes |Iron oxides form from a range of

formation including: weathering/alteration of massive | processes including:

mechanisms sulphides or hyaloclastic  material, | weathering/alteration of massive
hydrothermal plume fallout, and direct low | sulphides, hydrothermal plume
temperature precipitation (abiological and |fallout, and direct low temperature
biological) precipitation  (abiological and
biological).

Potential role|Filamentous textures are common, likely a | Filamentous textures common and

of biology? result of biological activity, but this often |resemble bacteria strands or
remains ambiguous due to lack of biological | microbes, organic carbon

material.

preservation and RNA analysis

directly imply biological

involvement in at seafloor.
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Chapter 3 The TAG Hydrothermal field and the discovery

of the Si-Fe cap

Review of VMS deposits and modern seafloor hydrothermal activity, has determined that it is
difficult to compare typical VMS preservation mechanisms (i.e. rapid burial by impermeable
material and/or sustained localised seafloor anoxia during deposit formation), with modern
deposits. The lack of ocean anoxia, the bias towards surface sampling (at both SMS and eSMS
deposits), with 3D assessment typically restricted to active SMS deposits makes this the case. Only
review of the evolution of SMS deposits to eSMS deposits, including 3D characterisation, can
provide insight on the degree of preservation in eSMS deposits and investigate if and how

preservation occurs on the seafloor.

The TAG Hydrothermal field was selected for study as part of the Blue Mining Project, an EU FP-7
funded collaboration to understand the range of processes that can occur as SMS deposits
transition to eSMS deposits, which may or may not aid deposit preservation. The active TAG mound
is considered one of the most well studied and constrained examples of an actively forming SMS
deposits, but the eSMS deposits in the same field were understudied. Hence, characterisation and
comparison of surface and sub-surface features of the eSMS deposits with the active TAG mound

could elucidate common processes that occur after hydrothermal activity ceases.

Review and comparison of the surface features of eSMS deposits in the TAG hydrothermal field
with the active TAG mound can provide an example of the range of destructive processes that have
affected SMS deposits, during the transition to eSMS deposits. Furthermore, if the surface
assessment of eSMS deposits can indicate the degree of seafloor weathering of eSMS deposits,
assessment and comparison of the sub-surface geology of both eSMS and SMS deposits can provide

an indication of the degree of preservation of eSMS deposits.

Part of the work presented in this Chapter (predominantly Section 3.2 and 3.3) was contributed to

the following journal article:

Murton, B.J., Lehrmann, B., Dutrieux, A.D., Martins, S., Gil de la Iglesia, A., Stobbs, I.J., Barriga,
F.J.AS, Bialas, J., Dannowski, A., Vardy, M.E., North, L.J., Yeo, I.LA.L.M, Lusty, P.A.J., Petersen, S.,
2019, Geological fate of seafloor massive sulphides at the TAG hydrothermal field (Mid-Atlantic
Ridge), Ore Geology Reviews, 107, 903-925.
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3.1 Historical and modern investigation of the TAG Hydrothermal Field

The TAG hydrothermal field (Figure 28) is a ~5km by ~5km area at water depths ranging from ~2300
m to 4000 m, located at 26°N along the Mid-Atlantic ridge (Rona et al., 1993). It is one of the best
studied hydrothermal fields with an active mound, two areas of inactive mounds (ALVIN zone and
MIR zone), and an area of low temperature activity (Rona et al., 1993; Rona et al., 1993). Since its
discovery in 1972 (Scott et al.,, 1974), multiple research expeditions have investigated the
hydrothermal field including Leg 158 of the Ocean Drilling Programme (ODP) when the TAG active
mound was drilled (Humphris et al. 1996). Historically, research has been focused on the TAG active
mound including detailed geological (Humphris and Kleinrock, 1996; You and Bickle, 1998; Petersen
et al., 2000), geochemical (Fouquet et al., 2000; Humphris and Tivey, 2000) and geophysical (Tivey
et al., 1995; Tivey et al., 1996; Humpbhris and Tivey, 2015) studies.

As part of the Blue Mining project, two research cruises were completed in the summer of 2016
focussing on a multidisciplinary approach to investigating extinct seafloor massive sulphide
deposits. This included ship based and Autonomous Underwater Vehicle (AUV) based bathymetry,
multichannel seismic surveys, 2D and 3D electromagnetic surveys, robotic underwater vehicle
(RUV) surveys, deployment of a robotic seafloor drill (the BGS’s RD2), the recovery of a range of

surface grab samples, and the recovery of sediment cores.

High-resolution (~2 m) bathymetric mapping obtained by GEOMAR’s AUV, during the M127
research cruise in 2016, shown in Figure 28 depicts the areas of interest and focus, including the

known areas of eSMS deposits: Alvin Zone and the MIR zone.

Surveys of the surfaces of the SMS deposits indicates the extent of sediment cover, the degree of
seawater weathering, and where exposed, the shallow interior including sulphide material. In

describing their surface geology, it is useful first to consider the hydrothermally active TAG mound.
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Figure 28: TAG Hydrothermal Field 2 m resolution AUV map obtained during M127 cruise
(2015). lllumination direction “NW. Main areas of interest include the TAG active
mound, ALVIN zone and MIR zone. Location map edited from Humphris et al. 2015

(Humphris and Tivey, 2015).
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3.1.1 TAG Active Mound

The active TAG mound is located proximal to the eastern wall of the Mid-Atlantic ridge rift valley
(~1 km west) and ~2.4 km east of the rift axis. The mound itself resembles a ‘double doughnut’
composed of two circular terraces. The larger, lower terrace is ~150 m in diameter with
escarpments of variable heights with slop angles in the order of 25° — 45°(Humphris et al., 1995).
The smaller, upper terrace is asymmetrically superimposed on the lower platform and is ~ 90 m in
diameter, with ~ 5m high escarpments (Humphris and Kleinrock, 1996). High temperature
hydrothermal fluids (~¥360-370°C) vent from a cluster of ‘black smoker’ chimneys at the top of a
~12 m conical structure on the upper terrace (Parker et al., 2005; Humphris and Tivey, 2015). Lower
temperature (~220-300°C) ‘white smoker’ more diffuse venting, has also been observed from small
(~2 m high, ~1 m diameter) mounds on the upper terrace also referred to as the ‘Kremlin Area’
(Becker et al., 1996). Low temperature diffuse fluid flow (< 25°C) was also measured at multiple
sites across the active mound (Tivey et al., 1995; Schultz et al., 1996), with evidence of higher
temperature fluids (up to 50 °C) during heat flow measurements (Becker et al., 1996). Proximal
conductive heat flow (within ~20 m of the conical black smoker structure) was high and showed a
large temporal variation (0.1 - > 100 W/m?) (Becker et al., 1996). Distal measurements (> 20 m from
black smoker structure) in pelagic sediment were consistently high (3.7 - > 25 W/m?) and showed

little temporal variation (Becker et al., 1996).

Drilling of the active mound, during ODP leg 158 yielded a three-dimensional model for the TAG
active mound (Figure 29), and gave the first insight into the internal structure of an active SMS
deposit. The deposit was split into different lithological zones based upon the drilling results,

originally defined by Humphris et al. (1995) and expanded upon by Petersen et al. (2000):

e Zone 1 - metalliferous sediments - predominantly composed of sand grade oxidised
sulphides, chert and iron-oxyhydroxides.

e Zone 2 - Massive sulphides and sulphide dominated breccias - composed of clast supported
massive sulphide (pyrite) in a pyritic sandy matrix with minor anhydrite.

e Zone 3 - central anhydrite-rich zone - anhydrite matrix supported pyrite-anhydrite breccias.

e Zone 4 - pyrite silica breccias.

e Zone5 - a deeper stockwork zone of silicified wall rock and chloritized basaltic breccias.
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Figure 29: Cross section of the TAG active Mound from Humphris and Tivey, 2015. Zone 1 is not shown

on diagram and overlies Zone 2 at surface. Vertical columns on figure represent drilling

locations TAG-1 to TAG-5 from ODP Leg 158.

Zones 2-5 represent the main ore body and underlying stockwork, while Zone 1 represents the
weathered sulphide apron and surface products of hydrothermal activity. 2*U - °Th dating of
sulphides and anhydrite throughout the mound revealed at least 4 periods of hydrothermal activity
during the lifespan of the active mound (50kya — 11kya, ~8kya -7kya, 6kya — 4kya, and < 50 years to

present) (Lalou et al., 1995), showing a complex mound growth history.

Silica is a major component of the subsurface material recovered from the TAG active mound
(Hopkinson et al., 1999). Throughout the mound two types of silica were identified: low
temperature (<360°C) ‘Type-B’ quartz (chalcedony, micro- and macro-crystalline quartz), and high
temperature ‘Type A’ (>360°C) quartz (macro-crystalline, includes trace Al up to ~1 wit%)

(Hopkinson et al., 1999).
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Distribution of ‘type-A’ quartz was observed proximal to the central high temperature zone through
the mound, with ‘type-B’ quartz dominant distally (Figure 30). Silica within the mound is interpreted
to have transformed from an ‘impure silica gel’, or silica solution through ‘Type B’ quartz (to
chalcedony then through micro- and macro-crystalline quartz) to ‘type-A’ quartz by the loss of

water and increasing temperature (Hopkinson et al., 1999).
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Figure 30: Schematic diagram of the likely silica domains within the TAG Active Mound, from

Hopkinson et al. 1999.

Despite the abundance of silica throughout the deposit, and the fact that Fe was usually the
dominant trace metal impurity in quartz (Hopkinson et al., 1999), Si-Fe materials were not a
common feature. Si-Fe material was recovered as small (< 4cm) fragments (Knott et al., 1998) of
grey and red, sphalerite bearing chert (Tivey et al., 1995) from within the top 10 m of borehole TAG-
4 (See Figure 29), and as clasts (< 2cm) throughout the whole massive sulphide ore body and
stockwork zone (Zones 2 through to Zone 5)(Knott et al., 1998). The grey and red chert in TAG-4
was interpreted to represent fragments of a ‘thin’ layer (< 1m thick) overlying massive porous pyrite
+ sphalerite between ~1 and 10 m below the seafloor on the periphery of the mound (‘TAG-4 Area’,

1996). Si-Fe material enclaves throughout the deposit were interpreted to be early low temperature
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precipitates entrained during later stage mound growth (Knott et al., 1998). The low quantities of
Si-Fe material throughout the active mound appear to be due to fact that Si-Fe materials are a
product of low temperature hydrothermal activity, and therefore would not be present within the
bulk of a high temperature mound. Observation of red and grey chert on the periphery of the
mound interpreted is interpreted to have formed by low temperature hydrothermal activity (Tivey
et al., 1995; Hopkinson et al., 1999; Petersen, 2000) and as such would be restricted to lower

temperature areas.

3.1.2 Inactive Deposits — ALVIN and MIR Zones

The ‘Alvin Zone' is a cluster of SMS deposits that comprises at least three large mounds (Southern,
Shinkai and Alvin, see Figure 28) up to 200 m diameter (Rona, et al., 1993; Rona, et al., 1993; White
et al., 1998). Itis located ~2.4 km NNE of the TAG active mound, and aligned parallel to a set of axis-
parallel faults (trending ~020°). Previous work identified standing and toppled chimneys,
hydrothermal crusts, and hydrothermal material interlayered with carbonate ooze and pillow lava
talus (Rona et al., 1993). Sulphide boulders exposed on the seafloor were seen to be mainly
composed of pyrite, minor chalcopyrite and trace sphalerite, with an iron oxide veneer (Lisitsyn et
al., 1989). Gravity coring in the area revealed evidence of sulphide debris within the surrounding
sediment sequence, likely derived by turbidity flows from mass wasting of existing mound material

(Metz et al., 1988; Rona, et al., 1993).

Si-Fe samples were recovered by dredge from the ALVIN zone, and described as ‘dark red chert’,
being composed of red-brown iron oxides cementing basalt and volcanic glass grains (Petersen,
2000). Silicified samples range in composition from slightly silicified carbonate sediment, to
amorphous silica, to opal-C, and smectite hydrothermal precipitates (Petersen, 2000). Along with
lithified samples, semi-consolidated orange Fe-oxyhydroxide sediments, dominated by goethite
with traces of manganese oxides, were recovered from the surface of the ALVIN Zone (Petersen,
2000). One Si-Fe lithology sample from the ALVIN zone was analysed for oxygen stable isotopes

(6™0vmsow = 30.2%), indicating a formation temperature of ~ 50°C (Petersen, 2000).

The ‘MIR Zone’ is a large mound of discontinuous sulphide outcrop, located on the eastern rift valley
wall, at ~ 3450 m depth. It is partially buried beneath pelagic sediment, making it difficult to fully
delineate. The zone consists of a series of juxtaposed and superimposed inactive hydrothermal
deposits in various stages of weathering, dissection by faulting, and degrading by mass wasting,
delineating the MIR zone into 3 subzones (Figure 31):

e Subzone 1: Mixed hydrothermal debris and sediments with areas of hydrothermal breccia
exposed in stepped normal faults.
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e Subzone 2: Semi-continuous sulphide outcrop with a carbonate and metalliferous sediment
substrate.

e Subzone 3: Hummocky topography with low temperature hydrothermal products (Fe-Mn
staining), and fractured pillow lavas and talus.
Surface grab samples recovered sulphide chimney fragments (pyrite-marcasite and pyrite-
chalcopyrite assemblages), many with iron oxide coatings, Fe-rich gossan and Mn oxide crust (Rona
et al., 1993; Rona et al., 1993; Krasnov et al., 1995; Stepanova et al., 1996). Anhydrite and
amorphous silica are absent from all samples, including sulphide chimney pieces, and is interpreted
to have been removed during hydrothermal recrystallisation that also obscured primary texture

(Rona et al., 1993).
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Figure 31: Three subzones of the MIR Zone, from Rona et al. (1993)

Varying degrees of silicification have been observed from samples dredged from the MIR zone
including: sulphides silicified by late stage, globular and thread like amorphous silica; strongly
silicified haematitic clasts in a matrix of Fe- and Mn- oxyhydroxides, with late sulphide rims;
sulphide chimney material coated with a (up to 3 cm) layer of porous siliceous material; and part of
an Si-Fe chimney in which fluid conduits were clogged by late-sate amorphous silica (Petersen,
2000). Four of these samples were analysed for stable oxygen isotopes (6®O0ymsow ranging from
25.2 % to 30.2 %), with calculated formation temperatures of between ~ 40°C and 80°C (Petersen,
2000).
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3.2 Current state of preservation of eSMS deposits — New data

Until now, the eSMS deposits and mounds at the TAG hydrothermal field have been poorly studied.
Navigation was poor, sampling sparse and often by dredge, and there was not any accurate, precise,
or high-resolution bathymetry. Some mounds within the ALVIN zone have been referred to by
different names reflecting the lack of accurate positioning data between different expeditions such
that the same sites were ‘discovered’ several times. This all changed with the 2016 AUV surveys
that acquired high-resolution bathymetry of eight eSMS deposits from the ALVIN zone (See Figure
32), and the MIR Zone. The bathymetric maps enabled targeted HyBIS robotic underwater vehicle

(RUV) surveys that acquired surface video and sampling from five eSMS deposits in the ALVIN Zone.

Hillshaded ALVIN Zone - Inactive Hydrothermal Mounds
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Figure 32: Inactive mounds within the ALVIN Zone: Southern Mound, Rona Mound, Shinkai Mound,
New Mound 2, New Mound 3, Mont de Reliques, and ALVIN/Double Mound.

The surface video footage and bathymetry of five eSMS deposits enabled comparison of surface
features and mound profiles from the active TAG mound to the inactive deposits. These five eSMS
deposits can be separated into a ‘Northern’ cluster of three mounds (Shinkai Mound, New Mound

2, and New Mound 3), and a ‘Southern’ cluster of two mounds (Southern Mound, and Rona Mound)
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(Figure 32). ALVIN Mound and Mont de Reliques were not visited during HyBIS dives and so are not

considered further.

3.2.1 ALVIN Zone - Southern cluster

Southern Mound and Rona Mound are located at the south eastern corner of the ALVIN Zone,
within a terrane dominated by spreading-ridge axis parallel NE-SW faults that stretch from the TAG
active mound, through the southern cluster of eSMS deposits and extend ~1.5km to the NE of the

ALVIN Zone (White et al., 1998).

Southern Mound is an oval shaped, faulted, sulphide mound (~40 m high, ~260 x 220m wide), and
Rona Mound is a roughly dome shaped, faulted, sulphide mound (~30m high, ~170m diameter)
located ~0.5km east of Southern Mound. The overall profiles of both mounds are smooth with
relatively low ~19° slope angles in comparison to the active TAG Mound and were mapped during

the JC138 research cruise (Figure 33).

NE-SW-trending, graben forming, inward-facing, fault scarps dissect both Southern mound (4
scarps), and Rona Mound (2 scarps) exposing the sub-surface geology to a depth of ~5m below the
seafloor at Southern, and <~1m at Rona. These faults clearly post-date mound formation and are
observed to curve round the centre of both mounds, implying some degree of local influence on

the fault by volume loss of each mound.

Summits of both mounds are covered by carbonate sediment ~30-50 cm thick, with a few areas of
sulphide outcrop, and rare manganese crust material. These include several meter-sized blocks of
massive sulphide, derived from highly-weathered and fallen chimneys, and several small relict in
situ chimneys Figure 34) at Southern Mound, and a single in-situ ~2m tall, ~2m diameter, highly

weathered sulphide chimney at Rona Mound (Figure 35).

Evidence of the onset and cessation of hydrothermal activity in the area can be interpreted from
surface features. At the northern extent of the distal NE-SW fault at Southern Mound hydrothermal
material is clearly on-lapping brecciated basaltic material, implying that mound growth post-dates
the formation of this volcanic material. This also appears to be the case at Rona Mound where
brecciated pillow basalt was present at the south western and western base of the mound, implying
that Rona may represent the formation of hydrothermal material at the summit of an existing pillow

basalt dome.

The presence of pelagic material covering the flanks and large areas of both mounds implies a clear
quiescence of hydrothermal activity as both high and low temperature hydrothermal fluids are

typically acidic so hydrothermal flow would result in carbonate dissolution, a process interpreted
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from the active TAG Mound (Section 3.1.1). Cessation of hydrothermal activity would enable
carbonate accumulation atop the mound. Only a small plateau area to the west of the summit of
Southern Mound showed little pelagic cover. Surface sediments were predominantly iron oxide
with two samples of silicified, barite containing, iron oxide material recovered by HyBIS grabs. This
area was also home to multiple holothurians and yellow bacterial mats supporting the idea of

‘recent’ hydrothermal activity, inhibiting carbonate sediment accumulation.

The general coverage of pelagic sediment across both mounds, the smoothness of both mound
profiles, the occurrence of late-stage faults, and indication of mound volume loss at both of these
deposits represent a mature stage of seafloor weathering. If the NE-SW trending faults were not
present, only the sporadic and highly weathered sulphide material on both mounds provides an

indication that the underlying material is a massive sulphide mound.

Investigation of the exposed material within NE-SW trending fault scarps resulted in ~ 5 m of
shallow subsurface material at Southern Mound being exposed at the seafloor, and not only gives
an indication of the sub-surface stratigraphy, but also shows evidence of seafloor processes which

would have affected the whole mound.
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Figure 33: Interpreted geological map with photo locations for Figure 34 and Figure 35. Geology is

interpreted from surface observations, HyBIS grab samples, and bathymetry.
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Figure 34: Evidence of sulphide materials within the constructional part of Southern Mound: (A)
Small chimneys near the summit, areas of yellow bacterial mats observed across the
mound (B) Typical iron oxide coated massive pyrite boulders observed in the distal
western fault scarp, overlain by oxidised and pelagic sediments. (C) Dark red oxidised
sediment draping over the proximal eastern fault scarp, occasional sulphide boulders
observed within sediments. (D) Competent sulphide layer observed within northern
sections of the proximal western fault scarp. (E) Sulphide boulders within the proximal
western fault scarp, slight green colouration is secondary copper mineralisation on
sulphide boulders. (F) Base of proximal western fault scarp, meter size boulders of
‘secondary’ copper-coated massive sulphide. (G) Horseshoe scarp on the southern
slope, sulphide boulders and oxidised sediments visible within and at the base of the
slope. (H) Area of potential low temperature flow, dominated by oxidised sediment with
little evidence of carbonate material, holothurians and yellow bacterial mats.
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Figure 35: Surface characteristics of Rona Mound: A) Highly weathered, massive sulphide chimney

near the summit of Rona Mound ~ 2 m high. B) Pillow basalt talus at the base of Rona
Mound. C) Fault scarp at Rona Mound, hints of competent material near surface. D)
Carbonate sedimented summit of Rona Mound with occasional manganese/iron rich

crust patches visible. Scale is for all images

3.2.11 Evidence of seafloor weathering processes and sub-surface geology

At Southern Mound, fault scarps typically expose a sequence of pelagic sediment with patches of
Mn-Fe oxide ‘crust’ material (0.3 m thickness) overlying a sequence of orange to brown sediments
(~0.3 - > ~1 m thick, likely composed of iron oxides/oxyhydroxides) with weathered massive
sulphide blocks, underlain by weathered massive sulphide granular material and boulders (Figure

36).
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Figure 36: Sketch of the distal NW fault scarp dissecting Southern Mound Stratigraphy within fault
scarp shows pelagic sediment overlying mixed hydrothermal sediment and red-brown
oxide coated sulphide boulders, overlying sulphide and oxidised sediments and green

secondary copper coated sulphide boulders.

One of the first observations from the fault scarp stratigraphy is that massive sulphide material
appears in-situ as shallow as ~50-60 cm. If this is the case across the mound, it implies that there is
little to no surficial cover of the massive sulphides, one of the key conditions identified for VMS

preservation (See Section 2.3).

Seafloor weathering is evidenced by the occurrence of iron oxide (dark red), and copper chloride
(green) coatings of massive sulphide boulders and granular material where weathering product
likely relates to the base metal content of the sulphides (i.e. copper rich material would form copper
rich weathering products). It is also likely that the red-orange hydrothermal sediments are at least
in part derived from weathering of massive sulphide materials as they direct overly, and are closely
associated with, weathered massive sulphide material. Mass wasting processes, linked to seafloor
weathering are indicated by sediment drape, and the accumulation of large weathered sulphide

material at the base of each fault scarp.

This sequence of lithologies was observed within three fault scarps at Southern Mound, and within

the two horseshoe collapse scarps along the southern slope of the mound. The only significant
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variation of this trend is the proximal southern eastern fault scarp. This fault scarp had a similar
thickness of pelagic sediment (~30cm) overlying a greater thickness of dark red sediment (likely iron
oxide) than observed in other fault scarps. The thickness of iron oxide sediment appears to be ~ 5-
8 m. No secondary copper chloride coated sulphide boulders were observed, but small dark red
coated boulders were present within the fault scarp (interpreted to be massive sulphide, based
upon observations only; no samples were obtained from this scarp). The iron oxide sediment
thickness may be an exaggeration based upon sediment drape indicating a higher degree of mass

wasting at this scarp, and covering the interpreted underlying in-situ massive sulphide material.

3.2.2 ALVIN Zone - Northern Cluster

Shinkai, New Mound 2, and New Mound 3 are ~1.2 km NW of the Southern cluster. Shinkai is the
largest of the three mounds (~65 m high, and ~260 m in diameter), followed by New Mound 3 (~30
m high, ~120 m diameter), and New Mound 2 (~20 m high, ~80 m diameter). The mounds are hosted
within an unfaulted terrane, to the west of the NE-SW trending faults that have dissected the
Southern Cluster, closer to the spreading axis. All three mounds are therefore unfaulted, and exhibit

simple conical profiles with average slope angles ~ 27° (Figure 37).

The summit of Shinkai is dominated by a large, ~ 15 m sulphide ‘spire’ with the eastern slope
surveyed dominated by smaller relict chimneys and chimlets with little sediment cover (Figure 38).
In contrast, the western slope was dominated by large weathered sulphide blocks and chimneys,
and orange-brown oxidised hydrothermal sediments. Similar surface features were observed at
both New Mounds 2 and 3, with little sediment cover on both mounds, and ~15 standing and
collapsed chimneys (~1-2 m) observed near the summit of New Mound 2. Basaltic material was
observed at the base of the western flank of Shinkai, between the bases of the southern flank of
New Mound 3 and around ~ 60% of New Mound 2 (from the northern to south eastern flank). In
fact, the basaltic material at New Mound 2 appeared to be a basaltic mound with hydrothermal

growth atop, similar to Rona Mound.

Higher angle mound slopes, more conical mound profiles, general lack of pelagic material on the
hydrothermal mounds, and the presence of more primary hydrothermal vent features (relict
standing and collapsed chimneys) all support the interpretation that the Northern cluster

represents a series of eSMS deposits that are less weathered than the Southern cluster. This is also
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Figure 38: Range of surface features from Shinkai Mound, New Mound 2, and New Mound 3. A) Top

of the ‘spire’ of Shinkai, viewing ~ North. B) Hydrothermal iron rich sediment with
boulders of green copper coated secondary copper sulphides boulders on the eastern
flank of Shinkai Mound, viewing ~ East. C) Proximal western fault scarp adjacent to
Shinkai Mound, burrows show hydrothermal sediment at depth under pelagic sediment,
viewing ~ West. D) Angular basalt talus at the base of Shinkai (left of image) and New
Mound 2 (right of image), viewing ~ West. E) Single partially weathered standing sulphide

chimney near the summit of New Mound 2, viewing ~ North East.

3.2.3 MIR Zone

The MIR Zone is located ~ 2km ENE from the active TAG Mound, on an elevated block that has been
upthrust by a ~N-S trending, west-facing fault. It is roughly oval shaped (~450 by 300 m) with small
mound-like features around the circumference with slump features incising the deposit in the NW
and SE. No surface geology surveys were undertaken over the MIR Zone during data collection in
2016, however, some examples of the seafloor morphology at MIR Zone have been obtained from
historical video footage (Figure 39). Limitations with navigation data made comparison of this

footage to the new bathymetry impossible.

The morphology of the MIR zone is considerably different from both of the ALVIN Zone clusters,

with no real defined ‘single’ mound feature. Based upon the observation of large standing sulphide
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chimneys on historical footage, and some degree of carbonate deposition around the deposit imply
that MIR may fit somewhere between the two ALVIN clusters with respect to seafloor weathering.
However, the interpretation of multiple superimposed constructional hydrothermal features could
also explain the presence of ‘younger’ hydrothermal chimneys as ‘more recent’ hydrothermal
activity, rather than a true representation of seafloor weathering. Uplift and dissection of the MIR
Zone by the N-S faulting likely promoted the mass-wasting of the mound, further obscuring the

potential degree of seafloor weathering

Figure 39: Screenshots from two ALVIN dives (2586 and 2592) to MIR Zone. A) Carbonate

sediment with likely basaltic boulders, interpreted to be within a sulphide debris
zone. B) Yellow and black bacterial mats. C) Yellow bacterial staining on inactive

sulphide chimney. D) Top of spire of inactive massive sulphide chimney.

33 eSMS subsurface stratigraphy - the discovery of an Si-Fe cap

Surface observations indicated that the Northern cluster of eSMS deposits in the ALVIN Zone,
represented a less weathered end member of eSMS deposit (compared to the Southern cluster),
however the high slope angles of each mound meant that seafloor drilling was not possible. The
more degraded eSMS deposits from the Southern cluster and the MIR Zone presented more

opportunities for drilling. Drill sites were located by interpretation of HyBIS surface video, and
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bathymetry data, enabling subsequent sub-surface drilling, of Southern Mound, Rona Mound, and

the MIR Zone.

Drilling of all three mounds recovered Si-Fe materials in the order of 3-5 m thick, a feature that was
not anticipated based upon the implied sub-surface geology as exposed at surface. The Si-Fe
lithologies are subdivided into three different units based on a range of physical and mineralogical

information from Southern Mound.

e Unit A - Partially silicified, ‘low’ density, iron oxyhydroxides
e Unit B - ‘Jasper’ - silicified iron oxides

e Unit C - Transitional material of silicified iron oxides/oxyhydroxides with grey silica

Hydrothermal sediments were recovered at Southern Mound, and interpreted to be present at

both Rona Mound and the MIR Zone, but were not recovered.

3.3.1 Southern Mound

Three boreholes (022RD, 031RD and 050RD) were drilled in a sedimented hollow near the summit

of Southern Mound, at approximately the same location (within ~10m?area) (Figure 40).

Boreholes 022RD and 031RD recovered a comparable sequence of hydrothermal sediments
overlying samples of Si-Fe material ~3.2 and ~2.7 mbsf respectively before drilling was terminated.
Hole 050RD subsequently penetrating a thicker and variable sequence of Si-Fe materials (between

~ 2.9 to 6.5 mbsf), and recovered a sulphide pebble at termination depth (6.7mbsf).
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Figure 40: Summary of recovered drill core materials from Southern Mound. Hard rock material

dominated by Fe-Si lithologies, further separated into 3 sub-units. Scale bars = 5cm.

The maximum depth penetrated was ~6.7 m (at borehole 050RD). Weighted average recoveries for
each RD2 drilling site were calculated for each borehole: 022RD =50.9%, 031RD = 72.5%, and 050RD
= 16.6%. High recovery rates from 022RD and 031RD are due to the recovery of sediment above
the Si-Fe material, with each location penetrating <20 cm into the Si-Fe material. The third
borehole, 050RD was ‘open holed’ through the sediments (marked as ‘core loss’ on Figure 40),

therefore the low recovery is representative of hard rock material.

3.3.1.1 Sediments overlying the Si-Fe cap

Southern Mound was the only eSMS deposit where overlying hydrothermal sediments were
recovered along with hard rock material enabling an insight into the sediment-hard rock interface.
Hydrothermal sediments were recovered from hole 022RD and hole 031RD (as shown in Figure 40)
and the stratigraphy, mineralogy, and geochemistry have been described in detail (Dutrieux, 2019).
Dutrieux separated the mound summit sediments into four sub-units M1 — M4. M1 refers to a layer
of ~20 to 40cm thick pelagic material composed predominantly of carbonate ooze. Unit M2

represents a thin (~ 10cm) heterogeneous sediment composed of iron oxides and manganese
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oxides (Dutrieux, 2019). Unit M3 occurs as an orange-red-brown heterogeneous sediment,
principally dominated by iron oxyhydroxides. Unit M4 occurs as a blood red homogenous sediment,
dominated by haematite. At both hole 022RD and hole 031RD the sediment-rock interface

occurred within Unit M4, with the underlying Si-Fe material described in the following subsection.

3.3.1.2 Unit A

Unit A is dominated by orange-red-brown iron oxides and oxyhydroxides which exhibit a
characteristic wide range of complexly textured ‘clasts’ implying it is a kind of breccia material

(Figure 41). Comparative to the underlying units it is notably low density, and is friable.

Figure 41: 050RD/Piece3, a characteristic hand specimen from Unit A. Multiple individual iron oxide

‘clasts’ can be seen as brecciated laminations and subrounded to subangular gravel sized

pieces. Scale bar =5 cm.

3.3.1.3 Unit B

Unit B is typically dark red in colour with a higher density than Unit A and recovered in 022RD and
031RD, but not in 050RD. The increased density and dark red colour is characteristic of the unit.
Unit B material was present at the sediment-rock interface in both holes 022RD and 031RD,
occasionally with unsilicified iron oxide dominated M4 sediment within void spaces when recovered

(Figure 42).
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Figure 42: 031RD/107/CC, example of sample from Unit B. Material is dominated by red iron oxide

and is notably harder than Unit A. Pore spaces visible at cm scale. Scale bar = 5cm.

3.3.14 Unit C

Unit C is a similar density to Unit B but defined by the presence of patches of grey chert and the
presence of massive sulphides (Figure 43). The siliceous material appears grey due to the presence
of interstitial sulphides and is not visible within Units A or B. Red and orange iron oxides are
commonly intermixed within this unit, similar to Unit A, but the characteristic textures observed in
Unit A were not observed in Unit C. Upon cutting Unit C, patches of orange sediment were

recovered from within pore spaces. Samples 050RD/P12 and P13 (the deepest Si-Fe sample from
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Southern Mound), did not exhibit the sulphidic grey chert, and was visually similar to Unit B

material, however, due to the presence of massive sulphides, they were classified as Unit C.

Figure 43: 050RD/P11, example of Unit C. Material recovered is dominated by yellow brown iron oxides
with patches of darker red iron oxides. A characteristic feature of this unit is patches of grey

silica with disseminated sulphide within. Scale bar = 5cm.

3.3.2 Rona Mound

Three holes were drilled at the summit of Rona Mound (holes 057RD, 065RD, and 068RD, see Figure
44) and the maximum penetrated depth was ~ 12.5m in 065RD. Hole 068RD was open-holed to
~12m depth before being terminated and only 0.16 m of disturbed samples were recovered. Drilling
results of holes 057RD and 065RD are summarised within Figure 44. Hole 057RD was drilled without
coring through sediments to ~1.7m depth, and penetrated Si-Fe materials (Unit B and C) and
massive sulphides before being terminated at ~10.5m depth. Hole 065RD was drilled without coring
until 7.7 m depth and cored until termination through massive sulphides only. Unit A was not

recovered from Rona Mound.
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Figure 44: Summary core logs of 057RD and 065RD from Rona Mound. 057RD fully penetrated iron
silica lithologies, whereas 065RD was drilled without coring through the iron silica

materials. Scale bars = 5cm.
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Weighted average recoveries for each RD drilling location were calculated from the percentage
recovery from each run length for 057RD (10.9%) and 065RD (32.2%). Drilling without coring was

recorded as ‘core loss’ in Figure 44.

3.3.2.1 Unit B

Unit B was recovered as a series of gravel sized pebbles throughout the drilling (e.g. Figure 45) with
few competent core pieces, and was lower density, closer to that of Unit A. It was classified as Unit
B due to the lack of macro-textures and colour variation observed in Unit A. Rare areas of sulphide
grains were visible in hand specimen, and small patches of grey chert type material were observed,

but these were localised and not considered enough to categorise this material as Unit C.

Figure 45: 057RD/Piece2, single pebble of Unit B. Visually similar to Southern Mound samples,
however less dense. Small area of grey silica present in top right hand side of image. Scale

bar=5cm.

3.3.2.2 Unit C

Unit C material was not recovered as easily as visually comparable Unit C material from Southern
Mound. Recovered material was a mixture of red and orange brown iron oxides/oxyhydroxides,
and exhibited the characteristic grey silica and sulphide enclaves enabling classification as Unit C
material (Figure 46). However, recovered samples also shared characteristics with Unit A material

in Southern Mound with apparent clasts, or visible clast like textures in the iron oxide portions.
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Figure 46: Unit C sample with characteristic grey silica patches, material is silicified red and orange

brown iron oxides/oxyhydroxides. Scale bar = 5cm.

3.33 MIR Zone

Two drill cores (073RD and 076RD) were recovered from a central area of the MIR mound from
within Subzone 2 (Figure 47). The deepest hole (073RD) was cored to ~7.5m depth and fully
penetrated sediments overlying iron silica materials and was terminated within massive sulphide
material. 076RD did not fully penetrate iron silica material. Only Unit B material was recovered from

both 073RD and 076RD no evidence of Units A or C was recovered.
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Figure 47: Summary drillcore logs from MIR Zone, all iron silica materials are from Unit B. Core loss is

actually coring without drilling and represents the sediment cover. Scale bars = 5cm.

Weighted average recoveries for each RD drilling location were calculated from the percentage

recovery from each run length for 073RD (24.7%) and 076RD (24.4%).

3.3.3.1 Unit B

Unit B was generally similar in appearance to material recovered at Southern and Rona mound,

with observable void space in hand specimen, and the characteristic blood red haematite colour.
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One exception to this was an orange-brown colour between ~2.9 m and 3.2 m depth in 073RD
Figure 48, likely a product of differing iron oxide mineralogy. In hand specimen, the MIR zone Unit
B appears to have more centimetre scale pores or voids, and typically has more visible disseminated

sulphides and rare areas of apparent brecciation (Figure 49).

Figure 48: 073RD/Piece 6 (left) and 073RD/Piece 14 (right) shows the variation in colour

composition of Unit B material at the MIR mound. Scale bars = 5cm.

334 Summary of Si-Fe occurrences across the three mounds

Figure 49 shows a comparative summary of the drilling results across the three eSMS mounds of
interest. Iron silica lithologies were recorded at each eSMS deposit, overlying massive sulphide

material and divided into three Units: A, B, and C.

Unit A was recovered as a comparably ‘low’ density, partially silicified, breccia of iron oxide and
oxyhydroxides showing a wide range of centimetre scale textures. Unit B was recovered as a ‘jasper’

composed of silicified iron oxide with minor iron oxydroxides and locally disseminated sulphides.
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Unit C was recovered as silicified iron oxides and oxyhydroxides with characteristic grey silica

enclaves (composed of silica and disseminated sulphide).

The distribution of Units A-C across the three mounds is complicated, and although the three units
are defined above, comparison is difficult (Figure 49). Unit A was only recovered from one out of
three boreholes at Southern Mound, and was not recovered from Rona Mound nor the MIR Zone.
The other two boreholes at Southern recovered hydrothermal sediment directly overlying Unit B
material. Furthermore, the uppermost Unit B samples had large cavities infilled with dark red, iron
oxide sediment indicating a clear stratigraphic and mineralogical relationship between Unit B and

the overlying M4 sediments.

Unit B material from Southern Mound, is broadly comparable with MIR Zone; however both are

significantly higher density then Unit B from Rona Mound.

Unit C material was recovered from one borehole at Southern Mound (050RD), and one borehole
Rona Mound (057RD). Material from Southern Mound showed a more varied iron oxide component
and seemed to be a higher density than Rona Mound Unit C samples (similar to the observations
for Unit B). Unit C material was not recovered from the MIR Zone but the lack of penetration of
Unit B (in one borehole), does not discount the occurrence of Unit C at depth. Despite fully

penetrating the iron silica stratigraphy in 073RD, Unit C material was not recovered from MIR Zone.
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Figure 49: Drill core material recovered from each of the successful RD2 drilling locations. Core loss
includes open hole drilling within 050RD, 057RD, 065R. Iron silica cap and sulphide

thicknesses presented here are maximum possible thicknesses.
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34 Cap Rock Dimension Estimation

An estimation of the lateral extent of the occurrence of the Si-Fe cap can be undertaken, based
upon drill-core data, surface video surveying (where present), bathymetric interpretation, and the
understanding of typical 3D characteristics of SMS deposits. The lateral extent of the Si-Fe cap can
give an indication of the area over which a Si-Fe cap can form, and thus act as a barrier between

oxidised seawater and the underlying massive sulphide.

34.1 Estimated lateral extent of the Si-Fe cap
34.1.1 Southern Mound

The capping unit was recorded as ~4m thick at the top of Southern mound based upon thickness
obtained from 050RD. Assuming that Si-Fe material is a product of low temperature hydrothermal
activity, the cap is interpreted to be thickest at the centre of the mound (i.e. a main conduit for
hydrothermal fluids), and to taper distally. No evidence of a Si-Fe cap rock was observed within the
shallow surface stratigraphy in the proximal western fault scarp, and although a thickness of red
oxide sediment was observed in the eastern scarp, no visible competent material was observed.
The Si-Fe cap is therefore not interpreted to extend further than the two proximal fault scarps from
the centre of the mound. This data, combined, with bathymetric data, enables a NW-SE cross

section of the cap rock to be constructed (Figure 50).

Very little evidence for the cap rock is present at the seafloor, and the northern and southern extent
of the cap rock is difficult to determine. A ‘horse-shoe’ shaped fault scarp, likely a result of mass
wasting, is present on the southern slope of Southern Mound. Video footage of this scarp showed
no evidence of either iron oxide sediment, or Si-Fe cap rock material. The northern slope of
Southern Mound is covered in a thickness of carbonate sediment, with little evidence of the
substrate beneath. It is therefore probable that the cap rock does not extend past the horseshoe

scarp to the south, and does not outcrop on the northern slope.
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Figure 50: Schematic cross sections of Southern Mound and Rona Mound. Thicknesses are estimated

based upon drill core data, bathymetry and surface geological information.

3.4.1.2 Rona Mound

A NW-SE cross section for Rona Mound can be constructed based on bathymetry and drill core data.
Surface surveying was limited at Rona Mound, with only a short period of one HyBIS dive spent
investigating the mound. No Si-Fe material was observed in the eastern fault scarp, and the western
scarp was not observed during surface surveying. As the eastern fault appears to have a throw of
~1m, itis possible that the faults could post-date cap formation and the displacement is not enough
to expose the cap at the seafloor. However, based upon the observations at Southern Mound, and
the lack of Si-Fe material in the eastern fault scarp, it is interpreted that the Si-Fe cap does not

extent past the fault scarp (Figure 50).

A part of the southern flank was surveyed, and was covered in pelagic sediment, showing no iron
oxide sediment or Si-Fe material. The northern flank was not surveyed. Therefore, the NE-SW cross
section of Rona Mound is estimated based upon based upon drill core data and the interpreted

cross section for Southern Mound.

3.4.1.3 MIR Zone

MIR Zone was not surveyed during this investigation, therefore only drill core data cross section
data and interpretation of bathymetry was available to estimate the morphology of the MIR Zone

cap-rock. However, unlike Southern Mound and Rona Mound the interpretation of superimposed
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constructive hydrothermal features of MIR Zone makes any kind of estimation of Si-Fe cap

delineation difficult. Therefore no volume estimation calculation was undertaken for the MIR Zone.

3.4.2 Cap rock volume calculation

The ‘footprint’ of the Si-Fe cap rock in plan view can be approximated by oval shapes, based upon

the aforementioned features and interpretation of the extent of the cap rock.

Based upon the oval plan view shape, and the NW-SE cross section of the cap rock, the volume of

the cap rock can be approximated by the difference between two, oval based, conical volumes

(Figure 51):

Figure 51: Simplified visualisation of the volume estimation of cap-rock material

1 1
Volume of cap rock = §r1r2h1 — §r1r2h2

Where dimensions are as follows:

r1 = ‘long’ radius of estimated cap rock (along NW-SE cross section for Southern and Rona Mounds)

inm

r, = ‘short’ radius of estimated cap rock along NE-SW line (along NW-SE cross section for Southern

and Rona Mounds) in m

h: = ‘height’ from estimated shallowest depth of the top of the cap rock (mbsf) and deepest depth

of the top of the cap rock (mbsf)

h, = ‘height’ from estimated shallowest depth of the bottom of the cap rock unit (mbsf) and deepest

depth of the ‘bottom of the cap rock unit (mbsf).

134



Estimated foot prints of the Si-Fe caps at both Southern and Rona Mound can be found in Figure 52
with r; and r,dimensions marked, and are calculated at ~43,020 m?, and ~15,080 m? respectively.
Values for h; and h; have been calculated based upon: seafloor depth at borehole locations, depth
(mbsf) of the shallowest and deepest occurrence of the Si-Fe cap drilled, seafloor depth at the
periphery of the estimated Si-Fe cap footprint, and an estimation of the depth (mbsf) at which the
Si-Fe cap pinches out (Table 18). It is important to note that this estimation assumes a regular and
uniform shape to the cap. This is likely not the case, but is the most sensible option for this
calculation. Table 19 summarises the dimensions used for the calculation, and presents the two

volume estimates for Southern Mound, and Rona Mound.

Table 18: Summary of depths from drill core data used to calculated h; and h;

Terminal
Top surface Bottom surface h, h;
lateral depth
(mbsl) (mbsl) (m) (m)
(mbsl)
Southern 3550-3527.5|3550—-3541.6
3537.5 3541.6 ~3550
Mound =125m =84m
3545-3532.8 |3545-3535.9
Rona Mound 3532.8 3535.9 ~ 3545
=122 m =9.1m

Where:

Top surface of the Si-Fe cap from borehole data = seafloor depth of borehole - depth below seafloor

of the shallowest Si-Fe material

Bottom surface of the Si-Fe cap from borehole data = seafloor depth of borehole — depth below

seafloor of the deepest Si-Fe cap material

Terminal lateral depth = Estimated depth where the cap ‘pinches’ out
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Figure 52: Estimated maximum footprints of the Si-Fe cap at both Southern Mound and Rona Mound,

based upon lack of surface evidence within fault scarps.

Table 19: Dimensions used, and estimated cap rock volume calculation result

ri(m) r2(m) |hi(m) hz(m) Estimated Cap rock volume (m3)
Southern Mound 165 83 12.5 8.4 18,716.5
Rona Mound 80 60 12.2 9.1 4960
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Si-Fe capping materials are interpreted to have formed at the centres of both mounds and based
on the above observations, are not interpreted to cover the whole footprint of the underlying
massive sulphide orebodies. The Fe-Si caps were estimated to cover ~24% and ~48% of the

interpreted massive sulphide orebody extent for Southern Mound and Rona Mound respectively.

3.5 Summary

The evidence presented in Section 3.2 highlights the role of seafloor weathering and evolution from
an active SMS deposit (i.e. active TAG Mound) to a recently active eSMS deposit (ALVIN Zone
Northern cluster) to a more mature weathered eSMS (ALVIN Zone — Southern cluster). The decay
of these deposits is expected, and little evidence exists of any kind of potential preservation

mechanisms from surface observations.

The observation and recovery of Si-Fe material from the three most weathered eSMS deposits
studied in the TAG hydrothermal field is the first recovery of a thick sequence of in-situ Si-Fe
material directly overlying massive sulphide material in eSMS deposits. The Si-Fe cap is overlain by
several meters of iron oxide and oxyhydroxide rich sediment, in turn overlain by a thin iron
oxyhydroxide and manganese oxide sediment, with pelagic sediment as the surface (proven at
Southern Mound, assumed for Rona, and MIR Zone). Little to no evidence of the existence of a Si-
Fe cap is present at the surface or within the fault scarps that dissect mounds (where present), only

upon drilling of each mound was the Si-Fe discovered.

The Si-Fe cap can be separated into three different Units, which are not always present at each
mound, or even at different locations on the same mound. It is important to understand that
although similarities exist between the Si-Fe caps, each mound appears to have undergone slightly
different formation mechanisms, resulting in three different Si-Fe facies, present across the

mounds.

Limited Si-Fe material was recovered from the drilling of the active TAG mound, interpreted to be
associated with low temperature, diffuse hydrothermal flow, and limited examples of Si-Fe surface
samples have been recovered historically from the TAG hydrothermal field. The distribution of silica

within the TAG active mound is well studied, but not as a Si-Fe cap.

The occurrence of Si-Fe materials, directly overlying massive sulphide materials, presents the first
evidence of Si-Fe lithologies potentially comparable to Si-Fe materials associated with VMS deposits
in the geological record (See Chapter 2). The observation of Si-Fe lithologies is not uncommon in
VMS systems (discussed in detail in Chapter 2) but typically they do not form thick capping layers,

directly overlying massive sulphide ore bodies as observed in the eSMS deposits.
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In VMS systems, the preservation of massive sulphide orebodies is typically attributed to processes
which either physically or chemically restrict the weathering of the sulphide ore bodies (i.e. rapid
burial by comparatively impermeable material, or occurrence and burial associated with anoxia).
However, the common preservation mechanisms throughout geological time, have not occurred to
eSMS deposits, still at or near the seafloor. Thus another process which would either act as a
physical or chemical barrier to massive sulphides would have to have occurred in eSMS deposits to

enable preservation.

Surface observations of three areas of eSMS deposits are interpreted to show a range of seafloor
weathering processes that generally show sequential and persistent weathering of deposits as they
move off-axis. Prominent late-stage faults are observed to dissect two of the most weathering
deposits (Southern Mound and Rona Mound), providing evidence that shallow massive sulphide

material had been buried by < 1m of hydrothermal and pelagic sediment.

Upon drilling, Si-Fe caps were discovered at three eSMS deposits in the TAGHF, which present the
first in-situ recovery of such material from eSMS deposits, and providing a potential candidate for
an auto-preservation mechanism of eSMS deposits. Quantification of the extent of this cap rock
(See Section 3.4), coupled with investigation of physical and chemical characterisation, and
interpretation of the Si-Fe material paragenesis, could help determine whether or not this cap could
be a common product at eSMS deposits, and if it could aid in their preservation. Understanding
whether eSMS deposits are preserved on the seafloor could have a significant effect on the future
of deep-sea mining, and possibly help understand what contribution eSMS deposits can have to
global metal fluxes. The following chapter describes the range of physical and geochemical analysis

undertaken to characterise these Si-Fe cap materials.
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Chapter4 Methodologies

4.1 Ship-based data collection

4.1.1 Seafloor Mapping — HyBIS RUV

The HyBIS robotic underwater vehicle (RUV) was deployed 7 times during the JC138 research cruise
focussing on surface mapping and exploration of the eSMS deposits within the TAG hydrothermal

field (Table 20).

Table 20: Summary of HyBIS dive workflow to produced interpretive maps

HyBIS workflow

Dives and Dive|A total of 6 dives were completed on Southern Mound, with part of one of
Locations the dives visiting Rona Mound. The seventh dive was completed over
Shinkai, New Mound 2 and New Mound 3 deposits. The main features of
the HyBIS RUV used were: two forward facing high-definition (HD) video
cameras, a hydraulic manipulator arm, and a hydraulic powered sample
storage drawer. A total of ~52 hours of HD video footage was recorded
during the exploration dives across the eSMS deposits. The following stages
were used to interpret the seafloor geology and produce geological maps

of the eSMS deposits:

Real-time Preliminary linking of observed features (e.g. fault scarps, bathymetric highs
observation etc.) with previously obtained bathymetry data. Recording of sample
locations and general characteristics to permit these to be linked to

subsequent laboratory-based observations, imagery and mapping.

Post-dive location | Post-dive comparison of RUV location based on USBL (Ultra short baseline)
error correction positioning data, and temporary shifting of base map so that the dive track
corresponds to the bathymetry. Subsequent geological interpretation was

all undertaken on this single ‘master’ base map.
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Combining

time

observations

with new locations.

real- | Review of dive video footage. Interpretation of seafloor features and

the survey.

plotting of ‘outcrop’ on the master base map, to produce an ‘outcrop’ map
showing all notable geological features. The outcrop maps are restricted to
visual observations based upon the HD imagery, with limited extrapolation

of seafloor features (e.g. faults) when they were not clearly observed during

Additional
geological

information

and image-based observations and interpretation.

Obtained from the processed grab samples is used to validate bathymetric

Final product

and bathymetry data.

Production of interpretive geological maps based on the outcrop mapping

4.1.2

Sub-surface drilling - BGS RD2

The British Geological Survey’s (BGS) robotic drilling rig (RD2) was deployed at three different eSMS

deposits during the JC138 cruise: Southern Mound, Rona Mound, and MIR Mound (summarised in

Table 21). The rig is theoretically capable of drilling up to 55 m below the seafloor in 1.7 m long

continual vertical sections.

Table 21: Summary of the RD2 drilling of the three eSMS deposits as part of the Blue Mining

Research Cruise - JC138

Depth Penetration | Recovery
Station Site Latitude Longitude

(m) (m) (%)
022RD Southern 26°9.34'N | 44°48.95'W | 3535 35 50.9
031RD Southern 26°9.34'N | 44°48.94'W | 3535 2.7 72.5
050RD Southern 26°9.34'N | 44°48.95'W | 3535 6.7 16.6
057RD Rona M. 26°9.36'N | 44°48.79'W | 3535 10.8 10.9
065RD Rona M. 26°9.39'N | 44°48.80'W | 3530 12.5 32.2
068RD Rona M. 26°9.37'N | 44°48.79'W | 3530 11.7 1.4
073RD Mir Zone 26°8.60'N | 44°48.39'W | 3430 7.6 24.7
076RD Mir Zone 26°8.61'N | 44°48.39'W | 3429 1.7 244
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Out of the eight drilling locations, Si-Fe material was recovered from six, with only 065RD and

068RD at Rona Mound drilling into sulphides only.

The following flow chart (Figure 53) summarises the core handling protocol employed during both

the M127 and JC138 cruises for both sediment and hard rock drill cores:
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4.2 Petrology

A total of 13 polished thick (~100-150 um) sections of hydrothermal sediments (Units M3 and M4)
and 27 Si-Fe capping lithologies (Units A-C) were analysed using transmitted and optical light
microscopy. All sections were later reduced to polished thin sections (~¥30 um) and are summarised

in Table 22.

Table 22: Summary of thin sections from the various Si-Fe cap rocks

Southern Mound Rona Mound MIR Zone
A B C B C B
4 3 5 2 3 10

Photomicrographs were taken at the University of Southampton digital camera attachments on the
microscope. Six polished block sections were prepared for LA-ICP-MS, and &3S investigation, and

were also used for reflective light microscopy.

4.3 X-ray diffraction (XRD)

X-ray diffraction analysis works on the principle that x-rays are diffracted by crystal structures of
minerals, therefore every mineral has a characteristic diffraction pattern enabling identification. 32
samples were analysed by XRD, where enough material was available quantitative analysis was
undertaken, where not, qualitative analysis was undertaken (Table 23). Analysis was undertaken at

the University of Southampton.

Table 23: Summary of XRD methodology and processes

Methodology |For each sample, 1.5g of material was weighed out, to which an internal
standard of 25% by weight of corundum was added. Thereafter, samples were
ground in a McCrone mill for 8 minutes under iso-propanol. To avoid preferred
mineral orientation, the ground ‘slurry’ was dried and side-loaded in XRD sample
holders. Any samples with insufficient material to side-load were placed on a

silicon disc (non-diffracting crystal face), without the addition of corundum.

Instrument PANalytical X'Pert pro diffractometer machine fitted with a Cu X-ray tube.
Operating The machine operating conditions were set at 35kV, 40mA utilising automatic
conditions slits and a step size of 0.022 20 at 1 second/ step.
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Processessing |Semi-quantitative analysis of the sample was undertaken using XRD software
(Siroquant V4.0, Sietronics Pty Ltd) that utilises the “Rietveld” technique. The
data are corrected to remove the %corundum analysis. For samples in which
the %corundum differs significantly from 25%, its abundance can be used to

guantify the presence of amorphous, non-diffracting material.

Error estimates | The %error values are equal to one standard deviation of the total.
Precision values and detection limits for bulk mineral analysis of
crystalline materials are generally of the order of £0.5-2%. Minerals
qguoted as present, but which are close to the detection limit should not
be relied upon as an accurate record. For clay minerals and probably for
opaline silica, accuracy is at best +10% of the amounts present for
concentrations >20%, and +20% of the amounts present for minerals at

concentrations <20%.

4.4 Scanning Electron Microscope

A selection of polished thin sections were chosen for SEM analysis using a Leo 1450VP SEM with an
Oxford Instruments X-ACT 10mm? area SEM-energy Dispersive Spectrometer (EDS) at the University
of Southampton. Whole slide backscatter electron images were obtained for six Si-Fe samples. Thin
sections were carbon coated for the analysis. Topographic images were obtained from gold coated

broken core samples to investigate the three dimensional textures.

4.5 Fourier Transform Infrared (FTIR) Spectroscopy

FTIR Spectroscopy is based upon the principle that samples absorb or reflect light differently, and
that characteristic absorption or reflectance patterns of light at over a range of different
wavelengths (reconstructed using Fourier Transforms). Absorption or reflectance is controlled by
molecular vibrations, therefore minerals can be identified by characteristic spectra that correspond
to the different molecular bonds (See Table 24). It is used here to assess the distribution of the four
major minerals that form Si-Fe materials, as characteristic peaks can theoretically distinguish them.
It is difficult to understand their distribution fully in thin section as the optical properties of both
the iron oxides/oxyhydroxides interfere with each other. Understanding the distribution of the

silica and iron oxides/oxyhydroxides can provide information that relates to the interpreting the
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paragenesis of the Si-Fe cap, and determining whether they can form from typical hydrothermal

processes.

Table 24: Summary of FTIR characteristics of relevant minerals from the Si-Fe cap

Mineral Formula Elemental Bonds | Characteristic wavenumber for peaks

Quartz SiO; Si-O Si — O = ~1180 cm™ (prominent shoulder peak) ~
1090 cm™®, ~ 800 cm™* and ~ 450 cm™

Opal-CT  |SiO2.xH,0 Si-0, O-H Si— 0 ="~1180 cm™ (less prominent or no shoulder
peak) ~ 1090 cm?, ~ 800 cm™ and ~ 450 cm™

O-H =3400-3600 cm™

Haematite | Fe,03 Fe-O ~ 1000 cm?,"550 cm®, ~480 cm

Goethite |FeO.OH Fe-O, O-H ~ 1000 cm?,"550 cm™,~480 cm™. 900 cm™ 800 cm

O-H =3100 cm™*and 3700 cm*
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Mixed materials are also difficult to unambiguously interpret, in which strong Si-O band at ~ 1090
cm® overlap the haematite band at ~ 1000 cm™, and the quartz and opal-CT bands at ~ 800 cm™?
and ~480 cm™ also overlap and interfere with the goethite bands at 800 cm™, and 450cm™. Both
FTIR methods used in this investigation are summarised in Table 25 and were both undertaken at

the University of Southampton.
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Table 25: Summary of both FT-IR methodologies attempted as part of this project

Bulk Powders

Instrument

Nicolet Protege 460 FTIR

Samples analyses

32

Methodology

Approximately 0.1g of powdered material was subsampled
from the bulk rock powder and mixed with KBr within an agate
mortar. The material was thoroughly mixed with a metal
spatula and transferred to a metal holder/mould. The sample
was compressed into a thin in the holder/mould disc using a
manual pneumatic. The holder is transferred to the FTIR
machine and aligned with the infrared emission source. Each
sample was analysed three times, with the holder rotated ~

120°, producing 3 separate wavelength spectra per sample.

Output

Range of .csv files from which spectra can be plotted in Excel

In-situ

Instrument

Perkin Elmer Spotlight 400 FT-IR microscope

Samples

Range of thin sections from Units M3, M4, A, B, and C

Methodology

Maps are produced from a series of ‘point’ analysis spectra to
identify similar or different material across an area of
investigation. The thin section stage is mounted in a sealed
Perspex box (which helps limit atmospheric interference), and
background scans are automatically subtracted from all
individual spectra upon scanning. The analysis is limited to
between 650 and 4000 cm™ wavenumbers, therefore direct
comparison between the bulk spectra and the in-situ spectra is

only possible between these wavenumbers.

4.6 Whole Rock Geochemistry

Thirty Si-Fe whole-rock samples were processed at the University of Southampton for analysis of

major and trace elements. Major elements were obtained by X-Ray Fluorescence (XRF) analysis,

and traces were obtained by inductive coupled plasma mass spectrometry (ICP-MS) (Summarised

in Table 26). Additional analysis of Total Sulphur, Total Carbon (TC), and Total Organic Carbon (TOC),

were undertaken using a LECO CS225 elemental analyser, at the University of Aberdeen.
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Table 26: Summary of major and trace elements discussed in this thesis, and the methods by which

they were obtained. Where elements were analysed by both XRF and ICP-MS (i.e. Zn)

the data from the most accurate and precise method was chosen. This is represented

in this table.
XRF ICP-MS LECO
Majors Trace Majors Trace Majors Other
Si0,,  FexOsr, |Zn Al,Os, TiO,, |V, Cr, Co, Ni, Cu,|S TC, TOC
MgO, Cao, MnO Sr, Mo, Cd, Ba, Pb,
K0, Na-O, Th, U
P20s REEs: La, Ce, Pr,
Nd, Sm, Eu, Gd,
Tb, Dy, Ho, Er, Tm,
Yb, Lu, Hf

4.7 X-Ray Fluorescence (XRF)

Table 27: Summary of XRF Methodology

Instrument

Philips MagiX PRO XRF

Majors analysed

SiOz, TiOZ, A|203, FE'203T, MnO, MgO, CaO, Kzo, NazO, and PzOs

Trace elements analysed

Sr, Zr, Ni, Cr, Pb, Zn, Cu, Co, V, Ba

Sample processing

Approximately 0.5 g of sample powder was subsampled and oven dried
overnight. Dried powders were mixed with Lithium Tetraborate flux at
a 10:1 flux to sample ratio (+0.001%). Sample and flux material was

added to platinum crucibles and fused into a bead using a Vulcan

Fusion Machine.

Standards and CRMs

Pre-made: JR-1, GSP2-3, NIM-G, BHVO?2 (5:1 flux to powder ratio)
Made for this study: FER-1, FER-2, FER3, FER-4 (10:1 flux:powder ratio)

Synthetic Fe,03:Si0; beads at 40:60, 25:75, and 5:95 ratios.
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4.8 Inductively Coupled Plasma — Mass Spectrometry (ICP-MS) - X Series

4.8.1 Standards and blanks

A suite of igneous rock standards (BCR-2, JB-2, BIR-1, JGb-1, BRR-1, BAS 206, JA-2, JB1a, BHVO2,
AGV-2, JB-3) of basaltic to andesitic composition were included within the analysis to calibrate the
data. Existing mother solutions of the rock standards had dilution factors of ~350, requiring 0.5 ml
subsample in a 5 ml vial to get ~4000 times dilution (comparable with trace elements anticipated
from the sample set). A further rock standard (JR-2) was also included in the analyses, however this

was digested from powder rather than subsampled from existing mother solutions.

Samples were digested in 3 batches, the first and second batches included one blank each, with the
third batch including 2 blanks. Each blank sample underwent the same digestion routine and
subsampling protocol as the unknown samples. Two other blanks ‘C blank’ and ‘As blank’ were also
run. ‘C blank’ underwent the same digestion routine as the rock standard mother solutions, and As

blank underwent the same digestion routine as the other As standard solutions.

4.8.2 REE elements

Due to the generally low concentrations of rare earth elements within the samples, a separate
analysis was undertaken with differing dilutions for samples and standards. Mother solutions of
sample digests were diluted to ~1000 times, compared to the previous ~4000 times. Standards (BIR-
1, JB-3, JGb-1, BHVO2, JB1a, JB-2, BCR-2, AGV-2, JA2, BAS206, and BRR-1) and CRMs JA-2 and JR-2
were diluted to ~40,000 times dilution. These two dilution factors resulted in broadly comparable

raw counts for REEs and therefore would enable better precision for REE elements.

Where REEs are normalised (denoted by (REE symboly) they are normalised to carbonaceous
chondrite values from Evensen et al. 1978. Light rare earth elements (LREEs) are defined as La, Ce,
Pr, Nd, and Sm, and heavy rare earth elements (HREEs) are defined as Eu, Gd, Th, Dy, Ho, Er, Tm,
Yb, and Lu.

Europium anomalies (Eu/Eu*) were calculated after Worrall and Pearson(Worrall and Pearson,

2001), using the following formula:

Eu Euy
Eu  (Smy? + Gdy®)

Cerium anomalies (Ce/Ce*) were calculated after Worrall and Pearson(Worrall and Pearson, 2001),

using the following formula:
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Ce Cey
Ce” B \/(LaNZ + PrNZ)

4.9 LECO CS225

30 samples of Si-Fe materials were analysed for sulphur (S), total organic carbon (TOC), and total
carbon (TC) using a LECO CS225 elemental analyser at the University of Aberdeen. Samples are
combusted and carbon and sulphur are oxidised to CO, and SO, respectively. CO; and SO,
concentrations were analysed by non-dispersive infra-red cells (NDIR), which analyses the incident

IR energy with respect to calibrated standards.

49.1 Standards and blanks

Four CRMs were run throughout the analyses, for both carbonised and decarbonised samples,
standards were analysed in both the non-filtration crucibles, and the filtration crucibles for each

respective sample set.

The selected CRMs were BCS-CRM 362, LECO 501-024 lot no. 1027, 501-502 LN 192-100-2, and 501-
505 LN 1351 represented a range of carbon and sulphur values which were predicted to cover the

anticipated carbon and sulphur values of the sample set.

A total of 24 blank analyses were undertaken throughout the analysis of standards and samples.
Blanks were undertaken at certain intervals throughout the run of samples to establish a baseline
for ‘background’ levels in the crucibles. Additional blanks were run at the beginning and end of each
day, and after cleaning, or manual inspection, of any of the internal components of the LECO. These
blanks were analysed to ‘clean’ the internal components and ensure that any relict carbon or

sulphur materials were vaporised before any samples were analysed.

4.10 Accuracy and Precision calculations for geochemical analysis

For XRF, ICP-MS, and LECO analysis, accuracy is represented by “% Average Relative Error”, which
is defined as the average value of the % relative errors of the given element across all standards

analysed. l.e. the accuracy of any given element across a range of standard materials.
‘% Average Relative Error’ is calculated by:

Absolute Error

% Average Relative Error = 100 * -
Standard elemental concentration
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‘Absolute Error’ is the difference between the average measured concentration for a given element
(from repeated analyses of CRMs) and the reported concentration for the same given element in
the CRM. ‘Standard element concentration’ is the published concentration of the given element in

the CRM.

Precision is represented by relative standard deviation for 2 standard deviations (20 RSD %),

calculated by:

2 * Absolute Standard Deviation
20 RSD (%) = 100 *

Standard elemental concentration

Where ‘Absolute Standard Deviation’ is the standard deviation across the repeated analyses and

‘Standard element concentration’ is defined above.

According to (Jenner, 1996) 0-3% is excellent, 3-7% is very good, 7-10% is good and >10% is poor,
and the following accuracy and precision information are highlighted as displayed in Table 28.
Where concentrations of elements or elemental oxides are close to the instrument detection limits,
accuracy values are not considered representative of the overall accuracy of the dataset, but have

been included where calculated.

Table 28: Definitions and colour coding of accuracy and precision for all types of analysis

Very Good Good N/A
CRM concentration near
3-7% 7-10%
detection limits of instrument
4.10.1 XRF

To assess the accuracy of the XRF data, eight CRMs (JR-1, GSP2-3, NIM-G, BHVO2, FER-1, FER-2, FER-
3, and FER-4) and three synthetic standards of known SiO, and Fe,Osr ratios (95:5, 75:25, 60:40)
were analysed. To assess precision of the XRF dataset, one random sample was repeated 10 times,
and one CRMs (FER-2) were repeated 6 times each. Accuracy and precision values are calculated

using the formulae in Section 4.10, and presented in Tables Table 29 - Table 31.
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Table 29: Calculated accuracy of XRF data from CRMs

Accuracy (%)

Element JR-1 GSP2-3 NIM-G BHVO2

SiO>

TiO;

AlLO;

Fe Oar

MnO

MgO

Ca0

K20

Na,O

P20s

* = certified value below DL * = no certified value for CRM

Table 30: Additional calculated accuracy of SiO2 and Fe203 XRF data from CRMs and synthetic

beads

Accuracy (%)
SiO, Fe;0sr

SYN-1 Fe:Si=5:95
SYN-2 Fe:Si =25:75
SYN-3 Fe:Si =40:60
FER-1
FER-2
FER-3
FER-4

FER-2 was repeated six times to test precision of the method for Fe and Si and one Si-Fe sample
was selected at random and analysed 10 times to further test precision with an ‘unknown’ sample.

Table 31.

151



Table 31: Summary of precision from CRM and 'unknown' sample

Precision (20 RSD %)

FER-2 ‘Unknown’
Repeats 6 10
Si0;
Fe;0sr
MnO -
MgO - 3.70
Ca0 - 4.21
KO - 4.80
Naz0 -
P,0s -

In general XRF accuracy of data in excellent or very good with the exception of poor accuracy when
CRM concentrations were close to detection limits, and CaO in JR-1. Precision of SiO, and Fe;0asr
was excellent to very good for FER-1 to FER-4, synthetic standards and an ‘unknown’ sample. Other
major element oxides had excellent to good precision in the unknown sample with the exception

of MnO where concentrations were close to the detection limits of the XRF.

4.10.2 ICP-MS

Accuracy and precision of the trace element ICP-MS data was tested by running two CRMs (JA-2

and JR-2) with each run throughout the analysis (Table 32).
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Table 32: Accuracy and precision for a range of trace elements and select major elements obtained

by ICP-MS

JA2 JR-2 JA2 JR-2

Precision (%) Precision (%) Accuracy (%) Accuracy (%)

Al 3.23

9.32

Ti

Ba

Co

Cr

Cu

Mo

Ni

Pb

Sr

u

\

Zn

Precision of trace elements is typically excellent very good with respect to both JA2 and JR2.
Accuracy is typically excellent to good for JA2, but is predominantly poor with respect to JR-2. This

could be due to human error during the dilution process.

Accuracy and Precision of the rare earth elements (and Ba) ICP-MS data was tested by repeating

two CRMs (JA2 and JR-2) three times each during the run (Table 33).
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Table 33: Accuracy and precision for Ba, Y, and REEs from ICP-MS analysis

JA2 JR-2 JA2 JR-2
Precision (%) Precision (%) Accuracy (%) Accuracy (%)

Ba 3.74 9.54

Y 5.71

La 3.75

Ce 4.39

Pr 6.52

Nd 5.94

Sm 6.39 6.00

Eu 6.41 430 _
8.45

Accuracy and precision of REEs with respect to JA2 Is typically very good to good, with several values
between 10 % and 17 % being poor. Accuracy and precision with respect to JR-2 is excellent to very

good.

4.10.3 XRF vs ICP comparison

Nine elements were analysed by both XRF and ICP-MS and the results compared to observe the
differences between the two methodologies. However, out of the nine elements only Mn, P, Cr, Cu,

and Zn have sizable data populations from XRF that were significantly above the detection limits.

All five elements show good correlation (R? > 0.7) between XRF and ICP-MS analysis. Although the

graphs shown in Figure 54 show that Cu and Zn appear to be skewed by 2 results up to two orders
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of magnitude higher, removal of those two data points still give R? values of 0.96 and 0.92 for Cu

and Zn respectively.
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4.10.4

LECO CS225

To assess accuracy and precision of sulphur, TC, and TOC, a series of 4 CRMs were included within

the analysis: BCS-CRM 362 (powder), LECO 501-024 lot no. 1027 (powder), 501-502 LN 192-100-2

(carbon steel rings), and 501-505 LN 1351 (carbon steel rings). Standards were repeated between

analysis of carbonated and decarbonated samples, as well as at multiple points within the analysis

procedure. Precision and accuracy for all four standards were excellent to good. (Table 34)

Table 34: Summary of accuracy and precision of LECO data from CRMs

Avg
measured

TC (wt%)

Avg
measured

S (wt%)

Certified
TC
(wt%)

Certified
S (wt%)

Precision | Precision | Average | Average

RSD (%) | RSD (%)

BCS-
CRM
362

22

9.57

1.49

1.48

Leco
501-
024
lot
no.

1027

3.23

0.04

3.33

0.05

501-
502
LN
192-
100-2

10

0.06

0.02

0.06

0.01

501-
505
LN
1351

0.54

0.02

0.54

0.02

* All result recorded the certified TC values to 2 d.p.
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411

Oxygen Stable isotopes

A total of 30 whole rock powders, and 30 leached ‘silica’ powders were analysed for oxygen

isotopes, were analysed at Scottish Universities Environmental Research Centre (SUERC), East

Kilbride.

4.11.1

Laser Fluorination

The laser fluorination technique used at SUERC is a variation on the methodology described by

Sharp (1990) where full details can be found, but the methodology is summarised in Table 35.

Table 35: Methodology of laser fluorination undertaken at SUERC, East Kilbride

Step 1

Combust a sample using a carbon laser within an atmosphere enriched in
fluorine (in this case using a chlorine trifluoride (CLF3) reagent) to replace

the oxygen in the silica with fluorine, and produce gaseous O,

Step 2

Once the sample has been combusted the residual atmosphere is pumped
through a system of metal piping, through two liquid nitrogen cold finger
traps. This freezes the excess reagent, but not the oxygen released from the

sample.

Step 3

The oxygen is then passed through a mercury trap, and a slush trap (made
from acetone and dry ice) to remove any non-reacted reagent not

condensed by the liquid nitrogen traps, and any other elemental impurities.

Step 4

The sample passes into a glass flask with a heated carbon coil. This coil
converts all O, to CO, which is then transferred to another glass chamber to

measure the pressure of gas samples (to calculate yield from the sample).

Step 5

Finally, the gaseous CO; is transferred to a mass spectrometer tube, and

sent to the mass spectrometer to analyse the oxygen isotopic composition

Step 6

The system is then pumped under low vacuum, then high vacuum, to
remove any residual gaseous material before another sample is passed

through.
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4.11.2 Silica Leached Powders

Due to the intrinsic ‘sub-microscopic bonding’ of iron oxide and silica within the samples, bulk
oxygen isotope values would be a mixture of both the iron oxide and silica materials. Therefore,
separation of the silica material from iron oxides by acid leaching was undertaken at the University
of Southampton based upon a technique described by Cope et al. (2002) (See Table 36). This would
enable the silica leached powders to be analysed separately from bulk material, and enable
calculation of oxygen isotopic composition of both the iron oxide and silica fractions. Several
randomly selected samples were analysed by XRF to determine the silica content before being

analysed for oxygen stable isotopes, with all tested samples showing SiO, concentrations > 99 wt%.

Table 36: Leaching methodology used to obtain silica powders from bulk sample powders

Step 1 Approximately 1 to 2g of powdered sample was added to a 50 ml plastic
centrifuge tube and then made up to between 20 ml and 30 ml with ~ 25%
HNOs. Samples were left in a warm (~30°C - 40°C) ultrasonic water bath and

checked every hour for progress.

Step 2 Once no more reaction was observed, samples were centrifuged and the acid

pipetted off, and more acid added to ~20-30 ml.

Step 3 (optional) |If a sample had recorded or observed sulphides, the HNO3z was replaced with

HCl until all reaction ceased, then continued with HNOs.

Step 4 This method was repeated with increasing acid concentrations until

eventually concentrated HNO3; was used.

4.12 Laser ablation ICP-MS (LA-ICP-MS)

A Nu Wave laser was attached to a Thermo Scientific Fisher X Series ICP-MS to undertake the
analysis. Laser spots of 20, 25, 30, 40, and 50 microns were selected based upon the size of the
grain/area of analysis. NIST 610, NIST 612, and MASS1 CRMs were analysed at all five different spot
sizes chosen for the various analyses to calibrate the data. Use of particular CRMs for certain

elements is restricted by the range of certified elements for each CRM (Table 37).
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Table 37: CRMs and elements where certified values enabled calibration

Calibration CRMs

Element

NIST610, MASS-1

Cr

NIST610, NIST612, MASS-1

Fe, Co, Cu, Zn, As, Ag, Sb, Au

MASS-1

V, Ga, Ge, Mo, In, Sn, Hg, Bi

NIST610, NIST612

Ni, Se, Ba, Tl, Pb, U

4.12.1 Internal Standards

SEM EDS spectra (a mixture of spot and area analysis) of sulphide composition was used to

determine appropriate internal standard concentrations to use for each sulphide group, with

average values used (Table 38). Fe was used as an internal standard for pyrite, Cu for chalcopyrite,

and Zn for sphalerite.

Table 38: SEM EDS spectra results for internal standard use for sulphides

Pyrite Chalcopyrite Sphalerite
n=28 n=4 n=34
S Cu Fe S Fe Zn S
Fe (Wt%) | (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%)
Average 45.98 53.37 33.10 31.45 35.43 10.91 54.89 33.38
Maximum | 48.30 55.90 34.40 32.70 35.80 17.22 62.22 34.60
Minimum | 44.10 51.70 32.00 30.40 35.10 3.56 48.18 32.56

4.13 O isotope analysis - silica

4.13.1 Accuracy and Precision

Three different internal standards were analysed in conjunction with the unknown samples, YP2

(680 = 16.4, quartz), JJB8 (680 = 30.3, agate), and UWG2 (60 = 5.6, garnet). These standards

were chosen as they represent the anticipated range of oxygen isotopic values for the unknown

samples. Eight samples of YP2 were not included within the calculation based upon unusually low

yields during analysis. Accuracy is represented by the Error (%) and precision is represented by the

standard deviation, both are classed as excellent to good (Table 39)
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Table 39: Accuracy and precision of oxygen isotopic data

Standard |Repeats (n) |Expected Average Standard |2 o relative Error (%)
value value Deviation |standard
(0) deviation (%)
YP2 33 164 16.39 0.30 3.66
JIB8 27 30.3 30.24 0.22
UWG2 27 5.6 5.80 0.24 8.28 3.45
4.13.2 Formation Temperature Calculations

Formation temperatures can be calculated for both the iron oxide and silica fractions using the
principle of oxygen isotope geothermometry, using Kita (1985) and Sharp (2016) equations for the

appropriate mineral-water system.

In order to calculate the formation temperatures the oxygen isotopic fractionation factor between

the mineral and water (a) is required, where a is calculated by:

_ (1+ 1073680y nEraL)

Where 8®0wmineralis analysed for each silica sample using the laser fluorination technique (described
in Section 4.11.1), and in this case &¥0warr is assumed. The fluids which are involved in
precipitating these minerals are likely a result of mixing of Atlantic bottom water (SW = 6%¥0~ 0%
(Frew et al., 2000)), and hydrothermal fluids (HF = 80 = + 1.7%, based upon end member
hydrothermal fluid from active TAG mound, (Shanks Il et al.,, 1995)). Therefore theoretical
maximum and minimum values are be calculated by assuming either seawater dominated or

hydrothermal fluid dominated 8¥0warer.

4.13.2.1 Kita (1985) — Amorphous Silica/opal-CT

Kita’s formulae were derived from experimental work of oxygen isotope fractionation between
amorphous silica and water at low temperature (34-93°C)(Kita et al., 1985). The oxygen isotope
fractionation factor between silica and water (a), and the relationship between a and formation

temperature are defined as follows:
Formation temperature (T (in Kelvin)) vs. a:

103Ina = 3.52(10°T~2) — 4.35
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4.13.2.2 Sharp (2016) — Quartz

Sharp provides a more updated version of the formation temperature calculations from oxygen
isotopes derived from a different equation from a range of high temperature experiments (250°C -

800 °C), of :

4.20(0.11)10°  3.3(0.2)1000
T2 T

1000. lna =

This equation was combined with a series of published low temperature samples (including Kita
1985 data) and diatom data (Sharp et al., 2016), to include low temperature quartz assemblages,

with the equation as follows:

4.28(0.07)10°  3.5(0.2)1000

1000. Ina =
na T2 T

This equation including low temperature data was described as ‘near identical’ as the above ‘high

temperature’ formula, thus extending the range of valid temperatures for the SiO; — H,0 system.

4.14 Sphalerite geothermometry

The geothermometer works on the basis that the amount of iron, which substitutes for Zn, in

sphalerite is a function of temperature.

Formation temperature can be estimated using the following equation from(Keith et al., 2014):

Fe
— = 0.0013 T(°C) — 0.2953
ZnSphalerite
Simplistically rearranged to:
% 4+ 0.2953
T(C) = Nsphalerite
0.0013

Where iron and zinc are in weight percent, and T is in Celsius.

4.15 Three dimension (3D) X-ray microtomography

Simplistically, a series of two dimensional (2D) X-ray absorption images are taken 360° around a
single sample. Following this, a three dimensional volume can be produced, using the mathematical
principals of tomography, where each voxel (three dimensional equivalent of a pixel) represents

the x-ray absorption of a 3D volume. X-ray absorption is controlled by the density of the material
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being scanned, therefore the internal structure of the sample can be determined from the three

dimensional reconstruction, assuming the sample exhibits variable density.

All X-ray CT scans were undertaken at the p-VIS facility at the University of Southampton. Eight
samples were analysed on a ‘Modified 225 kVp Nikon/X-tek HMX micro-focus X-Ray CT system’ to
assess the porosity and permeability of the three Si-Fe cap units (A-C) and the underlying massive
sulphide. The aimed resolution for these scans was to between 20 and 40 microns, and to achieve
this samples would typically be scanned in two, or three parts which were concatenated digitally as

the first step of image processing (Table 40).

Table 40: Low resolution sample catalogue

Sample Lithology Low resolution whole core
scan voxel size (um)
050RD/P3 Unit A 34.7
050RD/P8 Unit A 34.7
073RD/P14 Unit B 34.7
076RD/P6 Unit B 34.7
050RD/P11 Unit C 34.7
057RD/P11 Unit C 34.7
065RD/P15 Massive sulphide 34.7
073RD/P28 Massive sulphide 34.7

3 samples were analysed in the Zeiss 160 kVp Versa 510 to assess filamentous/mesh networks of
iron oxides and silica within the samples. The aims of these scans were to focus on these complex

3D structures at a high resolution aiming to ~ 1-2 micron resolution (Table 41)
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Table 41: High resolution scan sample catalogue

Sample Sample Dimensions Voxel size (um) |Scanned volume (mm?3)
Area
050RD/P8 1 1980x2026x1990 1.689 38.46
2 1984x2026x1990 1.689 38.54
3 1976x2026x1989 1.689 38.37
050RD/P11 1 1980x2026x1988 1.789 45.66
2 1984x2026x1990 1.804 46.96
076RD/P6 1 1976x2026x1987 1.891 53.79
2 1972x2026x1985 1.764 43.53

164




Chapter 5 Mineralogical characteristics of Si-Fe cap rock

5.1 Introduction

Having determined that Si-Fe deposits have formed a capping rock over the central zones of each
of three different SMS mounds, with the potential to act as a barrier or seal between the underlying
massive sulphide and seawater, it is important to determine how the material has formed and what

it tells us of the paragenesis of the deposit.

Review of Si-Fe material from VMS deposits and modern day SMS deposits reveal that a wide range
of hydrothermal and sedimentary processes can combine to form comparable material, including:
precipitation from hydrothermal fluids, weathering of massive sulphide material, and also highlight

the potential role of microbes or bacteria in Si-Fe deposit formation.

Interpretation of the formation processes that have formed the Si-Fe materials at the eSMS
deposits can enable understanding of whether these deposits could have formed from generic
hydrothermal processes (i.e. as interpreted from VMS deposits), or whether they have a unique
formation mechanism, and are unlikely to form at other deposits. This has specific implications for

the global potential for eSMS preservation rather than just a few unique deposits.

As such a range of techniques have been used to define and describe the mineralogy, physical
textures, and characteristics of both the overlying hydrothermal sediment cover (Units M3 and M4),
and the Si-Fe capping materials (Units A-C) in order to understand the formation processes of the
cap. Techniques employed include thick and thin section petrography, reflected light petrography,
X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM), Fourier transform infrared
spectroscopy (FTIR). Full analytical processes can be found in Chapter 4 regarding the

methodologies.

5.2 Overlying sediments — Units M3 and M4

Hydrothermal sediments overlying the Si-Fe deposit are recovered from holes 022RD and 031RD,
both from Southern Mound, and provide a continuous record of the transition from unconsolidated
sediment to hard rock at the mounds. The sediment stratigraphy was split into four different units
(See Section 3.3), with the two lower ones, Units M3 and M4, representing hydrothermal material

that share characteristics with the underlying Si-Fe materials at Southern Mound.
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Unit M3 was recorded between ~1m and ~3 m at Southern Mound as a thickness of orange-red
goethite and amorphous fraction dominated sediment (Table 42). Although no crystalline silica
minerals have been identified by XRD, the presence of amorphous silica is identified by transparent
clasts interpreted to be Si-Fe material. Individual iron oxide/oxyhydroxide and Si-Fe clasts exhibit a
wide range of heterogeneous textures including: filamentous, dendritic, and colloform growth
textures, as well as massive and laminated clasts throughout. More homogeneous, clast free, fine-
grained iron oxyhydroxides that show few millimetric scale textures occur in one section, from

~2mbsf.

Unit M4, the lowest sediment unit at Southern Mound was recovered at ~2.9 and ~2.3 mbsf in the
two boreholes. Units M3 and M4 are differentiated by a marked colour change (orange-red-brown
to dark red), which is a product of a change in dominant iron mineralogy. In contrast to the goethite
and amorphous mineralogy of Unit M3, Unit M4 is dominated by fine-grained haematite with rare
goethite and quartz. Quartz is present within the unit as rare clasts of Si-Fe material (~250um),

identified by their transparent nature.

Table 42: XRD analysis of Unit M3 and M4 sediments, (from Dutrieux, 2019)

Unit | Mineralogy %

Sample

Qz Tridy | Crist Haem | Goe | Non | Hal* | Amor
022RD -193 cm M3 |- - - - 36.0 |- - 64.0
022RD -225 cm M3 |- - - - 100.0 | - - -
022RD - 261 cm M3 |- - - - 579 |- - 421
022RD - 275 cm M3 |- - - - 722 | 4.6 - 23.2
022RD - 289 cm M3 |- - - - 351 |- - 64.9
031RD —105 cm M3 |- - - - 51.1 | - - 48.9
031RD —-125cm M3 |- - - 15.5 294 | - - 55.1
031RD —155cm M3 |- - - - 69.7 | - - 30.3
022RD —289 cm M4 | - - - 64.9 351 |- - -
022RD - 305 cm M4 | 8.8 - - 91.2 - - - -
031RD —229 cm M4 | 10.6 - - 89.4 - - - -
Qz = Quartz, Tridy = Tridymite, Crist = Cristobalite, Haem = haematite, Goe = goethite, Non =
nontronite, Hal = halite, Amor = Amorphous fraction. *Halite removed from analysis
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Sparse pyrite grains, present either individually or as cores surrounded by later growths of
haematite, and identified in Unit M4 by reflected light microscopy, but are not observed in Unit
M3. The amount of pyrite was not present in sufficient quantities to be identified by XRD analysis.
Discovery of rare pyrite indicated that although the hydrothermal sediments are dominated by

oxidised iron minerals, some evidence of reduced conditions exists in the sediments.

5.2.1 Distribution of silica

The presence of free silica in the samples is indicated by the presence of transparent colourless
amorphous grains often filling pore space or mixed within a matrix of iron oxide and iron

oxyhydroxides.

In Unit M3, zonation and boundaries within the matrix indicates heterogeneous cementation (i.e.
variable patches of radial growth (Figure 55)), likely by amorphous silica, but the extent is masked
by the opacity of the iron-rich mineralisation. Unit M4 exhibits a similar relationship, but the extent
of masking is higher as haematite is more opaque than goethite. Silica free of iron oxide

pigmentation was not observed within the sediments, and there is little information on the

morphology or structure of silica within individual Si-Fe clasts.

Figure 55: (A) Amorphous silica surrounding iron oxide/oxyhydroxide material — TL-XPL (B) Si-Fe clast

exhibiting radial growth textures in Unit M3 — TL-PPL.
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Figure 56: FTIR Map of

Unit M4  Sediment.
Amorphous material
(Orange and  green)

material dominates the
section and share similar
spectra. Neither have
significant peaks between
4000 and 650 cm?, and
they are therefore likely
with
haematite. Si-Fe clast
(magenta) spectrum has a
strong peak at ~ 1000 cm”
! which is likely to be
associated with

haematite, however in
transmitted light this area
is a translucent clast, and
therefore not likely to be
haematite, but more
likely a shifted peak from
silica. Quartz/silica (blue)
exhibit the characteristic
~1190 cm™ shoulder on a
~1090 cm? peak, along
with further peak at ~
780cm’t. This is diagnostic
of quartz and is a key
observation, showing that
quartz is present within

the Unit M4 sediment.



5.2.2 Dendrite and colloform growth textures

Textural variation across the hydrothermal sediments presents a way of identifying the range of
potential accumulation of formation processes that have occurred. This would enable
determination of whether the sediments have formed by common processes of if they represent a

unique formation.

Si-Fe dendrite

Dendritic growth
prevailing direction

[
500um

vy

>
Radial —~ &
“growth

PN

Coﬁcentrig-_Si-F
growth bands

Figure 57: Range of dendritic patterns in the hydrothermal sediments. (A) Radial Si-Fe growth
next to a near circular iron oxide grains — TL-PPL (B) Intra-clast dendrites with a
single prevailing growth texture — RL-XPL. (C) ‘Feathery’ iron oxide dendrites
within a Si-Fe clast — TL-PPL. (D) Radial dendrites from a single point with

concentric growth bands — RL-XPL.

Dendritic growth textures, typically exhibiting radial growth, or feathery features are common in
the shallower Unit M3 sediments, and are present, but less common in the deeper M4 sediments.
No distinct preferred growth directions of dendritic material occur throughout the cores, implying
that they may not have formed in-situ, but represent clasts of material that have been brecciated
and remobilised. Alternatively, the lack of organisation could be explained by random localised
growth forcing mechanisms (i.e. localised fluid flow, or preferred growth by location of nucleation
sites). Colloform and zoned textures in Unit M3 are observed in clasts of Si-Fe material, and appear
to be a result of accretion of material with oscillatory variations in iron oxide and silica ratios
through clast growth. The best example of this texture in M3 (Figure 57D) appears to have formed
as a combination of radial dendritic growth and concentric rings of iron oxide/oxyhydroxide

material.
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In Unit M4, clear concentric oscillatory banding of crystalline haematite, indicative of colloform
growth, occurs in discrete clasts up to 250 microns in size, Figure 58A) within a fine-grained iron

oxide/oxyhydroxide matrix.

In addition, both regular and irregular void spaces appear to have been in-filled by clusters of platy

crystalline haematite indicative of growth that radiated out from the centre outwards. These

haematite clusters are also surrounded by fine grained iron oxides/oxyhydroxides (Figure 58).

. o '-lv"".iat b
‘Pseudo’-dendrite growth (?)

Figure 58: Crystalline haematite growth textures.
(A) Clast of radial or reniform haematite growth,
'''' also exhibiting slight fracturing at the edge of the
clast — RL-XPL. (B) ‘Pseudo’ dendritic growth (?)
within fine grained iron oxide sediment — RL-XPL.

(C) Platy haematite infill of between fine grained

iron oxide sediment — RL-XPL.

Both colloform and dendritic growth textures represent prolonged cyclical or continual
precipitation of iron (and/or silica) minerals. The higher amount of dendritic and colloform growth
textures in Unit M3 over Unit M4 indicates a higher degree of ‘organised’ (i.e. structured)

precipitation.

Although it is difficult to infer the origins of the fine grained iron oxide/oxyhydroxide material on
texture alone, the larger clasts of iron oxide/oxyhydroxide and Si-Fe materials exhibit textures
which are commonly thought to be related to precipitation from fluids (i.e. colloform (Roedder,
1968; Barrie et al, 2009). This growth mechanism implies that some contribution to the

hydrothermal sediments is likely from direct precipitation from hydrothermal fluids.
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5.2.3 Sulphides

The hydrothermal sediments are dominated by iron oxide/oxyhydroxides, and only rare subhedral
pyrite grains were observed in one sample of Unit M4 sediment (Figure 59). The general lack of
sulphides and dominant iron oxides/oxyhydroxides shows that the sediments were deposited
within an oxidative environment. The pyrite grains are often surrounded by haematite, potentially

implying direct weathering of sulphides, with relict ‘core’ remaining.

Haematite dominant
matrix

Figure 59: Subhedral to anhedral pyrite within a hematite dominated matrix (A = RL-PPL, B = RL-
XPL).

5.2.4 Filaments

Filamentous material is common throughout M3 sediment and manifests as a wide range of
morphologies, lengths and diameters. They are observed within Si-Fe clasts, or silica free areas and
are composed of quasi-crystallised or very fine grained iron oxides/oxyhydroxide cores, typically
surrounded by haloes of amorphous iron oxides/oxyhydroxides (i.e. Figure 60). Generally, filaments
show no preferred orientation throughout and exhibit a range in morphologies from straight to
curved, and lengths from 20 to over 200 microns. Diameters of filaments are typically consistent

within discrete areas and range from 1 to 10 microns (Table 43).

Filamentous material is less common in Unit M4, and where observed occurs as up to 500 micron
wide patches of poorly crystallised iron oxide filaments, with fine grained iron oxide coatings (Figure
60). These filaments are typically curved, 30 to 70 microns long and 5 to 7 microns in diameter with

an apparently random orientation (Figure 60).
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Figure 60: Range of iron oxide filaments throughout the hydrothermal sediments. (A) Fe ox
filamentous within a Si-Fe clast — TL-PPL. (B) Similar scale filaments within a discrete area
surrounded by fine-grained iron oxides not visible in TL — RL-PPL. (C,D) Fe oxide filaments

with bladey amorphous silica and iron oxide coatings. C = TL-PPL, D = RL-XPL.

As detailed in Section 2.2.3, it is difficult to determine whether filamentous material is biological or
abiological in both modern and ancient seafloor hydrothermal environments. Certain features such
as filament thickness, filament morphology, and bifurcation of filament networks can imply a

potential biological origin.

The general random orientation of filaments material, both within enclaves and in general
throughout the deposits implies that their formation is unlikely to be the result of self-organised
precipitation mechanism (i.e. Hopkinson et al., 1998 and references therein). However, the lack of
characteristic identification features (i.e. nodular features, or helical morphology), the small
filament diameters, and the fact that most filaments appear to have an iron oxide/oxyhydroxide

core imply more of a biological origin (Little et al., 2004).
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Table 43: Filamentous material throughout Unit M3 material

Borehole — depth | Morphology Relative orientations Length (um) | Diameter (um)
(mbsf)
022RD -~1.1 1) Random 1) 40-170 1) 1-3
1) Straight
2) Parallel and Random | 2) 30-70 2) 1-5
2) Curved
3) Random 3) 20-50 3) 5
3) Curved
022RD-~3.1 Curved Random 240 1-2
022RD-"~2.7 1) Random 1) 30-80 1) 1-3
1) Straight
2) Random 2) 50-100 2) 10
and curved
3) Random 3) 90-220 3) 5
2) Curved
4) Random 4) 50-120 4) 5
3) Straight
4) Straight
031RD-"~3.0 Curved Random 30-70 5-7

The occurrence of filamentous material is commonly associated with microbial and bacterial
material in modern hydrothermal sites and interpretation of filament morphology is used to imply
significant biological involvement in the formation of Si-Fe materials at VMS deposits. Non-
biological filaments are also interpreted to have formed in similar environments, with a lot of

filamentous material remaining ambiguous in origin.

5.2.5 Micro-fractures

Fractures in the materials are important as they can also help identify processes that can help with
interpretation of the paragenesis and origin of the hydrothermal sediments. Due to the
unconsolidated nature of hydrothermal sediments, it is difficult to determine whether open
fractures are representative of fractures within the sediment sequence, or are artefacts of
sampling. However, fractures preserved by or associated with Si-Fe or iron oxide/oxyhydroxide
clasts, or that have been infilled with other fine grained material can be interpreted to be

representative of the sediment material.

Large clasts (i.e. mm to cm scale) can be fractured and show a clear relationship between clast
growth textures and the timing of fracturing. Growth textures can be traced across fractures, and
do not appear to have been altered by fractures, implying that in general the processes forming the

clasts occurred pre-fracturing.
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Intra-clast fractures are observed in Si-Fe clasts in Unit M3, and within crystalline haematite grains
in Unit M4. They are typically polygonal (and linear in Unit M4), ~1-2 microns wide, and can either
be infilled with fine grained iron oxide/oxyhydroxide material, or unfilled. Some examples show
near optimal ~120° angles where three fractures meet (Figure 61). These intra-clast fracture

networks are likely indicative of volume decrease, potentially during silicification or crystallisation.

B0 -4 e
3 cture
<

N

Figure 61: Microfractures in hydrothermal sediments. (A) Si-Fe clast exhibiting intra-clast

fractures — PL-PPL. (B) Infilled ~120 cracks potentially linked to desiccation — TL-PPL.

5.3 Unit A of the Si-Fe lithology

Unit A lies directly beneath unconsolidated sediment (interpreted from drilling telemetry) and is
the uppermost of the lithified Si-Fe capping lithologies recovered from one borehole (050RD) at
Southern Mound. Unit A is dominated by opal-CT (tridymite, cristobalite) and quartz, with a variable
amount of iron oxides/oxyhydroxides (haematite and goethite) and amorphous fraction forming
the matrix (Table 44). It is not known whether the amorphous fraction is iron oxides/oxyhydroxides
or silica. Although Unit A is mineralogically homogenous (silica and iron oxides/oxyhydroxides), it

has a highly diverse range of textures visible from centimeter to micrometer scales.
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Table 44: Mineralogy identified in Unit A samples from XRD

Mineralogy %

Sample

Qz O-CT Haem | Goe Py Hal Amor
050RD/P3 20.8 | 37.4 1.8 9.8 - 0.7 29.5
050RD/P5 22.8 | 14.5 0.7 244 - 0.1 37.5
050RD/P7 - 324 2.2 19.6 - 0.5 45.3
050RD/P8 - 87.5 - 12.5 - - -

= Amorphous fraction

Qz = Quartz, O-CT = opal-CT, Haem = haematite, Goe = goethite, Py = pyrite, , Hal = halite, Amor

Unit A appears to be a conglomeratic mixture of individual Si-Fe fragments supported by a light
orange-yellow matrix. It is often difficult to differentiate between clasts and matrix in thin section;

however, two different types of clasts are easily identifiable: laminated fragments, and massive

fragments (Figure 62).

Laminated fragments are typically irregularly shaped, with one or more curved boundaries along

the line of previous lamination. Laminations are up to 3 mm thick and 20 mm long, and are often

revealed by a gradation or sharp change in colour (ranging from dark brown to light orange).

Massive fragments are irregular in size and range from millimetre scale to centimetre scale and are

typically more homogenous in colour (orange-red).
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Figure 62: Comparison of 050RD/P3 and 050RD/P8. Some jasperoidal 'clasts' highlighted by black
borders. 050RD/P3 is dominated by more laminated clasts, whereas 050RD/P8 my

more massive and differentiated textures.

In thin section, individual clasts are generally composed of a mixture of microcrystalline, inter-
grown filamentous, or dendritic iron oxides with variable silica content. Iron oxides and
oxyhydroxides are opaque to sub-translucent; therefore the degree of transparency of the material
is an indication of the silica content of each clast. The clasts are randomly distributed and show no

preferred orientation within any sections of Unit A material (Figure 63).

Internally laminated fragments often exhibit some degree of deformation with the majority of
fragments showing slight open folding. Laminations appear to correlate with colour change (change
in dominant iron oxide or oxyhydroxides) or variable transparency (a result of the silica:iron oxide
ratio) in thin section (Figure 63A,B). Both gradational and sharp transitions between laminations
are observed within individual fragments. Microfractures, which can occur both perpendicular and

parallel to lamination trends, are easily recognisable within laminated fragments. Some
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Figure 63: SEM and transmitted light (TL) images of Unit A: (A,B) SEM images of Si (green) and Fe
(orange) distribution in massive and laminated clasts. (C,D) TL images of comparable

areas showing laminations as a function of opacity.

perpendicular microfractures completely bisect fragments and enable slight displacement of

sections of laminated fragments with offsets not typically exceeding 0.5 mm.

Laminated clasts imply a sedimentary origin as material deposited in a low energy environment,
which underwent limited soft sediment deformation during consolidation. However, the current
random organisation, the brecciation of the clasts, and suspension within the amorphous matrix
indicates a change from a low energy environment to higher energy, and imply that the clasts have

been transported and brecciated before lithification.

Some massive textured fragments are typically homogenous (Figure 64), but occasionally show
gradational colour change and transparency change across a clast, likely as a result of variable iron
oxyhydroxide to oxides, and silica:iron oxide/oxyhydroxide ratio. Occasional relict textures can be
observed within massive clasts, including traces of dendrites, filaments, and colloform growth
zones (e.g. Figure 64, fully described in later subsections). Microfractures are also present within

some clasts, but are not as prominent as within laminated fragments.
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Figure 64: Massive Si-Fe clasts from Unit A. (A) Si-Fe clast showing trace colloform growth patterns.

(B) Si-Fe clast reminiscent of a massive sulphide chimney fragment

The matrix material is heterogenous, but similar to the clast material, and it is often difficult to
determine matrix from clast. In general, the matrix appears to have a more silica than iron oxide or
oxyhydroxide (Figure 64), as can be seen on SEM images, and displays a range of heterogenous,

undifferentiated textures.

5.3.1 Silica morphology

Although silica (opal-CT and quartz), is the dominant mineral in Unit A (Table 44), silica textures are
typically obscured by the presence and textures of iron oxide, therefore it is difficult to differentiate
quartz from opal-CT in thin section. Poorly crystallised or cryptocrystalline silica forms part of the
matrix, stained with iron oxyhydroxides or oxides, and where present in Si-Fe clasts is ‘sub-

microscopic’ or cryptocrystalline.

Silica (likely composed of opal-CT, based on XRD results), that is free of iron oxide material is rare
but where present, exhibits radial growth with banding, nucleated off iron oxide filaments. Under
high-resolution SEM imaging, this is confirmed by the silica often taking the form of lepispheres, a
rosette of bladey poorly crystalline authigenic silica (Florke et al., 1990). Considerable amounts of
visible surfaces are coated by silica lepispheres, particularly filamentous or pseudo-filamentous

areas, or void spaces, eventually forming coalescent aggregates of the lepispheres (Figure 65).
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Figure 65: SEM images of coalesced lepispheres (A) and individual aggregates of lepispheres and

strands of Si (B).

In-situ FTIR mapping of Unit A was conducted to investigate the distribution of quartz and opal-CT
across the sample, due to the difficulty in interpreting the distribution of silica polymorphs in thin

section.

Quartz appears to be randomly distributed throughout the cryptocrystalline matrix, and appears
not associated with individual clasts of Si-Fe material, implying homogenous silicification of the
whole Unit, and silica polymorphs represent a partially matured opal-CT- quartz assemblage (Figure

66).

179



Opal/Fe ox<

r
&

Void space

Figure 66: In-situ FTIR map from Unit A (050RD/P3). Each colour corresponds to a characteristic
FTIR spectrum on the graph. Strong peaks at ~1090 and ~1180 in the red spectra
identifies quartz from the opal-CT and iron oxyhydroxide peaks (in the blue and green

spectra).
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5.3.2 Dendrite and colloform growth textures

Classic dendritic textures can be observed throughout the Unit A material. The dendrites variably
occur emanating off clast boundaries or from point sources, indicative of growth infilling spaces
between fragments. Some examples of more ‘amorphous’ fragments show rare traces of dendritic
material, implying amorphous material may have been formed by multiple generations overprinting
and obliterating earlier dendritic textures. Some amorphous ‘massive’ fragments also show

colloform growth textures that have grown to infill void space, similar to other dendritic textures.

Dendrites appear similar between Unit A and Unit M3 sediment and are typically Si-Fe material,
with transparency controlled by the Si:Fe ratio similar to the other Si-Fe textures. Reflective light
images of dendritic and colloform growth often show that the outer layers of the growth zones
appear to be more iron oxide rich, with the central zones more silica rich. Under reflective crossed
polarised light, a range of internal reflection colours from orange to dark red are seen, indicative of
changes in goethite and haematite content respectively (Figure 67). However, some caution should
be given to this observation as it is likely that silica may affect the optical properties of the iron

oxide material.

The dendrite and colloform growth textures observed throughout Unit A are broadly comparable
to the textures observed in the shallow, goethite dominated, Unit M3 sediment. Both colloform
and dendritic growth textures represent prolonged cyclical or continual precipitation of iron

(and/or silica) minerals, implying a similar paragenesis of Unit A and Unit M3 materials.
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Figure 67: Range of colloform and dendrite textures in Unit A. (A) Colloform Si-Fe growths with

banding exhibiting variable opacity. (B) Truncated fan-like dendritic growth, likely grown
into void space. (C) Pervasive dendritic growth textures within an Si-Fe dominated area,
not clast related. Green lines = prevailing dendrite growth direction. (D) SEM image of a

fan-like Si-Fe dendrite.

5.3.3 Filaments and tubes

Filamentous textures are observed within massive or laminated Si-Fe fragments, infilling voids
space between clasts, or as fragment size enclaves. Inter-fragment filaments are typically ~5um
diameter, short (~¥10 to 60 um long), individual, and are the least common. Void space infill
filaments are typically ~3-5 um diameter, individual, short (50 — 100 um length), but overlay each
other to form randomly orientated and unordered swarms with occasional mesh-like appearances.
Filamentous enclaves (discrete area composed of filamentous material only), of comparable size to
massive or laminated clasts, typically show more ordered textures of a filamentous network,
including radial and mesh-like growth patterns where elongated individual filaments are crosscut
by shorter perpendicular filaments. Filaments within enclaves are coated with a thin layer, over an
iron oxide tube or sheath like-feature that has been infilled with silica (i.e Figure 68B). High

magnification images of some filaments show detailed central structures with four different zones:
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1) central ‘speckled’ silica and iron oxide core; 2) iron oxide ring with offshooting threads of iron

oxide; 3) iron oxide free silica coating; 4) thread like late stage silica growth of the whole filament.
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Figure 68: SEM, TL and RLXPL images of filaments in Unit A. (A) SEM - Inter-connected mesh of
Si-Fe filaments with no preferred orientations. (B) SEM - Cross section through an
individual filament showing complex growth zones. (C) RL-XPL image of randomly
orientated haematite filaments. (D) SEM with EDS - Filament cross section showing
a Fe-rich (orange) ‘hexagonal’ ring surrounded by Si (green). (E,F) TL-PPL - Oblique

cross sections of a cluster of tube-like shapes in a larger Si-Fe clast.
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Tube-like structures are observed within one thin section of a massive, amorphous clast. The tubes
are delineated by variable iron oxide content in the silica and form short tube-like oblique cross
sections (i.e. Figure 68B). These tube-like features are ~10 um wide, and show no preferred
orientation and although they are within the same fragment do not appear to show any branching

or chains with the other tube-like casts.

Filamentous material observed in Unit A shows similarities with Unit M3 material (similar to the
observations within dendrites and colloforms in Section 5.2.2), but also displays a more diverse

range of filamentous material.

In contrast to filamentous material from the hydrothermal sediments, Unit A filaments show both
iron oxide/oxyhydroxide cores, and iron oxide/oxyhydroxide ‘sheaths’, which are coated and
infilled by silica. These hollow iron oxide/hydroxide sheaths with diameters ~10um fit more criteria

for interpretation of biological involvement, potentially similar to Lepothrix iron oxidising bacteria.

5.3.4 Microfractures

Unlike in the unconsolidated sediment Units M3 and M4, microfractures within Unit A material,
whether they are filled or unfilled are representative of the Si-Fe material. Microfractures are
observed within, or disrupting, individual clasts throughout the Unit, similar to fragments in
sediment Unit M3. They are either contained within the fragment or have propagated through and
completely fractured the clast. Laminated clasts shows fracturing at two different magnitudes,
smaller order fractures that are contained within the fragment (predominantly perpendicular to
laminations, but also extending parallel), and larger order fractures that are lamination parallel and
break up the clast into multiple sections, occasionally propagating into the surrounding material.
Fractures which partially disrupt and displace clasts can also be partially infilled by the fine grained
silica-iron oxide matrix or have a thin silica coating, implying that they pre-date the matrix

formation.

When viewed in three dimensions, the small-scale fractures resemble polygonal desiccation cracks
(Figure 69C), indicative of dehydration of iron oxyhydroxides before consolidation or lithification,
or maturation by dewatering of silica as it undergoes phase transition (opal-A to opal-CT, or opal-
CT to quartz). The presence of opal-CT and quartz, and haematite and goethite, within Unit A

supports this as a possible mechanism.
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Figure 69: (A,B) Examples fractures in Si-Fe clasts
from Unit A sample, fractures are
infilled with silica (TL-PPL). (C)
Polygonal fractures observed under
SEM, fractures restricted to a Si-Fe

clast.

5.4 Unit B of the Si-Fe lithologies

Unit B material was recovered from two boreholes at Southern Mound, the one borehole targeting
Si-Fe material at Rona Mound, and both boreholes at the MIR Zone. Although it is the only Si-Fe
Unit that was recovered from all three mounds, the Unit has both shared and variable

characteristics and relationships with underlying material at each deposit.

At Southern Mound Unit B material was recovered at the sediment-Si-Fe interface, in direct contact
with unconsolidated, haematite rich Unit M4 sediment. Large, millimeter and even centimeter
scale, void spaces are observed in the core samples, and some were infilled with Unit M4 sediment
upon recovery. The overlying Unit M4 sediment and Unit B Si-Fe material have a shared mineralogy
(See Table 42 for sediment mineralogy, and Table 45 andTable 46 for Unit B mineralogy) of hematite
(responsible for the blood red colour) and quartz, with rare pyrite observed in one sample of Si-Fe
material. The main difference between the two is the significant increase in quartz from sediment
(~ 10%) to hard rock (between ~60 and ~95%). This comparison leads to the interpretation that the
overlying hydrothermal sediment Unit M4 appears to be the unlithified equivalent of the underlying

Unit B material, with a significant increase in silica likely responsible for the lithification process.
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Table 45: XRD analysis of Unit B material from Southern Mound

Mineralogy %
Sample
Qz O-CT Hae Goe Py Amor
022RD/CC 59.2 - 40.8 (x)
031RD/007/CC 95.1 - 4.9 -
031RD/109/CC 96.0 - 4.0 -
Qz = quartz, Tridy = tridymite, Cryst = crystobalite, Hae = haematite, Goe = goethite, Py = pyrite,
Amor = amorphous fraction, (x) = observed in thin section

Only Unit B material was recovered from MIR Zone with no evidence of either Unit A or Unit C
material in either borehole. It is dominated by quartz, and minor haematite in similar ratios to Unit
B material from Southern Mound, with a localised sequence of co-existing haematite and goethite
observed in one borehole between ~ 1.8 and 3.0 mbsf (See Table 46 and Figure 70). The samples
were typically porous, similar to Southern Mound, but no entrained hydrothermal sediment nor
evidence of entrained sediment is observed. Trace pyrite was also observed within several Si-Fe
Unit B samples again suggesting that Unit B recovered from the MIR Zone is broadly comparable

with Southern Mound.

Although sediment was interpreted to be present overlying the MIR Zone, it was not recovered.
Based upon the intimate relationship between Unit B and the overlying Unit M4 sediment at
Southern Mound, it seems reasonable that similar haematite rich sediment may have been present

overlying the Si-Fe material at the MIR Zone.
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Table 46: XRD results from Unit B material from the MIR Zone

Sample Mineralogy %

Qz O-CT | Hae Goe Py Amor
073RD/P1 93.6 - 6.4 - - -
073RD/P6 96.9 - 3.1 - - -
073RD/P7 83.7 - 16.3 - - -
073RD/P9 72.7 - 11.0 16.3 - -
073RD/P10 84.0 - 9.0 7.0 - -
073RD/P12 87.4 - 2.1 10.5 - -
073RD/P14 93.1 - 1.2 5.7 - -
076RD/P2 68.5 - 315 - - -
076RD/P3 92.1 - 7.9 - - -
076RD/P4 93.9 - 6.1 - - -
076RD/P6 84.5 - 15.5 - (x) -
076RD/P7 91.4 - 8.6 - - -
076RD/P8 95.5 - 4.5 - (x) -

Qz = quartz, O-CT = opal-CT, Hae = haematite, Goe = goethite, Py = pyrite, Am =
Amorphous fraction, Amor = amorphous fraction, (x) = observed in thin section
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Figure 70: Range of Unit B core samples from Southern Mound (top) and the MIR Zone
(bottom). Scale bars = 5cm long. Large void in top left sample (022RD/CC)
was infilled with Unit M4 sediment. Colour difference between two MIR
Zone samples is due to the presence of goethite in the orange-brown sample

(073RD/P14).

Unit B material from Rona Mound was recovered as gravel to pebble sized fragments, in contrast
to the short competent core sections (~10-15 cm long) recovered from both Southern Mound and
the MIR Zone (Figure 71). Individual fragments are comparatively lower density than other Unit B
material from both Southern Mound and MIR Zone and is closer in density to Unit A material.
Visually Unit B material from Rona Mound is similar to other Unit B samples, exhibiting the
characteristic ‘blood red’ colouration attributed to the presence of haematite (See Table 47).

However, the dominant silica phase within Rona Mound Unit B samples is opal-CT (crystobalite-
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tridymite) an immature, hydrated silica polymorph, with no quartz identified. XRD analysis of one
sample recorded a high amount of amorphous material (27%), possibly associated with amorphous
silica based on the immature silica assemblage observed, and comparable low concentrations of
haematite/iron oxides in other Unit B samples. If the sample is reprocessed assuming no amorphous
fraction, opal-CT is interpreted to be ~91% of the sample, supporting the interpretation that the

majority of the amorphous fraction is silica.

Table 47: XRD analysis of Unit B material from Rona Mound

Mineralogy %
Sample
Qz O-CT Hae Goe Py/Mc Amor
057RD/P2 - 45.4 54.6 - (x) -
057RD/P3-8 0.5 66.3 6.2 - (x) 27.0

Qz = quartz, O-CT = opal-CT, Hae = haematite, Goe = goethite, Py/Mc =
pyrite/marcasite, Amor = Amorphous fraction, (x) = observed in thin section

Figure 71: Gravel sized rounded clast of Unit B from Rona Mound. Note the small

areas of grey silica present at the surface of the clast

5.4.1 Silica morphology

The predominant silica mineral in Unit B samples at Southern Mound and the MIR Zone is quartz
with no hydrous silica polymorphs identified (via XRD). Quartz is present as two main morphologies,
as cryptocrystalline and ‘sub-microscopically’ mixed with haematite within Si-Fe clasts, and as veins

of spherulitic or radial quartz growth (Figure 72 and Figure 73). The radial growth zones and
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undulatory extinction, may represent recrystallisation of radial opal-CT to quartz, or could be

described as chalcedonic ‘type-B’ quartz growth (comparable to Hopkinson et al., 1998).

In general, opaque haematite in Si-Fe clasts obscures any internal silica growth textures, however
rare occurrences of radial growth textures of silica occurs within clasts pigmented with iron oxide
material. These samples were recovered from the mixed goethite-haematite zone from the MIR
Zone, and potentially provide evidence of early radial opal-CT or chalcedonic textures. This
observed could support the interpretation of cracks from dewatering of opal-CT to quartz during

recrystallisation.
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Figure 72: Silica within Unit B samples from Southern Mound. (A,B) Angular jigsaw brecciated Si-Fe
clast with vein-like quartz infill (left = TL-PPL, right = TL-XPL). (C,D) Two areas of ‘late-

stage’ iron oxide free quartz with radial and undulatory extinction — TL-XPL.
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Figure 73: Silica textures within Unit B (cont.) — MIR Zone. (A,B) TL and XPL radial growth zones
implying early opal-CT recrystallisation to quartz. (C) XPL image showing thin (< 50
micron) coating of silica on angular ‘jigsaw brecciated’ Si-Fe clasts. (D,E) Colloform bands
of radial growth interpreted to be silica growth banding stained by iron oxide. (F) Textures

of adjacent radial growth zones, with rare iron oxide grains and < 1micron inclusions.

In contrast to both Southern Mound and the MIR Zone, opal-CT is the dominant silica mineral in
Rona Mound with <1 % quartz identified by XRD. Opal-CT is present overgrowing haematite

filaments and dendritic material. Poorly defined radial growth lines are often observed in thin
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section around filaments and dendrites, indicating that the haematite provided nucleation sites for
silica precipitation (Figure 74). SEM microscopy often revealed zoning of silica overgrowth on
filamentous and dendritic material where the outermost layer is composed of hemispherical silica
lepispheres giving a globular appearance, or as bladed authigenic silica, similar to lepispheres. The
zoned growth and lack of lepisphere textures preserved near the haematite cores support the idea
that silica nucleated upon the iron oxides, with the outermost layer exhibiting the least mature

bladey silica textures (Figure 74).

Figure 74: Silica coated filaments at Rona Mound. (A,B) Individual short haematite filaments
coated in silica (TL and RL-XPL). (C,D) Backscatter SEM images of haematite (white)
cores coated in at least two generations of silica with the outer layer exhibiting

bladed silica.

5.4.2 Sulphides

Sulphides are typically rare within Unit B material across all three mounds but show variation of
habit, and degree of weathering (fresh to comparatively weathered) throughout, potentially
implying variable formation processes and timings. Sulphides throughout Unit B are either pyrite or

marcasite (Figure 75).
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Figure 75: Single grain of partially oxidised ‘grubby’ pyrite at Southern Mound, within an angular clast

of Si-Fe material. Partial halo of iron oxide free silica visible (A = RL-XPL, B = TL-PPL).

Grubby, or partially oxidised subhedral to euhedral pyrite that exhibit variable surface oxidation are
observed at each mound. Weathering products are interpreted as grey iron oxide/oxyhydroxide
material in reflected light (Figure 76). Larger (~¥250 micron) near euhedral grains of pyrite in the MIR
Zone exhibit surface iron oxide/oxyhydroxides, and also show a pitted surface, potentially related
to dissolution by weathering. The degree of weathering of these sulphide grains likely implies early
precipitation and weathering, before being incorporated and preserved in the Si-Fe capping

material.
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Figure 76: Selection of Unit B sulphides from Unit B at the MIR Zone. (A,B) partially oxidised pyrite
grain within Si-Fe material (left = TL, right = RL). (C,D) Individual grubby subhedral pyrite
grains often exhibiting iron free silica haloes (left = TL, right = RL). (E,F) Large near
euhedral pitted grubby pyrite grain, seemingly overgrowing Si-Fe material (left = TL, right
= RL).

Larger irregularly shaped areas of grubby sulphides are texturally different from the subhedral to
euhedral grains and appear to be controlled by or related to the dendritic/filamentous textures of
the Si-Fe material, implying that their formation post-dates formation of the Si-Fe material (Figure

77).
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Figure 77: Sulphides throughout Rona Mound Unit B. (A) rare subhedral to euhedral grubby
pyrite grains. (B,C,D) anhedral pyrite growth controlled by existing silica coated
haematite filaments, with iron free haloes around the sulphide growths (B,D = RL,

C=TL).

Most irregularly grown sulphides at Rona Mound (Figure 77), and comparatively fresh near-
euhedral grains at the MIR zone (Figure 76) exhibit haloes of iron-free silica. The existence of these
haloes is interpreted to be associated with the late-stage (i.e. post silicification) precipitation of
sulphide grains. The assumption is that reduced fluids are locally constrained by the silica, enabling
dissolution and scavenging of existing iron oxides, and re-precipitation of iron as a sulphide. This
would result in iron-free silica zones separating reduced iron (pyrite) from the oxidised iron
(haematite). The predominant filamentous/dendritic textures at Rona Mound enabled irregularly
shaped precipitation almost pseudomorphic of the silica-coated dendrite/filament material. In
comparison, silica appears to be relatively homogenously distributed in Si-Fe clasts at the MIR zone,

enabling near euhedral growth.

Unique filamentous pyrite is present in both Unit B samples analysed from Rona Mound. Unlike the
irregular grubby pyrite observed, pyrite and marcasite occur as ~ 3um diameter filament cores, and

appear to be coated by haematite and silica (Figure 78). Unlike the other irregular grubby sulphides
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no iron free silica halo, separating out oxidised and reduced iron exists, and it is not clear whether

the filament cores are early or late-stage in Si-Fe cap formation.
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Figure 78: Filamentous pyrite in Rona Mound Unit B. (A,B) Pyrite ‘core’ present or lost during
polishing, coated by Si-Fe material. (C,D) Larger anhedral pyrite associated with a

filament section. (A,C = RL, B,D = RL-XPL).

Similar to the filamentous pyrite, other comparatively fresh subhedral to euhedral pyrite grains at
the MIR Zone exist in close proximity with iron oxides and do not exhibit a halo of iron oxide-free

silica. Based on observation alone, it is not clear why this is the case.

5.4.3 Dendrite and colloform growth

Neither dendrite nor colloform materials were identified in Unit B material from Southern Mound,
and only two samples of Unit B material from the MIR Zone exhibit dendritic growth textures,
preserved by iron oxide mineralogy (Figure 79). Both examples from the MIR Zone exhibit growth
patterns from a point source, within one preserved as a relict texture in a clast of Si-Fe material,
and the other a well-defined fan over an area of ~ 1 mm?, within an area of un-brecciated Si-Fe
material. The low amounts of dendrite and colloform growth textures or clasts containing said

textures, further supports the idea that Unit B material from Southern Mound and the MIR Zone
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are comparable with the haematite rich Unit M4 sediment Unit. Iron oxide (and oxyhydroxide)
morphology in Unit B materials (at both mounds) and the Unit M4 sediment is typically

homogenous with little to no ‘organised’ iron oxide structure or growth textures, outside of rare

filamentous patches.

Figure 79: Dendritic growth textures from the

MIR Zone. All are Si-Fe material but
do not form ‘clasts’ of separate Si-
Fe material as observed in Unit A.

(A =RL-PPL, B =TL-PPL, C = TL-PPL).

Unit B dendritic material at Rona Mound has no preferred orientation, but within localised areas a
single prevailing growth direction of dendrites occurs. An area of approximately 1 x 2 mm is
composed of a series of ‘feather-like’ dendrites, which all shared a common orientation is a good
example of this (Figure 80B). In contrast, another comparable area in the same section contained 6
smaller discrete patches of dendrites orientated in different directions (Figure 80A). These discrete
areas are characterised by prevailing growth patterns, within a general area of disorganised iron
oxide material. The dominance of dendritic materials in Unit B material at Rona Mound, contrasted
with the homogenous fine-grained haematite within Unit B material at both Southern Mound and
the MIR Zone, implies two different mechanisms of formation. It is unlikely that Unit B material
from Rona Mound formed by silicification of fine-grained hydrothermally derived sediment, but

both samples have undergone some degree of silicification.
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Radial growth

Figure 80: Dendritic and radial growth textures at Rona Mound. (A) Randomly distributed discrete
areas of preferential growth zones — TL-PPL. (B) Classic ‘tree-like’ dendritic growth
patterns (highlighted by white lines) — TL-PPL. (C) Fan-like growth radiating from a single
point — RL-XPL. (D) ‘Tube-like’ central void with radial growth bands — TL-PPL

Radial growth patterns are also observed in some Unit B samples from Rona Mound, both as
concentric ‘rings’ of material from a central void space, but also as a mesh radiating out from a
single point (Figure 80C,D). This growth pattern shares a striking resemblance to a clast of colloform
and dendritic material observed in the goethite rich Unit M3 sediment at Southern Mound,

although mineralogy and surrounding materials differ (See Section 5.2.2).

Growth textures from clasts within hydrothermal sediments and Unit B from Rona Mound are
comparable, likely indicating formation by similar mechanisms. It is still unlikely that Unit B material

from Rona Mound has formed from fine grained, homogenous, hematite rich sediment.

5.4.4 Filaments

Filamentous material is rare within Unit B samples from both Southern Mound and the MIR Zone.

At Southern Mound, a single ~ 50 micron long, ~2 micron thick filament was observed within iron
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oxide free silica. Additionally an area of filaments or ‘pseudo’-filaments up to ~ 100 microns and
varying in thickness from ~ 5 to 10 microns are observed (Figure 81, Figure 82). Within MIR Zone
Unit B samples filaments are typically short (< 100 microns), ~3-5 microns in diameter, single or in
small clusters, and are composed of iron oxides (predominantly haematite) and silica, giving a

translucent appearance.

¥ Pseudo’c
g filament

Figure 81: Filamentous textures from Southern Mound. (A) Single filament within quartz infill —
TL-PPL. (B) ‘Pseudo’-filament textures, thick Si-Fe features that may resemble thicker

tube like filaments — TL-PPL.
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(A) Short Si-Fe filaments in a small

,’;{ Fe-ox filaments cluster within quartz — TL-PPL. (B)

fractured off

Individual curved filament within radial
ig Si-Fe clast

chalcedonic quartz — TL-PPL. (C) Cluster
of filaments nucleating off a Si-Fe clast
which has been broken off the clast, and

infilled with late stage quartz — TL-PPL.

In contrast to Unit B material at both Southern Mound and the MIR Zone, filaments are a major
textural component at Rona Mound. Filamentous material has two main morphologies: Group 1 -
as long (“mm to cm length) single or grouped linear filaments; and Group 2 - as discrete areas of

single and intergrown, short filaments (Table 48).

Group 1 filaments are less common, and are predominantly composed of hematite core, with silica
coatings, but rarely show discrete sections of pyritic cores, surrounded by haematite and silica.
These longer filaments are typically straight with little to no deformation and often show braiding

with strands branching and reconnecting to a central filament.

Group 2 filaments are more dominant and are composed of haematite cores, coated in silica.
Shorter filaments exhibit a more complex filament surface texture with a more nodular-like
appearance and show divergent directions and more randomised branching within a single area.

This often results in randomly distributed interconnected networks of filaments over ~ 1 mm? areas

Both filament morphologies exhibit random orientation implying a lack of localised directional

growth mechanisms apparent in dendritic materials (Figure 83).
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Table 48: Two types of filaments within Unit B material at Rona Mound

Morphology Relative Length (um) Diameter (um)

orientations

Group 1 Straight — single or|Random mm to cm scale |~ 3 microns

grouped

Group 2 Straight or curved Random pMm to mm scale |~ 3 microns

individual
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Figure 83: Filamentous material from Rona Mound. (A-D) Group 2 — randomly orientated haematite
filaments with thin opal-CT coatings (left = TL-PPL, right = RL-XPL). (E) Group - 2:
Branching iron oxide filaments with opal-CT coating — TL-PPL (F) Group 1 — elongate
braided haematite filaments — TL-PPL. (G,H) SEM images of Group 1 (G) and Group 2

(H) filaments/planar features.
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Figure 84A-D: Haematite cores of filamentous and dendritic material coated in ~2 generations of silica.
<1 mm platy haematite crystals, potentially indicating abiotic growth rather than

biological.

SEM images show that some Group 1 filaments observed in thin section could actually be planar
features in three dimensions leading some degree of doubt to other filamentous features observed
in section (Figure 83). Additionally individual filaments appear to have continuous cores of
haematite coated by silica, but in reality are composed of clusters of platy or bladey haematite

crystals that are typically not greater than 1 micron in length (Figure 84C,D).

Unit B at Rona Mound shows significantly more filamentous material than Unit B material at both
Southern Mound and Rona Mound. The apparent lack of iron oxide ‘sheaths’, and the haematite
cores being composed of discrete clusters of micron scale haematite crystals, implies that this
filamentous material may be abiological (aggregations of haematite crystals) rather than a

biological controlled precipitation pattern, but this is a speculative.

5.4.5 Microfractures

Angular Si-Fe fragments cemented by silica (jigsaw brecciation) is a characteristic texture of Unit B

material at both Southern Mound and the MIR Zone (Figure 85). The fracture networks do not
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appear to have any preferred orientation and the angular clasts occur at a range of sizes (um to cm
scales) and orientations. Displacement between fragments is typically between 20 and 50 microns
and they are infilled with iron oxide-free quartz resulting in angular silica-iron fragments ‘floating’
within the silica matrix. On occasion some clasts show ~120° ‘triple junction’ fracture patterns that
indicate a minimal energy configuration, e.g. from contraction. Rare textured Si-Fe clasts, similar to
Si-Fe clasts observed in Unit A material, that have been preserved can also exhibit similar textures,
but are not necessarily infilled by silica. These cracks are interpreted to be associated with volume
loss from the dehydration of hydrous silica or iron oxyhydroxide (i.e. goethite). A similar mechanism
could be responsible for these cracks in Unit B material as typically haematite and quartz (the non-
hydrous equivalents) are observed. Unit B at Rona Mound typically does not exhibit these kind of
fractures. This could be a function of the lack of Si-Fe clasts which appear to have been brecciated
in other Unit B samples, or the fact that opal-CT is the predominant silica mineral. The presence of
opal-CT over quartz could imply that significant dehydration has not occurred, and that a similar
dehydration of opal-CT to quartz could be responsible for the brecciation in Unit B samples from

Southern Mound and the MIR Zone.
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Figure 85: Range of jigsaw and desiccation fractures from the MIR Zone, typically infilled by

silica in Unit B material. (A-C = TL-XPL, D = RL-PPL).

5.5 Unit C of the Si-Fe capping lithologies

Unit C was recovered from both Rona Mound and Southern Mound, but not the MIR Zone. At both
Southern and Rona mounds Unit C underlies other units of the Si-Fe cap (Unit A at Southern, Unit
B at Rona), and directly overlies massive sulphide material. The presence of grey sulphidic silica or
massive sulphides are the defining features of this Unit, with each sample showing a variable

sulphide assemblage (Section 5.5.2).

Mineralogically Unit C samples are broadly similar to the comparative Unit B material at each
mound. Southern Mound Unit C samples are composed of quartz (>93%) and haematite (~1-4 wt%),
and Rona Mound Unit C samples are dominated by opal-CT (~*60%) and amorphous material (~30%),
with iron oxides (~2%) (Table 49). If no amorphous fraction is assumed, opal-CT increases to
between ~84 and 92%, supporting the interpretation that amorphous silica is present in both Unit

B and C samples Rona Mound.
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Table 49: XRD analysis of Unit C material from Southern Mound and Rona Mound

Mineralogy %
Sample

Qz O-CT Haem | Goe | Py/Mc | Sph | Cpy | Nj | Amor

Southern Mound

050RD/P11 99.2 | - 0.8 ; (x) x) | - ;
050RD/P12 939 |- 3.4 - 2.7 (x) 1 (x) -
050RD/P13 96.3 |- 3.7 - (x) - (x) -

Rona Mound

057RD/P10 02 |[600 |19 - 3.4 ) |- |- |345

057RD/P11 0.3 58.5 2.3 - 8.1 (x) |- 2.3 | 285

Qz = Quartz, O-CT = Opal-CT, Haem = haematite, Goe = goethite, Py/Mc = pyrite/marcasite, Sph

= sphalerite, Cpy = chalcopyrite, Nj= Natrojarosite Amor = amorphous fraction

Although the Unit C samples from Southern Mound are mineralogically similar, they are visually
and texturally variable (Figure 86). 050RD/P11, one of the shallowest Unit C samples at Rona
Mound, is typically light orange-red in colour with the characteristic grey silica enclaves (silica and
sulphide) being present at mm-cm scale. Typically, this colour change is associated with goethite in
other samples, but is likely a result of significant dilution by silica as haematite is interpreted to be

< 1%.

The deepest two samples of Unit C material do not appear to exhibit the characteristic grey
sulphidic silica in hand specimen but show the homogenous ‘blood red” haematitic colouring similar
to Unit B. Millimeter scale sulphidic silica enclaves are observed in 050RD/P12 in thin section, but
not in the underlying sample (050RD/P13). 050RD/P13, the deepest sample of Unit C at Southern
Mound, is the only sample of Si-Fe material that exhibits millimetric to centimetric laminations.

These laminations are sub parallel to the vertical z-axis of the core.

Unit C samples from Rona Mound exhibit both the characteristic grey sulphidic silica enclaves and
high sulphide content. Both samples contains clasts of massive-textured silica-iron, and laminated
Si-Fe within a silica matrix observed as grey sulphidic silica enclaves in hand specimen (Figure 86).
These textures are broadly comparable with Unit A material from Southern Mound, implying that

they may share a comparable paragenesis. Only five samples of Unit C were recovered across both
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Southern (3 samples) and Rona Mounds (2 samples), but present a wider range of textures and

mineralogy, than the overlying hydrothermal sediments, Unit A or Unit B material.

Grey Silica enclaves

‘Clast’ like
iron oxide
textures

Visible sulphides

Figure 86: Range of Unit C samples from Southern Mound (Top left = 050RD/P11, Bottom left =
050RD/P13), and Rona Mound (Top right =050RD/P10, Bottom right = 050RD/P11). Characteristic grey

silica enclaves present in three samples, with all showing sulphide mineralisation. Scale bars =5 cm.

5.5.1 Silica morphology

Variable silica habits, textures, and relationships are be observed across all Unit C samples
including: interlocking polygonal quartz crystals, spherulitic and radial/chalcedonic growth textures
(opal-CT/amorphous silica), to micro- or cryptocrystalline quartz and opal-CT/amorphous silica. As
Southern Mound Unit C samples only contain quartz, and Rona Mound samples only contain opal-

CT/amorphous silica, they have been considered separately in the following sections.
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5.5.1.1 Quartz — Southern Mound

Interlocking polygonal quartz crystals are observed in the shallowest Unit C sample (050RD/P11),
and the deepest (050RD/P13) at Southern Mound only (Figure 87). In the shallowest sample, it is
possibly only visible due to the very low concentrations of haematite, and is associated with areas
pigmented by haematite. The interlocking polygonal grains show radial and undulatory extinction,
indicating that they are the product of recrystallisation. It is likely that the recrystallisation is
associated with the bleaching and leaching of iron oxide material, leading to the low haematite

concentration.

Interlocking polygonal silica crystals in the deepest Unit C sample (050RD/P13) are not easily
observed within Si-Fe clasts as grain boundaries are obscured by finely disseminated iron oxide
grains resulting in pigmentation. However, defined grain boundaries can be observed in reflected
light indicating at least three generations of overgrowing interlocking polygonal growth, and often
exhibit a < 1um layer of iron oxide-free quartz at the boundary between quartz materials. Often the
outermost layer of quartz is partially or wholly iron free, indicating localised leaching, and
dissolution and removal of iron oxides after complete silicification, or precipitation within void
space. Void spaces are infilled by polygonal and drusy quartz grains, which often exhibit zonation

near crystal boundaries.

208



Drusy polygonal
quartz growth

Drusy polygonal
quartz growth

‘Fiécry&talﬁsed g&‘

rfeaﬁ: pélygoné

Figure 87: Range of quartz habits throughout Unit C material at Southern Mound. (A-D) Late-stage
drusy and polygonal quartz growth within fractures or void space (A,B = TL-PPL, C,D = TL-
XPL). (E) Varying quartz grain size from macrocrystalline to microcrystalline in Unit C
sample 050RD/P12 — TL/XPL. (F) Near polygonal quartz recrystallisation textures

pigmented with iron oxide — TL-XPL.

Microcrystalline, spherulitic, and radial/chalcedonic quartz textures are associated with the
centimetre scale grey sulphidic silica enclaves in 050RD/P11, and the millimeter scale enclaves in
050RD/P12 (Figure 88). Radial/chalcedonic quartz textures dominate the grey silica enclaves, with

silica textures nucleating off Si-Fe clasts or sulphide grains. In some areas, microcrystalline quartz
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infills around the existing radial growth textures, and can be seen infilling small fractures within the
radial material (50-100 um wide), forming the rest of the silica enclave. In 050RD/P11, larger scale
fractures post-date both radial/chalcedonic and microcrystalline quartz growth and are partially
infilled by a second generation of radial/chalcedonic silica with undulatory and radial extinction.

This sequence implies at least three separate generations of silica formation and alteration.

Fractureg_lﬁadial efr‘_‘
chalcedohiek(?)

\

>

Individual haematite ‘blebs’
within.cryptocrystalline

Figure 88: Range of cryptocrystalline quartz textured in Unit C at Southern Mound. (A)
Radial/chalcedonic quartz showing fractures and late stage quartz infill — TL-
PPL. (B) Fine grained, heterogeneously distributed iron oxides throughout the
sample giving the appearance of banding — TL-PPL. (C,D) haematite evenly
distributed throughout the cryptocrystalline quartz (C = TL-PPL, D = RL-XPL).

Cryptocrystalline quartz is dominant in the deepest two Unit C samples (050RD/P12 and
050RD/P13), with fine grained (<5 micron) haematite clusters evenly distributed throughout the
cryptocrystalline quartz, likely responsible for the classic ‘blood red’ jasper colouration, despite only

containing <4wt% haematite.

Globular silica (~ 10-20 micron diameter) is observed in the high magnification SEM imagery, with
what appears to be a silica ‘sheet’ connecting individual globules (Figure 89). Microcrystalline
euhedral quartz crystals (<10 microns) are visible as ‘strands’ or as globular infill of void space. This

is most likely recrystallisation from opal-CT lepispheres resulting in the preservation of the
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hemispherical textures, but composed of euhedral quartz rather than bladed opal-CT. This implies
that during the formation of the grey sulphidic enclave, silica likely precipitated as either opal-CT
or amorphous silica. Subsequent dehydration and recrystallisation has occurred resulting in quartz

being the dominant polymorph throughout the Unit C material.

A Microcrystalline
quartz hemispheres

Individual euhedral
‘, qﬂ‘értz gralns

Figure 89: (A-D) SEM images of microcrystalline quartz at Southern Mound. Individual
euhedral quartz grains < 10 microns long, and globular hemisphere macro structures

composed of euhedral quartz crystals, likely quartz after opal-CT.

5.5.1.2 Opal-CT/Amorphous silica — Rona Mound

Silica textures in thin section at Rona Mound are either cryptocrystalline, spherulitic, or radial
growth. Radial growth textures are common throughout and occur as thin (< 10 micron) coating
nucleating off Si-Fe fragments, sulphide grains, and filamentous iron oxides of clasts and

filamentous material throughout Unit C (Figure 90).
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Figure 90: Range of silica textures from Rona Mound. (A) ‘Mesh-like’ iron oxides coated by opal-CT —
TL-PPL. (B) Area of bleached iron oxide free opal-CT in a clast of dendritic fan-like iron
oxides — TL-PPL (C) SEM image of bladey opal-CT and lepisphere growth. (D) Individual

opal-CT globules being overgrown and incorporated into sulphides — RL-PPL.

Rarely small individual grains (likely iron oxide) also act as nucleation points where radial silica
growth occurs evenly around the grain, forming globules or spherules of silica. In some cases the
small grains remain, but other cases show no central nucleating point, likely indicating the
remobilisation of the nucleation grain, or is an artefact of the three dimensional structure of the
sample (i.e. nucleating material is not present within thin section). High-resolution SEM imagery
shows that these globules are commonly opal-CT lepispheres with blady silica grains also commonly

observed.
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5.5.2 Sulphides

The presence of sulphides is one of the defining features of Unit C material, with pyrite, marcasite,
sphalerite and chalcopyrite observed in hand specimen and by reflected light microscopy
(summarised in Table 50). Sulphides are not disseminated throughout the samples, but are
commonly associated within bleached, iron oxide free silica enclaves. These enclaves can be clearly

delineated in both thin section and SEM imagery, with the change from reduced iron (sulphide) to

oxidised iron (within Si-Fe clasts) being a sharp contact.

Table 50: Sulphide assemblages throughout Si-Fe Unit C samples

Sample

Sulphides present (descending quantities)

Southern Mound

050RD/P11 pyrite, sphalerite, marcasite
050RD/P12 pyrite, sphalerite, marcasite, chalcopyrite
050RD/P13 pyrite, chalcopyrite

Rona Mound

057RD/P10

Pyrite and marcasite, sphalerite

057RD/P11

Pyrite and marcasite, sphalerite

5.5.2.1 Pyrite/marcasite

Pyrite is the modal sulphide throughout the Si-Fe cap, and is observed in all five Unit C samples

across both Southern and Rona Mound (Table 51).

Table 51: Pyrite (and marcasite) variation throughout Si-Fe Unit C samples

Morphology Size (um) Zonation? Marcasite?
Southern
Euhedral to
Occasionally intergrown
subhedral Yes, in grains
050RD/P11 10-50 within the larger pyrite
(one example of (>30um)
grains (>30um)
filamentous)
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Rarely intergrown with
Euhedral to Yes, in grains
050RD/P12 30-100 pyrite in larger grains (>3
subhedral (>~50um)
um)
Euhedral to
050RD/P13 <50 No Not present
subhedral
Rona
Commonly intergrown with
Euhedral to
057RD/P10 large pyrite grains (200-
anhedral, 10-500 No
057RD/P11 500um), or present at
Filamentous
similar sized grains

Euhedral to subhedral pyrite occurs throughout Unit C material at Southern Mound, with large
grains often exhibiting marcasite intergrowth (metastable pyrite polymorph). Large pyrite grains
also show simple two-stage growth zones in the shallowest two Unit C material from Southern
Mound. Zones are delineated by a thin ~ 1 micron layer of what appears to be iron oxyhydroxide.
Smaller grains (i.e. < ~30 microns) do not exhibit any internal growth zones or marcasite

intergrowths (Figure 91).
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Figure 91: Range of pyrite/marcasite from Unit C - Southern Mound. (A) Zoned pyrite grain with

two areas of intergrown marcasite. Zone appears to be delineated by thin layer of iron
oxide. (B) euhedral and subhedral pyrite and marcasite grains within late-stage quartz.

(C,D) SEM images of pyrite within the microcrystalline quartz.

The edges of larger pyrite grains in 050RD/P12 are often ‘pitted’ similar to grains observed in Unit
B material from the MIR Zone (Section 5.4.2). The pitted edges of these grains often correlate with
spherulitic or globular Si-Fe textures where the sulphide grains have grown over silica and started
to incorporate it into the structure, this pitted texture is often accompanied by a halo of less iron
oxide surrounding the sulphide grain, however this is not always the case (Figure 92). At least one
large intergrown euhedral pyrite grain exhibits growth zones with the zone boundaries delineated

by grey iron oxyhydroxides.
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C ; > Figure 92: Pyrite textures from the base of the Si-Fe
» | cap at Southern Mound. (A) Pitted
outer surface of zoned subhedral pyrite
grains — RL-PPL (B) ‘Grubby’ pyrite with
multiple inclusions and two clear
growth zones delineated by a thin iron
oxide layer — RL- PPL. (C) Subhedral to
anhedral pyrite grains associated with
polygonal quartz crystal boundaries —

RL-PPL.

In contrast to the two shallow Unit C samples in Southern Mound, large pyrite (and chalcopyrite,
Section 5.5.2.3) in the deepest sample (050RD/P13) have grown interstitially between late stage
drusy zoned quartz grains, which have infilled void space (Figure 92). Small (< 1um) anhedral pyrite
grains can also be found at the crystal boundaries between earlier interlocking polygonal quartz
growths, accompanied by < 1um thin layers of iron oxide-free quartz at the grain boundaries. This
implies multiple generations of sulphide formation, potentially accompanied by synchronous

silicification.

At Rona Mound, pyrite occurs as disseminated euhedral to anhedral crystals, ranging in size from ~
10 microns up to ~500 microns. Larger grains (~500 microns) are composed of either only pyrite, or
intergrown pyrite and marcasite, but rarely only marcasite. These large grains often show straight
grain boundaries, indicative of equilibrium growth, although their final euhedral form is

morphologically controlled by pre-existing silica phases (Figure 93).

Overgrowth of the existing silica material by sulphides trying to form euhedral grains results in a
speckled texture of silica material bring incorporated into the sulphide. This is nearly identical to

the pitted texture observed in Unit C material at Southern Mound (050RD/P12), however the grains
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at Rona Mound are larger and show clear overgrowth and inclusion of silica material. Figure 93
shows intergrown euhedral pyrite grains that exhibit the pitted texture with clear silica inclusions,
however later stage growth appears to be without silica inclusions. Grains that exhibit this speckled
texture are not necessarily associated with haloes of iron oxide free silica as observed in Southern

Mound Unit C samples.

Figure 93: SEM images of pyrite grains from Rona Mound. (A,B) Pyrite overgrowing opal-CT

lepispheres. (C,D) Central cores of pyrite with silica globule overgrowth, however

outer-most layers of pyrite are commonly silica-free.

Subhedral, <~500 micron, intergrown pyrite and marcasite grains exhibit the pitted texture where
in contact with pre-existing silica, but where they have grown into void space, tend towards near

euhedral growth.

Unit C at Rona Mound displays the most diverse sulphide textures observed in all the Si-Fe samples
recovered from the TAGHF. Pyrite is the dominant sulphide, and occurs as disseminated euhedral
to anhedral crystals, ranging in size from ~ 10 microns up to ~500 microns. Larger grains (~500

microns) are composed of either only pyrite, or intergrown pyrite and marcasite, but rarely only
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marcasite. These large grains often show straight grain boundaries, indicative of equilibrium

growth, although their final euhedral form is morphologically controlled by pre-existing silica

phases (Figure 94).

Figure 94: (A-D )Pyrite and marcasite at Rona Mound, pitted and growth limited pyrite and
marcasite grains. Existing silica and iron oxide material inhibiting euhedral sulphide
growth. (A = marcasite RL-XPL, B = pyrite RL-PPL, C,D = marcasite RL-PPL (C) and RL-
XPL (D)).

Unit C material at Rona Mound potentially provides evidence of biogenic features preserved by
sulphides. Two spherical shapes with associated sulphide are observed within one sample of Unit C
material at Rona Mound (Figure 95). One is a near spherical opal-CT/amorphous silica structure
hosting small (<20 micron) anhedral pyrite grains. The second is a circular Si-Fe structure that has a
thin halo of pyrite (~ 3 micron wide). Both structures appear to be similar in shape and dimensions
to fossilised worm tubes that are commonly associated with hydrothermal systems (Ayupova et al.,
2017). Filamentous pyrite is morphologically similar to the sulphide filaments observed in Unit B
material at Rona mound and elsewhere (i.e. ~¥3 micron diameter and up to 1-2 mm in length), but
do not exhibit the iron oxide coatings observed elsewhere. In one area, a long sulphide filament is
seen to be a nucleation site for subhedral pyrite growth into open pore space (Figure 96). Filaments
of haematite are present adjacent to the sulphide grains indicative of bleaching by reduced fluids,

but without complete remobilisation of the iron.
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Figure 95: Circular sulphide features from Rona Mound. (A,B) Opal-CT or amorphous circular

feature containing pyrite (A = TL-PPL, B = RL-PPL). (C,D) Circular ring of pyrite around a
Si-Fe infilled features (C = TL-PPL, D = RL-PPL).
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Figure 96: Filamentous pyrite and pyrite-sphalerite relationship at Rona Mound. (A) filamentous

pyrite with subhedral pyrite nucleating off the filament into void space — RL-PPL. (B)
Relict/trace pyrite filaments — RL-PPL. (C,D) Early subhedral pyrite overgrowing silica

with sphalerite typically growing on pyrite grains RL-PPL.

5.5.2.2 Sphalerite

Sphalerite is the next most common sulphide at both Southern Mound and Rona Mound, and is
often closely related to pyrite. At Southern Mound, sphalerite is either separate subhedral grains
(~30-40 microns), intergrown with pyrite, or nucleating off existing pyrite grains (Figure 97). At Rona
Mound, rare subhedral grains of sphalerite are present and often associated with areas of
subhedral pyrite, or appear to have nucleated off existing pyrite grains (Figure 96C,D). Sphalerite
also shows the same pitted and interstitial textures as pyrite, indicating that both sulphides have

overgrown pre-existing silica.
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Figure 97: Pyrite-sphalerite, and pyrite-chalcopyrite associations in Unit C at Southern Mound. (A)

‘Grubby’ pyrite and overgrowth of sphalerite — RL-PPL. (B) Sphalerite nucleating on
pyrite grains. (C) Subhedral to euhedral pyrite and interstitial anhedral chalcopyrite

growth — RL-PPL. (D) rare interstitial subhedral chalcopyrite grains (RL-PPL).

5.5.2.3 Chalcopyrite

Chalcopyrite is observed as anhedral growths associated with pyrite and sphalerite grains in within
millimeter scale ‘grey sulphidic enclaves) 050RD/P12 at Southern Mound. In contrast, chalcopyrite
grains in the deepest sample (050RD/P13) are subhedral and either individual (up to ~ 50 microns)

or intergrown with pyrite (Figure 97C,D).

5.5.2.4 Summary of sulphide distribution and features

Sulphides in 050RD/P11 and P12 at Southern Mound are associated with iron oxide free-silica and
often show iron oxide-free, or diminished iron oxide containing silica haloes (Figure 98). In
050RD/P13, the sulphides are interstitial, and have grown within void spaces between euhedral and
subhedral quartz crystals. Small subhedral grains of sulphide (typically pyrite or rarely chalcopyrite)

are present at crystal boundaries of multiple overgrown euhedral quartz generations, but there
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appears to be no pattern to where they are distributed at crystal boundaries, or which silica

generation they occur at/within.

Figure 98: Clear delineation between areas of sulphide growth and areas of iron oxide and

silica throughout Unit C at Southern Mound. (A,B) Iron oxide ‘free’ or poor haloes
around subhedral pyrite grains — TL-PPL. (C) interstitial sulphide between drusy
quartz growth — TL-PPL. (D) SEM EDS map of bleached grey silica zones. Reduced
iron sulphide (pink) and oxidised iron (orange) within microcrystalline silica
(green) can delineate zones. (E,F) Subhedral pyrite showing silica nucleation and

concentric growth and clear areas of iron oxide free areas (E = TL-PPL, F = RL-PPL).
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Evidence from all three Unit C samples shows contrasting relationships between silicification and
sulphidation. Sulphides appear to be synchronous with, or post-date, silicification. The inclusion of
silica grains within sulphide growth likely implies the co-precipitation or overgrowth of existing
silica. However, concentric growth lines indicate that central sulphide grains acted as nucleation

sites for silica growth, implying early sulphide formation.

5.5.3 Filaments and tubes

Silicified iron oxides filaments are not observed within Unit C material at Southern Mound. Certain
areas of Si-Fe material show possible filamentous textures, but they have been partially obscured

and bleached resulting in little to no evidence of the original iron oxide filaments.

Figure 99: Sulphide filaments, potentially biological in origin from Southern Mound (A = TL-PPL, B

= RL-PPL).

Possible sulphide filaments are observed within an amorphous Si-Fe clast in one sample of the
shallowest Unit C material (050RD/P11). These filaments are observed in clusters and are typically

~ 3 microns in diameter, with one area potentially exhibiting twisted helical strands (Figure 99).

A large iron oxide sheath approximately 50 microns in diameter composed of a lattice of iron
oxyhydroxides, with a central void space was observed within 050RD/P11 (Figure 100). Three
sections of potentially the same sheath are observed with a circular cross section and two oblique
oval cross sections. The whole sheath is cemented by silica, including the central void, and several

small unsilicified voids remain within the centre of each section of filament.
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Figure 100: (A-C) Large iron oxide sheath with

central unsilicified void space, and
radial/chalcedonic quartz
nucleating off the sheath (A = TL-
PPL, B = TL-XPL, C = RI-PPL).

Southern Mound.

These two examples potentially provide the best evidence of biological involvement with the
formation of the Si-Fe cap. The large iron oxide sheath observed in 050RD/P11 (Unit C — Southern
Mound) exhibits fine nodules of iron oxyhydroxide material in which would be a difficult feature to

replicate by abiological precipitation (Garcia Ruiz et al., 2002).

In contrast to Southern Mound, Rona Mound filamentous textures include clusters of short and
randomly orientated iron oxide (and sulphide) filaments, long individual filaments, and complex
intergrowths of randomly orientated filaments. Clusters of short filaments, typically of haematite,
are ~ 3 to 5 microns in diameter. Where bleaching has occurred within areas of filamentous

material, iron has been remobilised with residual structures preserved by silica (Figure 101).
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Figure 101: Filamentous textures in Rona Mound Unit C samples. Purple lines designate

reduced/oxidised iron boundaries. (A,B) Transition from ‘bleached’ to iron oxide
dominated patch with individual filaments visible across the transition (A = TL-PPL, B =
RL-XPL). (C,D) Single long “filament’ with branching dendritic like growth nucleating off
one surface (C = TL-PPL, D = RL-XPL). (E,F) Randomly distributed silicified overlapping
iron oxide filaments (E = TL-PPL, F = RL-XPL).
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5.5.4 Dendrites

Clasts of dendritic Si-Fe, similar to those observed in Unit A material in Southern Mound, are
prevalent in Unit C material at Rona Mound, but no dendritic growth textures are observed

throughout Unit C material at Southern Mound.

Discrete Si-Fe clasts exhibiting dendritic growth patterns, often with one preferred growth
orientation, or radial growth from a central area, are distributed throughout Unit C (Figure 102).
There is no obvious shared preferred orientation of dendritic growth at a thin section scale, with
clasts randomly orientated throughout. Similar to Si-Fe filamentous areas, grey patches within
dendritic growth structures are the result of localised reduction of iron and its remobilisation,

leaving behind the residual and filamentous silica structure.

226



e

Vi
I Y

v

250um. ¢

Figure 102: Three examples of dendritic clasts from Unit C material at Rona Mound. Yellow lines
delineate reduced and oxidised iron areas. (A,B) Partially reduced clast of dendriticiron
oxides within an opal-CT dominated area (A = TL-PPL, B = RL-XPL). (C-D) Variably
reduced area of dendritic growth textures with an elongate perpendicular filament (C
= TL-PPL, D = RL-XPL). (E,F) Dendritic growth in a radial pattern with no preferred
growth direction (E = TL-PPL, F = RL-XPL).
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5.5.5 Microfractures

Angular jigsaw brecciation, one of the defining textures of Unit B material at Southern Mound and
the MIR Zone, is rare but present within Unit C material. Fractures result in angular clasts and are
often infilled with quartz. One area in 050RD/P12 shows the typical jigsaw brecciation, but

unusually the fractures are not infilled within quartz (Figure 103).

Figure 103: Desiccation cracks and fractures in Unit C material from Southern Mound. (A,B) Angular

clasts with silica ‘veins’ similar to jigsaw brecciation in Unit B — TL-PPL. (C,D) ‘Late-
stage’- brecciation of early silica or Si-Fe clasts, infilled by more chalcedonic/radial

quartz growth textures (TL-PPL).

Interconnected cracks visible within residual Si-Fe clasts are present at Southern Mound
(050RD/P11 and 050RD/P13), and in one sample at Rona Mound (057RD/P11). At Southern Mound,
these cracks are similar to those observed within clasts of Unit A material, cross cut the residual
clasts, potentially indicative of desiccation of amorphous silica or opal. The cracks are infilled with
quartz, and are similar to Unit B material, showing radial growth patterns of quartz after opal-CT.
At Rona Mound, microfractures with 120° triple junctions resemble desiccation cracks and are

present within Si-Fe. They are similar to, but not as common, as those in Unit A. Where present,
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the fractured clasts are coated with a ~10 micron thick silica layer. Localised areas of iron oxide

mobilisation are rarely observed at the edge of intraclast microfractures (Figure 104).

Figure 104: Preserved ~120° cracks within a Si-Fe clast in Unit C from Rona Mound (A = TL-PPL, B =

RL-XPL)

5.6 Summary

Based upon the similarities and comparability in mineralogy and wide range of textures in both the
hydrothermal sediments (Units M3 and M4), and all three Units of the Si-Fe cap rock (Units A-C)
presented through Sections 5.2 to 5.5, it seems clear that the protolith for the Si-Fe capping
materials is the hydrothermal sediments, therefore understanding how these sediments have

formed, sheds light on the origins of the Si-Fe cap.

5.6.1 Origins of Unit M3 and M4

Textural and mineralogical assessment of the two hydrothermal sediment Units (M3 and M4) show
distinct differences between them. Unit M3 is a goethite- and amorphous fraction-dominated
sediment with preserved laminated clasts, dendritic and colloform growth textures, localised
enclaves of filaments, and evidence of clasts of Si-Fe material. In contrast, Unit M4 sediment is a
hematite- or amorphous fraction dominated- fine-grained sediment. It is texturally homogenous
textures, shows little to no evidence of clast-like sedimentary features like Unit M3. Although quartz

was identified by XRD it was not present as Si-Fe clasts.

Laminated clasts, dendritic and colloform textures observed in Unit M3 are disrupted and are not
continuous throughout the Unit, implying that they have formed in a sedimentary environment,
but have also been preserved before being brecciated and accumulated. This implies that Unit M3

has a contribution from sedimentary surface processes, and products of hydrothermal flow (i.e.
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dendrites). Limited fractures are observed within clasts of Si-Fe material that are interpreted to be
desiccation cracks, a common process associated with mineral dehydration (i.e. amorphous silica
- opal-CT, or ferrihydrite - goethite = haematite (See Section 2.2). The association of
microfractures with clasts of Si-Fe material, but not with silica free iron oxide material implies that

this process may be a result of silica maturation, rather than iron oxide dehydration.

In general, Unit M4 sediments do not show these features, and the fine grained nature implies a
colloidal formation mechanism, i.e. direct precipitation from a hydrothermal fluid, in contrast to

the surface accumulatory processes interpreted for Unit M3.

5.6.2 Hydrothermal sediments as a protolith of the Si-Fe cap rocks

Based on the observed stratigraphy from Southern Mound where hydrothermal sediments and all
three Si-Fe cap rock Units were recovered, five of the six occurrences of the Si-Fe cap Units share

mineralogy and textural similarities with either Unit M3 or Unit M4 (Table 52).

Table 52: Interpreted protolith 'type' for the respective Si-Fe cap Units at all three mounds

Southern Mound

Rona Mound

MIR Zone

Unit A M3 — goethite rich - -
Unit B M4 — haematite rich N/A M4 — haematite rich
Unit C M4 — haematite rich M3 — goethite rich -

5.6.2.1 Southern Mound and the MIR Zone

Unit M3, dominated by goethite and/or amorphous fraction, contains Si-Fe clasts displaying
dendritic and colloform textures. Unit A is a mixed goethite and haematite, quartz and opal-CT
assemblage which displays a clast dominated breccia texture. This brecciated texture and increased
silica content of Unit A is interpreted to be a product of silicification of Unit M3 sediment.
Silicification has resulted in the preservation of existing sedimentary derived features and clasts
that are observed in both the M3 sediment, with silica appearing to be homogenously distributed
throughout the sample. SEM images, XRD and FTIR analysis determined that the silica is a mixed
quartz and opal-CT and the quartz fraction is distributed throughout the ‘matrix’ of the sample. This
mixed opal-CT and quartz assemblage, the homogenous distribution of silica, and increase in
‘jasper’ type textures, implies that Unit A is Unit M3 sediment that was impregnated by a silica rich
gel. Subsequent maturation of the gel enabled dehydration and recrystallisation from amorphous
silica through to a mixed opal-CT-quartz assemblage. During this dehydration process further

desiccation can occur resulting in further fracturing, potentially increasing the brecciation.
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Unit B from Southern Mound and the MIR Zone is considered to be a ‘jasper’, which is defined as
cryptocrystalline silica stained by iron oxide, the cause of the characteristic ‘blood red’ colouration.
The homogenous distribution of silica and iron oxide throughout the sample, can be attributed to
the electrostatic attraction between negatively charged silica particles and positively charged iron
oxides/oxyhydroxides within a silica gel (Grenne and Slack, 2003a, 2005). Assuming a similar
silicification process as Unit M3-Unit A the lack of existing Si-Fe clasts, and the fine grained nature
of Unit M4 would promote the formation of a typical ‘jasper’ material. This observation is further
strengthened by the fact that Unit M4 sediments directly overlie Unit B material at Southern

Mound, with large void spaces in the hard rock material infilled with Unit M4 sediment.

Unit C material at Southern Mound shares more similarities with Unit B material than Unit A
material, again implying that it is a ‘jasper’. In general few ‘clasts’ are observed and the iron oxide
fraction is typically haematite, not goethite. However, Unit C has been altered, likely by a moderate
to high temperature, sulphur rich, reduced fluid, enabling mobilisation of iron and precipitation of

moderate to high temperature sulphides.

Based on the assumption that Unit A is silicified Unit M3, and Units B and C are silicified Unit M4,
then the distribution of the Si-Fe cap material across a SMS deposit would be controlled by the
distribution of hydrothermal sediments, and the level within the sedimentary sequence silicification
reaches. The variable silicification across Southern Mound (opal-CT and quartz in Unit A, quartz only
in Units B and C), and evidence of silica recrystallisation textures in Units B and C imply either
stratigraphically separated silica generation or a secondary event which has altered the silica
morphology. The presence of sulphides in Unit C supports the idea that a second event has

occurred, bringing in high temperature sulphides.

This would explain the variable distribution of the three Si-Fe cap rock Units across Southern
Mound, where different boreholes within an ~ 10 m? area, had different Si-Fe cap stratigraphy

Figure 40).

5.6.2.2 Rona Mound

In contrast to Si-Fe cap rocks from Southern Mound and the MIR Zone, Unit B and Unit C samples
from Rona mound, do not quite fit with the same interpreted silicification regime. Texturally Unit B
from Rona Mound shares characteristics with the other Si-Fe material, but no other Unit is
dominated by dendritic or filamentous textures. Similarly, neither hydrothermal sediment is

dominated by the same filamentous and dendritic textures.

Unit C from Rona Mound shares more textural characteristics with Unit M3 sediment, and Unit A

from the Si-Fe cap than Unit M4 or other Si-Fe cap Units. Clasts of Si-Fe material which exhibit
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dendritic and colloform textures observed in Unit C at Rona are not observed in the theoretically

equivalent Unit C samples at Southern Mound.

Silica at Rona Mound is also different to the majority of other Si-Fe cap rock samples. Only opal-CT
is identified in both Units B and C, quartz is < 1 wt% of the sample, further drawing comparison with
Unit A, the only other Si-Fe cap Unit which contains opal-CT. This implies that Unit C material at

Rona Mound could have been formed from a Unit M3 sediment, rather than an M4 sediment.

5.6.3 Distribution of silica across the three Mounds

As summarised in Section 2.2.4, ratios of silica polymorphs can indicate a degree of maturity of
silica. Amorphous silica and opal-CT represent immature (hydrous) polymorphs, whereas quartz
represents the most mature, and stable silica polymorph. Silica polymorph distribution is
summarised in Table 53. Unit B and C from Southern Mound, and Unit B from the MIR Zone all only
contain quartz, the most mature silica polymorph. Unit A at Southern Mound has a mixed opal-CT
and quartz assemblage, implying that it is more immature than other Si-Fe cap samples at Southern
Mound. In contrast, only opal-CT (and potentially amorphous silica), were observed at Rona Mound,

showing that the silica assemblage at Rona Mound is the most immature of all Si-Fe cap samples.

Table 53: Distribution of silica polymorphs throughout Units A-C across Southern Mound, Rona

Mound, and the MIR Zone.

Southern Mound Rona Mound MIR Zone
Unit A Opal-CT and Quartz |- -
Unit B Quartz Opal-CT (and amorphous?) Quartz
Unit C Quartz Opal-CT (and amorphous?) -
5.6.4 Implications for a paragenesis

The combined observations of the physical and mineralogy characteristics of the Si-Fe cap rock
show that there are some general processes that have caused the formation of the Si-Fe cap, most

significantly, silicification, and to a lesser degree, sulphidation (See Figure 105).

Based on the evidence presented in this Chapter, Units A-C at Southern Mound, and Unit B at the
MIR Zone, can be explained as the silicification of hydrothermal sediments. Therefore, in general,
iron oxide minerals are interpreted to have formed pre- or syn-silicification throughout the

deposits. The Si-Fe cap at Rona Mound is interpreted to have formed in a similar way, by
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silicification of existing iron oxide dominated material, however the sediment material appears to

have been different to Southern Mound.

Although physical characterisation enables a good understanding of the processes that are
interpreted to have formed the Si-Fe cap, a range of questions remain about the geochemical
signatures of these Si-Fe cap rocks, (i.e. do they have a hydrothermal signature?) and what the
physicochemical properties of the interpreted fluids were that has formed this cap. To address
these questions, a range of geochemical analysis has been undertaken on the Si-Fe cap rock
samples, and used in conjunction with geochemical data of the hydrothermal sediments (Unit M3

and M4) to try to constrain some parameters of the silicification process.

l.(JBn itth.lt\/l3 @ Unit A @
domianted

Unit M4

Haematite
domianted

Silicification

Sulphidation > Unit C
Unit B

Figure 105: Generalised interpreted formation paragenesis from textural features. Step 1: Sediment
accumulation, predominantly iron oxides/oxyhydroxides with minor localised
silicification, forms Units M3 and M4. Step 2: Major silicification events. Evidence for
at least one event to form Unit A, and at least two to form Unit B. Step 3: Sulphidation

of Unit A or Unit B samples forms Unit C material.
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Chapter6 Geochemical Characterisation

6.1 Introduction

In this chapter, | explore the origins of the Si-Fe material capping the SMS ore body by geochemical
characterisation of the different phases that constitute the material. Major elements are
dominated by iron and silica, but the behaviour of other base metals yields insights into the
processes of metal mobilisation, sulphide crystallisation, and fluid ingress. Laser ablation ICP-MS
analyses of discrete mineral phases is used to compare with bulk data to help understand the
elemental mobilisation during the formation of the different Si-Fe units. Hydrothermal fluids and
seawater interactions are traced using rare-earth elements and their normalised relative values.
Paleo-temperatures for sulphidation events are calculated from sphalerite geothermometry and,
for the siliceous phases, from 80 isotopes. This chapter focuses on the presentation and analysis
of the whole rock geochemistry of the Si-Fe cap, with comparison made to the interpreted
hydrothermal sediment protoliths to understand the geochemical changes that have occurred

during silicification.

Thirty Si-Fe whole-rock samples were processed at the University of Southampton for analysis of
major and trace elements. A suite of major elements were obtained by X-Ray Fluorescence (XRF)
analysis, and a suite of traces were obtained by Inductively coupled plasma mass spectrometry (ICP-
MS). Total carbon (TC), total organic carbon (TOC), and total sulphur were analysed using a LECO
CS225 elemental analyser at the University of Aberdeen. TC and total sulphur were obtained from
‘carbonised’ bulk sample powder, TOC was obtained by acid leached ‘decarbonised’ samples.
Thirteen iron oxyhydroxide/oxide rich sediments recovered from Southern Mound were analysed
by Dutrieux (2019) using a combination of ICP-OES, and ICP-MS. See Methodologies (Chapter 4) for

further information.

For the Si-Fe cap samples, the accuracy and precision of the major and trace elements (including
REEs) generally show ‘excellent’ to ‘good’ accuracy and precision across all three analytical
techniques. The main exception is for accuracy of some trace elements measured against JR-2 (See
methodologies chapter). Care and consideration have been given to the interpretation of data
where accuracy or precision are poor. Table 54 and Table 55 summarises the elemental oxide,

element, or value analysed by each technique that is used or discussed in this thesis.
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Table 54: List of elemental oxides and elements and the analytical method used for the Si-Fe cap

samples
XRF ICP-MS LECO
Majors Trace Majors Trace Majors Other
Si0;,  Fey0sr, |Zn Al,0s, TiO,, |V, Cr, Co, Ni, Cu,|SOs; TC, TOC
MgO, CaOo, MnO Sr, Mo, Cd, Ba, Pb,
K20, NaO, Th, U
P20s. REEs: La, Ce, Pr,
Nd, Sm, Eu, Gd,
Tb, Dy, Ho, Er, Tm,
Yb, Lu, Hf.

Table 55: Analytical methods used to obtain elemental data from the hydrothermal sediments

(Dutrieux, 2019)

ICP-OES ICP-MS

Majors* Trace Majors* Trace

Al,O3, Ca0, Fe,0ar, K20, | Sr, V TiO, Co, Cu, Ni, Zn, Ag, Ba,
MgO, MnO, Na,O U, Pb

* = elemental oxides calculated from element composition

6.2 Results - major elements and covariation

One of the objectives of the geochemical analyses is to identify common processes involved in the
formation and evolution of the different Si-Fe units encountered at the TAGHF. Implicit in this
comparison is the statistical validity of covariance between different elements and their presence
in different lithological units. Two factors are considered: detection limits and the impact of

concentration, accuracy and precision, and the reliability of definitions of correlations.

Al,O3 and TiO; were not detected above the detection limits of the XRF. Accuracy (between 3% -
10%) and precision (< 3%) for manganese measured by ICP-MS was considered better than XRF
(between 2.5% and 37.7% accuracy, and 13.0% for precision). Therefore Al,Os, TiO, and MnO oxide
concentrations were calculated from elemental ICP-MS data, and have been presented instead of

the XRF. Elemental sulphur obtained from a LECO elemental analyser has been converted and
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presented as SOs. When considering total concentrations (i.e. Section 6.2), XRF data and SOs from
LECO have been normalised to 100%. When comparing trace elements to major elements, non-

normalised values have been used.

Comparison between lithological units and the behaviour of pairs of elements is limited by the low
numbers of samples representative of the lithological Units: sample populations for the Units are
low (typically n<4), and even the total population is low (n=27), reducing the validity of simple
correlation coefficients and least squared regressions. Instead, elemental comparisons are made
using the Pearson correlation coefficient (p). This is used to compare elemental behaviours within
the whole sample suite, or elemental concentrations between Units. The calculated p value is used
to imply co-variance rather than a true proxy for correlation between elements. It should be noted
that a correlation, or co-variance, does not automatically imply a causation. Rather, it is used here

to identify potential underlying processes.

Raw whole rock geochemical data can be found in Appendix A.

6.2.1 SiO; and Fe;03sr, and SO3

As anticipated from the dominant mineralogy, SiO; and Fe;Os3rotay are the major components of the
Si-Fe material found at all three mounds, and for all samples within all three Si-Fe Units, where

(SiO2+Fe203(1otaly) >87.1 Wt% (when XRF and LECO data is normalised to 100%).

In Southern Mound (SiO2+Fe;03 (totay) >98.6 Wt% in Unit A, >99.4 wt% in Unit B, and >96.0 wt% in
Unit C. In Rona Mound (SiO2+Fe203(totaly) > 98.3 wt% in Unit B, and > 87.1 wt% in Unit C. In MIR Zone,

(SiO2+Fe;03(1otay) in Unit B samples is all > 99.1 wt%.
(Total) p

The lower (SiO2+Fe203(totay) Values in Unit C material at both Southern and Rona mound can be
explained by the elevated SO; contribution (ranging from ~ 2.4 to 12 wt%). (SiO2+Fe203(tota)j+SO03)
>99.3 wt% in all Unit C samples. SOs is typically <0.3 wt% throughout Unit A and B, with the
exception of 057RD/P2 at 1.12 wt%, and 076RD/P8 at 0.61 wt%.

SiO; shows a strong negative covariance with Fe;0s throughout the Si-Fe material (p =-0.97) (Figure
106), supporting the observation that the Si-Fe Units are predominantly a binary system. In
comparison to the overlying hydrothermal sediments, the Si/Fe ratio is much higher in the Si-Fe cap
(Table 56). Silica content of the Unit M3 and M4 sediments was not analysed, but are estimated
based upon the difference between major element oxides (converted from ICP-MS and ICP-OES)

when normalised to 100 wt%. Comparative Si-Fe atios are summarised in Table 56.
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Table 56: Si:Fe ratios for hydrothermal sediments vs Si-Fe cap Units

Hydrothermal Sediments Si-Fe cap
Unit M3 | Unit M4 (n=3) | Unit A (n=4) Unit B (n=21) |Unit C (n=5)
(n=12)

Mean 0.78 0.42 2.19 8.46 11.60

Max 1.37 0.60 297 19.80 17.04

Min 0.32 0.28 1.69 2.04 4.67

SOs shows little to moderate positive covariance with SiO, and negative covariance with Fe,Osr in
Unit A (p = 0.62 and -0.65 respectively), is substantially weaker in Unit B (p = 0.25 and -0.28
respectively), but very strong in Unit C where the relationships are reversed (p =-0.99 and 0.97
respectively). Strong positive covariance between Fe;0srand SOs in Unit C samples can be explained
by the occurrence of pyrite/marcasite (FeS) or iron bearing sulphides chalcopyrite (CuFeS) and/or
sphalerite ((Zn,Fe)S). Pyrite has also been identified in Unit B samples (057RD/P2 from Rona Mound,

and 076RD/P8 from the MIR Zone), both samples recording elevated SOs (in comparison to the rest

of Unit B material across all mounds) (Figure 106).
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Figure 106: Bivariate plots of SiO, vs Fe;0sr and SOs vs Fe,Osr (two plots). Strong negative correlation

between SiO, and Fe;0sr, and no correlation between SO3; and Fe,0sr except in samples

The fact that covariance between Fe;03(rotay and SOs is negative in Unit A and non-existent in B
material indicates that the low concentrations of sulphur in either unit (< 0.11 wt%) is unlikely to
be related to sulphide minerals as a positive covariance between Fe;0sr and SO; would be observed

(as in Unit C samples) (Figure 107).
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6.2.2 Other major elements, TC, and TOC
Total concentrations of the other major elements (i.e.

AlL,03+Ti0,+Mn0O+Mg0O+Ca0+K,0+Na,0+P,0s) are typically <1% by weight throughout the Si-Fe
cap. Out of these, only Na,O (0.02 — 0.83 wt%) was detected at concentrations >0.2 wt%.
Concentrations of TC were not recorded greater than 0.04 wt%, with TOC not recorded greater than

0.02 wt%.

Elevated concentrations of Na,O could be a result of residual seawater (as pore water) which was
not efficiently flushed from samples during washing and drying before analysis. Low, but
measurable CaO concentrations (0.02 — 0.19 wt%), low TC (< 0.04 wt%), and the lack of covariance

of CaO with SO; (p = 0.25) throughout the Si-Fe cap indicates the general lack of any pelagic
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carbonate sediment, gypsum (CaS04.2H,0), or anhydrite (CaSO4) commonly associated with SMS

deposits (Figure 108).
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Figure 108: Bivariate CaO vs SOs plot for all Si-Fe cap samples

Broadly comparable concentrations of CaO and P,0s (0.01 —0.17 wt%), could be explained by trace
amounts of apatite grains throughout the Si-Fe cap, which have been observed in SEM EDS maps.
The Ca0:P,0s ratio in apatite is ~1:1.3; ten samples analysed show a similar ratio (~1.19 — 1.52)
(Figure 109), implying that apatite may control the CaO and P,0s contents in these samples. Apatite
grains were identified by SEM EDS mapping in two thin sections of Unit B material from the MIR
Zone. The samples which had the similar CaO:P,0s ratios were predominantly Unit B samples from
the MIR Zone (n=6) and Southern Mound (n=3), with the exception of one Unit C sample
(050RD/P12) from Southern Mound. Both samples where apatite grains were identified fell on the
1:1.3 Ca0:P,0s trend line (Figure 109). This does not discount the presence of apatite from samples
with high Ca0:P,0s ratios, but implies CaO and/or P,Os concentrations are controlled by apatite

alone.
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Figure 109: Bivariate plot of CaO vs P,Os for all Si-Fe cap samples. Apatite trend (CaO:P,0s ~ 1.3, R
=0.978) shows potential influence of apatite. It is not clear what the cause of the other

trend line represents

Low concentrations of Al,0; and MgO indicate that there is little contribution from aluminous clays
(i.e. igneous weathering products or precipitants in the Fe-Si materials). Low concentrations of K;0
implies the lack of jarosite (KFe3**(SO4)2(OH)s, a common seafloor weathering product however
natrojarosite (NaFe3*(SO4)2(OH)s) the sodic equivalent was tentatively identified by XRD (Section
5.5). Although Mn oxides are observed in the Fe-oxyhydroxide sediments overlying the Si-Fe cap
rocks (Dutrieux, 2019), low concentrations of MnO (0.3 — 441 ppm) throughout the cap show that

Mn oxides minerals not common throughout the Si-Fe cap.

6.3 Results - trace elements and covariation

Trace elements concentrations are generally low. Many that are at or below detection limits, or
show no variance between Si-Fe units, are not considered further. Those discussed here include the
base and transition metals and the rare earth elements. These elements can provide insights into

sulphide mineralisation, occurrence of hydrothermal related non-sulphide minerals (i.e. barite),
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and an idea of the role of hydrothermal fluids and seawater in alteration, i.e. mobilisation of redox

elements.

6.3.1 Cu, Zn, Pb, Co, Cd

Pyrite/marcasite, chalcopyrite, sphalerite, and galena are common sulphide minerals observed in
both SMS and VMS deposits. Pyrite/marcasite is observed in some Unit B sample (see Section 5.4.2),
and mixed pyrite/marcasite, sphalerite, chalcopyrite have been observed in Unit C samples at both
Southern and Rona Mounds. Therefore, it is likely that the dominant elements in said sulphides
(e.g. Cu for chalcopyrite, Zn for sphalerite) would show covariance with SOz in the bulk
geochemistry, assuming there are no other minerals that are accumulating these elements (e.g. if
covariance between Pb and SOs is observed it could imply the presence of galena or anglesite
(PbSQ4) despite not being observed in thin section). Other trace elements can substitute for iron
(Fe?*) in the sulphide crystal lattices, i.e. Co?* (in any of the sulphides observed in the Si-Fe Units),
or Cd* (in sphalerite) (George et al., 2016; George et al., 2018; Grant et al., 2018), therefore they
may also act as proxies for the presence of sulphide material. If there is little to no variation with
S0s3, comparison with the other major geochemical components (SiO, and Fe;Osr) may provide an

indication of which minerals, if any, are preferentially hosting these elements.

6.3.1.1 Hydrothermal Sediments Unit M3 and M4

All geochemical data for Units M3 and M4 sediment was obtained from Dutrieux, 2019. Cd was not
analysed in either hydrothermal sediment Unit. Co, Cu, Zn, and Pb values have been analysed in 3

samples of Unit M4, and 12 samples of Unit M3 sediment from Southern Mound.

In Unit M3, concentrations of Co (average ~ 0.6 ppm), Cu (average ~138 ppm), Zn (average ~284
ppm), and Pb (average ~359 ppm) vary throughout the Unit but show poor covariation with each
other, with Co:Cu showing the strongest (p = 0.57, R? = 0.3) (Figure 110). Furthermore, none of
these elements show significant covariation with Fe,0sr, with Zn:Fe;0Osr showing the most

covariance (p = 0.55, R? = 0.3) (Figure 110).
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Figure 110: Bivariate plots of Co vs Cu, and Zn vs Fe,0sr for hydrothermal sediments (Unit M3). Data
from Dutrieux (2019).

The general lack of covariance of Co, Cu, Zn or Pb with Fe,Osr (and also Si0,), indicates that neither
silica nor iron oxides/oxyhydroxides appear to be concentrating these elements. Unfortunately SO;
was not analysed, therefore the covariation cannot be used to see if these elements directly related

to the presence of trace sulphides.

As only 3 samples of Unit M4 were analysed, covariance values have not been used to identify
trends. Concentrations of Co are on average higher (~1.5 ppm), with Cu (~77 ppm), and Zn (~135

ppm) both being lower, in comparison with Unit M3.

6.3.1.2 Unit A

Concentrations of Cu, Zn, Co, and Cd are typically consistent across Unit A at Southern Mound, with
the exception of the deepest Unit A sample (050RD/P8) that has about one to two orders of
magnitude lower concentrations. In contrast Pb concentrations are broadly similar across all four
samples. Cu:Co, Co:Cd, Cu:Cd, all show good covariance (p = 0.91, 0.83, and 0.78 respectively, R? =
0.82,0.64, and 0.68), but all other combinations of Cu, Zn, Co, Cd, and Pb, showed little to no trends
(-0.66 < p < 0.22, R <0.43) (Figure 111).
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Covariance between Cu, Zn, Co, Cd, Pb and SOs is negative and/or poor (-0.65 < p < 0.04, R?< 0.42).

Therefore the good covariation between Cu, Co, and Cd, and the concentrations of Cu (~1-30 ppm)

and Zn (~510-805 ppm) cannot be explained by the presence of sulphides (Figure 112).
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Figure 112: Bivariate plots for Unit A - Zn vs SOs, Cu vs SOs, and Pb vs SOs for Si-Fe Unit A

Cu and Co show a good positive covariance with Fe;0sr (o = 0.80 and 0.85, R? = 0.64 and 0.73
respectively), and Pb, Zn and Cd show little (-0.49 < p < 0.68, R? < 0.47) covariance with Fe,Osr. This
suggests that Cu, Co are associated with iron oxides/oxyhydroxides within Unit A, whereas Zn, Cd,
and Pb are not. Zn, Cd, and Pb show no significant trends with either SiO,, or Fe;Osr throughout

Unit A.

The lack of a positive covariance between SOz and the base metals, but covariation with Fe,0ar,
could support the interpretation that these metals have accumulated from weathered sulphide
minerals. The lack of covariance between Zn and Cd with Fe;Osr, but comparatively high Zn
concentrations (~500-800 ppm) suggests a contribution from sphalerite during weathering (Figure
113). The lack of covariation between Pb and the other base metal related elements indicates that
galena was not present within the interpreted pre-weathering sulphide assemblage. This is

supported by the lack of galena in the underlying massive sulphide ore body at Southern Mound or
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within the TAG hydrothermal field in general (Petersen et al., 2000; Grant et al., 2018; Lehrmann et

al., 2018).
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6.3.1.3 Unit B

In total 18 samples of Unit B material were analysed (3 from Southern Mound, 2 from Rona Mound,
11 from the MIR Zone). Unit B material across the three mounds had lower concentrations of Cu,
Zn, Co, Cd, and Pb compared to Unit A (average total of Cu+Zn+Co+Cd+Pb =~710 ppm in Unit A, =
~195 ppm in Unit B). Trends between Cu, Zn, Co, Cd, and Pb were typically poor with Co:Cu being
the strongest trend (p = 0.71, R? = 0.50) (Figure 114).
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SOs concentrations for Unit B materials were typically low (average = 0.05 wt%), and showed little
variation with Cu, Zn, Co, Cd, or Pb (-0.14 < p < 0.21, R? < 0.59). This implies that it is unlikely that
accumulation of these elements is associated primarily with sulphide minerals in Unit B, despite the

observation of pyrite within several Unit B samples (Figure 115).
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Figure 115: Bivariate plots: SOs vs Zn, and SOs vs Cu, for Si-Fe Unit B samples

Similarly there are no trends observed between Cu, Zn, Co, Cd, Pb, and Fe;0s7(-0.49 < p < 0.37, R?
<0.23), which implies that iron oxide/oxyhydroxide mineralogy has no control on their distribution
through Unit B material. The strong inverse relationship between Fe,0sr and SiO; also implies poor

correlation with SiO,.
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6.3.1.4 Unit C

Unit C has variable combinations of different sulphides (pyrite/marcasite, chalcopyrite, and
sphalerite) in each sample (See Section 5.5.2), therefore covariation would be expected between
S0O; and Cu, Zn, Co, Cd, or Pb if sulphide minerals are acting as hosts. Zn, Co, Cd, and Pb across all
samples show good covariation (p > 0.72, R? > 0.52) with each other, but not with Cu (-0.37<p<-
0.14, R? < 0.14). This could potentially be explained by the fact that only one sample contains
chalcopyrite (Southern Mound Unit C sample 050RD/P13) (Figure 116).
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The two highest Zn-Cd samples in Unit C are from Rona Mound (only pyrite and sphalerite
observed), and the only sample of Unit C material containing chalcopyrite being the highest copper

sample (050RD/P13 from Southern Mound Unit C).

Unit C samples from Rona Mound have the two highest Co concentrations throughout the Si-Fe cap
(~4ppm and ~6 ppm), which is higher than any Si-Fe sample from Southern Mound (max =<2 ppm),

and all but one sample from the MIR Zone (max = ~ 3ppm, typically < 2 ppm). This may indicate a
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slightly different fluid chemistry or some process accumulating Co at Rona Mound compared with
Southern Mound and MIR Zone, i.e. substitution into sulphides. High Co concentrations, when
associated with sulphides are typically interpreted to be a function of high temperatures, but can

occur across a range of temperatures (Swanner et al., 2014; Grant et al., 2018).

6.3.2 Ba and Sr

Ba and Sr show a strong covariance throughout the Si-Fe cap (o = 0.87,R?* = 0.76), potentially
associated with the presence of barite (BaSO,). Absolute concentrations vary throughout the
different Units, with average concentrations being one to two orders of magnitude higher in Unit A
than Units B or C. Although barite was not observed in thin section or by XRD, it was recorded in
overlying hydrothermal sediments at Southern Mound where Ba concentrations ranged from
similar concentrations, to an order of magnitude higher, than the Si-Fe cap Units. Both Ba and Sr
show a good to strong positive covariance with SOs in Unit A (o = 0.64 and 0.61 respectively), and
across all Unit C samples (p = 0.91 for both), again potentially supporting the occurrence of trace
barite grains. No covariation was observed in Unit B material (p = -0.01. and -0.20 for Ba-SOs and
Sr-S0s), implying that Ba and Sr concentrations in Unit B is not controlled by the presence of barite

(Figure 117).

249



30

25

y =0.0793x + 2.479
20 R?=0.7626

Sr (ppm)

0 50 100 150 200 250
Ba (ppm)

®UnitA @UnitB-SM UnitB-RM @UnitB-MIR @ UnitC-SM Unit C-RM

Figure 117: Bivariate plot of Ba vs Sr across all Si-Fe samples

6.3.3 V, Mo, and U

Other redox sensitive trace elements such as V, Mo, and U are enriched in hydrothermal plumes
(See Section 1.1). They can also be precipitated from seawater in anoxic conditions by redox
reactions, and are interpreted to adsorb onto sulphide mineral surfaces in the active TAG mound
associated with seawater circulation in the mound (Grant et al., 2018). High U concentrations in
hydrothermal sediments have been interpreted as being related to the presence of massive
sulphide grains or attributed to microbial mediation (Mills et al., 1994; Ayupova et al., 2018), but
could also be derived from seawater. The behaviour of these elements is explored here to
determine the interaction of the Si-Fe materials with seawater, as they formed, and their

precursors.

The mechanism whereby V, Mo, and U are scavenged from seawater is usually attributed to
adsorption onto colloidal iron oxides/oxyhydroxides under oxidising conditions (Ames et al., 1993;
Peacock and Sherman, 2004; Arai, 2010). Mo was not analysed in the overlying hydrothermal
sediments, and V showed no covariance with Fe,Osr(p = 0.20, R? = 0.04). With the exception of one

outlying sample (M4 from 022RD), U concentrations are typically < 15 ppm, and show a good
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covariation with Fe,Osr (p = 0.79, R? = 0.63). This implies that U is controlled by adsorption on the
surface of iron oxides/oxyhydroxides within the hydrothermally derived Units M3 and M4. The
anomalous sample (~49 ppm) has U concentrations ~ 4 times higher than the other sediments, and

was recovered from the sediment-hard rock interface (Figure 118).

Covariation between V, Mo, and Fe;0sr in the Si-Fe lithologies at the TAGHF is typically weak to
moderate (p = 0.48 R? = 0.20, p = 0.58 R? = 0.29 respectively), implying that adsorption onto the
surface of iron oxides/oxyhydroxides does not control the distribution of V, Mo throughout the Si-
Fe cap. U shows a similar behaviour in the Si-Fe cap to the hydrothermal sediments, with two
anomalous, high U containing samples (~38 ppm, and 43 ppm), with a weak to moderate positive
covariance with Fe;Osr (p =0.54, R? = 0.32). This tentatively implies that a similar mechanism is
controlling the U concentrations in the Si-Fe cap as the majority of samples fit on the same trend

(Figure 118).
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Figure 118: Bivariate plot of Fe,0sr vs U throughout the Si-Fe cap and overlying hydrothermal
sediments. Two Unit C samples (from Rona Mound) and a Unit M4 sediment sample

(Southern Mound) had anomalously high U concentrations.
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6.4 Results - rare earth elements (REEs)

Rare earth elements (REEs) patterns, and especially Eu anomalies, reveal information about the role
of hydrothermal fluids in the formation or interaction with the Si-Fe lithologies. In a hydrothermal
environment sources of REEs are somewhat limited to hydrothermal fluids (black and white smoker
fluids), and seawater. Positive Eu anomalies arise in hydrothermal fluids and their products largely
as a result of the solubility of divalent Eu?* (stable at high temperature) in reduced fluids compared
with the other trivalent REEs, and preferential incorporation of REE3* ions in anhydrite (Mills and
Elderfield, 1995). Ce anomalies arise from interaction with oxygenated seawater and relate to the
decrease in solubility that accompanies the oxidation of Ce3* or Ce* (Elderfield and Schultz, 1996).
These anomalies are represented as geometric values rather than linear ones. Black and white
smoker fluids are typically enriched in both light REE (LREE) and heavy REE (HREE) elements (in this
study a metric for LREE enrichment is the Lan/Smy ratio and HREE enrichment is the Smn/Yby ratio),
whereas seawater is in enriched in LREEs and depleted in HREE (Klinkhammer et al.. 1994).
Reference REE data for seawater (German et al., 1990 and Mitra et al., 1994), black smokers
(Douville et al., 1999), and white smokers (Mitra et al., 1994). Observation of the presence or
absence of characteristic REE patterns in the Si-Fe cap can likely be attributed to variable sources

of REEs or by some mineralogical control on REE partitioning or absorption.

Throughout the Si-Fe cap, and broadly in the overlying hydrothermal sediments, total REEs (TREEs)
typically correlate with Fe,Osr, with a few outliers (See Figure 119), implying that REEs are generally
associated with the iron oxide/oxyhydroxide phase of the Si-Fe cap. REEs can absorb onto the
surface of iron oxides/oxyhydroxides above pH 4, with a preference of HREE absorption over LREEs
between pH 4 and 9, and even adsorption of REEs at pH > 9 (Liu et al., 2017). Therefore, as expected
the higher Fe,0sr and higher Si/Fe ratio of the sediments correlate with higher TREEs (Figure 119).

This is not the case in the hydrothermal sediments, and it is not clear why this is the case.
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Figure 119: Bivariate plots of TREEs vs Fe,Osr and TREEs vs Si/Fe ratio for all hydrothermal sediments

and Si-Fe cap rocks

6.4.1 Hydrothermal Sediment Units M3 and M4

Total REEs of the hydrothermal sediments are similar between both Unit M3 and Unit M4 samples,
at around 10,000-12,000 ppb, with no real positive trend with Fe,Osr as observed in the Si-Fe cap.
However, the higher Fe;0sr content of the sediments, correlates with higher TREEs (Table 57).

REE profiles for both Unit M3 and Unit M4 sediment exhibit a slightly enriched LREE profile, and an
enrichment in HREEs (Figure 120, Table 57). Both Units M3 and M4 HREE fractionation (Smn/Ybn =
~3) is comparable with HREE fractionation in black smoker hydrothermal fluids (Smy/Ybn = 3.7), and

while LREEs are enriched, they are not fractionated (Lan/Smn = ~ 1.7 and ~1.1 respectively) at the
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same Lan/Smy ratio as black smoker fluids (Lan/Smn = 3.15), white smoker fluids (Lan/Smn = 6.12),
or seawater (Lan/Smn = 4.20). This implies that despite both sediment Units showing LREE
enrichment (with respect to carbonaceous chondrite), they are also exhibit a different LREE

fractionation profile with respect to all three potential REE fluid sources.
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Figure 120: REE profiles for hydrothermal sediments from Units M3 and M4 (Southern Mound). Faint
lines in background represent all Si-Fe cap samples (orange = Unit A, red = Unit B, grey =

Unit C).

Both Unit M3 and M4 (summarised in Table 57) have strong positive Eu anomalies, with Unit M3
Eu/Eu* exhibiting a lower average anomaly (~9.29), compared to Unit M4 (~15.25). Both exhibit
negative Ce/Ce* anomalies with Unit M3 anomaly being slightly lower than Unit M4. The strong Eu
anomaly observed in both hydrothermal sediment Units can be attributed to interaction with black
smoker fluids (Eu/Eu* = ~11) as white smoker fluid anomalies are too high (Eu/Eu* = ~150), and
seawater has a slight negative Eu/Eu* anomaly (0.8). Ce/Ce* anomalies in both Units are also
comparable with both black smoker (Ce/Ce* = 0.57) and white smoker (Ce/Ce* = 0.48) fluids, but

are both less negative than the seawater Ce/Ce* anomaly (Ce/Ce* = 0.08).
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Table 57: Summary of TREEs, HREE and LREE ratios, and Eu and Ce anomalies from

hydrothermal sediment Units M3 and M4

Total REEs|Lan/Smy Smn/Yby Eu/Eu* Ce/Ce*
(ppb)
UnitM3 | Mean 11849 1.48 3.05 9.29 0.48
(n=12)  Fjax 26910 2.25 6.95 22.42 0.64
Min 4893 0.91 0.89 1.66 0.38
UnitM4 | Mean 10391 1.10 2.78 15.25 0.51
(n=3) I \ax 11533 131 3.29 20.68 0.66
Min 9815 0.69 2.24 11.96 0.48

The enrichment of HREEs, strong positive Eu/Eu* values, and moderately negative Ce/Ce* values
all indicate that the REE profiles of both Units M3 and M4 are most comparable with black smoker
REE profiles, implying a control on REEs from this fluid source. However, this cannot explain the flat

and less enriched LREE values of each Unit.

6.4.2 Unit A

Total REE concentrations for Unit A (Table 58) are ~3000 ppb, on average 3 times less than
hydrothermal sediment Units M3 or M4. Unit A samples exhibit relatively flat LREE profiles (Lan/Smn
= ~ 1), and an depletion in HREEs (Smn/Ybn = 6), similar to Unit M3, but with a greater HREE
depletion (Figure 121, Table 58). In contrast to Unit M3, the Smy/Ybn is higher, closer to that of
white smoker hydrothermal fluids (Smn/Ybn = 5.7), than black smoker fluids (Smn/Yby = 3.7).
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Figure 121: REE profiles for Unit A samples of the Si-Fe caprock (lines in bold). Faint lines represent

Units M3 and M4 sediments, and Si-Fe cap Units B and C.

Unit A samples (summarised in Table 58) share a positive Eu/Eu* value similar to both black and
white smoker fluids, with Eu/Eu* values typically somewhere between black smoker fluids (Eu/Eu*
= ~11), and white smoker fluids (Eu/Eu* = ~150). The average Ce/Ce* value is the same as black
smoker fluids (Ce/Ce* = 0.57), higher than both white smoker fluids (Ce/Ce* = 0.47), and seawater
(Ce/Ce* =0.08).

Therefore Unit A samples share characteristics with black and white smoker fluids with average
Eu/Eu* values of ~ 21, and have depleted HREEs ratios closer to white smoker fluids than black
smoker fluids (Smn/Ybn = ~6). However, similar to the hydrothermal sediments their generally flat

LREE profile cannot be accounted for when compared to REE profiles of all three source fluids.
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Table 58: Summary of TREEs, HREE and LREE ratios, and Eu and Ce anomalies from Si-Fe cap Unit A

(n=4) Total REEs | Lan/Smn Smn/Yby Eu/Eu* Ce/Ce*
(ppb)
Mean 3472 0.98 6.08 21.46 0.57
Max 4143 1.17 7.26 24.70 0.63
Min 2942 0.81 5.35 19.65 0.53
6.4.3 Unit B

Two Unit B samples from Southern Mound showed a significant difference in total REEs with one
sample recording ~10000 ppb comparable to hydrothermal sediment Units M3 and M4, and the
other 780 ppb, one of the lowest TREEs concentrations in the Si-Fe samples. REE profiles for these
two Unit B samples from Southern Mound exhibit the same LREE and HREE characteristics as Unit
A samples, but show more depletion in LREEs (Lan/Smy = 0.8), and comparable HREE depletion

(Smn/Ybn=~6) (Figure 122,Table 59).

Two Unit B samples from Rona Mound recorded ~1600 and 2800 ppb TREEs, ~6 and 4 times lower
in concentration than hydrothermal sediment Units M3 and M4 respectively. REE profiles share
similar LREE and HREE characteristics as both Unit A samples and Unit B samples from Southern
Mound but show more depletion and fractionation in LREEs (Lan/Smy = 0.41 and 0.43), and
comparable HREE depletion and fractionation (Smn/Ybn= ~4.6 and ~6.7) (Figure 122).
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Figure 122: REE profiles for two Unit B samples from Southern Mound (profiles 1 and 4) and two Unit
B samples from Rona Mound (profiles 2 and 3). Faint lines in background represent Units
M3 and M4 hydrothermal sediments, Unit A and Unit C samples, and Unit B samples from

the MIR Zone.

Unit B samples from Southern Mound share similar strong positive Eu/Eu* values, and negative
Ce/Ce* anomalies (Table 59). Similar to Unit A, and sediment Units M3 and M4, a strong influence
of hydrothermal fluids, with seemingly little interaction from seawater is interpreted from the REE

patterns.

Both Unit B samples from Rona Mound exhibit strong Eu anomalies (Eu/Eu* = ~10) and weak
negative Ce anomalies (Ce/Ce* = 0.65). The strong Eu/Eu* anomaly indicates strong hydrothermal
influence and is broadly similar to black smoker fluids, and shows little interaction with seawater,

with only a weak Ce/Ce* negative anomaly.
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Table 59: TREEs, HREE and LREE ratios, and Eu and Ce anomalies from Si-Fe cap Unit B samples from

Southern Mound and Rona Mound

Total REEs |Lan/Smy Smn/Yby Eu/Eu* Ce/Ce*
(ppb)
022RD/CC 9966 0.88 4.90 20.68 0.60
Southern
031RD/CC/007 |779 0.71 7.05 17.48 0.64
057RD/P2 2806 0.43 4.61 10.48 0.65
Rona
057RD/P3-8 1601 0.41 6.67 10.06 0.65

TREE concentrations for Unit B samples from the MIR zone range from ~ 900 ppb to ~8500 ppb,
showing a larger range in TREEs than other Si-Fe cap rocks. REE profiles typically share similar
depleted and fractionated LREEs (Lan/Smy average ~0.5) and depleted and fractionated HREEs
(Smn/Ybn=~11) to both Unit A samples and other Unit B samples from Southern Mound and Rona
Mound. One exception to this is the shallowest sample from one borehole (076RD), which shows a
slight enrichment of LREEs and little to no fractionation (Lan/Smny = 1.19), but still shows depletion

and a similar fractionation of HREEs (Smn/Ybn= 7.30) (Figure 123, Table 60).
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Figure 123: REE profiles of Unit B samples from the MIR Zone. Faint lines in background are
hydrothermal sediment Units M3 and M4, Unit A and C, and Unit B samples from both

Southern and Rona Mounds.

In general Unit B samples from the MIR Zone have strong Eu anomalies (Eu/Eu* = ~20) and weak
negative Ce anomalies (Ce/Ce* = 0.6). The strong Eu/Eu* anomaly indicates strong hydrothermal
influence with stronger Eu/Eu* anomalies than black smoker fluids, but weaker than white smoker

Eu/Eu* anomalies.

Table 60: Summary of TREEs, HREE and LREE ratios, and Eu and Ce anomalies from Si-Fe Unit B

samples from the MIR Zone

(n=17) Total REEs | Lan/Smy Smn/Yby Eu/Eu* Ce/Ce*
(ppb)

Mean 2853 0.50 10.95 20.02 0.59

Max 8451 1.19 27.08 34.20 0.67

Min 911 0.33 3.93 12.76 0.49
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6.4.4 Unit C

Three Unit C samples from Southern Mound showed low TREE concentrations averaging ~1900 ppb,
the lowest of any Si-Fe Unit. They share the same LREE and HREE characteristics as Unit A and B
samples, with LREE depletion and but higher HREE depletion (Figure 124, Table 61), with
comparable LREE and HREE fractionation patterns ( Lan/Smy = 0.62, Smy/Yby = ~9).

Two Unit C samples from Rona Mound showed TREE concentrations similar to Unit A and Unit B
samples (~2250 and 3150 ppb). REE profiles of the two Unit C samples from Rona Mound share
similar depleted LREEs (Lan/Smy = ~0.5) and depletion HREEs (Smn/Yby = ~5) characteristics as the

other Si-Fe cap samples (Figure 124).
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Figure 124: REE profiles from Southern Mound (profiles 3, 4, and 5), and Rona Mound (profiles 1 and
2). Faint lines in the background represent hydrothermal sediment Unit M3 and M4

samples, Unit A, and Unit B samples.

In general Unit C samples have strong positive Eu anomalies (Eu/Eu* = ~10) and weak negative Ce
anomalies (Ce/Ce* = 0.65) similar to Unit B samples from Rona Mound (Table 61). The strong
Eu/Eu* anomaly indicates hydrothermal influence, with Eu/Eu* anomalies comparable with black

smoker fluids. The weak Ce/Ce* negative anomaly also implies a lack of seawater interaction.
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Unlike samples from other Mounds, the Eu/Eu* values and Ce/Ce* values are very similar across all
4 samples from Rona Mound, implying a relatively similar influence of REE controlling factors

throughout.

Table 61: Summary of TREEs, HREE and LREE ratios, and Eu and Ce anomalies from Si-Fe Unit C

samples from Southern Mound (average, max, min) and Rona Mound (both samples)

Total REEs|Lan/Smy Smn/Yby Eu/Eu* Ce/Ce*
(ppb)
Mean 1420 0.62 9.10 9.77 0.65
Southern
Max 2657 0.81 11.95 12.93 0.70
(n=3)
Min 536 0.30 3.77 8.09 0.59
057RD/P10 |3156 0.44 4.47 9.10 0.66
Rona
057RD/P11 |2255.5 0.39 5.13 10.45 0.66
6.4.5 Support of the interpretation of the hydrothermal sediments being the protolith for
the Si-Fe cap

In general the Si-Fe cap rocks have slightly less negative Ce/Ce* values, and higher positive Eu/Eu*
anomaly values than the hydrothermal sediments (Table 62). Ce/Ce* values range from ~0.55 to
~0.70 in the Si-Fe cap, with the exception of four values. All four samples are from the shallowest
Si-Fe samples for their respective boreholes for Unit A samples from Southern Mound (050RD/P3,
050RD/P5 — Ce/Ce* = 0.53), and Unit B samples from the MIR Zone (073RD/P1 and 076RD/P2 -
Ce/Ce* = 0.49, and 0.54 respectively).

Table 62: Average Ce/Ce* values and Eu/Eu* values for hydrothermal sediments M3 and M4, and
Si-Fe cap Units A-C

Average Ce/Ce* Average Eu/Eu*
Unit M3 (n =13) 0.48 9.29
Unit M4 (n = 3) 0.51 15.25
Unit A (n = 4) 0.57 21.46
Unit B ( n = 20) 0.60 18.76
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UnitC(n=5) 0.65 9.77

These four samples (highlighted by circles Figure 125) were broadly comparable with the average
Ce/Ce* values of the hydrothermal protoliths Unit M3 (average Ce/Ce* = 0.51), and Unit M4
(average Ce/Ce* = 0.55), with the underlying sample at each location having less negative Ce/Ce*

values (Unit A— Ce/Ce* = 0.63, and Unit B and the MIR Zone Ce/Ce* = 0.57 and 0.62).
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Figure 125: Ce/Ce* values of all Si-Fe samples compared with average

Unit M3 and M4 hydrothermal sediment values

This variation in Ce/Ce* can be interpreted as either increased interaction with seawater after
formation (i.e. fluid interaction from above the cap), or is a function of hydrothermal fluid
interaction during silicification (i.e. fluid interaction from below) as a result of the hydrothermal

activity, and possible silicification. As seawater ingress is typically passive, and limited to downward
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diffusion into the sediment pile, there is likely no persistent seawater circulation mechanism
enabling replenishment of a seawater REE source at depth. It is therefore more likely that the
lessening of the Ce/Ce* negative anomaly observed in the Si-Fe cap compared to Units M3 and M4,
is a function of the hydrothermal fluid influence during silicification (rather than higher seawater

influence), supporting the textural and mineralogical evidence presented in Chapter 5.

6.5 Discussing the eH, pH, and temperature changes during the

formation of the Si-Fe cap

The Si-Fe capping materials share striking similarities with overlying hydrothermal sediments, and
thus it is interpreted that these textures, and iron oxide mineralogy, are inherited from a
hydrothermal sediment protolith. This is generally supported by the interpretation that the

Ce/Ce*anomaly is partially inherited, but influenced by hydrothermal fluids, from the sediments.

The main difference is the silica concentrations with the Si-Fe cap rock being ~ 30 to 60 wt% higher
in silica than the hydrothermal sediments. This significant enrichment of silica results in the general
decrease in all major and trace element concentrations, but it is not clear whether this is due to
mobilisation by hydrothermal fluids, or just a simple dilution by the significant silica addition. The
alteration of the Ce/Ce* anomaly during silicification implies that there may be some element

mobilisation during silicification.

In order to investigate what, if any, elements have been mobilised during silicification, the
geochemistry of both hydrothermal sediments and Si-Fe cap samples are compared. To negate the
silica dilution problem, silica is ‘removed’ from the analyses and other elemental concentrations
recalculated without silica present. All elements analysed in both sediments (Dutrieux, 2019) and
the Si-Fe cap Units were converted to ppm concentration (and to elements from elemental oxides

where necessary), then converted using the following formula:

Concentration of element (ppm)

'Sili ‘el tal val
ilica free'elemental value (ppm) Total concentration of all elements without silica (ppm)

This was undertaken on average concentrations of hydrothermal sediment Units M3 and M4, and
Si-Fe cap Units A, B, and C. To assess elemental mobility the Si-Fe cap samples were normalised to
the corresponding interpreted hydrothermal sediment protolith (i.e. Unit M3 for Unit A, and Unit
M4 for Units B and C).

If elemental concentrations have decreased due to dilution only (as a result of silicification of

hydrothermal sediments) then ‘silica free’ values normalised to the sediment would be the same
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(i.e. = 1). If elements have been mobilised and lost with respect to sediment material then the

normalised values would be < 1, and if enriched by the altering fluids values would > 1 (Figure 126).

Relative 'silica free' element enrichment or depletion values
from sediment to Si-Fe cap

1000
100
== A/M3
10 —a—B/M4
—e—C/M4
1
Zn U Co Cu Fe Mn
=
0.1

Figure 126: Relative enrichment or depletion plot for Si-Fe cap vs sediment protolith. Unit A vs Unit M3,
Unit B vs Unit M4, Unit C vs Unit M4. Values < 1 are depleted with respect to the sediment
protolith, values > 1 are enriched with respect to the sediment protolith. Unit A =4 samples,

Unit B = 21 samples, Unit C =5 samples.

Out of the range of elements analysed in both hydrothermal sediments and the Si-Fe cap, several
elements are known to be predominantly controlled by redox reactions and/or pH change in
hydrothermal environments (i.e. Zn, Co, Cu, U, Fe, Mn, V). Elements such as Ba are commonly
enriched in hydrothermal fluids and as such could indicate hydrothermal influence (i.e. barite

production).

Zn and U are both enriched in all Si-Fe cap Units when compared to their respective hydrothermal

sediment protoliths implying that the incoming fluids are Zn- and U-rich throughout the Si-Fe cap.
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Iron remains near constant throughout the silicification process but shows a slight enrichment in
Unit A (1.05), no change in Unit B (1.01), and a slight decrease in Unit C (0.96). Mn is mobilised in
all Si-Fe cap samples. Co and Cu are depleted in Unit A, and enriched in Units B and C. V and Ba are

depleted in Units A and B, and enriched in Unit C.

6.5.1 Evidence of redox conditions during silicification from element mobilisation

6.5.1.1 Trace elements

The consistency of iron content from hydrothermal sediments to Si-Fe cap material shows that the
binary relationship between Si and Fe is predominantly a function of silica dilution, and that Fe is

not significantly mobilised during silicification.

Mn is consistently depleted in all three Si-Fe Units of the cap, which is indicative of reducing
conditions. Mn is very mobile under reducing conditions, and can be mobilised in sub-oxic
conditions, rather than fully anoxic conditions (Burdige, 1993). This indicates that the fluids that
silicified the cap are likely to be reducing, throughout the silicification process. This interpretation
is supported in part by the depletion of other redox sensitive elements Co, Cu, in Unit A, and V in
Units A and B. In Units B and Co and Cu are enriched with respect to the sediment protolith, implying
accumulation within the cap. The presence of low quantities of sulphide grains (typically pyrite)
within Unit B samples, supports the idea that reduced hydrothermal fluids have influenced the Unit.
Accumulation of Cu and Co within Unit B could be attributed to lattice substitution of Cu** and Co?*
for Fe?* in pyrite, a common process under reducing conditions and low temperatures (Stockdale

et al., 2010), and interpreted to be occurring in the active TAG mound (Grant et al., 2018)

In Unit C, Co, Cu, and V are all enriched from the hydrothermal sediment protolith, whereas Mn is
depleted. This trend along with the range of sulphides (pyrite/marcasite, chalcopyrite, and
sphalerite) across Unit C samples supports the idea that Cu, Co can be substituted for iron in
sulphides, and V can be potentially absorbed onto the surface of sulphides (Grant et al., 2018)
explaining the enrichment. Therefore the combined transportation of redox sensitive elements,

and presence of sulphides supports the continued influence of reducing fluids in Unit C.

To test the theory that Co and Cu are associated with the formation of sulphides, LA-ICP-MS data
has been obtained from sulphides in Units B and C (See Chapter 4 for methodologies, and appendix
for full data set). This data was compared to LA-ICP-MS analysis from the literature, pyrite from
surface samples from the TAG hydrothermal field (Keith et al., 2016) and chalcopyrite and

sphalerite from the Broken Spur hydrothermal field (Bogdanov et al., 2008) in Table 63.
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Table 63: Transition elements in sulphides from Units B and C of the Si-Fe cap rock, and comparable

literature data from TAG surface samples and Broken Spur (basalt hosted MAR SMS

deposit)
Unit B Unit C TAG surface | Broken Spur
samples
Pyrite/Marcasite | Cu (ppm) 138007 (n=36) | 59407 (n=97) [483* (n=113) [730*" (n = 14)
Co (ppm) 2.2 (n=36) 232.07 (n=97) |269 (n=61) |191* (n =14)
Zn (ppm) 96.0° (n=36) |3200° (n=97) [219° (n=61) |6814* (n=14)
V (ppm) 3.3 (n=36) 4417 (n=97) |- 17 (n=9)
Chalcopyrite Cu (wt%) - 33.1* (n=4) - 31.9* (n=28)
Co (ppm) - 2.57 (n=17) - 181.1*" (n=28)
Zn (ppm) - 44.2 (n=17) - 885.2*"
(n=28)
V (ppm) - 17 (n=17) - <17 (n=3)
Sphalerite Cu (ppm) - 4007 (n=15) |- 449* (n=30)
Co (ppm) - 0.077 (n=15) |- 13.5* (n=30)
Zn (wWt%) - 54.9* (n=34) |- 45.0* (n=30)
V (ppm) - 16.7°(n=34) |- <17 (n=3)
* = used as internal standard for LA-ICP-MS (concentration data from SEM EDS analysis), = = LA-
ICP-MS data only, * = data from EMPA analysis, *~ = data from combined LA-ICP-MS and EMPA.

In general Cu in pyrite is much higher than the comparative TAG surface and Broken Spur pyrite
samples, which supports the idea that Cu is substituting into pyrite in both Unit B and Unit C
samples. Cu in sphalerite is similar to sphalerite from Broken Spur, implying no enrichment in Cu

with respect to other surface sulphides.

V in pyrite is enriched (by a factor of ~ 3) in Unit B with respect to Broken Spur samples, implying
that the adsorption of V onto rare pyrite grains in Unit B may help explain the decrease in V
depletion between Units A and B. Both pyrite and sphalerite in Unit C samples are significantly
enriched in V when compared to Broken Spur samples (by a factor of ~ 44 and 16 respectively) and

likely account for the partial enrichment of V in Unit C. Chalcopyrite in Unit C has a similar V
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concentration, lower than pyrite and sphalerite in both Units implying that V does not adsorb onto

the surface of chalcopyrite in this Unit.

Pyrite from Unit B, and chalcopyrite and sphalerite from Unit C all show significantly lower Co
concentrations than the comparable sulphides from TAG surface samples and Broken Spur (~200
times lower). This implies that Co is not substituting into pyrite in Unit B samples, nor chalcopyrite
and sphalerite in Unit B samples. Pyrite in Unit C can also be separated into three different samples,
two with low Co (050RD/P11, and 057RD/P11 < 1 ppm), but the third (Co ~ 700 ppm) contains
significantly more cobalt than other pyrite in the Si-Fe cap, and pyrite from the other studies of
surface material (~ 3 times more than TAG pyrite). This implies that Co does substitute into pyrite

in the Si-Fe cap, but may not have been observed or analysed in any other samples.

6.5.1.2 REEs

Mobilisation of redox sensitive trace elements, as discussed in the previous section, implies that
the silicifying hydrothermal fluids were reducing. This implies a distinct change in redox conditions
from ‘oxidised’ sediments to the silicified Units. REE patterns in both the hydrothermal sediment

protolith and Si-Fe cap rocks further confirm this redox environment change.

The strong positive Eu/Eu* values, weak negative Ce/Ce* values, and enrichment of HREEs in
hydrothermal sediments protolith can be explained by variable influence of hydrothermal fluids,
and less influence from seawater, under oxidising conditions. All Si-Fe cap samples have lower total
REE concentrations (average TREEs between ~2000 and 3000 ppb for Units A-C) than the
hydrothermal sediments (average TREEs ~12000 ppb and ~10000 ppb for Units M3 and M4

respectively), implying that reducing fluids have mobilised REEs during silicification of the Si-Fe cap.

REEs are interpreted to be preferentially mobilised in acidic and reducing hydrothermal fluids
preferentially as SO4 complexes, then as chloride complexes, or as a ‘free’ REE** ions (Michard et
al., 1993; Haas et al., 1995; Bau, 1999; Van Gosen et al., 2017). Based upon the redox sensitive trace
elements, the main silicifying fluids of Units A and B are interpreted to be reduced and sulphur poor
and/or sulphur limited. Therefore dissolved REEs are interpreted to be either chloride complexes
or free ions. The presence of sulphides in Unit C clearly indicates interaction with a reduced sulphur
rich fluid, and also coincided with the lowest total REEs of the Si-Fe cap. This supports the
interpretation that early silicifying fluids are sulphur poor, as total REEs would likely be low as they
would have been leached by SO, complexes, as shown by the transition from hydrothermal
sediment to Si-Fe cap rock. Experimental work implies that under acidic conditions LREE chloride
complexes are more stable than HREE chloride complex (Haas et al., 1995), which could provide a

mechanism as to why the LREEs are depleted throughout the Si-Fe cap relative to Units M3 and M4.
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When REE profiles are normalised to their respective hydrothermal sediment protolith the pattern
of REE depletion is similar between all Units with LREEs and HREEs being more depleted than the
MREEs (Figure 127). Only Eu shows variation in the degree of depletion, with Eu values in Units A
and B being significantly less depleted than Unit C material. In general REEs are trivalent, however,
at low to moderate hydrothermal temperatures (< 250°C) Eu is mixed Eu®* and Eu®*, and above
250°C is only stable as Eu?* (Sverjensky, 1984). However, divalent Eu has a stable chloride complex,
and is more soluble than trivalent REEs (Sverjensky, 1984), therefore at low temperatures Eu®*
would be preferentially mobilised over Eu®* or other REE3* ions. Theoretically, the Eu®* ions should
behave the same as the other REE3* ions, so if anything Eu should be more depleted in the Si-Fe cap
(with respect to the sediments). The comparison with REE plots implies the opposite is happening,
with the exception of Unit C samples, where the presence of sulphides indicates that the fluids may
be > 250°C. Based on Figure 127, it seems that Eu is being mobilised to a lesser degree than all
other REEs in Units A and B, but not in Unit C. It is difficult to explain this pattern of Eu, but the
comparative lack of depletion in Units A and B, compared to C, explains the variation in Eu/Eu*

values between the three Units.

MREE enrichment patterns have been observed when conducting leaching experiments associated
with acid mine water, implying that MREEs are preferentially adsorbed onto iron
oxide/oxyhydroxides over HREEs and LREEs (Worrall and Pearson, 2001), providing a potential
mechanism for MREE stabilisation where both HREE and LREEs are mobilised (as shown in Units A

and B in Figure 127.
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Figure 127: Depletion plot of REEs when normalised to the interpreted hydrothermal sediment protoliths.

Unit A = 4 samples, Unit B =20 samples, Unit C=5 samples.

6.5.2 Evidence of fluid pH during silicification

6.5.2.1 Trace elements

Zn and U present the most paradoxical elemental changes from sediment to Si-Fe cap. U is typically
mobilised in highly oxidised fluids, whereas Zn is mobilised in reduced fluids. Zn would be expected
to be mobilised or enriched by the same mechanisms as redox sensitive elements (i.e. Cu, Co, V),
but it is consistently enriched in all three Units. The enrichment in Unit C can in part be explained
by the presence of sphalerite. However, in Units A and B, no sphalerite is observed. The decoupling
of Zn from redox sensitive elements (i.e. Cu, Co, V) could be explained by the pH of the silicifying
fluids. In SMS deposits, ‘zone-refining’ processes, whereby Zn is mobilised and Cu is not, are
attributed to a change in pH from ~ 3.35 to ~ 3 (James and Elderfield, 1996). Therefore this could
imply that the silicifying fluids were typically pH of ~ 3, and the variation between Zn and the other
similar redox sensitive elements could be temperature controlled, rather than pH controlled.
However, this could also be a function of ligand complexation, Zn is preferentially complexed by
chloride ions at high and low temperatures in high-salinity fluids over sulphide complexing (Zhong

et al 2015).

270



U can be mobilised in reducing conditions at moderate temperatures (100-200°C), in low pH (<3
conditions) by chloride complexing (Bastrakov et al., 2010). This supports the interpretation that

the reducing fluids are likely pH< 3, enabling both U transport, and selective Zn transport over Cu.

Assuming the silicifying fluids are reduced and typically pH < 3, some kind of physico-chemical
change must occur within Unit A to enable accumulation and enrichment of both Zn and U. The
presence of sphalerite can account for the enrichment of Zn in Unit C, however the lack of sphalerite
and lack of covariance between Zn and Fe,Osr and SiO,, implies there is not obvious mineralogical

control on Zn in Units A or B.

Depending on pH and redox controls, U can be adsorbed onto the surface of iron oxyhydroxides
(Waite et al., 1994), sulphides (Wersin et al., 1994; Grant et al., 2018), or can be absorbed into silica
gels (Bastrakov et al., 2010). U can be adsorbed onto pyrite or iron oxyhydroxides at around pH 5
(Waite et al., 1994; Wersin et al., 1994), which is significantly higher than the pH <3 needed to
mobilise U under reducing conditions. No significant covariance exists between U, SiO,, Fe,Osr or
SOs. However, the two samples with the highest U concentrations have the highest SOs;
concentration and contain sulphides (Unit C samples from Rona Mound). It is therefore likely that
a combination of these adsorption processes contribute to the enrichment of U in the Si-Fe cap,

implying a change in pH enabling U adsorption.
6.5.2.2 REEs

The ‘low’ enrichment of LREEs in the hydrothermal sediments could be interpreted as a function of
preferential REE adsorption onto iron oxides/oxyhydroxide. In oxidising conditions (i.e. during the
formation of the iron oxide/oxyhydroxide sediments), REEs are adsorbed onto the surface of the
iron oxide/oxyhydroxides (Worrall and Pearson, 2001, Davidson et al., 2001). The likely source of
these REEs are hydrothermal fluids (hence the strong ‘inherited’ Eu/Eu* anomaly), with the REEs
being adsorbed onto the surface of iron oxides/oxyhydroxides when the hydrothermal fluids

interact with oxygenated seawater.

Differential adsorption of LREEs over HREEs occurs at moderate to low pH (~4-6), where HREEs are
preferentially adsorbed over LREEs, LREEs are typically not absorbed below pH 4 (Liu et al., 2017).
This would require a pH change from typical hydrothermal fluids (i.e. from ~ pH 3 (James and
Elderfield, 1996) to pH > 4), to result in a degree of LREE adsorption. Differential absorption from a
fluid that is enriched in LREEs and HREEs, could potentially explain how a weakly enriched LREE
signature can be obtained from an enriched LREE fluid source, implying a pH control of the fluids

between pH4 and 8.
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6.5.3 Evidence of hydrothermal fluid influence during mass transfer?

Barite (BaSQ4) is a common mineral associated with hydrothermal activity, often interpreted to
precipitate from a Ba-rich fluid upon interaction with seawater sulphate (Paytan et al., 2002;
William et al., 2016). No barite was identified in the Si-Fe cap samples but barite was observed in
Unit M3 implying that Ba rich fluids have been generated at Southern Mound. Ba is depleted in
Units A and B, but enriched in Unit Cin comparison to the hydrothermal sediments. The ‘depletion’
in Unit A can be explained as a function of Ba mobilisation during the transition from sediment to
Si-Fe cap, or an artefact of localised Ba enrichment from the Unit M3 sediment. Theoretically, BaSO4
would be dissolved by reduced Ba-undersaturated fluids, but the low reactivity may limit this
reaction (Jamieson et al., 2016). In Unit C enrichment in Ba could be an indicator of elevated

dissolved Ba within the late-stage, sulphur rich, reduced fluids.

6.5.4 Si-Fe cap formation temperatures

The Si-Fe cap is interpreted to be a product of infusion into the unconsolidated Fe-rich material by
reduced, siliceous hydrothermal fluids with variable sulphur contents. Based upon evidence from
the literature and the dominance of silica minerals the cap is interpreted to be a function of low
temperature hydrothermal activity, but the presence of chalcopyrite in Unit C, also implies some

high temperature hydrothermal influence.

A combination of oxygen stable isotopic investigation and sphalerite geothermometry is used to
identify the formation temperatures of the silica phase, the iron oxide phase, and the sulphide
phase throughout the Si-Fe cap. The temperature of formation of the iron oxide phases might be
inherited from any protolith, which is already shown to be the Fe-oxyhydroxide sediments above
the Si-Fe units. The temperature of the siliceous fluids and the iron oxide fraction can be derived
from the 680 value of the Si-Fe material. However, the relatively simple mineralogy of iron oxide
(haematite/goethite) and silica (opal-CT/quartz), the microcrystalline nature of the samples, and
the opaque behaviour of iron oxides requires the iron oxide and silica fractions to be separated
before analysis (See Chapter 4). Oxygen isotopic investigation of the silica separate (6%0s).) and the
bulk sample (560suwk), enables calculation of the iron oxide oxygen isotopic fraction (5*0uae), and
subsequent mineral formation temperature calculations are attempted on both §¥0s and §804ua¢.
Sphalerite geothermometry is applied to the two samples of Unit C material from Southern and

Rona Mounds to constrain the formation temperatures of the sulphide phase.

Combining the two methods would help elucidate the range of fluid temperatures involved in the
formation of the Si-Fe cap and provide temperature constraints for the hydrothermal fluids

involved in forming the Si-Fe cap
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6.5.4.1 Silica formation temperatures

Four leached samples of the Si-Fe cap rock were acquired from Unit A, three from Unit B, and three
from Unit C from Southern Mound, and analysed for §¥0. Two Unit A samples, and a Unit C sample

were repeated to check for natural variation (all summarised in Table 64).

Table 64: Summary of §'0s, values and estimated silica formation temperatures from Southern
Mound. Calculations have been made assuming equilibrium with both seawater (SW),

and hydrothermal fluids (HF).

Kita (T°C) Sharp (T°C)

n 580, (o] SwW HF SWwW HF

Unit A | 050RD/P3 5 26.1 1.6 66.9 76.8 70.3 80.1
050RD/P5 1 25.9 70.0 78.0 71.4 81.3
050RD/P7 3 27.3 1.4 60.3 69.6 63.9 73.2
050RD/P8 1 27.4 59.8 69.1 63.4 72.5

Unit B | 022RD/CC 1 18.2 121.9 137.8 125.1 141.0
031RD/109/CC 1 19.2 113.5 128.2 116.6 1314
031RD/CC/007 1 19.0 115.1 130.0 118.3 1333

Unit C | 050RD/P11 1 18.9 115.9 131.0 119.1 134.2
050RD/P12 1 14.8 155.6 176.0 159.2 180.3
050RD/P13 3 17.7 0.3 126.4 142.8 129.6 146.1

The estimated formation temperatures for Unit A are significantly lower than both Units B and C,
with one sample from Unit C (050RD/P12) showing the highest estimated formation temperatures,
up to ~ 120°C hotter than Unit A. The repeated samples yielded similar temperatures, showing that

the data are repeatable and representative of the units.

On average, this implies three different formation temperatures for the three Si-Fe Units at
Southern Mound: Unit A between ~60 and 80°C, Unit B between ~110 and 140°C, and Unit C
between ~115 and 180°C. These three formation temperature differences between Units appear to
correlate with the observed mineralogy presented earlier showing that higher temperature fluids
have interacted with Unit B and C (presence of quartz and sulphides), but not Unit A (no sulphides,

presence of a more immature opal-CT quartz assemblage).

Two samples of Unit B and two samples of Unit C samples from Rona Mound were analysed (Table
65). In contrast to Southern Mound samples, Unit B material recorded higher temperatures
(maximum estimated temperatures of ~139 and 158°C) than Unit C material (maximum estimated

temperatures of ~117 and 132 °C).
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Table 65: Summary of &0, values and estimated silica formation temperatures from Rona

Mound. Calculations have been made assuming equilibrium with both seawater (SW),

and hydrothermal fluids (HF).

Kita (T°C) Sharp (T°C)

n 580, (] SwW HF SwW HF
Unit B | 057RD/P2 2 18.4 0.1 120.2 135.8 123.3 139.0
057RD/P3-8 3 16.6 1.0 136.8 154.5 140.0 158.1
UnitC | 057RD/P10 2 20.9 0.9 100.2 113.5 103.4 116.6
057RD/P11 1 19.1 114.3 127.0 117.4 132.4

Unit B samples from Rona Mound were on average higher temperature (~120°Cto 160 °C), but Unit

C samples were lower temperature (~100 to 130°C), when compared to Southern Mound. It is

interesting to note that at 050RD/P12 (Unit C at Southern Mound) has one of the highest silica

formation temperature estimates (~155 to 180°C), whereas a sample from Unit C at Rona Mound

has one of the lowest silica formation temperatures (~100 to 115°C).

Seventeen samples of Unit B from MIR zone were analysed, with extracts from two samples

repeated three times to test for variability (Table 66).

Table 66: Summary of 6§20s. values and estimated silica formation temperatures from the MIR

Zone. Calculations have been made assuming equilibrium with both seawater (SW),

and hydrothermal fluids (HF).

Kita (T°C) Sharp (T°C)
n 51804, o SWwW HF SWwW HF
UnitB [ 073RD/P1 1 20.1 106.8 120.2 109.4 123.4
073RD/P6 1 21.2 98.8 111.9 102.0 1149
073RD/P7 1 20.1 106.8 120.2 109.4 123.4
073RD/P9 1 20.3 104.8 118.7 108.0 121.6
073RD/10 1 20.3 104.8 118.7 108.0 121.6
073RD/P12 1 21.0 99.5 112.6 102.6 115.8
073RD/P14 3 20.3 0.1 104.8 118.7 108.0 121.6
076RD/P2 3 204 0.2 104.0 117.6 107.1 120.8
076RD/P3 1 20.1 106.8 120.2 109.4 123.4
076RD/P4 1 19.9 107.9 121.9 111.0 125.1
076RD/P6 1 20.3 104.8 118.7 108.0 121.6
073RD/P7 1 20.4 104.0 117.6 107.1 120.8
073RD/P8 1 19.1 114.3 129.2 117.4 132.4

All samples analysed fell within a narrow temperature window, between ~ 98 and 130°C, which is

higher than Unit A at Southern Mound, broadly comparable with Unit B from Southern Mound and

Unit C at Rona Mound, but lower than Unit C and Southern Mound and Unit B at Rona Mound

(summarised in Figure 128). There is no correlation between formation temperature and Si:Fe ratio,
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implying that the degree of silicification of any given sample is not dependant on the fluid

temperature.
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Figure 128: Maximum and minimum estimated silica formation temperatures for the Si-Fe cap units,

colour denotes Unit A, B, or C, shape denotes Mound location (Southern Mound = square,

Rona Mound = diamond, MIR Zone = circle).

6.5.4.2 Sulphide formation temperatures - sphalerite geothermometry

Sphalerite geothermometry is based on the principle that the Fe:Zn ratio of sphalerite is a function
of formation temperature (See methodologies). Therefore estimation of the sulphide formation

temperatures can be obtained by analysing the Fe:Zn ratio of sphalerite grains.
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Sphalerite was typically observed in two Unit C samples, one from Southern Mound (050RD/P11)
and one from Rona Mound (057RD/P11). Unit C at Southern Mound vyielded 15 analyses from
euhedral to subhedral sphalerite grains, which have typically grown as rims or inclusions to

individual euhedral pyrite grains (Figure 129).
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Figure 129: Backscatter SEM images of sulphides used for sphalerite geothermometry. (A) Unit C -
Southern Mound late-stage sphalerite typically growing on subhedral to euhedral
pyrite grains. (B) ‘Area 1’ — Unit C — 057RD/P11 — Rona Mound, Individual clusters of
interstitial sphalerite and pyrite grains from Unit C— Rona Mound. (C) ‘Area 2’ — Unit C

—057RD/P11 - sphalerite as late-stage rims on pyrite and as individual grains.

The sphalerite rims have relatively consistent Fe:Zn ratios with ~ 2.6 wt% for Fe and ~ 3.5 wt%
variation across all 15 analyses at Southern Mound, yielding calculated formation temperatures

between ~400 to 425°C, with an average temperature of ~ 417 °C (Table 67).

Two areas of sphalerite from the Unit C sample from Rona Mound (sample 057RD/P11) recorded
different Fe:Zn ratios to Southern Mound Unit C. In general their Fe content was lower and their
Zn content higher. The two different areas of sphalerite within the Rona Mound Unit C sample also
showed slight variation in morphology. One area in the Rona Mound sample is dominated by

individual interstitial sphalerite growth (Area 1), whereas the second area appears to be more
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associated with pyrite, and exhibits both interstitial growth and growth as rims on pyrite (Area 2)

(Figure 129).

The pyrite-free interstitial sphalerite grains (Area 1) have a higher Fe content and lower Zn content

on average than the area with both pyrite and sphalerite (Area 2). Minimum Fe values and

maximum Zn values are similar in both areas (Fe ~3.5-4 wt%, Zn, 61-62 wt%), but maximum Fe

values and minimum Zn values vary between the two areas. Area 1 recorded maximum Fe of 15.73

wt% and minimum Zn or 53.66 wt%, and Area 2 recorded a maximum Fe value of 8.76 wt% and

minimum Zn value of 59.22 wt%. These result in estimated sphalerite formation temperatures

averaging ~400 °Cin Area 1, and ~ 310 "Cin Area 2 (summarised in Table 67).

Table 67: Fe, Zn, and calculated formation temperatures from sphalerite geothermometry, Unit C

samples.
Sample Southern Rona Rona
050RD/P11 057RD/P11 057RD/P11
Areal Area 2
n 15 9 10
Avg 13.06 11.96 6.59
Fe (wt%) Max 14.16 15.73 8.76
Min 11.57 3.56 4.15
Avg 52.74 53.66 59.22
Zn (wt%) Max 54.55 62.22 61.19
Min 51.04 48.09 56.55
Avg 0.25 0.22 0.11
Fe:Zn Max 0.26 0.25 0.14
Min 0.23 0.07 0.07
Avg 417.67 398.68 312.74
Temperature (°C) Max 426.83 421.63 337.28
Min 401.53 284.1 283.6
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6.5.4.3 Summary of silica and sulphide formation temperatures

Two clear observations are obtained from the estimated formation temperatures: 1) Silica
formation temperatures are variable across all three Si-Fe Units with Unit A significantly lower than
the other Si-Fe Units; and 2) Silica formation temperatures are significantly lower (<180°C), than
even the lowest sphalerite formation temperatures (>280°C) (See Table 68). This implies that there

may be two separate temperature silicification events, and a third higher temperature sulphidation

event.
Table 68: Average estimated formation temperatures from silica and sphalerite (T°C).
Values are calculated by averaging the maximum and minimum temperature values
for each Unit and rounding to the nearest 10°C.
Southern Mound Rona Mound MIR Zone
Silica Sphalerite |Silica Sphalerite |Silica Sphalerite
Unit A ~ 60-80 - - - - -
(n=4)
Unit B ~110-140 - ~120-160 - ~100-130 -
(n=20)
Unit C ~115-180 ~420 ~100-130 ~280-400 - -
N =5)

6.6 Summary

The geochemical characterisation of the Si-Fe capping Units has confirmed the mineralogical
observations that this cap is a binary system, dominated by iron (i.e. Fe;Osr) and silica (SiO,). The
only other contribution from a major element is sulphur, which correlates with the samples where

sulphide grains were observed throughout the Si-Fe cap.

The main conclusion of the physical characterisation of the Si-Fe cap is that the hydrothermal
sediments are the protolith of the Si-Fe cap and that textures and iron oxide mineralogy is inherited
from the sediments. Geochemical assessment is used to investigate the signatures that the
silicifying fluids have imparted on the Si-Fe cap, including elemental mobilisation during silicification

and investigation the eH, pH, and temperature conditions experienced by the Si-Fe cap.

Elemental transfer during the silicification of the cap has indicated that the silicifying fluids are

reduced, resulting in the consistent depletion of Mn, and the variable depletion of other redox
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controlled elements (including Co, Cu, and V). Mechanisms including adsorption onto the surface
of sulphides, or lattice substitution of divalent Co and Cu for Fe in sulphides have been suggested
for the enrichment of redox sensitive elements in Units B and C. LA-ICP-MS analysis of sulphide
grains from within the Si-Fe cap concluded that the crystal lattice substitution of Cu?* for Fe?* can
potentially account for the enrichment of Cu in Units B and C, despite reduced conditions, and the
absorption of V onto the surface of sphalerite and pyrite can account for V enrichment in Unit C.
However, significantly depleted Co values in both Unit B and Unit C sulphides with respect to other
MAR SMS deposit surface samples implies that Co enrichment cannot be explained by lattice
substitution. Total REE concentrations decrease from the hydrothermal sediments to the Si-Fe cap,

implying mobilisation of REEs supporting the idea that the silicifying fluids were reduced.

Similar but paradoxical behaviour of Zn and U during silicification implies that the silicifying fluids
were Zn- and U-rich and that the reduced fluids had to have been low to moderate temperature
and pH<3 to enable preferential Zn mobilisation (over Cu), and mobilisation of U under reduced
conditions. The lack of correlation of Zn and Fe,0sr or SiO; implies that Zn is not associated with
either of the main constituents of the Si-Fe cap, and no clear accumulation mechanism for Zn is
identified. Accumulation of U within the Si-Fe cap is thought to be potentially related to a pH change
(to pH>3) where it can no longer be complexed by chloride, and can be absorbed onto the surface
of sulphides, or be incorporated into silica gels. Assuming the black smoker fluids were pH of 3,
then a black smoker:seawater fluid mixing ratio of <1:10 would be required to alter the pH from 3

to 4.

Evolution of the hydrothermal sediments can be seen through a plot of Fe,Osr (Wt%) vs Eu/Eu*
values (Figure 130, Figure 131). High iron contents and moderate Eu/Eu* values are characteristics
of the REE sediments, where REEs are adsorbed onto the surface of iron oxides, preserving an Eu
anomaly. As the sediments are silicified (Step 1) the reduced fluids mobilise REEs but some
mechanism means that Eu is not as depleted as the rest, increasing the Eu/Eu* values. During the
late-stage, sulphidation event (Step 2), iron oxides are reduced and no longer have REEs adsorbed
to the surface, thus decreasing total REEs further, and mobilising Eu faster resulting in the decrease
in Eu/Eu* to similar anomalies as the hydrothermal sediments, despite having ~ an order of

magnitude less iron oxides, and iron.

279



40

= Unit M3 (average)
A B Unit M4 (average)
Unit A
30 s ® & A UnitB
® o Unit C
e SM RM MIR
*3
w20
=
i
0. |
5 s [ Hydrothermal
Si-Fe with Ko Sediment average
S (Wto/o) > 0.06 values
0 | l ‘ ‘ ! . ‘

0 10 20 30 40 50 60 70
Fe,O,; (Wwt%)
Figure 130: Fe;0sr (Wt%) vs Eu/Eu*. Shows the evolution of Eu/Eu* values through silicification. Step
1 = silicification of hydrothermal sediments resulting in a decoupling of Eu versus other
REEs. Step 2: Sulphidation, returning back to pre-silicification Eu/Eu* values, meaning Eu
behaves in a similar way to other REEs. Thus resulting in a similar Eu/Eu* value to the

sediments, but at an order of magnitude less Fe,0sr (Wt%) and TREEs.
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Figure 131: Schematic diagram of REE changes during silicification. 1 and 2) Early initial formation

of iron oxides and adsorption of REEs onto the surface in the hydrothermal sediments.
3) Silicification results in the mobilisation of REEs by reducing fluids, but some still
remain. 4) Iron oxides begin to be reduced into pyrite and so most REEs (including Eu)

are released.

At Southern Mound, three different discrete formation temperatures are calculated for the
silicification of Unit A, the silicification of Units B and C, and the sulphidation of Unit C (Table 68).
This supports the mineralogical interpretation of multiple silicification generations, and a late-stage
sulphidation event (See Chapter 5, summarised in Section 5.6). Rona Mound shows similarities with
Southern Mound, and has two different silicification temperatures, and a higher temperature
sulphidation event that clearly post-dates silicification (Section 5.5.2). Finally the MIR zone, has no
real indication of a major late stage sulphidation event (only limited sulphidation (Figure 76, Section
5.4.2)), and oxygen isotopic constraints on a single silicification event, despite textural observations

implying at least two stages of silicification, similar to Southern Mound.

The final stage, high temperature, sulphidation event evidenced in both the physical and
geochemical characterisation of the Si-Fe cap, provides an insight into the potential impact that

silicification could have on fluid flow through the SMS deposit. The fact that the sulphidation is only
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limited to the deepest Si-Fe samples implies that it may have been physically constrained by the
high silica content Si-Fe cap. This concept is tested in the following Chapter to try and constrain

what effects the silicification can have on fluid flow.
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Chapter 7 3D structure, porosity, and permeability

This chapter aims to investigate whether the Si-Fe capping lithologies, described here from the
TAGHF, act as an impermeable boundary between the underlying massive sulphide material and
overlying seawater, thereby acting to help preserve a seafloor massive sulphide ore body, especially
in the early stages of burial. An approach is adopted here that acquires three-dimensional (3D) X-
Ray CT scans of samples of the Si-Fe cap rock and from these volumes, calculates 3D parameters
such as total porosity, connected porosity and permeability by simulating fluid flow through the
material. By drawing on previous textural analyses Chapter 5, it is possible to assess changes in
these parameters as silicification progressed, with a focus on the occurrence of ‘late-stage’ silica

overgrowth related to the final stage of silicifying fluid ingress.
7.1 Introduction

7.1.1 X-Ray micro-computer tomography (micro-CT)

X-Ray micro-CT works by taking a series of two-dimensional (2D) X-Ray absorption images while
rotating a sample by 360° about a vertical axis (Figure 132). Following collection of these data, a
three dimensional (3D) volume can be reconstructed using the mathematical principals of
tomography (Ketcham and Carlson, 2001). This volume is described by voxels (three dimensional
equivalent of a pixel) where a greyscale value represents the X-Ray absorption value within the 3D
volume (high values are represented as white, zero values as black). X-Ray absorption is controlled
by the atomic density/thickness of the material being scanned, enabling the internal structure of

the sample to be determined, provided the sample exhibits variably density.
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Figure 132: Diagram showing the method of micro-computer tomography (micro-CT) (Callow et al.,

2018)

X-Ray micro-CT scanning of the samples was undertaken to investigate the porosity and
permeability of the core material and enable the modelling of simulated fluid flow through the
imaged volumes (see Section 7.2.2). The scans also reveal the complex textures of the silica-iron
materials in three dimensions, which is often difficult to observe in 3D from either hand specimens

or thin sections alone.

Comprehensive study of the samples by microscopy, XRD, and SEM has helped identify the range
of minerals within the samples of Si-Fe rocks and include: silica polymorphs (quartz, opal CT), iron
oxide/oxyhydroxide (haematite, goethite), and a range of sulphides (pyrite, sphalerite, and
chalcopyrite). Variation in the density and amounts of these minerals enables some distinction, at

least between silica, iron oxide and sulphides within the core material (Table 69).

Table 69: Summary of the range of minerals in the Si-Fe cap Units and massive sulphide core

samples with their respective densities

Mineral Formulae Density (g/cm?3)
Silica — Quartz SiO; 2.648

Silica — Opal CT Si0,.nH,0 2.09

Iron Oxide — haematite Fe 03 5.3

Iron hydroxide — goethite FeO.OH 3343
Sulphide — pyrite FeS, 5.01
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Sulphide — chalcopyrite CuFeS; 4.19

Sulphide — sphalerite (Zn,Fe)s 4.2

The average density of silica (~2.3 g/cm?3, an average of quartz and opal-CT) is significantly lower
than the average density for iron oxides (~4.7 g/cm?3, an average of haematite and goethite) and
sulphides (~4.7 g/cm?3, an average of pyrite, chalcopyrite, and sphalerite); therefore, both macro
crystalline sulphides and iron oxides show a density contrast with respect to silica. However, iron
oxides are typically distributed within the silica as very fine (< 1um) particles. This makes individual
grains of iron oxide difficult to separate from silica due to resolution limitations, even with micro-
CT scanners. This limitation still enables a differentiation between ‘jasper’ type material and pure
silica. For example ‘Jasper’ material (ranging from ~60:40 to ~95:5 silica:iron) would show a
proportional mixture of density contrast, i.e. a sample of 75:25 silica:iron oxide is likely to register
as a material of ¥3 g/cm?3, based upon the proportional densities. This assumes an even distribution
of iron within the silica, which is typically observed, and that the iron oxides are present as grains

that are below the resolution obtained by the CT scans.

7.1.2 Three dimensional characterisation
7.1.2.1 Unit A

Two samples of Unit A were scanned: 050RD/P3, and 050RD/P7. These two samples were
considered to show the textural variability apparent in Unit A, with 050RD/P3 exhibiting more of a
clast and matrix texture, where clasts are easily delineated, compared to 050RD/P7 where textures

appear to be more ‘massive’.

The variable density within Unit A material is interpreted to be down to the silica:iron oxide or
oxyhydroxide ratios throughout the sample. No sulphides were observed in thin section, and no

typical sulphide morphologies are observed as high density areas in the CT scans.

Although at the surface, 050RD/P3 appeared to be dominated by laminated clasts, CT scans show
that this is only the case at the base and top of the sample. A large red clast (Figure 133) appears
to be dominated by filamentous material with more visible pore space, including multiple tube-like
voids running through at approximately 45° to the z-axis. These tube-like voids are easily identified
in the CT scan by a ring of higher density (likely more iron oxide-rich) material surrounding the void

space. Areas within this red haematite area almost resemble granular material.
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Figure 133: CT scan image of
filamentous
material a large
red clast in Unit A -
050RD/P3 with
open  void/pore
space 'tubes'.
Highlighted in
Figure 62, p.176

The rest of the sample is dominated by laminated fragments, which are tightly packed and have a
much lower pore space density than the filamentous area. As observed in thin section laminated
fragments are randomly orientated and show a wide range of sizes and shapes (and features such
as desiccation cracks i.e. Figure 132). It is likely that some of the material precipitates in-situ, and
other material is a result of mass wasting and accumulation of material, however, it is difficult to
differentiate between these processes by looking at the fragments. Massive fragments are visible
within the clast dominated area of the sample, but the resolution of the scans are not high enough

to interpret any intraclast detail, unlike in thin section.

In comparison to 050RD/P3 the overall texture of 050RD/P8 is more similar to the filamentous red
‘area’ and it would be difficult to classify 050RD/P8 a breccia based on the three dimensional CT

data. However some clast and granular material were observed throughout (< 5% of the sample).
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Figure 134: CT scan image of desiccation cracks preserved on the cut surface

of 050RD/P3 core sample

Although the predominant texture of the non-clast material appears to be filamentous, there is
significant variation of this material throughout the sample. Small enclaves or localised areas of
filamentous growth can be delineated by a variable density contrast. Filamentous growth does
appear to present some kind of ordering in places, with parallel and circular growth patterns

observed in both thin section and in the CT scans.
7.1.2.2 Unit B

073RD/P6 shows a complex three dimensional structure with the core being dominated by massive
jasper material, or by ‘mesh-like veins’ of jasper (Figure 135). In direct contrast to Unit A material,
no visible laminated clasts or easily defined clast material can be observed in 076RD/P6. The
massive areas of jasper are represented as a relatively homogenous density material. In contrast,
the vein-like material forms a web or mesh like pattern, and often delineates void space and/or

local areas of lower density material (likely more quartz dominated), or filamentous material.
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Figure 135: CT textural evidence from Unit B material (076RD/P6). (Left) 'Web-' and

‘mesh-'like textures of Si-Fe material with a high degree of pore space
(black). (Right) More homogenous Si-Fe material (grey) with faint

sulphide grains also visible (white).

Voids delineated by vein-like textures are often subangular because of mesh or web-like vein
intersections. Void space within the more homogenous jasper material appear more like intra-clast
voids, or even desiccation cracks, which have been partially, potentially by recrystallisation or
homogenisation of the material. Although they have little to no preferred orientation throughout

the sample.

Fine-grained sulphides are interpreted to be present, observed as high density, subhedral grains.
On first inspection they appear to be predominantly within massive jasper material, but they can

be observed within the more vein network dominated area, but not within the ‘vein” material.

073RD/P14 represents Si-Fe material which is a mixture of goethite and haematite, and in contrast

to 073RD/P6 shows clear delineated, low density clasts, within a higher density matrix (Figure 136).
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Clasts are both massive and laminated, and commonly have desiccation cracks. Massive clasts
appear to have a speckled or granular texture on the CT scans, with high density material
comparable with the matrix. Based upon the relative densities, it appears that the matrix is
dominated by quartz and haematite, and the clasts are more quartz goethite rich, but it is

interesting that the XRD results only show 1.2 wt% haematite.

Si-Fe clasts with lower
density and desiccation

cracks

Figure 136: MIR Zone Unit B — 073RD/P14
mixed goethite and haematite
rich Si-Fe sample with clear clast

and matrix pattern

Higher density ‘matrix’

7.1.2.3 Unit C

050RD/P11 appears to show more textural similarities with Unit B material than Unit A. In general
the core sample is a relatively homogenous density, with the exception of disseminated sulphides
(Figure 137). Enclaves of sulphide rich material (i.e. grey silica) can be delineated by variable
density. Porosity is present throughout, but typically in larger millimetre scale voids rather than
fractures. An area of fractures is observed to be infilled with material of lower density than Si-Fe
material, potentially unconsolidated sediment (based upon unsilicified sediments preserved in void
space during cutting of the sample). Filamentous type structures are observed within the core

sample, in particular a large ~ 5 cm diameter oval pattern of concentric filaments. This pattern is
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partially obscured, likely by silica overprinting, and is only observed by the CT scanning, possibly

due to the scale.

Ine grained

sulphides

Figure 137: CT cross section images from 050RD/P11 - Southern Mound. (Left)
Large void space (black) and 'oval' shaped filamentous material.
(Right) Partially infilled voids, likely with sediment material. Grey =

Si-Fe material, white patches = sulphides.
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Sulphide grains

Laminated

fragments

Figure 138: 057RD/P11 - Rona Mound Unit C. Clear visible clasts of laminated material and
sulphide grain distribution throughout

057RD/P11 (Figure 138), in contrast to 050RD/P11 is texturally more comparable to Unit A material,
with both laminated and massive clasts, and filamentous growth zones. Sulphides are relatively well
distributed throughout the sample and at the macro scale do not appear to be ordered or

orientated, other than being associated within iron oxide free silica.

7.1.2.4 Massive Sulphides

Two samples of massive sulphide core material were also scanned using CT techniques to compare
the pore space textures of both sulphides and Si-Fe cap. Sample 065RD/P16 from Rona Mound
represents a massive pyrite rich zone, which has undergone recrystallisation, and 073RD/P28 from
the MIR Zone represents granular pyrite, likely a similar material to 065RD/P16, but that has not

undergone recrystallisation (Figure 139).

291



Figure 139:Massive sulphide core samples. (A) Recrystallised massive sulphide ore (065RD/P16). (B)

Granular massive sulphide ore predominantly pyrite (073RD/P28).

Sample 065RD/P16 shows very little variation in density or texture, as expected from the
recrystallised pyrite mineralogy. Void spaces occur regularly throughout the material with no
preferred orientation. Sample 073RD/P28 also shows little variation in density, and is dominated
by millimeter to centimetre sized granular pyrite. Grains are typically subhedral to anhedral and
have no preferred orientation or sorting throughout the core sample. 065RD/P16 has clear separate
void space (see black areas within sample), whereas the granular nature of 073RD/P28 implies a

higher degree of porosity but with individual pores being visibly smaller.
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7.2 CT modelling aims

The use of the non-destructive X-ray CT technique to study archive core material provides a way to
determine intrinsic three-dimensional parameters by digital methods, rather than laboratory

based, and potentially destructive techniques.

7.2.1 Porosity vs Connected Porosity

Total porosity and connected porosity can be easily separated from a 3D volume based upon the
density difference, which corresponds to variable voxel intensity values. Therefore void space can
be delineated from hard-rock material by thresholding the low density pixels (Figure 140). After
total porosity has been separated, then an ‘axis’ connectivity module can be applied to determine
whether individual pore space voxels form a connected network across the sample axes. Figure

140).

Porosity and connected porosity were initially assessed using the whole 3D volume, however this
introduces a dimensional bias (as the z-axis is typically elongate compared to the other axes), and
does not take into consideration the heterogeneity of the material, i.e. certain textures may be

more porous and/or permeable throughout the core.

It is important to consider the heterogeneity of the textures throughout each Si-Fe sample and
assess the general textures separately as the variation exhibited in these core materials may not be
the representative of the Si-Fe cap lithology in general. Furthermore, the permeability is a function
of connectivity between pore spaces, and these are often small channel or necks that are more
difficult to resolve. Hence, the requirement to image smaller volumes of material at higher

resolution, and to extrapolate the resulting interconnectivity to the larger samples.

Such connected porosity and permeability simulations have also been performed on
hyperrectangle ‘whole’ core samples, and as cubic sub-volumes (~500x500x500 voxels) from the
whole core image. A similar cubic sub-volume approach has also been undertaken to investigate
‘micro-porosity’ that may not be visualised in the lower resolution (~35 micron) scans of the whole

core material.
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Figure 140: Four stages of connected porosity methodology. (A) ‘Raw’ reduced volume of a core

sample. (B) Top surface displaying ‘threshold’ module where the pore space is
highlighted on a single slice. (C) Thresholded total porosity volume, dependent on the
range of selected voxel intensity. (D) Porosity that connected the ‘y-axis’, the only axis

in this sample that has connected porosity.

7.2.2 Absolute permeability simulations

Parameters and the theory behind the simulations are provided in the Avizo Users Software guide

(Avizo, 2016) and repeated here.

The permeability modelling involves simulation a permeating fluid through the volume of pore

space defined in the Avizo software. The absolution permeability module then solves the Navier
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Stokes equation to determine the ‘global flow rate’ (Q) through the sample, and then applies

Darcy’s Law to obtain an absolute permeability value.

The Navier-Stokes equation:

V.V
VP

}

Where V. is the divergence operator, Vis the gradient operator, Vis the velocity of the permeating

ol o

uvay —

fluids, W is the dynamic viscosity of the permeating fluid, V? is the Laplacian operator, and P is the
pressure of the permeating fluid. The permeating fluid is assumed to be a single phase, Newtonian
fluid, with steady-state, laminar flow conditions. Boundary conditions are visually summarised in

Figure 141, and are specified as:

- A no-slip condition at fluid-solid interfaces;

- a single-voxel-wide non-slip phase is added on the faces of the image that are not
perpendicular to the main flow direction;

- ‘experimental setup’ stabilisation zones, are added on the face of the image that are
perpendicular to the main flow direction to enable semi-quasi static pressure;

- Input pressure and output pressure are left at 130kPa and 100kPa, respectively (the

default for the software), fluid viscosity is left at 0.001 Pa.s (default) for water.
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Figure 141: 2D cross section of the experimental setup for
absolute permeability simulation in the Avizo

software

Once Q has been calculated by the permeating fluid simulation then Darcy’s Law can be rearranged

to solve for the absolute permeability (k):

LQ
km?) = o

Where:

- Qisthe global flow rate that goes through the porous medium (m3s?) obtained by the
CT simulation;

- Sisthe cross section of the sample which the fluid goes through (m?) and L is the length
of the sample in the flow direction (m). Both defined by the subvolume size;

- W is the dynamic viscosity of the flowing fluid (Pa.s) (assumed to be 0.001 Pa.s for
water);

- AP isthe pressure difference applied around the sample (Pa) (left as default =30kPa);

The output from the permeability simulation provides the permeability value (k) in both
micrometers squared (um?), and darcy (d) (1 darcy = 0.9869233 um?), and spreadsheet for error
values of each iteration. The permeability value calculated in these simulations is considered an
intrinsic property of the sample or subsample, and is therefore not affected by the direction of fluid

simulation.
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7.2.3 Limitations

Porosity is based on the authors interpretation of the density differences displayed by the CT scans.
This interpretation may have introduced some inherent bias based on noise within the CT scan
images and therefore reproduction of these values by another person may differ. Furthermore, it
is important to note that the porosity and permeability values provided from herein have been
obtained using the Avizo software only. To check the validity of these values it is recommended
that physical porosity and permeability experimentation of the same samples and sample volumes
should be undertaken for comparison. Further mathematical testing can also be carried out, such
as using the Kozney-Carmen equation to estimate permeability from porosity and pore diameters

(for example in Callow et al., 2018).

Without the physical or further mathematical testing caution should be given to the accuracy of the
porosity and permeability values. For the purpose of this study the sample processing and
modelling was constant for each sample, therefore variation between values are considered to
represent true variation within the samples. Permeability simulations are typically considered at
order of magnitude scales and comparative metrics are relative to each of the samples being

compared (i.e. % increase or decrease).

7.3 Results - Total porosity and connected porosity — current

Results present in Table 70 show that only two out of the eight whole-core samples exhibit z-axis
connectivity: one Si-Fe capping lithology, and one massive sulphide. Lateral connectivity in the x-
and y-axis is more prevalent, with only the two Unit B Si-Fe capping lithology samples being

completely impermeable.

This indicates that when the full three dimensional structure of each sample is resolved to ~ 35
micron resolution, the majority of the Si-Fe capping materials do not have a suitable pore network

for fluid movement in the z-axis, but Unit A and C material may enable lateral fluid movement.

Investigating the porosity (Drora)and connected porosity (Qconnecten) in more detail reveals that
the two samples from Unit B (both from the MIR Zone) exhibit some of the highest (076RD/P6) and
lowest (073RD/P14) total porosities of any of the Si-Fe capping material, but neither exhibits
connected porosity, implying that there is no relationship between porosity and permeability

throughout the Si-Fe cap.

Where axis connectivity exists in more than one dimension, the pore network connects the two
dimensions, therefore sharing the same volume of connected porosity. No systematic relationship

exists between the volume of connected porosity compared to the volume of total porosity.
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Table 70: Summary of whole core samples 'current' total porosity and connected porosity. -‘ = no

connected porosity

Sample Lithology | ®roraL ®connecrep (Mmm?) % of
(mm?3) porosity
X y z
connected
050RD/P3  |UnitA 12316.2 462.3 - 37.8
(Southern) (7.4%) (2.8%)
050RD/P8 |Unit A 2642.43 1992.47 1992.47 - 75.3
(Southern) (15.8%) (11.9%) (11.9%)
073RD/P14 |Unit B 776.0 - - - -
(MIR Zone) (2.4 %)
076RD/P6 | Unit B 4261.0 - - - -
(MIR Zone) (13.5%)
050RD/P11 |UnitC 898.4 630.2 - - 70.1
(Southern) (6.0%) (4.2%)
057RD/P11 |UnitC 713.6 528.7 - 528.7 73.5
(Rona) (10.2%) (7.5%) (7.5%)
065RD/P16 |Massive 2139.7 1509.8 1509.8 - 70.2
(Rona) Sulphide (12.1%) (8.5%) (8.5%)
073RD/P28 |Massive 7821.8 7558.0 7558.0 7558.0 99.1
(MIR Zone |Sulphide |(32.2%) (31.9%) (31.9%) (31.9%)
7.3.1 Changes in total porosity and connected porosity during progressive silicification

Some of the Unit B and Unit C Si-Fe lithologies exhibit different stages of growth of silica into pore
space. Unit A material does not exhibit this late stage silicification (see Section 5.3) and the massive
sulphide material does not contain significant concentrations of silica, hence this methodology is

not appropriate.

To assess the change in porosity and connected porosity during progressive silicification, it is
possible to digitally remove the outer overgrown layers of iron-oxide-free silica from inner
‘jasperoidal material’, provided there is a measurable difference in density. Interactive thresholding

of voxel values in Units B and C is able to accommodate variation in density differences between
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the ‘outer’ free-silica coatings and the ‘inner’ jasperoidal material. This reveals that three of the
four samples from Units B and C have, before the second stage of silicification, three-dimensional
connected porosity while one of the samples (073RD/P14) exhibits only two-dimensional

connected porosity (Table 71).

Table 71: Summary of whole core samples 'pre-late-stage silicification' total porosity and connected

porosity
Sample Lithology | ®rorar (mMmM3) | ®connecreo (Mm?3) % of
porosity
X y z
connected

073RD/P14 Unit B 9295.2 5523.5 5523.5 - 59.2
(MIR Zone) (28.7%) (17.0%) (17.0%)

076RD/P6 Unit B 12546.4 12223.2 12223.2 12223.2 97.2
(MIR Zone) (39.7%) (38.6%) (38.6%) (38.6%)

050RD/P11 Unit C 2444.7 1971.9 1971.9 1971.9 80.4
(Southern) (16.3%) (13.1%) (13.1%) (13.1%)

057RD/P11 Unit C 1451.8 1309.3 1309.3 1309.3 90.3
(Rona) (20.7%) (18.7%) (18.7%) (18.7%)

Based on this new total porosity, the absolute volume change (AQroral) between current and pre-

late stage silicification of the Si-Fe cap can be calculated (Table 72):

A Drorar (mmB) = Dgy1,_FREE (mms) — DCyRRENT (mms)

Where Os.rree is the volume of total porosity after silica has been digitally removed, and Qcurgentis
the volume of current total porosity. The A@rora. is also expressed as a percentage of the ®siirree

indicating the % change in porosity during this late stage silicification.

Ds11, FREE (mmg)

DcURRENT (mm?3)

% A ProraL (%) = ( *100)

Similarly the AQaxis-con (%) is also calculated using the same method:

3
P $1L-FREE (AXIS CON) (mm?)

% A @pxis-con = ( *100)

3
PCURRENT (AXIS CON) (mm?3)
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Table 72: Summary of the relative change of porosity and connected porosity due to late-stage

silicification
Sample Lithology | A®roraL(mm?3) | ADroraL (%) ADaxis-con (%)

X Vi z
073RD/P14 |Unit B 8519.2 8.3 N/A* N/A* -
(MIR Zone)
076RD/P6 |Unit B 8285.4 34.0 N/A* N/A* N/A*
(MIR Zone)
050RD/P11 | Unit C 1546.3 36.8 32.0 N/A* N/A*
(Southern)
057RD/P11 | Unit C 738.2 49.2 40.4 N/A* 40.4
(Rona)

* = 9% volume change unable to quantify as initial sample had no connected porosity in this axis.

Current total porosity ranges from between ~ 8 and 50 % of the total porosity when the late-stage
silicification is removed from the 3D volume. Connected porosity is present in all three axes in both
Unit C samples, and one Unit B sample, with the second Unit B sample showing connected porosity

in both the x- and y- axes, but not the z-axis.

7.3.2 Current permeability

To determine whole-rock permeability, model simulations were conducted on whole core samples
where axial pore-connectivity was identified. Permeability values were obtained in both um? and
darcy by the simulation. Both Unit A and Unit C sample 050RD/P11 recorded permeability values
at 10° um? (or darcy, where 1 darcy = 0.98 pm?), with Unit C sample 057RD/P11 recording an order
of magnitude higher permeability at 10* um?2. Massive sulphide sample 065RD/P16, showed a
similar permeability to the Si-Fe core materials (10* pum?2). Granular massive sulphide material
(073RD/28) exhibits a permeability two orders of magnitude higher, with a value of 102 um?(Table
73).

This wide range of variation in permeability is expected based upon the connected porosity

variation between the samples.
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Table 73: 'Current' whole core permeability values

Sample Lithology k (nm?) k (d)
050RD/P3 (Southern) Unit A 2.16x 10° 2.19x10°
050RD/P8 (Southern) Unit A 4.45x10” 4.51x107
073RD/P14 (MIR Zone) |Unit B - -
076RD/P6 (MIR Zone) Unit B - -
050RD/P11 (Southern) |Unit C 1.38 x 10° 1.40 x 10°
057RD/P11 (Rona) Unit C 1.62 x 10* 1.64 x 10*
065RD/P16 (Rona) MS 3.68x 10* 3.73x 10*
073RD/P28 (MIR Zone) |MS 1.74 x 102 1.77 x 102
733 Silica threshold permeability

Permeability values were calculated to reflect the relative increase in connected porosity by
‘removing’ the late-stage silica (digitally) with all samples showing late-stage silicification resulting
in a decrease in permeability. Unit B samples had no calculable permeability in their current form
but recorded permeability values of ~10 and 10 um? (or darcy). Unit C samples also showed a
decrease in permeability from ~10* um? (or darcy)pre-late-stage silicification, to 10%-10 um? (or

darcy) in the current samples (Table 74).

Table 74: Pre-'late-stage’ silicification permeability values

Sample Lithology k (um?) k (d)

073RD/P14 (MIR Zone) |Unit B 2.97 x10* 3.01 x10*
076RD/P6 (MIR Zone) |UnitB 3.05x 103 3.10x 103
050RD/P11 (Southern) |UnitC 2.55x 10* 2.58x 10*
057RD/P11 (Rona) Unit C 3.12x10* 3.16 x 10*
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73.4 Difference in permeability between current and silica thresholded values

As neither of the Unit B samples showed connected porosity in the whole core samples, the relative
change in permeability cannot be properly quantified. Only Unit C samples displayed connected
porosity in their current core form, and when the late-stage silica generation was digitally removed.
Permeability values decreased to ~5 and 50% of the ‘pre-silicification’ permeability values (Table

75).
Relative permeability change (Ak) was calculated as follows:

kcurrenT
Ak (%) = ———— %100
(%) ksiL-rreE )

Table 75: Relative change in permeability due to late stage silicification

Sample Lithology Ak (%)
073RD/P14 (MIR Zone) Unit B N/A
076RD/P6 (MIR Zone) Unit B N/A
050RD/P11 (Southern) Unit C 5.4
057RD/P11 (Rona) Unit C 51.9

7.3.5 Summary of Whole core porosity/permeability across the Si-Fe cap

There is no trend between the volume of total porosity and permeability throughout the Si-Fe cap
and the underlying massive sulphide samples analysed (Figure 142A). Similarly there is also little

trend between volume of connected pore space and permeability (Figure 142B).
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Figure 142: (A) Permeability vs connected porosity, and (B) Permeability vs total pore space plots

Comparison between Units shows that Unit B samples from the Si-Fe cap rock show the most

variation (Figure 143). Late-stage silica removed 3D volumes show connected porosity in the order

of ~ 10,000 mm?3, but current samples show no connected porosity, and total porosities between

~3 and 12 times lower. Similarly, permeability values are zero in current samples, but in the silica
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free values were ~ 103 to 10* um?, broadly similar to Unit A material that has not undergone the

same ‘late-stage’ silicification as Units B or C.

Porosity (mm®) Permeability (um?)
10° 10° 10° 10°
10° 10° 10" 10° 10 10"

© [ | *
on *
[} @
[ | ®

L | @ *

ol 0O *
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- *

—m— ‘Current’ total porosity
—— ‘Current’ connected porosity
o 'Si-free’ connected porosity

—k— ‘Current’ permeability
‘Si-free’ permeability

Figure 143: Summary of the current total porosity, current connected porosity, and 'Si-free'
connected porosity, current permeability and 'Si-Free permeability throughout the Si-Fe cap Unit

and two types of massive sulphide from the whole core samples.
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7.4 Results - Porosity and Permeability of heterogeneous textures —

intra-core analysis

The whole core samples of Unit B, out of all three of the Si-Fe cap Units, had no connected porosity
in their current form, and had their porosity reduced between ~50% and 95% during late stage
silicification. However, the whole core sample methodology does not take the heterogeneous

textural variation throughout the Si-Fe cap into account.

It is possible that the variable textures may exert a control on the connected porosity and
permeability. To test this, subvolumes of the heterogeneous textural variation across each of the
Si-Fe samples are analysed (See Figure 144). These subvolumes are the same resolution as the

whole core images, but are more representative of certain textures.

Each sub-volume is assessed for total porosity and connected porosity in all three (x-, y-, and z-)
axes. Assessing the connected porosity in all three axes enables interpretation of a pore network
and an understanding of which directions a fluid would be physically able to move throughout the
material. If no connected porosity exists in the z-axis, but exists in either the x-, or y-axes, then fluid
would be able to move horizontally, but not vertically, and vice versa. The appropriate axes for each

connected porosity assessment are denoted in each table.
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7.4.1 Total and connected porosity - Current

74.1.1 Unit A

Total porosity ranges from 3.3 to 17.3 % and averages at 9.2%, with connected porosity ranging
from 1.4 to 15.7 % and averaging at 6.4 % across the seven sub-volumes investigated (Table 76). On
average ~60% of the porosity in sub-volumes from Unit A material are connected. Connected
porosity appears to be controlled by texture, 050RD/P3 sub-volume 1 exhibited the highest porosity
and the highest percentage of connected porosity. This sub-volume is representative of the more

filamentous-dominated material and also contains sub-horizontal tube-like void spaces.

The connected porosity appears to not have a dominant axis with four of the seven sub-volumes
analysed exhibiting connected porosity in all three axes. Two sub-volumes have connected porosity
only in the horizontal planes (x or x and y), and one only in the z plane. This implies that potential
fluid movement throughout Unit A is generally not limited to one direction, and does not represent

significant anisotropy.

Table 76: Summary of total and connected porosity for Si-Fe Unit A samples using the subvolume

method

Sample Sub-volume ID | ®rora ®connecrep (um?3) % of porosity
and descriptive | (um3) « 2 ‘connected’
feature

050RD/P3 |1 - filamentous|904.3 817.4 817.4 817.4 90.4
area (17.3 %) (15.7 %) (15.7 %) (15.7 %)
2 — clasts with|407.5 198.0 198.0 198.0 48.7
desiccation (7.8 %) (3.8%) (3.8%) (3.8%)
cracks
3 - mixed|514.8 - - 333.0 64.7
filamentous and|(9.9%) (6.4%)
clast dominated
4 — clasts with|654.6 446.0 446.0 - 68.1
desiccation (12.5%) (7.8 %) (7.8 %)
cracks
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050RD/P8 |1 — filamentous|411.0 3114 3114 3114 75.8
and (7.8%) (5.9%) (5.9%) (5.9%)
homogenous Si-

Fe material

2 —‘granular’ and |314.4 144.7 144.7 144.7 46.0
homogenous  Si-| (6.0 %) (2.8%) (2.8%) (2.8%)

Fe

3 - desiccation|174.3 - - 72.9 41.8
cracks and| (3.3%) (1.4%)

filamentous

7.4.1.2 Unit B

Sub-volume total porosities ranged from 4.9 % to 22.9 % and average 11.1 % across the two Unit B
samples studied, showing a large variation in porosity within each sample (Table 77). Despite this
range of porosity, the connected porosities within each sub-volume are much smaller, ranging from
0.8 to 8.6 %, averaging 4.1%. This difference shows that even though the total porosity of the Unit
B material can be quite large, there is no significant correlation between amount of total porosity
and the connected porosity. On average, only 40% of the pores in Unit B are connected, ~ 20% less
than in Unit A. Even though total porosities of each sub-volume are broadly comparable, the
connected porosity is lower. The two sub-volumes with the largest pore volume in each Unit (Unit
A - sub-volume 1 - 050RD/P3, and Unit B sub-volume 3 — 076RD/P6) recorded ~ 900 and ~1200 pum?,

however the connected porosities in each sample are ~820 and 450 um?respectively.

The distribution of porosity within the sample appears to be controlled by certain textures, but
connected porosity appears independent of texture. Where Unit B material is relatively
homogenous (i.e. 076RD/P6 — sub-volume 1) total porosity is low, but connected porosity of ~ 3%
is comparable with other sub-volumes (and so ~97% of porosity is connected in this sub-volume).
In contrast, 076RD/P6 sub-volume 3 has one of the highest total porosities at 22.9%, however only

37.6% of this total porosity it connected.

Although connected porosity exists in each of the sub-volumes analysed for Unit B material, it is
interesting to note that the prevailing direction of connected pores is in the horizontal, not the

vertical, plane. Only 2 out of the 6 sub-volumes had connected porosity in the z axis. This implies
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that although connected porosity exists there is a prevailing horizontal movement potential over

vertical movement.

Table 77: Summary of total and connected porosity for Si-Fe Unit B samples using the subvolume

method

Sample Sub-volume | ®rora ®connecrep (um?3) % of porosity
ID and | (um?3) ‘connected’
descriptive
feature X y 2

073RD/P14 1 - larger|331.4 230.2 230.2 - 69.6
area of | (6.3%) (4.4%) (4.4%)
desiccation
cracks
2 — mixed|384.7 162.3 - - 42.5
clast and |(7.3%) (3.1%)
matrix
3 —clastsand |683.9 298.9 125.3 - 43.7 —x
open  pore|(13.0%) (5.7%) (0.8%) 18.3-y
space

076RD/P6 1 - largest|256.9 158.8 158.8 - 61.8
open void in | (4.9%) (3.0%) (3.0%)
sample
2 — more|642.0 156.3 156.3 156.3 24.4
homogenous (12.3%) (3.0%) (3.0%) (3.0%)
Si-Fe
material
3 -11197.8 - - 451.6 37.6
spiderweb  [(22.8%) (8.6%)
mesh of
filaments
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7.4.13 Unit C

Total porosity ranged from 7.6 to 17.6 % in Unit C samples, averaging at 12% porosity from the 5
different sub-volumes, with connected porosity ranging from 3.3 to 17.0 % and averaging at 8.6%
(Table 78). Despite being the deepest Si-Fe Unit, Unit C has both the highest average total porosity
value and highest average connected porosity values of the Si-Fe cap material. On average ~68% of
the pores in Unit C material are connected, ~30% higher than Unit B, and ~10% higher than Unit A

material.

The highest total porosity volume of Unit C (sub-volume 3 — 050RD/P11) is similar to the highest in
Unit A (sub-volume 1 — 050RD/P3), and also exhibits a similar highest percentage of connected
porosity at 97% compared to 90%. This high connected porosity value is associated with the largest
pore space in core sample 050RD/P11 with small areas of filamentous material, in contrast to the

entirely filamentous areas in 050RD/P3.

Overall, this implies that Unit C and Unit A material are broadly similar in connected porosity, both
with significantly higher connected porosity volumes than Unit B material. The highest instances of
connected porosity though, are directly associated with open void spaces and filamentous material.
Connected porosity in Unit C is more dominated by large pore spaces, whereas Unit A is more

dominated by filamentous material.

Connected porosities within four of the five sub-volumes of Unit C occur in all three axes, with the
remaining sub-volume (sample 057RD/P11, sub-volume 2), exhibiting connected porosity in both
the x- and z- dimensions. This shows that there is no dominant axis of connected porosity within

Unit C material and fluid was free to move in all directions.

Table 78: Summary of total and connected porosity for Si-Fe Unit C samples using the subvolume

method
Sample Sub-volume | ®roraL ®connecteo (UmM?3) % of porosity
ID (um3) ‘connected’
X y z
050RD/P11 1 — sulphide|395.7 306.9 306.9 306.9 77.6
enclaves (7.6%) (5.9%) (5.9%) (5.9%)
with  open
voids
2 — open|919.5 889.9 889.9 889.9 97.3
voids  and|(17.6%) (17.0%) (17.0%) (17.0%)
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filament

dominated
3 — minor|477.6 170.6 170.6 170.6 35.7
filaments (9.1%) (3.3%) (3.3%) (3.3%)
and
homogenous
Si-Fe
057RD/P11 1 —1380.1 313.2 313.2 313.2 82.4
filamentous |(14.2%) (11.7%) (11.7%) (11.7%)
and clasts of
Si-Fe
2 — clasts of|308.7 142.9 - 142.9 46.2
Si-Fe, (11.5%) (5.3%) (5.3%)
sulphides,

and minor

filaments

7.4.1.4 Massive Sulphide

Two different massive sulphide core samples were analysed using the same CT method: a granular

sample (073RD/P28), and a more massively recrystallised sample (065RD/P16).

Total porosity in the massively recrystallised material ranges from 8.9 to 16%, averaging 11. %, and
connected porosity ranges from 3.1 to 15.7%, averaging 8%. Total porosity in the granular material
ranges from 16.7 to 18.7% averaging 17.4%, with connected porosity ranging from 16.3 to 18.1%,
averaging 16.8% (Table 79).

On average ~60% of the porosity in 065RD/P16 is connected, compared to ~95% of 073RD/P28. The
granular nature of the massive sulphide accounts for the high degree of connected porosity within
the material, and the percentage of connected porosity in the massive recrystallised massive
sulphide material is broadly similar to the overlying Unit A and Unit C material of the Si-Fe cap rock
material. This implies that the recrystallised massive sulphide material may have a similar low

permeability.

Two sub-volumes from massive sulphide sample 065RD/P16 only show connected porosity in one
of three axes, with the third sub-volume showing connected porosity in all three axes. Sub-volume

3 from 065RD/P16 is dominated by one of the larger void spaces in 065RD/P16, hence the higher
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degree of porosity being connected. In contrast 073RD/P28 showed connected porosity in all three

axes in all three sub-volumes. This shows that the recrystallisation of the sulphides likely exerts a

control on the connected porosity of the material, limiting and reducing both the total and

connected porosity. The recrystallisation process converts a granular material where a high amount

of connected pore space is present between grains, to become a massive area of sulphide with a

much lower area of connected pore space. Unlike the Si-Fe material, subvolumes of the sulphide

material are relatively homogenous.

Table 79: Summary of total and connected porosity for massive sulphide samples using the

subvolume method

Sample Sub- Drora ®connecrep (UmM?) % of porosity

volume ID |(um3) ‘connected’
X y z

065RD/P16 1 - least|557.3 - - 283.2 50.8
irregular | (10.6%) (5.4%)
voids
2 —1468.5 - 160.4 - 34.2
moderate |(8.9%) (3.1%)
irregular
voids
3 — largest|838.0 823.8 823.8 823.8 98.3
irregular | (16.0%) (15.7%) (15.7%) (15.7%)
voids

073RD/P28 1 — mixed|979.5 946.7 946.7 946.7 96.6
granular (18.7%) (18.1%) (18.1%) (18.1%)
2 — mixed|886.9 852.4 852.4 852.4 96.1
granular  1(16.9%) (16.3%) | (16.3%) | (16.3%)
3 — mixed|1076.7 1047.6 1047.6 1047.6 97.3
granular  1(16.7%) (16.0%) | (16.0%) | (16.0%)
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7.4.2 Late silica overgrowth: impact on total and connected porosity
7.4.2.1 Unit B

Unit B samples often exhibit jigsaw brecciation where iron oxide-free silica infills fractures and pore
spaces (see Chapter 5). This lack of iron oxide often manifests as a density difference between iron
free silica and ‘jasper’ in CT scans of Unit B samples. Therefore, variable thresholding of the samples
can allow digital removal of the overgrowth silica, showing what the sample looked like without

this late-stage silica addition.

To calculate the relative difference in connected porosity, the connected porosity (%) that is
determined from the whole-sample volume is subtracted from the connected porosity determined
from the sample volume in which the silica overgrowth has been digitally removed. The relative
change is attributed to the volume change of connected porosity as a result of the late stage
silicification. This is done in the z-axis direction to determine changes in the effectiveness of the

cap-rock to prevent upwards or downwards migration of fluids (Table 80).

As a result of the late-stage silicification, connected porosity decreases to between ~9 and 36 % of
the ‘silica free’ connected porosity (in sample 073RD/P14), and between ~14% and ~24%, in sample
076RD/P6 (Table 80). This significant decrease in porosity from the silica free material to the current
material is the likely explanation for the lower connected porosity and pore spaces in Unit B
compared to the other two Units. This implies that late-stage silicification in Unit B has a strong
relationship with the control on connected porosity. It also important to note that after
thresholding the last silica generation out of Unit B samples, all sub-volumes exhibited connected

porosity in the z axis, something which only two sub-volumes of 076RD/P6 showed previously.

Relative change in connected porosity (% A daxis-con) is calculated as follows:

P 51L-FREE (AXIS CON) (um?)

% A @pxis-con = ( *100)

PCURRENT (AXIS CON) (um?)

Table 80: Summary of connected porosity and change in connected porosity due to late stage

silicification in Si-Fe Unit B samples

Sample Code |Sub-volume ID Daxiscon (kM3) | ADaxis-con (LmM3) ADaxis-con (%)
073RD/P14 1 — larger area of 1268.34 1038.18 18.2
desiccation cracks (24.2%)
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2 — mixed clast and 445,51 283.20 36.4

matrix (8.5%)
* 3 — clasts and open 1447.22 x =1148.30 20.7
pore space (27.6%) y=1321.94 8.7
076RD/P6 1 - largest open void 1127.11 968.24 14.1
in sample (21.6%)
2 - more 1055.46 899.13 14.8

homogenous Si-Fe (20.2%)

material
3 - spiderweb mesh 1850.30 1398.68 24.4
of filaments (35.4%)

* = Silica connected porosity is in all three axes, original porosity in x and y axes only

7.4.2.2 Unit C

Unit C material is similar to Unit B in that it exhibits late-stage iron-sulphide-free silica overgrowths.
Digital removal of the late stage silicification was undertaken to generate connected porosity

values for both the original sample volume and before the late stage overgrowth.

As a result of the late-stage silicification, connected porosity decreases to between ~20 and 65% of
the ‘silica free’ connected porosity (in both samples 050RD/P11 and 057RD/P11) (Table 81). In
general, this is a much lower relative change compared with Unit B. The result is not entirely
expected, based on studies of thin sections from the materials alone. There are several explanations
for this: It is likely that the bleaching effect that has affected Unit C material results from a loss of
iron oxide, decreasing the atomic density of the ‘jasperoidal’ material, and bringing it closer to that
for pure silica. This makes differentiation between the bulk material and late-stage silica
overgrowth harder to identify in the X-Ray CT scans. The CT scans also reveal open pore space, in
spatial association with the bleached areas, indicating a causal relationship between the bleaching
process and dissolution of earlier material, possibly by high temperature reduced fluids, leaving

open pore spaces and bleached (iron removed) silica.
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Table 81: Summary of connected porosity and change in connected porosity due to late stage

silicification in Si-Fe Unit C samples

Sample Code |Sub-volume ID Daxis con (LmM3) | ADaxis-con (um?3) ADaxis-con (%)

050RD/P11 1 - sulphide enclaves 468.98 162.05 65.4
with open voids (9.0%)
2 — open voids and 1374.15 484.22 64.8
filament dominated (26.3%)
3 — minor filaments and 795.20 624.57 21.5
homogenous Si-Fe (15.2%)

057RD/P11 1 - filamentous and 480.12 166.89 65.2
clasts of Si-Fe (18.0%)
2 — clasts of Si-Fe, 633.19 490.32 22.6
sulphides, and minor (23.7%)
filaments

743 Absolute permeability simulations — current

74.3.1

Unit A

The permeability in Unit A subvolumes are broadly similar (at the same order of magnitude), with

values ranging from ~2.5 x 10> pm2to ~5.8 x 10> um?, with the exception of sample 050RD/P3 sub-

volume 3 (1.2 x 10"t um?). With the exception of sub-volume 3, permeability values across both

Unit A samples average at ~ 3.0 x 10 um? (Table 82).

Table 82: Absolute permeability values for Si-Fe Unit A subvolumes

Sample Code |Sub-volume ID k (um?) K (d)

050RD/P3 1 —filamentous area 5.76 x 10 5.84 x 10°
2 — clasts with desiccation cracks 2.89x10° 2.93x10°
3 — mixed filamentous and clast dominated 1.23x 10" 1.24x 10*
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4 — clasts with desiccation cracks 3.00x10” 3.04x10”
050RD/P8 1 —filamentous and homogenous Si-Fe material 3.50x 10 3.55x10°
2 —‘granular’ and homogenous Si-Fe 2.77 x 10° 2.80x 10°
3 — desiccation cracks and filamentous 2.52x10” 2.55x10”

7.43.2 Unit B

The permeability of Unit B subvolumes are broadly similar (at the same order of magnitude) to each

other, and Unit A material, within values ranging from ~2.2 x 10 to 6.5 x 10°. Average permeability

across all six sub-volumes of Unit B material is ~ 3.5 x 10 um? (Table 83).

Table 83: Absolute permeability values for Si-Fe Unit B subvolumes

Sample Code |Sub-volume ID k (um?) k (d)

073RD/P14 1 — larger area of desiccation cracks 2.20x 107 2.23x 107
2 — mixed clast and matrix 3.15x10° 3.19x10°
3 —clasts and open pore space 2.24x10° 2.27 x10°

076RD/P6 1 — largest open void in sample 6.55x 10° 6.63 x10°
2 —more homogenous Si-Fe material 2.82x10° 2.86x10°
3 - spiderweb mesh of filaments 4,53 x10° 4,59 x10°

7433 Unit C

The permeability of Unit C subvolumes are broadly similar (at the same order of magnitude) to each

other, Unit A and Unit B material. Values range from ~2.3 x 10° to 8.8 x 10" and across the five sub-

volumes average out at ~ 5.3 x 10> um? (Table 84).

Table 84: Absolute permeability values for Si-Fe Unit C subvolumes

Sample Code |Sub-volume ID k (um?) k (d)

050RD/P11 |1 —sulphide enclaves with open voids 6.51x10° 6.59 x 10°
2 — open voids and filament dominated 8.72x10° 8.83x10°
3 — minor filaments and homogenous Si-Fe 2.28x10° 2.31x10°
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057RD/P11 1 — filamentous and clasts of Si-Fe 5.25x 10° 5.32x10°

2 — clasts of Si-Fe, sulphides, and minor filaments 3.6x10° 3.65x10°

7434 Massive Sulphide

The permeability of massive sulphide subvolumes are broadly similar to the Si-Fe cap materials, but
also include two sub-volumes which have higher permeability values (by an order of magnitude).
Values range from ~2.5 x 10° to 6.0 x 107, with two values at ~ 1.55 x 10™*. Average permeability
values for the massive recrystallised sulphide was ~ 7.5 x 10, with average values for the granular

massive sulphide material ~¥1.1 x 10 (Table 85).

Table 85: Absolute permeability values for massive sulphide subvolumes

Sample Code |Sub-volume ID k (pm?) k (d)
065RD/P16 1 - least irregular voids 450 x 10° 4.56 x 10°°
2 — moderate irregular voids 2.46x10° 2.50x10°
3 — largest irregular voids 1.54 x 10* 1.56 x 10*
073RD/P28 1 — mixed granular 1.57 x 10* 1.60 x 10
2 —mixed granular 5.93x10° 6.01x10°
3 — mixed granular 7.84x10° 7.95x 10°®
7.4.4 Absolute permeability simulations — After silica removal

7441 Unit B

Permeability values for the silica thresholded material are variable, but are typically an order of
magnitude higher than in the non-silica thresholded material. Values range from ~ 1.3 x 10* to ~
3.15 x 10, with one value recorded ~ 2.5 x 10° and another of ~9.8 x 10™ (Table 86). Average
permeability over the six sub-volumes is ~ 1.5 x 10™*. When compared to the current permeability
values of Unit B material (~3.5 x 10) the pre-late silica-overgrowth permeability is an order of

magnitude higher.
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Table 86: Absolute permeability values for pre-‘late-stage’ silicification Si-Fe Unit B subvolumes

Sample Code |Sub-volume ID k (nm?) k (d)

073RD/P14 |1 - larger area of desiccation cracks 2.53x10° 2.57x10°
2 — mixed clast and matrix 1.51x10* 1.53x 10*
3 —clasts and open pore space 1.42 x10* 1.44 x 10*

076RD/P6 1 —largest open void in sample 3.14x 10* 3.18x 10"
2 — more homogenous Si-Fe material 9.73x10° 9.85x 10°
3 - spiderweb mesh of filaments 1.28 x10* 1.29x10*

7.44.2 Unit C

Permeability values for the pre-late silica overgrown material are variable, but are typically one to
two orders of magnitude higher than in the whole volume material (after overgrowth) (Table 87).
Values range from ~1.9 x 103 to ~ 7 x 10> um?. Average permeability of pre-late silica overgrown
material across the five sub-volumes is ~5 x 10 um?, and is an order of magnitude higher than

current permeability values.

Table 87: Absolute permeability values for pre-‘late-stage’ silicification Si-Fe Unit C subvolumes

Sample Code |Sub-volume ID k (um?) k (d)

050RD/P11 |1 - sulphide enclaves with open voids 1.50x 10* 1.52x10%
2 — open voids and filament dominated 1.90x 103 1.92x 103
3 — minor filaments and homogenous Si-Fe 6.91x10° 7.00x 10°

057RD/P11 1 — filamentous and clasts of Si-Fe 1.02x10* 1.03x 10"
2 — clasts of Si-Fe, sulphides, and minor filaments | 2.45 x 10 2.48 x 10

7.4.5 Difference in Permeability between current and silica thresholded values

As expected, the decrease in connected porosity between current whole volume material and pre-
late silica overgrowth material results in a significant decrease in permeability values: to between

~5% and ~85% of the permeability pre-late-stage silicification (Table 88).
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Table 88: Change in porosity due to late stage silicification in Si-Fe Units B and C using the

subvolume method

Sample Sub-volume ID Ak (%)
076RD/P6 1 —larger area of desiccation cracks 87.0
2 — mixed clast and matrix 20.9
3 —clasts and open pore space 15.8
073RD/P14 |1 - largest open void in sample 20.9
2 — more homogenous Si-Fe material 29.0
3 - spiderweb mesh of filaments 35.4
050RD/P11 |1 —sulphide enclaves with open voids 43.4
2 —open voids and filament dominated 4.6
3 — minor filaments and homogenous Si-Fe 33.3
057RD/P11 |1 —filamentous and clasts of Si-Fe 51.5
2 —clasts of Si-Fe, sulphides, and minor filaments 14.7
7.4.6 Summary of ‘Subvolume’ assessment of porosity and permeability

Similar to the whole core sample analysis, there is no correlation between connected porosity and

permeability (Figure 145).
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Figure 145: Plot of permeability vs connected pore space throughout the Si-Fe Unit and massive

sulphide subvolumes. R? value of 0.06 shows the lack of trend throughout the data.

When comparing individual Units together using this methodology it appears that the general
permeability is uniform throughout most of the samples between 10* and 10° um?2. The main
exception is the one subvolume from Unit A (050RD/P3) where the filamentous-dominated
material shows ~ 4 orders of magnitude higher permeability than the rest of the Si-Fe cap rock
samples (Figure 146). Similar to the whole core methodology, the permeability values of the silica

thresholded samples are higher than the current values by ~ 1 order of magnitude.
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Figure 146: Summary of the current total porosity, current connected porosity, and 'Si-free'

7.5

7.5.1

Three samples (Unit A - 050RD/P8, Unit C - 050RD/P11, and Unit B - 076RD/P6) were analysed at
high resolution scans (~1-2 um resolution) these appeared homogenous in the lower resolution
scans (~35 um) whole core scans. The aim was to test for ‘micro-porosity’ in the Si-Fe cap rock

samples.

A similar reduced volume processing technique was applied to investigate porosity and

permeability at this scale with sub-volumes of ~500x500x500 voxels (i.e. ~ 0.6 mm?3) investigated

¢ ‘Current’ connected porosity
‘Si-free’ connected porosity

connected porosity, current permeability and 'Si-Free permeability throughout the Si-

Fe cap Unit and two types of massive sulphide from the ‘sub-volume’ methodology.

Results - Investigating micro-porosity using higher resolution CT

imaging

Sample scans
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(Figure 147). Reduced quality of the data was chosen as a compromise to get multiple areas in the

same sample within the allotted scan time.

Figure 147: (A) High-resolution cubic sub-volume, with (B) total porosity, and (C) connected

porosity. Subvolume is ~ 0.6 mm3.

7.5.2 Porosity vs connected porosity

At this smaller scale, in areas which did not appear to be porous at the ~35 micron resolution, visible
porosity can be detected at <2 micron resolution, indicating ~80% or greater connected porosity
throughout sub-volumes (Table 89). The implication of this is that the whole core, low resolution
(~35 micron) CT imaging does not take this ‘micro-porosity’ into account. High quantities of
connected micro-porosity may lead to the interpretation that the Si-Fe samples are more

permeable when this micro-porosity is taken into consideration.

In Unit B material, micro-porosity was also observed within both sub-volumes analysed, revealing

high percentages of connected porosity (~ 95%) (Table 89).

Connected micro-porosity also exists within Unit C materials, but is typically lower than Units A and

B, with a lower percentage of connected porosity averaging ~ 50% (Table 89).
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Table 89: Summary of total porosity and connected porosity in the 'high resolution' subvolumes of

Si-Fe Unit A samples

Unit, Sample |Scan Area | Sub- ODrora ®connecrep (Um?3) % of porosity
ID and volume |(um3) ‘connected’
X Vi z
Location ID
Unit A 1 1 20.22 19.41 19.41 19.41 96.02
050RD/P8
2 34.99 34.48 34.48 34.48 98.54

Southern
Mound 3 20.45 18.53 18.53 18.53 90.63

2 - 14.74 11.77 11.77 11.77 79.82
Unit B 1 - 29.72 27.80 27.80 27.80 93.66
076RD/P6

2 - 51.71 50.1 50.1 50.1 98.84
MIR Zone
Unit C 1 - 8.11 3.79 - 3.79 46.7
050RD/P11

2 - 12.0 6.8 6.8 6.8 56.7
Southern
Mound

7.53 Absolute Permeability Simulations

Due to the similarities between total porosities and connected porosities in each of the sub-

volumes analysed only two permeability simulations were undertaken in each sample.

In Unit A (sample 050RD/P8), two volumes that were assessed by permeability simulations recorded
different orders of magnitude of permeability, at ~10® and ~10"* um?, both significantly lower than
the ~ 10 pum? permeability values for the lower resolution scans (Table 90). This implies that
although micro-porosity exists within clasts and jasperoidal material of Unit A, the significantly

lower permeability values would have little to no effect on the overall permeability of the sample.

In Unit B (sample 076RD/P6), two volumes investigated by permeability simulations recorded
permeability values that were one and two orders of magnitude lower than the permeability values
simulated in the lower resolution HMX samples (Table 90). Although these permeability values are
closer to the lower resolution scan results, similar to Unit A material, this micro-porosity is not

expected to have much of an impact on a sample scale.
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In Unit C (sample 0505RD/P11), two areas investigated by permeability simulations recorded
permeability values that were three orders of magnitude lower than the permeability values
simulated in the lower resolution HMX samples (Table 90). Similar to both Units A and B samples,
this significantly lower permeability values would have little to no effect on the overall permeability

of the samples.

Table 90: Permeability values of Si-Fe Unit A high resolution subvolumes

Unit, Sample ID, and Location Scan k (um?) k (d)
Area

Unit A, 050RD/P8, Southern Mound |1 5.39x 10! 5.46 x 10'*
2 9.17 x 10 9.30x 10%

Unit B, 076RD/P6, MIR Zone 1 4.40x 10°® 4.45x 10°®
2 4.95x 107 5.02 x 107

Unit C, 050RD/P11, Southern Mound |1 6.10x 108 6.18x 108
2 6.69 x 108 6.78 x 108

7.5.4 Summary

This investigation has shown that the detected percentage of connected porosity in all three Si-Fe
units is dependent on the resolution of the CT imaging system. Even though micro-porosity exists
to a greater or lesser extent, the permeability values calculated through this material as a result of
the connected micro-porosity are typically 2 or more orders of magnitude lower than permeability
values calculated from the lower resolution scans. Therefore, the ‘micro-porosity’ identified by the
high-resolution imaging does not make a significant contribution to the overall permeability of the

Si-Fe capping material.

7.6 Summary

7.6.1 Porosity vs connected porosity

One of the key observations from both hand specimen and thin sections is that the Si-Fe capping
material often shows porosity, however the premise is that the Si-Fe cap acts as an impermeable

barrier. Therefore, the key parameter is connected porosity, rather than total porosity.
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No systematic link has been identified between total porosity and connected porosity. Units A and
C show some degree of axis connectivity (x and/ory), with only one Unit C sample from Rona Mound
(057RD/P11) showing connectivity in the z-axis. Unit B material showed no axis connectivity at all.
This implies that Unit B material from Southern Mound and MIR zone are more impermeable than
the rest of the Si-Fe capping material, but the majority of the Si-Fe material analysed are

impermeable in the z-axis.

In general, the Si-Fe capping materials show less connected porosity then the underlying massive
sulphide material. The granular massive sulphide (sample 073RD/P28 from beneath the Si-Fe cap)
exhibits axis connectivity in all three axes with the majority of the porosity connected, it exhibits
the highest porosity and total porosity of any whole core sample. Sample 065RD/P16, the
recrystallised massive sulphide, exhibited connected porosity in the x- and y-axes, most similar to

Unit A material (sample 050RD/P8).

Investigation at the reduced sub-volume scales (~500x500x500) contrasts with the whole core
samples, and reflects the heterogeneity of the core samples. Porosity varies significantly for each
sub-volume in each sample and shows that textural variation exerts a significant local control on
porosity and connected porosity. The majority of smaller sub-volumes in all three Si-Fe capping
materials show connected porosity in at least 2 of the three axes, showing a higher degree of
connectivity than the whole core samples. Z-axis connectivity is present in most of Unit A sub-
volumes, and all Unit C sub-volumes, but only in one out of 6 of Unit B sub-volumes. This
observation correlates well with the whole core samples showing that Unit B material has little to

no pore connectivity in the z-axis.

In both whole core samples and sub-volumes, investigation and modelling clearly show that
connected porosity has significantly decreased due to the late-stage silicification. In the whole core
samples, Unit B samples have had either two (x- and y- 073RD/P14), or three (x-, y-, z-axes,
076RD/P8) axis sealed by the late stage silica generation with total porosity reduced to ~ 8% and
34% of the pre-late-stage silica porosity. Unit C samples show reduced total porosity volumes to ~
37% and ~49% of pre-late-stage silica values for Southern Mound (050RD/P11) and Rona Mound
(057RD/P11) respectively, with the sealing of porosity in one, and two axes, and connected

porosities decreasing to ~ 30% and 40% of the pre-silicification volumes.

7.6.2 Permeability variation

Whole core Unit B samples did not display connected porosity in any axis, and therefore are
considered impermeable. Where permeability could be calculated, connected porosity is typically

limited to the x- or y-axes in Si-Fe samples (i.e. no axis connectivity in the z-axis), with the exception
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of one Unit C sample from Rona Mound (057RD/P11). The recrystallised massive sulphide samples
showed connected porosity broadly similar to Unit A samples (connected porosity in the x- and y-
axes). The granular massive sulphide samples exhibit the highest connected porosity of any whole

core sample, and implies permeability in all three axes.

Permeability values from whole core samples are broadly similar, at 10* to 10° um?, in all Si-Fe
samples, despite the variation in connected porosity in Units A and C. Recrystallised massive
sulphide (065RD/P16) also records a similar permeability value at a magnitude of 10 um?2. Only the
granular massive sulphide sample (073RD/P28) exhibits a significantly different permeability value
at 102 um?, showing that the granular sulphide material is more permeable than the recrystallised

sulphides and Si-Fe capping material by 2 to 3 orders of magnitude.

Upon digital removal of the late-stage silica the change in connected porosity and permeability (as
a result of silicification) can be determined. Permeability values have decreased from ~103 or 10*
um? to being impermeable (no connected porosity in the x-, y-, or z-axes) in Unit B samples. Where
connected porosity exists in the current Si-Fe samples (Unit C), the relative decrease in connected
porosity due to late stage silicification is to ~20-65% of the initial ‘pre-silicification’ connected
porosity, with permeability values decreasing to ~5 and 50% of the ‘pre-silicification’ permeability

values.

Permeability calculations using the sub-volume method shows that the significant variation in
porosity and connected porosity due to the heterogeneous material is generally not reflected in the
overall permeability values. With the exception of one sub-volume in Unit A material (permeability
value of 10"t um?), all sub-volume permeability values for Si-Fe material ranged between ~2.2 and
8.7 x 10° um?2. The two massive sulphide samples showed a wider range of permeability values
ranging from 10 to 10° pm? (065RD/P16) and 10 to 10°® um? (073RD/P28). The permeability
values for the recrystallised massive sulphide sample are broadly similar to the Si-Fe capping
material. However the permeability values for the granular massive sulphide sample are lower than

expected based upon the whole core sample.

Digital removal of late-stage silica-overgrowth for Unit B and C samples showed that permeability
values decreased to between 103 to 10° um?, which equated to ~5 and 90% of the ‘pre-silicification’

permeability values.

7.6.3 Implications from the porosity and permeability study

Ultimately, the connected porosity and permeability investigation has determined several key

features of the Si-Fe cap rock that support the interpretation that it is impermeable, and provided
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evidence of the impact of ‘late-stage’ silicification. The lack of current connected porosity in the Si-
Fe core samples shows that there is no physical way for fluid to pass through the samples vertically.
Lateral connected porosity (in the x- and y-axes), shows that there Si-Fe cap rocks may enable

limited lateral movement.

Late-stage silicification, which had affected Units B and C, resulted in significant decrease in
connected porosity in both Units. This decrease in connected porosity has resulted in no connected
porosity in Unit B, and limited connected porosity in Unit C. This decrease in connected porosity
has also resulted in decreased permeability values by 1 to 2 orders of magnitude, because of late-
stage silicification. Thus this late-stage silicification appears to be a ‘sealing’ event of the Si-Fe cap.
This impermeable cap would therefore inhibit vertical ingress of seawater, creating a physical
barrier to the underlying massive sulphide orebody, and inhibit any vertical flow of late-stage
buoyant hydrothermal fluids. This impermeable barrier has therefore likely imparted a strong
control on the hydrological regime of the studied eSMS deposits, and may be a significant feature

for rapid preservation of eSMS deposits.
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Chapter 8 Discussion

The aim of this study was defined at the start of this thesis. It is focused on testing the hypothesis
that there is some mechanism during the closing stages of hydrothermal activity, which acts to help
seal a seafloor massive sulphide ore body at depth, thus restricting the ingress of oxygenated
seawater and enhancing preservation of the deposit as it ages. In the preceding chapters, | have
provided evidence for the extent and occurrence of a Si-Fe capping lithology (Chapter 3), explored
the mechanisms of its formation, its origin, and the processes responsible for its generation
(Chapter 5 - Chapter 7). Here, | bring these various strands together and make the argument that
this is a common mechanism occurring at extinct SMS deposits, that has wider implications for both

the metal tenor of the current ocean floor and the global metal cycle.

In bringing the strands of evidence together, | make an assessment of the textural, mineralogical,
and geochemical characterisation of the hydrothermal sediments and Si-Fe cap rock Units. By
drawing on this characterisation, and comparing the Si-Fe cap rocks to the occurrence and
formation of similar lithologies throughout geological history, the origins of the main three
constituents of the Si-Fe cap rock (iron oxide/oxyhydroxides, silica, and sulphides) can be
interpreted and a paragenesis presented herein. Porosity and permeability simulations based on
X-Ray CT data, coupled with textural and mineralogical assessment, provides evidence of the
impermeable nature of the Si-Fe cap, and considerations of what this feature could have on the

hydrological regime on eSMS deposit are considered in this Chapter.

Finally, the commonality of the processes forming the Si-Fe cap, combined with the implications
the Si-Fe cap material has on preservation of eSMS deposits is considered in a wider view, with

regards to seafloor oxidation rates, and the potential for base metal reservoirs on the seafloor.

8.1 Origins of the hydrothermal sediments, silicification, and

sulphidation — how to from a Si-Fe cap

8.1.1 Origins of hydrothermal sediment protolith — iron oxide/oxyhydroxides

The iron oxides and oxyhydroxides in the Si-Fe cap material are interpreted to be inherited from
the overlying hydrothermal sediments (summarised i Figure 105, Section 5.6.4). Therefore to
understand the origin of the iron component in the cap, one must understand the accumulation

processes that have formed the sediments.
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As discussed in Chapter 2, iron oxides and oxyhydroxides typically form in three main ways at
hydrothermal sites: during gossan formation, as exhalites, and from microbially mediated
precipitation. All three of these processes can form ferrihydrite, an amorphous, metastable,
hydrous iron oxyhydroxide. On a relatively short timescale, ferrihydrite can subsequently
dehydrate, and transition to less hydrous, more crystalline iron oxide (i.e. haematite) or
oxyhydroxide (i.e. goethite) depending on the environmental conditions. As all of these processes
can form both goethite and haematite, other mineralogical, textural, or geochemical features have

been investigated to shed further light on the formation mechanisms of the iron material.

8.1.1.1 Evidence of massive sulphide weathering

The chemical reactions and processes involved in sulphide weathering have been detailed in
Chapter 2 with ferrihydrite and iron oxyhydroxide (likely goethite) being the primary oxidation

products of pyrite, marcasite, and chalcopyrite.

The main identifying features that, in general, indicate the iron oxides are a product of sulphide
weathering include: co-precipitation or formation of other secondary metal sulphides, oxides, or
hydroxides, relict preserved primary sulphide textures within iron oxides, and high base metal

content in the iron oxides (reflecting their origin as primary hydrothermal sulphide material).

Secondary copper minerals (i.e. covellite, chalcocite, atacamite) are common weathering products
associated with both seafloor massive sulphide deposits and VMS deposits (USGS, 2012 and
references therein). Atacamite was observed or recovered on massive sulphide boulders at
Southern Mound, and from a weathered chimney at Rona Mound as part of this study (Section 3.2),
therefore it would be likely that any gossanous material derived from the sulphides of either mound

would also contain atacamite.

Few weathering product sulphides or base metal oxides were identified in any Si-Fe capping
material, nor overlying hydrothermal sediments at any mounds. The sulphides in Unit C do not show
any evidence of weathering, and only one sample (at Rona Mound - 057RD/P11) of the Si-Fe cap
material has a tentative example of secondary weathering product, with 2.3 wt% of natrojarosite
identified by XRD. Although atacamite was observed in a sediment core from the MIR Zone

(Dutrieux, 2019), no secondary metal chlorides were identified in the Si-Fe cap lithologies.
This general paucity of secondary weathering products can be interpreted in three ways:

- secondary products were initially present, but continued weathering resulted in the

destruction and complete mobilisation of all base metals (with the exception of iron);
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- the lack of secondary minerals indicates that the iron oxides were not a product of
weathering of sulphides;

- or, the limited presence of secondary products indicates a small contribution to the iron
oxide/oxyhydroxide by weathering of massive sulphides. Thus, the main contribution is for

another iron oxide/oxyhydroxide formation process.

One of the main processes associated with seafloor weathering, which aids seafloor gossan
formation, is mass wasting. Within a typical low energy deep-sea environment, weathering of
sulphide material often results in destabilisation and collapse of sulphide structures, which creates
localised high-energy environments and turbidity currents. Evidence of these collapse and mass
wasting events is observed in sediment sequences located distally from sulphide mounds (Murton

et al., 2019).

Accumulation of randomly sized and orientated clasts in brecciated material in the sediment Unit
M3, Unit A of Southern Mound, Unit C at Rona Mound, and Unit B in MIR zone (described
throughout Chapter 5), are likely a result of a high energy mass-wasting events. The lack of clast
sorting and the variation in clast size implies that the material would not have been transported
far, and is likely derived from sulphide dominated surface features, thus implying a gossanous

origin.

Textural observation of gossan formation from VMS deposits is often based on corroded, relict
sulphide material, or chimney structures preserved within the iron oxide dominated units. Limited
evidence of potential sulphide weathering material exists in the Si-Fe capping material. A clast of
silicified iron oxide material in 050RD/P3 exhibits a curved shape (Error! Reference source not f
ound.) which is reminiscent of a hydrothermal chimney cross section in contrast to the typical clasts
described in Section 5.3. If this clast is a fragment of silicified, weathered hydrothermal chimney, it

has undergone complete oxidation with no relict sulphide material remaining.

Relict, partially oxidised sulphides are rarely observed within Unit B material at both Southern
Mound (022RD/CC) and MIR Zone (076RDP6-8) (Sections 5.2.3 and 5.4.2). Opaque cubic grains were
initially thought to be pyrite, however in reflected light, the grain surface is clearly corroded and
oxidised to haematite (Figure 75). At MIR Zone, both oxidised and non-oxidised grains exist within
the same sample (Figure 76), which could be a function of differential weathering of grains from
the same sulphide generation, but is more likely to represent grains from different sulphide

generations with weathering of the first, but not the second.

In hydrothermal environments, iron oxyhydroxides, oxides, and manganese oxides can absorb base

metals onto their surface and can therefore contain elevated base metal content. Interpretation
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of surface gossanous material from the active TAG mound showed that base metal content of
gossanous iron oxides is likely controlled by the original base metal content of the primary sulphide

(Hannington et al., 1995).

Hydrothermal sediments, which directly overlie the Si-Fe caps, contain Cu concentrations of <300
ppm, and Zn concentrations of <450 ppm. Si-Fe cap Units average ~ 14 ppm Cu and 650 ppm Zn in
Unit A, ~36 ppm Cu, and ~150 ppm in Unit B, and ~110 ppm Cu, and ~2700 ppm Zn in Unit C (Section
6.3).

When compared to the gossanous material at the TAG active Mound (both gold-rich and gold poor
gossans, average surface samples, and shallow surface red and grey chert), a clear difference in
base metal content can be seen (Figure 148). TAG gold rich, gold poor, and surface samples all have
Cu+Zn values > 7000 ppm (Herzig et al., 1991; Hannington et al., 1995). Only one sample of the Si-
Fe cap Unit C from Rona mound (057RD/P10) has comparable Cu+Zn concentrations (~7200 ppm).
Two other samples from the Si-Fe cap had concentrations of ~5300 ppm (057RD/P10 — Unit C Rona
Mound) and ~1150 ppm (050RD/P12 — Unit B — Southern Mound), all other samples recorded Cu+Zn
concentrations between ~30 ppm and 700 ppm. Typical Cu+Zn concentrations of Si-Fe cap material
are between 1 and 2 orders of magnitude lower than gossanous surface material from the TAG
active mound. In contrast, the plot of red and grey chert material from the ODP drilling program

falls within the spread of Si-Fe cap Unit samples from the eSMS deposits (Figure 148).
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Figure 148: Plot of Si/Fe vs Cu+Zn concentrations of gossanous material from the TAG active mound,
Units M3 and M3 hydrothermal sediments, and Si-Fe cap Units A-C. Additional data from
Herzig et al. 1991, and Hannington et al. 1995. Unit M3 = 12 samples, Unit M4 = 3

samples, Unit A = 4 samples, Unit B = 20 samples, Unit C =5 samples.

In general, there appears to be a negative relationship between Cu+Zn and Si/Fe ratio when
comparing the TAG active mound samples (hollow symbols) to the eSMS samples (coloured
symbols). This variation may be a function of silica dilution, similar to the trends observed between

hydrothermal sediments and Si-Fe cap rock.

By using the technique described in Section 6.5, silica is removed from the total analyses and a silica
free value can be recalculated assuming a proportional increase in all elements (Figure 149). This
recalculation shows that Cu+Zn values for average Unit A and Unit B samples, and hydrothermal
sediment Units M3 and M4, were still ¥ 1 order of magnitude lower in concentrations than even
base metal-poor TAG samples. The higher concentration of base metals in Unit C samples is solely
due to the presence of late stage sulphides growth after silicification, and therefore post-date any

gossan-related activity.
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Figure 149: 'Silica removed' concentrations of Cu+Zn in a range of TAG hydrothermal field samples.
Unit M3 = 12 samples, Unit M4 = 3 samples, Unit A = 4 samples, Unit B =20 samples, Unit

C=5samples.

This pattern shows that the Cu+Zn vs Si/Fe negative trend is not associated with simple dilution by
silicification. Comparison of the hydrothermal sediments and Si-Fe cap rocks with gossanous
material and even red/grey chert from the TAG active Mound have significantly lower base metal

contents (~1-2 orders of magnitude).
This could be explained by:

- Gossanous processes not contributing much to the formation of the hydrothermal sediments
that are interpreted to have been the protolith of the Si-Fe cap
- Or assuming gossanous process have formed the hydrothermal sediments, then either:
= metal removal from the hydrothermal sediments has been more efficient at the
eSMS deposits, than at the TAG Active Mound,;
= or the sulphide assemblage at the eSMS deposits was lower in base metal content

compared to the TAG Active Mound.
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Based on this investigation, it is difficult to determine which of these processes is the most likely.
Textural evidence from Southern Mound (elevated Zn concentrations in Unit A samples, and
potential clasts of goethite after sulphide) and the MIR Zone (observation of atacamite in a
proximal sediment core to the boreholes), implies that some degree of gossan formation has

contributed to the Si-Fe cap, but this is not conclusive.

The lack of secondary metal sulphides, oxides, or chlorides, the lack of preserved relict sulphide
textures, and the low base metal content in comparison to gossanous material from the TAG active
mound provides little evidence for the input of iron oxide from the weathering or primary massive
sulphides into the hydrothermal sediment Units, which in turn became the protolith for the Si-Fe

cap.

The presence of an atacamite layer within the overlying hydrothermally derived sediments at the
MIR zone (Dutrieux, 2019), and the weathered pyrite grains within the Si-Fe cap implies that iron
oxide/oxyhydroxides derived from the weathering of massive sulphides does contribute to the
hydrothermal sediments and Si-Fe cap, but it is not likely to be a significant contribution. Therefore,
another iron oxide/oxyhydroxide formation mechanism, likely direct precipitation from

hydrothermal fluids, can explain the high iron oxide/oxyhydroxide contents.

8.1.1.2 Direct abiological precipitation from a hydrothermal fluid — Exhalite?

Exhalite deposits are chemical sediments formed by the accumulation of minerals precipitated from
hydrothermal fluids and include sediments derived from plume fallout, replacement of existing
sediments, and sub-surface precipitation of minerals . A variant called replacement exhalites are a
common product in back arc VMS deposits (i.e. Kuroko, Urals etc.) as described in Section 2.3 and
are typically a hydrothermal alteration product of existing overlying or associated volcanoclastic
(tuffaceous) material. They occur when continued hydrothermal flow results in the alteration and
replacement of volcaniclastic sediments to form iron oxides as an alteration/weathering product of
hydrothermal (Mg,Fe?*)-smectite clay (Maslennikov et al., 2012). The formation of tuffaceous
material is not a common feature of mafic volcanism at mid-ocean spreading ridges and therefore

it is unlikely that iron oxides are derived by halmyrolysis of volcanic-related exhalites

For the TAG hydrothermal field, there is no evidence for volcanic material (i.e. glass fragments or
partially weathered igneous material) in the Si-Fe cap, nor in the overlying hydrothermal sediments.
The extent of underlying volcanic material was mapped in Chapter 3, with the majority of the areas
of investigation showing sediment cover over either hydrothermal material, or pillow and flow
basalts. It is therefore unlikely that iron oxide material is derived from a replacement exhalite

mechanism.
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It is widely accepted that direct precipitation from hydrothermal fluids is one of the main iron
oxide/oxyhydroxide formation mechanisms in hydrothermal settings. When a low temperature,
reduced, iron rich, sulphur poor, hydrothermal fluid mixes within a seawater saturated (cool, and
oxidised) sediment sequence, sub-surface precipitation can occur spontaneously. This change in
redox results in the oxidation of aqueous Fe? and subsequent precipitation of amorphous
ferrihydrite (Schwertmann, 1983; Schwertmann et al. 1999), which is a significant mechanism for
iron oxide input into hydrothermal sediments, and which can be rapidly altered to more crystalline
polymorphs (i.e. goethite/haematite) depending on pH and temperature. At higher temperatures,
it is thermodynamically possible to directly precipitate haematite from a hydrothermal fluid by

mixing (Markl et al., 2006).

Because hydrothermally precipitated ferrihydrite can be converted into either haematite or
goethite, the presence of goethite or haematite is not a unique indicator of sulphide weathering.
Evidence for the pH conditions during Si-Fe cap diagenesis has been presented in Section 6.5, and
interpreted that prevailing pH of between ~4 and 6 was necessary to create the characteristic REE
patterns associated with the hydrothermal sediment Units. At these pH conditions, and low
temperatures (<30°C), goethite would be a more dominant oxidised iron product (Figure 150). At

higher temperatures and more neutral to basic pH, haematite would be likely to dominate.
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Figure 150: pH and temperature controls on the precipitation of goethite and haematite from

ferrihydrite from Schwertmann et al. (1999). Surface represents the relative

Hm
Hm+Gt

proportion of haematite and goethite precipitation, i.e. if = 0.5, then

product is 50% haematite, 50% goethite.

Assuming a model in which mixing of a reduced, sulphur-poor, warm hydrothermal fluid with
oxidised, cool, seawater within a hydrothermal sediment sequence causes iron oxide precipitation,
and in which the goethite-haematite conversion from ferrihydrite is temperature related, then a
vertical stratification of goethite over haematite might be expected. Indeed, this trend is observed
throughout Southern Mound, with sediment Unit M3 and Si-Fe Unit A both being dominated by
goethite, and Units M4, B, and C, being dominated by haematite. This temperature-induced trend,
observed in iron oxides, is similar to the temperatures obtained by the oxygen isotope
geothermometry of silica, implying cooler, temperatures at shallower depth below seafloor, and
warmer temperatures at greater depth. This trend, however, is not observed at MIR zone, where
oxygen isotope formation temperatures remain relatively consistent throughout, and goethite is
present at depth in one borehole. This could be explained by the fact that goethite was present as

part of the initial sediment and was not altered to haematite upon silicification.
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Textures related to direct precipitation from hydrothermal fluids have been classified into two main
types in this study: ordered; and disordered. Ordered precipitation results in some form of
controlled growth textures, i.e. colloform or dendritic growth, which also provide nucleation sites
promoting further precipitation. Where no organised textural growth forcing is exerted (i.e. little to
no dendritic or colloformic growth), the amorphous iron oxide and iron oxyhydroxide material is

typically fine grained or colloidal, representing ‘disorganised’ precipitation.

Hydrothermal sediment Unit M4, and to a lesser extent M3, both have high quantities of
amorphous and fine-grained iron oxides/oxyhydroxides. Unit M4 is almost entirely fine-grained
material, and is considered to represent a product of disorganised hydrothermal precipitation. Unit
M3 appears to be a combination of disorganised precipitation, and gossanous mass wasted

material.

Both colloform and dendritic iron oxide growth textures are observed in the overlying hydrothermal
sediments, but are more common in the Si-Fe cap material, particularly Unit A and Unit C at Rona
Mound. Colloform growth textures have historically been interpreted as fine-grained sequential
mineral precipitation from a gel, but are more likely to simply represent a direct crystallisation
mechanism (Roedder, 1968; Barrie et al., 2009). Dendrites are considered a primary texture of
direct precipitation from hydrothermal fluids. They are typically fractal in appearance, and their
growth is typically thought to be a product of a diffusion limited aggregation mechanism (Chopard
et al., 1991; Hopkinson et al., 1998). Both of these textures are a result of direct iron oxide or
oxyhydroxide precipitation from supersaturated fluids (Roedder, 1968; Chopard et al., 1991 and

occurs throughout the sediments and is preserved in the Si-Fe capping material.

Fractal iron oxide dendrites within agates at the TAG hydrothermal field are a product of both
diffusion limited aggregation and supersaturation-nucleation depletion cycles (Ortoleva et al.,
1987). The agates were initially a precursor silica gel, which creates the diffusion limited
environment facilitating the dendritic iron oxide growth textures. Supersaturation-nucleation
cycles are interpreted to be responsible for the spontaneous precipitation of iron oxides, and on
precipitation, the iron oxides trigger silica crystallisation within the gel precursor. Further discussion
on this mechanism can be found in Section 8.1.2. The implication behind this process is that the
ordered iron oxides precipitated after the formation of a silica gel, and thus provides evidence of

the relative timing of dendritic growth against silica formation.

8.1.1.2.1 Biological mediated precipitation mechanism?

The role of microbes and bacteria in the precipitation of iron oxide in hydrothermal environments

is often hypothesised for ancient VMS analogues, but difficult to prove as organic material is lost
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during geological preservation. In modern settings, organic material has been found, and as such
microbial/bacterial presence can be directly linked to iron oxide/oxyhydroxide precipitation. The
role of microbia is important because it provides a biological mechanism of iron oxidation from
reduced fluids in an extreme environment, and the contribution of iron oxidation by biological
process could represent a significant process of iron precipitation at seafloor vent sites (Emerson

and Moyer, 2002b).

Filamentous material is common within the Si-Fe capping material from the TAGHF (Sections 5.2.4,
5.3.3, and 5.5.3). However, there is a lack of organic material in any of these samples, and hence
there is a lack of direct evidence for the involvement of microbes or bacteria. This lack of a direct
link is shared with Si-Fe material in ancient VMS deposits. Instead, the morphology and habit of the
filamentous material offers the best method for determining the extent of biogenicity for the

filamentous material throughout the Si-Fe cap.

The most likely iron oxidising bacteria in this kind of setting are Gallionella, Leptothrix, or
Sphaerotilus (Little et al., 2004), which require low temperature, near neutral pH, low oxygen
fugacity (i.e. reduced conditions) and ferrous iron rich fluids to survive (Boyd and Scott, 2001).
Based on the geochemical changes during formation of the Si-Fe cap rock (See Chapter 6), low
temperature (minimum of ~60-80 °C from 880, See Section 6.5.4) reducing fluids of weakly acidic
pH (pH 4-6) are interpreted to be the geochemical conditions causing silicification. These conditions

appear to fit into the natural domain range of all three potential iron oxidising bacteria (Figure 151).
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Figure 151: Oxygen fugacity vs pH diagram for a range of iron oxidising bacteria

common in hydrothermal settings (from Boyd and Scott (2001))
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The role of biological involvement in precipitation of ferrihydrite is a common feature at seafloor
hydrothermal sites, and these processes have been well summarised in the literature ((Boyd and
Scott, 2001). A condensed route taken by iron precipitated from hydrothermal fluids in the TAGHF

is presented based on these interpreted processes (Figure 152).
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Figure 152: Interpreted processes resulting in iron oxide precipitation and formation, including
biotic influence. 1) Chemical oxidation, 2) continued chemical oxidation and
precipitation, 3) microbial oxidation and precipitation, 4) Phase transformation (pH

and/or temperature controlled). Edited from Boyd and Scott, 2001.

8.1.2 Origins of silicification — formation of the Si-Fe cap

| have shown that the un-silicified hydrothermal sediment Units (M3 and M4) are the probable
protolith of the Si-Fe cap, that have later been exposed to several silicification events . The question
arises, therefore, about the origin of the silica and mechanisms for its precipitation. Two main
mechanisms of seafloor silicification are known: cherts derived from biological silica; and

hydrothermal silica deposits.

Examples of biogenic silica in the TAGHF hydrothermal Fe-rich sediments are restricted to sparse
skeletal diatoms and radiolaria. No biogenic silica is observed in the underlying Si-Fe cap rocks
despite the Fe-rich sediments being their protolith. However, the fluids impregnating the sediments
with silica and converting them into the Si-Fe cap rocks will probably have destroyed any pre-
existing biogenic silica during the silicification process, thus destroying any textural evidence. Even
if this is the case, the amount of biogenic silica is negligible and cannot account for the increase in
silica represented by the change from Fe-rich sediment to Si-Fe cap rock, and requires an external

source.

Based on both historical VMS and modern-day SMS analogues (Chapter 2), and the physical,
geochemical and isotope observations (Chapter 5 and Chapter 6), it is clear that the majority of
silica associated with both the Si-Fe capping material, and likely the silica component of the

hydrothermally derived sediments, is predominantly of hydrothermal origin.
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The main mechanisms for silica precipitation in hydrothermal environments are described in
Chapter 2. Considerations of phase equilibria and pH indicates that precipitation of silica appears
to be a mainly a function of temperature (Carrol et al., 1998). Hence, the silicification of the
hydrothermal sediments is a result of cooling of silica-rich hydrothermal fluids, and not changes in
pH. Although quartz can precipitate directly from silica undersaturated seawater at ocean bottom
conditions (~4°C) (Mackenzie and Gees, 1971), it can also remain in solution despite being
supersaturated due to its high activation energy (Krauskopf, 1956). Therefore, temperature
constraints or dissolved silica concentrations of fluids influence, but may not always govern, the
spontaneous precipitation of silica. As temperature decreases, so does the quartz solubility, which
promotes silica precipitation from fluids with lower dissolved silica concentrations (Krauskopf,
1956). However, as temperature decreases, the kinetics of quartz precipitation slow, which further
inhibits crystallisation (Krauskopf, 1956; Williams and Crerar, 1985; Williams et al., 1985). These
two effects cancel each other out, which often results in quartz not being precipitated, despite
being supersaturated. In contrast, the kinetics of amorphous silica precipitation are faster, hence
even at low temperatures amorphous silica can precipitate when the fluid is supersaturated with
respect to amorphous silica, over quartz (Krauskopf, 1956; Williams and Crerar, 1985; Williams et

al., 1985).

Two types of silica polymorph are identified throughout the Si-Fe cap, with the textural and
geochemical data implying precipitation as amorphous silica precipitation and through subsequent
recrystallisation and dehydration transitions to a-quartz via hydrous metastable silica polymorphs
(opal-CT, and opal-C). This supports the concept that the silica, throughout the Si-Fe cap, has been

precipitated as amorphous silica that has undergone varying degrees of maturity.
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Using this assumption, and the oxygen isotope formation temperatures for the two main
silicification events, the minimum dissolved silica content of the silicifying fluids can be obtained
from the plot of silica solubility vs temperature. Saturation limits of silica in fluids are controlled by

the solubility of each silica polymorph, and the solubility is controlled by temperature (Figure 153).
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Figure 153: Silica saturation curves for quartz and amorphous silica with respect to temperature and
silica (ppm). Edited from Gunnarsson & Arnorsson (2000). 1) Area where silica
concentrations are not saturated with respect to either amorphous silica or quartz. 2)
Area where silica concentrations are saturated with respect to quartz but not amorphous

silica. 3) Area where silica concentrations are saturated with respect to both amorphous

silica and quartz.

Hydrothermal fluids cool in two ways: conductive cooling of high temperature hydrothermal fluids,
or fluid mixing (resulting in cooling and dilution of dissolved silica). Conductive cooling would result
in little to no dilution of dissolved silica, whereas mixing hydrothermal fluids with seawater (average
~4 ppm dissolved silica), would result in silica dilution. These two mechanisms would result in

different pathways on the silica solubility curve plots (Figure 154).
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Figure 154: Conductive cooling: Three pathways for conductive cooling of three fluids containing
250, 500 and 1000 ppm silica, reaching amorphous silica saturation at temperatures
of ~70, ~125, and ~210°C respectively. Fluid mixing: Two mixing trends where a single
fluid of 1000 ppm 350 °C fluid mixes with variable amounts of a in cooler, lower Si
content fluid, resulting in silica saturation with respect to amorphous silica at the same

temperatures as conductively cooled 500 ppm and 250 ppm fluids.

Silica is being precipitated throughout the active TAG mound, estimated in the order of 10°or 10’
kg/yr by considering the differing silica content of hydrothermal vent fluids (James and Elderfield
1996). Concentrations of orthosilicic acid (Si(OH)4) have been recorded at ~ 22 mM/kg and ~19

mM/kg for black and white smoker fluids respectively (Tivey et al., 1995; James and Elderfield,
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1996). This equates to ~1300ppm and ~1100ppm of dissolved silica (SiO;) in solution for end-
member black smoker (350°C) and white smoker (250°C) fluids respectively (Figure 155).
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Figure 155: Conductive cooling trends of TAG black (black line) and white (grey line) smoker fluids.
Dashed lines show the temperature at which the cooled fluid would become

supersaturations with respect to amorphous silica, enabling precipitation.

Based on these measured concentrations of silica, both fluids are supersaturated with respect to
quartz, but not supersaturated with respect to amorphous silica at their recorded temperatures.
Black smoker fluids would have to be cooled to ~ 260°C, and white smoker fluids cooled to ~230°C
to be supersaturated with respect to amorphous silica, assuming conductive cooling alone (Figure

155).

Using the maximum and minimum silica formation temperatures from oxygen stable isotopes for
the Si-Fe cap materials, we can calculate the range of silica concentrations that are saturated with
respect to amorphous silica (Figure 156). Assuming conductive cooling of fluids alone, the silica
concentrations would have to be greater than ~210-280 ppm for Unit A (~60-80°C), ~390-570 ppm
for Unit B (~105-140°C), and ~370-800 ppm for Unit C (100-180°C) to be saturated with respect to
amorphous silica at the estimated formation temperatures. This implies that simple conductive
cooling of black or white smoker fluids is unlikely to account for the silicification of the Si-Fe capping

materials, as silica formation temperatures would be expected to be >230 °C.
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Figure 156: Range of predicted silica concentrations (max-min) of precipitating fluids for each of the
three Si-Fe cap rocks, based upon their formation temperatures. Orange band = Unit A,

Red band = Unit B, and Grey band = Unit C samples.

Instead, silicification is likely formed by mixing of higher temperature, silica-rich fluids, with lower

temperature silica-poor fluid (i.e. seawater).

Calculations of the necessary mixing ratios of end member fluids (seawater™ 4°C, black smoker
fluids ~350°C, and white smoker fluids ~250°C) to form appropriate formation temperatures of the
Si-Fe cap Units have been undertaken using the following formula:

(Mpq * Cp1 * Tpy + Mpy * Cpp * Tpy)
(Mpq * Cp1 + Mpg * Cpz)

Final temperature (°C) =

The calculations assume a final total mixing volume of 100 kg of fluid, and that both fluids have the
same specific heat capacity (4.2 j/g °K). F1 and F2 represent the two fluid endmembers being mixed,
m is the necessary mass fractions (in kg) for the respective fluid (out of 100kg) necessary to create
the final temperature, c is the specific heat capacity, and T is the temperature of the end member

fluids in °C. Mixing ratios are presented in Table 91.
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Table 91: Required fluid mixing ratios for black smoker fluid, white smoker fluid, and seawater to

obtain the interpreted silica formation temperatures

Temperatures BS:SW ratio | WS:SW ratios
(°C) needed needed
Unit A Average 70 1:4.3 1:.2.7
(n=4)
Max-Min 60-80 1:3.6-5.2 1:2.2-34
Unit B Average 122.5 1:1.9 1:0.9
(n=21)
Max-Min 105-140 1:1.5-2.4 1:0.7-1.2
Unit C Average 140 1:1.5 1:.1.2
(n=5)
Max-Min 100-180 1:1.0-2.6 1:0.6-25

To test to see if it is feasible for these fluids to precipitate silica, dilution calculations have also been
undertaken to determine the end silica concentrations of the mixed fluids. Seawater is assumed to
have ~16 ppm dissolved silica (Fabre et al. 2019), and the TAG black and white smoker fluids (~1320
ppm and 1140 ppm respectively (Tivey et al., 1995; Elderfield and Schultz, 1996; James and
Elderfield, 1996))have been used for this calculation (Table 92).

Diluted silica concentration (ppm) = Concgy * Wgq + Concg, * Wg,

Where ‘Conc’ is concentrations in ppm (i.e. mg/kg), w is the mass fraction of mixing, and F1 and F2

represent the two end-member fluids being mixed.
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Table 92: Summary of diluted silica concentrations based on the interpreted mixing ratios for black

smoker, white smoker, and seawater necessary to achieve the measured silica

formation temperatures

BS:SW ratio| WS:SW  ratios|BS:SW diluted | WS:SW diluted
needed needed silica silica
concentrations |concentrations
(ppm) (ppm)
Unit A Average 1:4.3 1:2.7 261 307
(n=4)
Max-Min 1:3.6-5.2 1:2.2-34 224 - 298 263 -351
Unit B Average 1:1.9 1:0.9 456 538
(n=21)
Max-Min 1:1.5-2.4 1:0.7-1.2 391 -521 461 - 615
Unit C Average 1:1.5 1:1.2 521 615
(n=5)
Max-Min 1:1.0-2.6 1:0.6-2.5 372 - 669 439 -791

Comparison between diluted silica values and anticipated silica concentrations needed to form the

respective Si-Fe cap Units general correlate well (Table 93). This shows that the diluted dissolved

silica contents of variably mixed seawater and black or white smoker fluids are generally at the

expected concentrations for saturation with respect to amorphous silica.

Table 93: Max-Min values of silica needed to be supersatured with respect to amorphous silica at

the range of temperatures measured for silica in each of the Si-Fe cap Unit and

calculated silica values from fluid mixing

Necessary silica|BS:SW diluted | WS:SW diluted
concentrations silica silica
needed (ppm) concentrations |concentrations
(ppm) (ppm)
Unit A Max-Min 210-280 224 - 298 263 -351
Unit B Max-Min 390-570 391-521 461 - 615
Unit C Max-Min 370-800 372 -669 439 -791
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When looking at the interpreted mixing lines (Figure 157), we can see that for white smoker fluids
direct mixing trends for Unit A material (~70 °C) from the initial white smoker fluid conditions
(~1100 ppm, ~250°C) would reach supersaturation with respect to amorphous silica at higher
temperatures than Unit A samples. Mixing lines from black smoker fluids, show that progressive
mixing of black smoker fluid with increased seawater concentrations could account for the range

of temperature observed in the Si-Fe cap.
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Figure 157: Fluid mixing trends from black smoker (left) and white smoker (right) fluids, assuming

TAG fluid temperatures and silica concentrations

The paragenesis of the Si-Fe capping material at each of the mounds studied in this investigation

imply a complex history of silicification, which appears to differ at mound scale.

8.1.2.1 Southern Mound and MIR Zone — Multiple silica generations

Southern Mound presents the most complete recorded of Si-Fe cap Units and silica genesis.
Hydrothermal sediments were only recovered from Southern Mound and although rare crystalline
silica was identified (by XRD), transparency in thin section and SEM EDS mapping implies that silica
is present in low concentrations compared to the Si-Fe cap. In both boreholes where sediments
were recovered, the only underlying Si-Fe capping material recovered was Unit B material which
contained quartz (022RD, and 031RD). 050RD recorded the presence of both opal-CT and quartz

silica polymorphs with oxygen isotopes registering different formation temperatures for each.

At least two generations of silica have been identified at both Southern Mound and the MIR Zone,
with the assumption that the hydrothermal sediment was infiltrated by a silica rich fluid, which on
cooling, precipitated an amorphous silica gel. This gel subsequently started to mature resulting in
crystallisation and desiccation. It is thought that the formation of the second silica generation,
interpreted to have been precipitated from a higher temperature fluid, helped increase the silica
maturation rate, of the first generation while simultaneously precipitating and maturing the second

generation of silica, where they overlapped spatially.
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A question that remains about the distribution of silica in the Si-Fe cap (at Southern Mound), is why
it varies from two similar boreholes (022RD and 031RD) to 050RD. The simplest explanation is
discussed above is that any evidence of an early lower temperature silicification event overprinted

was by a higher temperature event, which aided maturation of the silica polymorphs.

This presents an interesting spatial observation, implying that the early silicification event reached
similar depths across southern Mound (2-3 m below the seafloor), whereas the later higher
temperature generation reached variable depths (~¥2-3 m at 022RD and 031RD, but ~ 5-6 m at
050RD). If the two silica generations are interpreted to represent an ‘isotherm’ where the silica
formation temperatures represent the temperature at which the hydrothermal fluids were cooled
sufficiently to enable silica precipitation, then this could imply different temperature ranges across

the mound between silica events.

It is possible that the type of hydrothermal sediment could indicate and play a role in silica
precipitation. For example the lower temperature opal-CT silica generation is interpreted to have
silicified Unit M3 sediment, is dominated by clasts of material and appears to be more porous,
whereas the ‘jasper’ material in Units B and C does not exhibit the same degrees of porosity, and is
interpreted to be silicified Unit M4 material. The higher porosity of unit M3 would have enabled
more seawater to be entrained, than Unit M4, thus locally providing a larger temperature gradient

during fluid mixing, and potentially decreasing the mixing fluid temperature.

Silica assemblages at TAG appear to be temperature controlled. Hopkinson et al. (1999) observed
two temperature types of quartz, differentiated by the presence of aluminium zoning in high
temperature samples (>360°C). Aluminium is strongly hydrolysed or polymerised in typical ocean
water, and as such not available for incorporation into silica at low temperatures (Frondel, 1982;
Hopkinson et al., 1999). None of the samples analysed as part of this investigation recorded
significant aluminium concentration (10-13 ppm), implying silica formation temperatures of

<360°C. This is supported by the estimated silica formation temperatures from oxygen isotopes.

8.1.2.2 Rona Mound - ‘high’ temperature opal-CT

Only opal-CT, the metastable silica polymorph, is present at Rona Mound. The amorphous fraction,
identified in XRD, is interpreted to be predominantly amorphous silica, based on the immaturity of

the crystalline silica assemblage, and the low iron contents of the Si-Fe materials.

Silica in Unit B material is present as coating and infill of filamentous iron oxide material throughout.
This texture does not suggest that the iron oxide material has formed within, or been encased by,

a precursor silica gel, as observed and proposed for the TAG active mound (Hopkinson et a/.1999).
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A precursor gel would likely result in complete silicification, whereas the textures observed at Rona

Mound appear to be more similar to silica precipitation on ramified iron oxides.

Unit C material presents a slightly different story, with dendritic and filamentous material appearing
to show the complete silicification infill associated with a silica gel precursor. This formation
mechanism is further evidenced by clear observation of the silica extent after the bleaching effect

of iron oxides.

This variation could hint towards the difference in silica formation temperatures between the two
Units. Unit C could be dominated by a precursor silica gel forming and beginning to crystallise, but
not maturing to the extent of being a mixed opal-CT and quartz assemblage (i.e. as in Unit A). In
contrast, Unit B silica could represent silica precipitation directly from a hydrothermal fluid,

nucleating off existing iron oxide structures.

If the assumption is correct, that cooled TAG hydrothermal fluids are supersaturated with respect
to silica (at say ~ 160 to 180°C), then the presence of filamentous iron oxide material acting as
nucleation sites could trigger spontaneous amorphous silica precipitation. Chemically similar fluids
may also be responsible for the formation of the silica gel, but may not have been able to cool
efficiently to form a silica gel in the shallower Unit B material, but gel formation was possible within
Unit C material. This scenario would explain the higher temperatures, and the silica textural
variation between Units B and C at Rona Mound, but seems counter-intuitive with ‘deeper’ material

being cooler than shallower material.

The presence of filamentous haematite and opal-CT coatings at Rona Mound is seemingly
comparable with the ‘unique’ haematite and opal-CT hydrothermal mounds in the East Blanco
Depression (Section 2.4.1.3). These mounds are interpreted as representing iron oxide microbial
mats which have been silicified by low temperature, strongly oxidised, silica- and iron- rich, and
sulphur poor fluids (Hein et al., 2008). This interpretation broadly fits the paragenesis of Unit B
material at Rona Mound as we have predominantly filamentous and dendritic iron oxides that have
provided a surface for silica precipitation. The different temperatures may be explained by two

different pulses of silicification.

8.1.3 Origins of Sulphides

Partially oxidised sulphides are present in Unit B material, particularly from the MIR Zone (Section
5.4.2). These sulphides are interpreted to be relict and derived from the gossanous material derived

from weathered massive sulphide and are not thought to be related to the deeper bleaching and
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sulphidation of Unit C material at Southern and Rona Mounds. This implies some degree of mass

wasting/weathering of existing hydrothermal material is contributing to the Si-Fe cap rocks.

Unoxidised pyrite grains, observed in Unit B material from both Rona Mound and MIR zone, exhibit
an iron oxide free silica halo and are interpreted to represent bleaching of jasperoidal material by
iron oxide reduction and near in-situ recrystallisation into pyrite. This texture is also observed at
the TAG active mound (Petersen, 2000) and particularly within the low temperature Kremlin zone.
This texture, although uncommon, implies that reduced and (probably) sulphur limited fluids were

able to permeate into the Si-Fe cap material.

Clear textural evidence from both Southern and Rona mound shows that these disseminated
sulphides post-date silicification in Unit C samples (Section 5.5.2). Sulphides overgrowing existing
silica textures, and exhibiting interstitial growth in void spaces show that sulphidation is likely the

last stage of the Si-Fe cap formation.

The hydrothermal fluids, which precipitated the sulphides in the Si-Fe cap, must have been
chemically different from the fluids that precipitated iron oxide material. They are likely to have

also been thermally different from the fluids that precipitated the silica.

Hydrothermal fluids that precipitated the initial iron oxides (that formed the hydrothermal
sediment protolith) must have initially been reduced (becoming oxidised upon iron precipitation),
low to moderate temperature, sulphur-poor and iron-rich. If the fluids were fully oxidised they
would not have been able to transport iron, and if the fluids contained sulphur then iron sulphide
(pyrite or marcasite) would have been precipitated rather than iron oxides. Fluids responsible for
the subsequent silicification events did not exceed 180°C. Sphalerite geothermometry (i.e. an
estimation of fluid temperature of the sulphide formation) provides estimates of formation
temperatures between ~250 and 400°C, implying that the sulphide mineralising fluid was

significantly hotter than previous hydrothermal fluids involved in the formation of the Si-Fe cap.

Together, this evidence indicates that the sulphides probably formed from a moderate-high
temperature, chemically reduced, sulphur-rich fluid, but which was not iron-rich. The bleaching
affect in Unit C shows that pre-existing iron oxide material was reduced and the iron remobilised
before being incorporated into the disseminated sulphides within Unit C material. The amount of
iron remobilised (during the bleaching of hard rock) is not likely to exceed ~ 10 to 15 wt%, based
on the iron concentrations of Unit B or C material, therefore it is likely that remobilised iron was
used to form the sulphides in addition to any that may have been dissolved in the hot late-stage

fluid.
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Itis likely that these late stage fluids were sulphur limited, which could explain the lack of sulphides
at shallower depths in the Si-Fe capping sequence. Exhaustion of the sulphur, supplied from the
fluid, by reacting with the iron and precipitating sulphides at depth, would alter the physico-
chemical properties of the hydrothermal fluids. There is potential that the same fluid, upon cooling
and mixing with oxidised seawater, could precipitate iron oxides and/or silica, and could further
contribute to the late-stage silicification of the cap. A similar mechanism is interpreted to have
formed the Tetsusekiei in Kuroko type VMS deposits (Section 2.3.4). However, the most likely
reason for the presence of sulphides at depth is likely to have been a physical barrier, i.e. the

impermeable Si-Fe cap itself.

8.1.3.1 Source of Sulphur?

The hydrothermal fluids responsible for the precipitation of the iron oxides were sulphur poor,
while the fluids responsible for silica formation had moderate temperature (<180°C) and were also
sulphur poor. Although neither of these fluids could precipitate sulphides, the occurrence of iron
leaching and sulphide precipitation implies a chemical change in fluids involving the addition or

increase in sulphur.

The source of sulphur in the formation of the massive sulphides could have been from magmatic,
biological, or seawater sources. Without the planned sulphur isotope analysis, it is difficult to
determine the exact origins of the sulphur. However, some of the textures and data observed in

this study can shed some light on the potential origins of the sulphur.

The sulphidation of Unit C material post-dates silicification and by this point in the hydrothermal
cycle, the Si-Fe cap is interpreted to have already formed, thus inhibiting seawater ingress. The
decreased potential for seawater ingress therefore implies that the sulphur forming the
disseminated sulphides at depth is unlikely to be a product of a reduction of infiltrated seawater.
The contribution of reduced seawater cannot be discounted however, as the inward-dipping faults
that dissect Southern and Rona Mound could provide potential fluid pathways for seawater ingress

into the mound.

The origins of these faults are unknown, but are hypothesised to be a result of anhydrite dissolution
at depth causing mound collapse (Murton et al., 2019). As anhydrite dissolution occurs at
temperatures <150°C (Blount and Dickson, 1969) this process is interpreted to occur during the
waning stage of hydrothermal circulation, similar to the formation conditions for the Si-Fe cap. It is
impossible to know the temporal relationship between the faulting, or whether the two features
interact with each other at depth (as the extent of the cap is only estimated), based on the current

data. If the faults post-date the cap formation and late stage sulphidation, then seawater pathways
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would have been limited. However if the faults pre-dated the sulphidation, and penetrated to
depths beneath the Si-Fe cap, or displaced the cap (assuming the cap extends laterally for enough)

it could have provided a proximal conduit for seawater ingress to contribute sulphur.

The most likely source of sulphur is magmatic, obtained during hydrothermal fluid alteration at
depth. Magmatic sulphide is considered to represent a significant contribution to sulphide
formation at the TAG active mound, and other seafloor massive sulphide deposits globally (Scott,
1983; Herzig, Petersen and Hannington, 1998). The occurrence of chalcopyrite, pyrite and
sphalerite in the Si-Fe cap is comparable to the underlying massive sulphide ore mineralogy,
particularly the relative dominance of sphalerite in the sulphide assemblage in Unit C at Rona
Mound, and the underlying sulphide. Sphalerite geothermometry from the Si-Fe cap allows
estimation of formation temperatures to between ~250°C and 400°C, which is again comparable
with temperatures of precipitation from primary hydrothermal fluids, and the underlying sphalerite

material (Lehrmann et al. 2019).

8.2 Paragenesis of the Si-Fe cap

Upon review of historical geological analogues, modern seafloor systems, and the physical and
chemical observations a paragenesis for the Si-Fe capping material has been interpreted for each
of the three sites investigated. All three sites have unique features that show the significant

variation and diversity at mound-scale, and within a single hydrothermal field.

8.2.1 Southern Mound

The paragenesis presented in the following subsections is a generalised sequence of events based

on the idealised stratigraphy, variations to this generalised paragenesis are also discussed.

8.2.1.1 Stage 1 — Accumulation of iron oxide-rich hydrothermal sediments and localised

silicification

The precursor sediment to the Si-Fe capping material is iron oxide and iron oxyhydroxide-rich

sediments derived from a range of processes including (schematically shown in Figure 158):

- Weathering and collapse of surface sulphide features;
- Hydrothermal plume fallout;
- Low temperature abiological precipitation;

- Biologically mediated iron oxidation.
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During peak hydrothermal activity, the majority of the high-temperature hydrothermal fluids would
be expelled at chimneys. However minor diffuse flow occurs all over the mound surface resulting
in iron oxides and localised minor silica precipitation at and within the shallow subsurface of the
mound. This process would result in partially silicified areas of laminated iron oxide-dominated
sediments, of the type evidenced in both the hydrothermal sediments and preserved in Unit A
material. This phenomenon is currently occurring at the TAG active mound forming a red and grey
chert (Petersen, 2000). Localised areas of sediment would likely have been silicified by low

temperature amorphous silica, which preserved sedimentary accumulation textures.

As the hydrothermal activity begins to wane, the system starts to cool and the low temperature
diffuse venting becomes the predominant hydrothermal process. With the lack of high temperature
reduced fluids sustaining the vents, cool oxygenated seawater starts to infiltrate, oxidise and
destabilise the surface-exposed sulphides causing mass wasting of chimneys and the formation of
accumulations of partially oxidised material. Mass wasting and gravity current transport of this
material creates localised high-energy environments that caused brecciation, and entrainment of
localised partially silicified material, in turbidity flows (Figure 158). Near-vent mass wasting deposits
would therefore contain a mixture of partially silicified iron oxide/oxyhydroxide fragments, and
weathered sulphide clasts. Continued low temperature diffuse flow would enable further
disorganised iron oxide precipitation within the clasts of the mass wasted material, and could
potentially also create organised dendritic growth from fluid into restricted pore spaces, increasing

the thickness of hydrothermally derived sediments.
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Figure 158: Generic Southern Mound hydrothermal sediment formation diagram. 1) Early sediments
dominated by mass wasting of sulphide material and/or low temperature diffuse
hydrothermal precipitation. 2) Continued mass wasting input, potential shift to low
temperature diffuse flow resulting in subsurface iron oxide precipitation and continued
surface sediment growth. Localised areas of silicification also occur during low
temperature diffuse flow areas (?) enabling clasts of Si-Fe to be accumulated in the
sediments as well. 3) Continuation of dominant low temperature hydrothermal

precipitation, but also beginnings of carbonate sediment accumulation.

Although the presence of iron oxides/oxyhydroxides implies precipitation or formation from
oxidised fluids, they retain a broadly similar REE pattern to strongly reduced hydrothermal fluids.
Adsorption of REEs onto iron oxides/oxyhydroxides in an oxidised environment preferentially
adsorbs HREEs over LREEs (between pH of ~4-6) (Liu et al., 2017), which explains the ‘low’
enrichment of LREEs in the sediments compared with seawater, or in both black and white smoker
hydrothermal fluids. This implies that the surface and near-subsurface conditions during

hydrothermal sediment accumulation were oxidative, and with a weakly acidic pH.

8.2.1.2 Stage 2 - First major silicification event

The first mass silicification event at Southern Mound likely resulted in synchronous silicification of

the thickness of the Si-Fe capping material (Figure 159). Either black smoker fluids or white smoker
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fluids mixed with seawater reduced the temperature of the fluid to ~60-80°C. At these
temperatures, silica would have been precipitated as a gel-like amorphous material within
hydrothermal derived sediments to form a ‘proto-jasper’(Figure 159). As Unit A material was only
recovered in one borehole it implies that this low temperature event reached different levels across
the mound within the existing hydrothermal sediment stratigraphy than later silicification events,
thus being preserved as a mixed opal-CT and quartz assemblage in ‘Unit A" material at Southern

Mound.

The presence of quartz is likely an indicator of the variable maturation of the Stage 2 event,
indicating that some of the opal-CT has begun to recrystallised to quartz but that this
transformation was not complete. FTIR data from Unit A material shows randomly distributed and
intermixed quartz and opal-CT within the matrix material, further supporting the idea that the

silicification is the product of a homogenous silica gel within the sediment stack.

8.2.1.3 Stage 3 — Second major silicification event

Evidence for a second major silicification event was recorded within Unit B and Unit C material.
Both Units B and C material have higher silica contents, are higher density, and have lower total
porosities(Figure 159). Oxygen isotope data implies that this second silicification event occurred at
a higher temperature (~115 - 180°C). Quartz is the only silica polymorph in both Unit B and C
material. The latest silica growth (i.e. outer layers in pore spaces or cracks) either exhibit drusy
crystal habits, implying either primary quartz growth or rapid dehydration and crystallisation, or
radial growth textures that have been preserved from opal-CT growth, despite recrystallisation to
quartz. This event is interpreted to be restricted spatially and has not significantly influenced the

overlying material of either Unit A (if present) or hydrothermal sediment Units M3 or M4.

8.2.14 Stage 4 - Sulphidation

Stage 3 implies a change in temperature of the hydrothermal system, increasing from ~ 60 to 120°C,
and is an indicator of a resurgence towards higher temperature hydrothermal activity (Figure 159).
This is supported by the bleaching and sulphidation of Unit C of the Si-Fe cap and, importantly, also
implies a chemical change in the hydrothermal fluids. Sulphide growth in Unit C material clearly
post-dates silicification and is either restricted to interstitial growth in pore space left after the last

generation, or overgrows smaller silica ‘globules’ or silicified features.

The general chemical composition and Eh of hydrothermal fluids involved in Stages 1 to 3 are
thought to be similar. The fluids must have been chemically reduced in order to transport Fe?

(Stage 1), and of low to moderate temperature to precipitate iron oxide and silica (upon fluid
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mixing), and to have little to no aqueous sulphur, otherwise the transported iron would precipitate

as sulphide upon fluid mixing.

1) Seawater

2)

Seawater

Hydrothermal Fluids

Hydrothermal Fluids

3)Seawater

4)

022RD 031RD

Hydrothermal Fluids

Hydrothermal Fluids

Figure 159: Four stage paragenesis of the silicification and sulphidation at Southern Mound. 1)

Seawater and hydrothermal fluids mixing within a hydrothermal derived sediment
sequence. 2) 'Front’ of silicification, no relationship between this boundary and the
boundary between Units M3 and M4 across the Mound. 3) Second stage of silicification,
less seawater and a higher degree of hydrothermal fluids interacting to precipitate and
mature silica faster, reached variable depths across the mound. 4) Late-stage, high
temperature, reduced, sulphur and base metal rich fluids resulting in localised bleaching

of the Si-Fe material and sulphide crystallisation.

The late stage growth of disseminated sulphide at depth (mainly in Units C) implies that the

dissolved sulphide component of the fluids must have increased after silicification had occurred.

The sphalerite geothermometry records that the temperature of the fluids had significantly

increases to be closer to that of typical primary hydrothermal fluids (with temperatures ~250 —

400°C).
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8.2.2 Rona Mound

The paragenesis of Si-Fe material at Rona Mound is based on the samples recovered from 057RD
as this was the only borehole to recover Si-Fe material. This means interpretation of spatial

variations as observed at Southern Mound, can only be speculation.

8.2.2.1 Stage 1 — Accumulation of iron oxide rich hydrothermal sediments and localised

silicification

Although no hydrothermal sediments were recovered from Rona Mound, the general sediment
accumulation mechanisms as described in Section 8.1.1 are thought to have also occurred at Rona
Mound. Texturally the deeper Unit C material at Rona Mound shares similarities with shallow Unit
M3 sediments and Unit A material from Southern Mound. The precursor sediment for this material
is interpreted to have formed from a combination of surface and sub-surface disorganised iron
oxide precipitation, and accumulation of weathered gossanous material from surface sulphide
material. Jasperoidal clasts in Unit C material provide the only textural evidence for localised
silicification. Similar to Southern Mound, rare jasperoidal clasts exhibit desiccation cracks implying

early silicification and desiccation before brecciation.

The main difference is the iron oxide protolith for Unit B material from Rona Mound, compared to
both Southern Mound and the MIR Zone. Here, the iron oxide material is almost entirely composed
of filamentous and dendritic growth textures with very little evidence of disorganised iron oxide
precipitation. This network of dendritic and filamentous material is interpreted to be a mixture of
biological and inorganic self-organised iron oxide precipitation which created a ramified network
for silica to precipitate upon. Figure 160 shows a schematic final sketch of Stages 2 and 3 formation

at Rona Mound.

8.2.2.2 Stage 2 - Silicification

Silicification at Rona mound is more difficult to interpret, with the main problems being the lack of
diversity in silica polymorphs, the formation temperatures, and the variable textures described

above.

Quartz (<0.5 wt%) is rare within Rona Mound, and opal-CT is the dominant silica polymorph. XRD
analysis showed that three out of the four recovered Si-Fe samples from Rona contained high
amounts of amorphous material (27 wt% to 34.5 wt%). Based on the lack of quartz, and the
immaturity of the metastable silica polymorphs some, if not all, of the amorphous fraction could be

amorphous silica.
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Texturally, there is little evidence for more than one major silicification event. Iron oxide dendrites
and filaments act as nucleation sites for silica precipitation and typically exhibit a relatively uniform
thickness of silica (~10-20um) in both Units A and C (at Rona Mound). The range of silica textures

observed can be explained by the range of silica polymorphs from amorphous to opal-CT.

The formation temperatures from oxygen isotope geothermometry provide the strongest evidence
for two different silicification events, as shallower Unit B materials have higher formation
temperatures than deeper Unit C material. The underlying assumption is that silica is precipitated
from fluid mixing of higher temperature hydrothermal fluids and low temperature seawater, the
source of said hydrothermal fluids coming from below the cap, and the source of cooler fluids
coming from seawater, above the deposit. Logically cooler formation temperatures (i.e. higher
seawater to hydrothermal fluids ratios involved) should occur in shallow material, with hotter
formation temperatures (i.e. higher hydrothermal fluid to seawater ratios involved) occurring at
depth. The temperature distribution throughout a single silicification event would have formation

temperatures increasing with depth, but this is not the case at Rona Mound.

The simplest explanation for this temperature variation would be two different silica generations,
each at slightly different temperatures. Unlike Southern Mound, where a second, higher
temperature generation has likely overgrown the early low temperature generation, the two
generations at Rona Mound appear to have occurred independently of each other, and do not

appear to overlap.

With the assumption that silica at Rona Mound is predominantly amorphous or opal-CT, and
representative of an immature assemblage, and the occurrence of opal-CT at low temperatures at
Southern Mound, it would make sense for silica precipitation to be low temperature. However,
silica formation temperatures for Unit B (~120 - 160°C) and Unit C (~100 to 130°C) are much higher
than expected. Formation temperatures at Rona Mound are comparable with the high

temperature, mature quartz dominated assemblage at Southern Mound.

The most immature silica polymorph assemblages (i.e. largest amorphous and smallest opal-CT
fractions) are associated with the lowest formation temperatures in Unit C material. This shows
that despite a difference in absolute temperatures between the two mounds, the relationship of
temperature to silica maturity exists at both mounds and implies that silicification at Rona Mound

may post-date silicification at Southern Mound as the overall silica assemblage is more immature.

8.2.23 Stage 3 — Sulphidation

Similar to Southern Mound, Unit C materials have undergone bleaching (remobilisation of iron

oxides) and the precipitation of massive sulphides (predominantly pyrite and sphalerite). This
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bleaching and sulphidation is, again, evidence of a chemical change in the hydrothermal fluids with
sulphide growth typically post-dating and either incorporating early silica features or growing
interstitially. Again, the late stage growth of sulphide at depth implies that the dissolved sulphide
component of the fluids must have increased. This is supported by the sphalerite geothermometry,
which implies that the temperature of the fluids had significantly increased and was comparable to

primary hydrothermal fluid temperatures (~ 250 — 400 °C).

Similar to Southern Mound, it is possible that cooling of these higher temperature fluids (and
exhaustion of sulphur) precipitation iron oxides and/or silica could occur at shallow depths. If fluid
pathways were limited but still existed through the Si-Fe cap at the time of sulphidation, and
sulphur was exhausted at depth, continued upwelling of fluids, and cooling at shallower depths
could have precipitated iron oxide and silica, potentially contributing to the overlying Unit B

material.

057RD

Hydrother/mal Fluids

Figure 160: Summary diagram of late-stage Rona Mound paragenesis. Variable silica
temperatures are likely representative of multiple silica generations but it is
difficult to determine. Late stage sulphidation was caused by moderate to high
temperature sulphur rich fluids, predominantly bringing Zn to precipitate

sphalerite within the base of the Si-Fe cap.
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8.2.3 MIR Zone

8.2.3.1 Stage 1 — Accumulation of iron oxide rich hydrothermal sediments and localised

silicification

The general sediment accumulation mechanisms as described in Section 8.1.1 are interpreted to

have formed the sediment precursor at the MIR zone and include:

- Weathering and collapse of surface sulphide features;
- Hydrothermal plume fallout;
- Low temperature abiological precipitation;

- Biologically mediated iron oxidation.

Only Unit B material was recovered from MIR Zone, with the majority of the core samples displaying
the typical blood red haematite jasper colouration in both boreholes with the exception of deep
samples at 073RD where goethite is also present. This goethite occurrence is interesting as it is the
only example of Si-Fe material outside of Unit A where goethite was recovered. Assuming a similar
formation mechanism as ascribed to goethite within Unit A material, then this could indicate a
weathered massive sulphide contribution to the Unit B material. The is further supported by the
presence of laminated clasts in the Unit B material at depth where goethite is identified, potentially

a product of mass wasted, and weathered massive sulphide fragments.

Texturally the majority of the material from the MIR Zone shares similarities with Unit M4
sediments and Unit B material from Southern Mound. The precursor sediment for this Southern
Mound material is interpreted to have formed from sub-surface disorganised and organised iron
oxide precipitation, rather than accumulation of weathered gossanous material from surface
sulphide material. However, this does not seem to be the case at MIR Zone. Although surface and
subsurface organised and disorganised iron oxide precipitation likely contributes to the iron oxide
generation, individual clasts show trace and relict sulphides implying that a degree of input from
gossanous material has occurred. The increased presence of goethite at depth in 073RD is

interpreted to be a function of the precursor sediments.

Jasperoidal clasts in Unit B material provide the only textural evidence for localised silicification.
Similar to both Southern and Rona Mounds, jasperoidal clasts exhibit desiccation cracks implying

early silicification and desiccation before brecciation.

Filamentous and iron oxide material occurs throughout Unit B material in the MIR Zone. It occurs
as localised discrete patches and so the material is likely entrained from surface or near surface

abiological precipitation or biologically mediated iron oxide material.
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8.2.3.2 Stage 2 - Silicification

Formation temperatures of silica from the MIR Zone are relatively uniform and correlate between
the two boreholes, at ~100-130°C. This homogeneity implies that the silica formed at a similar
temperature, and potentially came from the same event. All Unit B material at the MIR Zone contain
only quartz, and is generally comparable to Unit B at Southern Mound, with respect to both

temperature and mineralogy.

Textural comparison between Unit B material at Southern Mound and MIR Zone show similar jigsaw
brecciation and silica veins prevalent throughout. This implies a two-stage silicification generation,
where the first stage represents partial silicificiation of a mixed origin iron oxide sediment, as the
silica matures and desiccates, cracks and brecciation occurs. Secondary silica precipitation occurs

as veins and infilling desiccation cracks.

This two-stage interpretation could have been a result of two different temperature generations,
with the last (~ 100 to 130°C) signature preserved in the oxygen isotope values, or as two different

generations at a similar temperature.

No Unit C material was recovered from MIR Zone, instead Unit B material almost directly overlies
the massive sulphide material at depth. This implies that late stage sulphidation, responsible for

bleaching and sulphide formations in Southern and Rona Mounds, did not occur at MIR.

8.3 Implications of the role of the Si-Fe cap in preservation of eSMS

deposits

8.3.1 Current porosity of the Si-Fe cap and the change in porosity of the Si-Fe cap by

silicification

Investigation of the porosity of each of the separate Si-Fe capping materials has shown that there
is no link between total porosity and connected porosity. The connected porosity governs the ability
of fluid to move through the sample. Investigation of connected porosity in each of three axes of
each analysed sample show that out of the three sub-unit types, Unit B material from Southern
Mound and the MIR Zone exhibit no connected porosity in the x-, y-, or z-axes, in their current form.
Unit A material and Unit C material appear to show more connected porosity, but this is typically in

the x- or y- axes only.

Based on analysis of current samples, the lack of connected porosity in the z-axis would inhibit both

seawater ingress into the mound and vertical pathways of buoyant hydrothermal fluids rising up
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from beneath the cap. Limited connected porosity in the x- and y-axes implies that some lateral

movement of fluids is possible in both Unit A and Unit C material.

Comparison between porosity and permeability of Si-Fe samples (as they currently are) implies that
the degree of porosity does not have a significant effect on permeability. All Si-Fe materials (where
connected porosity exists) recorded permeability values at the same order of magnitude to each
other (10 to 10" m?). Therefore, the occurrence of connected porosity in any given axis is a more
important observation than the inherent permeability value of material, with respect to fluid

movement.

To test the role that silicification has played in the ‘sealing’ of the Si-Fe capping material connected
porosity of Units B and C material were calculated once the late-stage iron oxide free silica (i.e. the
last generation of silicification) was digitally removed from CT scan data (See Chapter 7). Removal
of this late stage silica, showed that during silicification, connected porosity reduced to ~ 10 to 50%
in volume of previous connected porosity (where connected porosity exists in the current sample).
It also resulted in the sealing of connected porosity in all three axes in Unit B samples (from the MIR
Zone 073RD/P14 and 076D/P6), and two (Southern Mound —050RD/P11), and one axis (057RD/P11

— Rona Mound) in the Unit C samples.

Investigating permeability of the Si-Fe material after the late stage silica has been digitally removed
shows that permeability decreased to between 5 and 50 % of pre-late-stage silicification values in
Unit C, and Unit B material (which exhibited permeability of ~ 10> m? and 10 m?2) before

silicification became completely impermeable.

8.3.2 Role of silicification in preservation?

The rapid burial of VMS deposits throughout geological history by sediments (exhalites, clastic
and/or volcanoclastic) or volcanism (lava flows), is considered to one of the most important

mechanisms of preservation for the underlying sulphide ore bodies (See Sections 1.5 and 2.3).

Surface evidence for the range of eSMS deposits in the TAGHF shows progressive surface
weathering features from the TAG active mound, through the steep sloped Shinkai and New
Mounds, to the smoother Southern and Rona Mounds (Section 3.2). Based on the range of textural
features in the hydrothermal sediments at Southern Mound, surface weathering is interpreted to
contribute to the formation of the Fe-rich sedimentary Units, particularly the goethite-dominated

Unit M3.

Sediment cover at Southern Mound and Rona Mound (~3m) presents the first step to a physical

barrier between oxygenated seawater and the eSMS ore body. Although the hydrothermal
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sediment porosity was not measured, the porosity is estimated at ~ 60 to 80%, based on a series of
other studies conducted of fine-grained hydrothermal sediments on the Juan de Fuca ridge

(Giambalvo et al., 2000) (Figure 161).
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and 1031) [Davis et al., 1997b]. Lines are least square best
fits of the form n=az".

This matches well with the porosity estimation measured for the sediments on the top of Southern
Mound at ~ 82%, by mass change during drying albeit with varying imprecision (Dutrieux, 2019).
Grain size estimation of hydrothermal sediment Units M3 and M4 at Southern Mound show that
Unit M3 is ~50% sand grade, 25% silt grade and 25% clay grade, whereas Unit M4 is ~90% clay
grade, and 10% silt grade (Figure 162).
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Figure 162: Figure of M3 and M4 grain size from a range of sediment cores on (see 022RD samples

detailed) and around the eSMS deposits (Dutrieux, 2019)

Experimental work on the permeability of hydrothermal sediments and heat flux transfer at the
Juan de Fuca Ridge show that a sediment is open to fluid convection if its permeability is >1 to 5 x
10> m? (Snelgrove and Forster, 1996). Sand/silt grade sediment permeability values at the seafloor
are calculated to be ~ 103, and clay grade material is ~ 3 x 10"*® (Snelgrove and Forster, 1996).
Assuming similar values for sediments within the top 5 m of the seafloor, sand/silt grade material
would not inhibit fluid convection but clay grade material may limit convection, but both still imply
fluid mobility is possible. Sediments with high porosity (~¥80%), and permeability at values
interpreted to be open for fluid convection imply that burial by <5 m of sediment would not be

sufficient to create an impermeable cap for the eSMS deposits alone.

Permeability calculations undertaken on the Si-Fe cap rock samples recorded permeability values
at ~10% - 10 m?, which is at least one to two orders of magnitude lower than estimated
permeability values for the overlying hydrothermal sediments. Furthermore, porosity estimates are
typically £ 16%, compared to ~80% of the hydrothermal sediments. This presents clear evidence
that the silicification of the hydrothermal sediments has resulted in a significant decrease in
porosity, and permeability. When compared to the estimated fluid convection limits, the

permeability of the Si-Fe cap rock would be ‘closed’ for fluid convection.
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When the ‘late-stage’ silica-free generation is removed from cap rock Units B and C, permeability
values were calculated at between ~10° and 10 m?, i.e. approximately an order of magnitude
higher than the calculated current permeability vales. When these permeability values are
compared to the values at which sediments are considered to enable fluid convection, they sit on
the boundary between ‘impermeable’ (i.e. no convection), and ‘open’, and similar to clay grade

hydrothermal sediments according to Snelgrove and Forster, 1996.

Numerical modelling of ~200 m thickness of sediments with permeability values of 10 m? are
interpreted to be impermeable with respect to fluid convection (Snelgrove and Forster, 1996). In
VMS analogues, typical hanging wall rocks which are noted to overly VMS deposits throughout
geological history include mafic extrusive volcanic (e.g. Troodos Cyprus type deposits) or felsic
volcanic/volcaniclastic material, to clastic sediments (e.g. back arc systems). Permeability in ocean
basalt material has been analysed or modelled by a range of different methods, and provided
permeability values ranging from 102! to 10 m? (Fisher, 1998). Permeability values of centimetre
scale cores would be the most comparable to the permeability values of the Si-Fe cap presented
here, and have been analysed to between 10%! and 10"Y” m? (Fisher, 1998). Hyaloclastic material
and ignimbrites from a thick volcanic sequence from the Austral Basin, Argentina, recorded
permeability values of <10® to ~10'” m?) (Sruoga et al., 2004). Both of these lithologies would be
suitably impermeable to prevent seawater ingress and fluid convection, thus likely had some

influence in preserving ancient VMS deposits.

The current permeability of the ~ 3 to 5 m Si-Fe cap is comparable to a cover of ~200 m thickness
of clay dominated sediments, or the equivalent thickness of impermeable volcanic derived material
that have previously been interpreted to have helped preserve ancient VMS deposits. Hence it is
reasonable to conclude that the late-stage formation of hydrothermal Si-Fe deposits capping the
SMS deposits contributes to the preservation of the underlying sulphide ore body, at least where

the cap is present.

8.33 Influence of the Si-Fe cap rocks on hydrothermal fluid regime

Bleaching and precipitation of sulphides is limited to Unit C material (Figure 163), i.e. the deepest
unit of the Si-Fe cap. This is evidence that the Si-Fe cap is impermeable for buoyant hydrothermal
fluids. Growth textures of the majority of the sulphides from Unit C material clearly indicate that
they post-date the silicification of the cap. The fluid that precipitated the massive sulphides is
interpreted to be late-stage, moderate to high temperature, reduced, sulphur- and metal-rich (Cu
and/or Zn), but not necessarily iron-rich, and hydrothermal in origin. This fluid is considered have a

higher temperature and a higher sulphur content than the fluids that formed the early iron oxides
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and sulphides. This change in physico-chemical properties is interpreted to be the result of waxing

in a hydrothermal cycle, and likely aided by the Si-Fe cap limiting seawater ingress and mixing.
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Figure 163: Summary of Cu variation with depth at Southern Mound. Note the presence of
sulphides only at the base of the cap, and the corresponding elevated silica formation

temperatures

The Si-Fe cap would have limited vertical fluid flow, and resulted in pooling of hydrothermal fluids
at the base of the cap, eventually enabling the interstitial precipitation of the disseminated
sulphides observed. This late stage fluid infiltrated the base of the Si-Fe cap, bleaching the Si-Fe
material by reducing and remobilising oxidised iron, re-precipitating some if not all as iron (or iron-
bearing) sulphides, and potentially precipitating late stage euhedral quartz. Iron oxide
remobilisation appears to be limited by the silica armourment, where localised enclaves of silica-
coated iron oxide remain unbleached. Textural evidence shows overgrowth of silica and silica-
coated iron oxides by sulphide, showing that sulphidation is not 100% efficient, but can be

pervasive, likely penetrating along existing fluid conduits/connected porosity within the Si-Fe cap.

The limited distribution of sulphides (Figure 163) could theoretically be explained by physico-
chemical change in the hydrothermal fluids due to mineral precipitation. One explanation could be

that sulphur and iron were both limited in the fluid. If a reduced, iron and sulphur-limited fluid
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infiltrated the Si-Fe cap, it could remobilise iron and precipitate sulphides until the fluid sulphur
was exhausted, thus limiting the further precipitation of sulphides to deep samples only. If this was
the case, the fluid would continue to rise through the Si-Fe cap and, because iron is complexed by
chloride in hydrothermal fluids (Douville et al., 2002), further iron leaching would occur even at

shallower depths.

A physical barrier is the simplest explanation of the restriction of the bleaching and sulphide
precipitation in the Si-Fe cap. If the Si-Fe cap was permeable then the fluid which precipitated the
sulphides at depth would continue to percolate upwards, likely resulting in continued bleaching and

sulphide precipitation throughout, however this is not the case.

This interpretation leads to the question of where the fluids would go after interacting with the Si-
Fe cap. If the fluid remains hot, it would still be buoyant, but would be unable to continue to flow
vertically upwards due to the cap. Axis connectivity of the Si-Fe units shows more connected
porosity in x- and y-axes, than the z-axis, implying that there are more pathways for lateral fluid
movement than vertical (Figure 164). Assuming continued high temperature, reduced sulphur-rich
fluid flow, lateral movement at the base of the Si-Fe cap would result in further bleaching and

formation of Unit C material across the mound.
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cm to 10s of cm

Figure 164: Interpreted mechanism of the limited permeability in the Si-Fe cap with respect to

sulphide formation. 1) reduced fluids that are undersaturated with respect to iron
infiltrate the base of the Si-Fe cap, 2) iron oxide is reduced and dissolved, then processed
to mix with the sulphur contained with the reduced fluids, 3) sulphides precipitate out of
the fluid within areas of ‘iron oxide-free’ silica, and fluids continue to migrate into the
cap, but is limited in sulphur, and by the pre-existing silicification. As fluids cool, silica
likely also precipitates sealing the pathways 4) Fluid sulphur is exhausted and pathways
are sealed, resulting in no further bleaching or vertical fluid movement through the Si-Fe

cap.

This process is similar to that observed in the Deep Copper Zone (DCZ) at the Bent Hill and ODP
mound SMS deposits on the Juan de Fuca sedimented ridge (Section 2.4.5). In these examples,
initial low porosity clastic and volcaniclastic sediments provided a suitable medium for the
precipitation of silica at depth in the sediment stack, thus creating a seal, which trapped further
rising hydrothermal fluids. This enabled pooling of hydrothermal fluids and eventually precipitation

and replacement of existing sediments with silica and predominantly copper-rich sulphide minerals.

As the exact extent of the cap is only assumed, based on limited three-dimensional data, then it is
somewhat speculative to interpret what would happen during lateral fluid movement at the base
of the Si-Fe cap. However, regardless of the extent, when the Si-Fe cap rock ends, the impermeable

vertical barrier would not inhibit the fluid buoyancy, likely changing from lateral flow to vertical
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flow through whatever medium is present at the edge of the Si-Fe cap (if vertical flow is possible).
Furthermore, it is likely that this fluid would interact with seawater and, given the silicification here
is a function of fluid mixing between hydrothermal fluids and seawater, it is not unfeasible that
comparable silicification processes could occur at the edge of the cap where they might grow
laterally outwards from the centre, and may create new pathways to the surface, and even new

chimney/sulphide deposition (Figure 165).

I

Figure 165: Sketch of potential fluid pathways after Si-Fe cap formation based off a Southern

v

Mound structure. Could create additional vent sites at the extremes of the cap.

8.4 Wider reaching implications regarding preservation of eSMS deposits

The general aims of this project were to investigate the Si-Fe cap rock discovered at three eSMS
deposits in the TAGHF, and understand the impacts this lithology could have on the potential

preservation of eSMS deposits on the seafloor.

The textural and mineralogical assessment of the Si-Fe Units has identified that the Si-Fe cap is a
product of silicification of hydrothermal sediments during the waning stages of a hydrothermal
cycle. Although there is some variation in the manifestation of the Si-Fe cap rock across the
investigated eSMS deposits, it is present at all three different deposits studied here. Combing the
interpretation that silicification is a general product of waning hydrothermal activity, and that the
Si-Fe cap was recovered at all three mounds drilled, it implies that this cap-rock formation is a
general and common process and likely to be found at other SMS deposits during their comparable

waning stages of hydrothermal activity.

This supposition is supported by the observation of red and grey chert within the shallow sub-

surface of the flanks of the nearby TAG active mound, interpreted to be a function of low

369



temperature hydrothermal activity promoting silica precipitation. This feature does not form a cap
deposit, and the TAG active mound is still venting high temperature hydrothermal fluids, with high
and low temperature silica interpreted to be precipitating throughout the mound (Hopkinson et al.,

1999).

Assuming that the TAG active mound eventually undergoes similar processes as those at the three
eSMS deposits of this study then, during waning hydrothermal activity, the combination of seafloor
weathering, low temperature iron oxide precipitation, and low temperature silicification will also

form a shallow Si-Fe cap over the sulphide orebody, thus increasing the chance of preservation.

8.4.1 Timing of the Si-Fe cap?

It is difficult to determine the timing of hydrothermal sediment accumulation, and silicification.
Evidence from the Active TAG Mound implies that these silicified areas begin to form on the flanks
of each deposit or within areas of low-temperature diffuse flow during prolonged hydrothermal

activity.

The timing of Si-Fe cap formation is an important unconstrained part of the system. More
specifically, how does the timing of Si-Fe cap rock formation relate to the loss of metals from eSMS
deposits. If the Si-Fe cap requires a sediment protolith to form, and the sediment protolith forms
from a range of surface weathering processes, then it stands to reason that some degree of
weathering and loss of economically interesting metals must have occurred before the Si-Fe cap
formed. If there was a particularly high degree of weathering then it is possible that high quantities
of the economically interesting metals (i.e. Cu and Zn) could have been weathered and lost from

the system before the Si-Fe cap could form an impermeable barrier.

Although full assessment of the underlying massive sulphide orebodies was outside the scope of
this project, limited sub-surface sulphide material was recovered from beneath the Si-Fe caps at
each eSMS mound. Whole rock data from these samples show that the maximum Cu+Zn
concentrations were ~1 wt%, ~8.4 wt%, and ~20.4 wt% for Southern Mound, Rona Mound, and the
MIR Zone, respectively. Maximum Cu+Zn concentrations at both MIR Zone and Rona Mound fit into
the ‘economically’ interesting range of SMS deposits (Petersen et al., 2016), and indicate that it is
possible for interesting concentrations of metals to be present beneath the Si-Fe cap. Based on the
high porosity and permeability of the weathered hydrothermal sediments, then the underlying
massive sulphide ore body would be subjected to seafloor weathering even with a thin sediment
cover. However, silicification would decrease the potential for further weathering. This implies that
the Si-Fe cap formation may be responsible for the preservation of the high Cu+Zn concentrations

observed.
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8.4.2 Seafloor oxidation rates and understanding the Si-Fe cap formation in the context of

seafloor exposure

Experimental studies have been carried out regarding weathering and dissolution of sulphide
minerals at the seafloor. Eventually, prolonged exposure of sulphides to seawater will result in the
dissolution and mobilisation of sulphide material, and with that, the loss of the economically
important metals in the orebody. Oxidation rates for pyrite (and marcasite), chalcopyrite, and
sphalerite have been experimentally derived at typically 10%° to 102 (pyrite/marcasite), 101
(chalcopyrite) and 10** cm/s (sphalerite) (Fallon et al., 2017). However, assessment of metal
mobilisation during sulphide dissolution processes in seawater are difficult to derive by
experimentation due to factors including: the formation of ‘inert’ iron oxide weathering products
interfering with metal loss, and the galvanic effect of mixed sulphide assemblages (Knight et al.,
2018). Therefore, it would be difficult to determine how long an eSMS deposit would take to
weather on the seafloor when these secondary mineralogy and burial factors are taken into

consideration.

Despite this lack of ability to quantify metal loss, we can estimate the length of time that these
deposits have been subjected to seawater influence, and therefore likely subject to weathering
processes. Historical age dating of sulphide material and carbonate sediment dating, along with
new sediment age dating (Dutrieux, 2019) provide the most complete hydrothermal history of the
TAGHF to date and show that the MIR Zone hydrothermal activity has spanned from ~150kya to
~670 ya, and ALVIN Zone has spanned from ~ 80kya to 4kya (Figure 166).
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Figure 166: Summary of the age dating conducted on the TAG hydrothermal field (Dutrieux, 2019)

This age dating also highlights the fact that these deposits have likely been interacting with
seawater for around 80ky-100ky. This means that during periods of hydrothermal inactivity (e.g.
between ~14kya and 10kya at the ALVIN Zone), surface sulphide material would be subjected to
seawater interaction and weathering, the processes interpreted to be forming the hydrothermal
sediment protolith of the Si-Fe cap. Despite the lengths of time that these deposits are interpreted
to have been potentially influenced by seawater, the presence of high Cu+Zn concentrations under
the Si-Fe cap imply that at these timescales economically interesting base metal concentrations are

likely to have been preserved by the Si-Fe cap.

Furthermore, the occurrence of high temperature sulphide minerals at the base of Southern Mound
and Rona Mound (in the ALVIN Zone) could indicate that further renewed hydrothermal activity
may have occurred, but did not reach the seafloor. The impermeable Si-Fe cap appears to have
acted as a physical barrier to these high temperature sulphur-rich fluids and promoted sulphide
precipitation in the base of the Si-Fe cap. Evidence presented in Chapter 6 implies that Zn is being
mobilised in these fluids, and the wide range of sphalerite formation temperatures suggests zone
refining and remobilisation of the sulphides in the Si-Fe cap by pulses of fluids with alternations in
redox states and likely synchronous with the same process interpreted to be operating in the

massive sulphides beneath the cap (e.g. at Rona Mound, (Lehrmann et al., 2018)).

372



This observation could have significant implications for the resource estimates of eSMS deposits.
Zone refining processes within the Active TAG Mound are interpreted to have mobilised Cu and Zn
throughout the SMS deposits and essentially resulted in continually increasing Cu and Zn
concentrations over multiple refining episodes. In general, Cu and Zn appear to be enriched in
surface samples compared to sub-surface samples (Hannington et al., 2011). However if an
impermeable cap is present, the fluids would become trapped and potentially deposit sulphides at
depth. This process could be similar to that observed at Bent Hill and ODP mounds (Section 2.4.5),
and during resurgent hydrothermal activity could enrich the underlying orebody. This process is
somewhat speculative, and further investigation and recovery of sub-seafloor sulphide material is

necessary to understand whether this hypothesis is feasible.

8.4.3 Implications for potential reservoirs of base metals in the oceanic crust

Ultimately the main processes interpreted to form Si-Fe cap rocks at all three eSMS deposits derive
from common hydrothermal processes: surface weathering of seafloor sulphide features, low
temperature iron oxide/oxyhydroxide precipitation, and low temperature hydrothermal
silicification. This is supported by the wide range of VMS deposits throughout geological history
where Si-Fe materials are also interpreted to have formed in a similar way. However, as highlighted

in this thesis, the occurrence at SMS or eSMS deposits is seemingly not as common.

This could be simply explained by the fact that these Si-Fe cap rocks appear to form in the sub-
surface or within sedimentary sequence, therefore evidence of these processes at the seafloor are
likely limited, highlighted by the comprehensive RUV surveys completed during the Blue Mining

project (Section 3.3).

One poorly constrained aspect to the Si-Fe cap formation is the lateral extent over which they can
and have formed. Simple estimates have been conducted (Section 3.4) and imply that they could
cover as much as ~50% of Rona Mound (a small deposit), or ~25% of Southern Mound (a larger
deposit). These Si-Fe caps have been proven to be impermeable, thus inhibiting weathering of

sulphides, but may not cover the whole deposit.

Global metal budget of SMS deposits are based on the limited three dimensional knowledge of SMS
deposits, and typically do not include stockwork zone sulphides, deposits older than 300kya, or
eSMS deposits (Hannington et al., 2010; Murton et al., 2019). Assuming average SMS formation at
50-100ka, within 1Ma of oceanic crust across the ridge flanks on both sides of the spreading axis,
then there may be 20-40 times as many eSMS deposits than hydrothermally active ones. Even if Si-

Fe caps only cover and preserve 20-50% of the volumes of eSMS deposits, this would still imply 4-
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20 times greater metal content preserved in the eSMS deposits than current estimates of metal

reservoirs.

Itis also interesting to consider the other mechanisms of deposit preservation, particularly in similar
ocean ridge settings in VMS deposits. This brings us back to the Troodos ophiolite, where deposits
are preserved by rapid burial by basaltic lava flows (Hall and Yang, 1994) to depths of ~ 200m. With
the Troodos ophiolite presenting the closest geological analogue to SMS deposits on mid-ocean
spreading ridges, it is interesting to consider the increased potential of SMS deposit preservation

near volcanic centres.

Applying the VMS burial model from Troodos to modern day ocean spreading centres, it would
imply that a significant amount of SMS orebodies are preserved at depth within the off-axis oceanic
crust, as long as they are not buried deep enough to be destroyed by dyke intrusions. Additionally,
basaltic material (10 — 102* m? (Fisher, 1998)) is considered to be more impermeable than Si-Fe
cap materials (see Chapter 7), therefore burial by basalt flows could also provide a sensible
mechanisms of eSMS preservation. This implies that large eSMS deposits could be preserved under
(relatively shallow) basaltic cover within the oceanic crust where they are eventually carried by
seafloor spreading to be recycled with the subduction factory and remobilised as arc-related
sulphide mineralisation. This fact alone implies a recalculation is needed of the global metal cycle
to better understand both the total oceanic crustal reservoir of base metals and those being

recycled in subduction zone and back into the mantle.
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Chapter 9 Conclusions and Further Work

9.1 Origins of the Si-Fe cap and paragenesis

In this thesis | have presented a comprehensive study of the textural, mineralogical, and
geochemical assessment of Si-Fe cap rocks and determined a general paragenesis for their

formation.

Firstly, a range of hydrothermally derived sediments have formed atop of a sulphide deposit by a
range of processes including: sulphide weathering, low temperature hydrothermal precipitation of
oxides, accumulation of material by mass-wasting. Once these sediments have formed, reduced,
silica-rich, sulphur-poor, hydrothermal fluids have intruded into the sediments and started to
precipitate silica by fluid mixing. At least two generations of silicification have been interpreted
based upon silica formation temperatures from oxygen stable isotope geothermometry. After this
silicificiation has occurred, late-stage sulphur-rich, high temperature fluids have infiltrated into the
base of the Si-Fe cap, reduced iron oxides, and precipitated sulphide minerals. This late stage fluid
is interpreted to be >250°C based on sphalerite geothermometry, much higher temperatures than

the silicifying fluids.

This sulphidation may represent a resurgence of higher temperature fluids in the hydrothermal
system, but the formation of the Si-Fe cap has acted as a physical barrier and prevented the fluids

from rising to the seafloor.

9.2 Implications for permeability of the Si-Fe cap rock

The low permeability of the Si-Fe cap rock has been assessed by X-Ray CT analysis and fluid
modelling through a range of Si-Fe core samples. This supports the observations and interpretations
that the Si-Fe cap rock has acted as a physical barrier to upwelling high temperature hydrothermal
fluids. Furthermore, the impermeable Si-Fe cap rock would also act as a physical barrier to seawater

ingress, thus protecting the underlying massive sulphide ore-body from oxidation by seawater.

The Si-Fe cap rock is interpreted to be of comparable permeability to crystalline volcanic rocks, or
~ 200 m thickness of sediments, common processes by which the geological analogues (VMS

deposits) have been preserved on the seafloor.

Therefore, the combination of the interpreted formation mechanisms, and the impermeable nature

of the Si-Fe cap rock, provides a potential ‘generic’ auto-preservation mechanism at eSMS deposits.
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9.3 Further Work

The low sample recovery and lack of spatial variation of the Si-Fe cap across the eSMS deposits has
significantly inhibited this study. Further sub-seafloor drilling and sample recovery of the same
deposits would provide a better understanding of the extent of the Si-Fe cap, and help further
understand the range of formation processes in this highly diverse environment. In addition, further
sub-seafloor sampling of other eSMS deposits from different geological settings is recommended
to investigate if this combination of generic hydrothermal related processes have combined at

other sites, to form comparable auto-preservation ‘caps’.

With specific regards for this study, several main aspects would be recommend for further work.
The first is related the oxygen isotopic formation temperatures. This is one of the key data sets used
to interpret the paragenesis of the Si-Fe cap, and has been obtained from ‘bulk’ silica samples. This
means that the value is representative of the whole sample, and the value could be derived from
variable contributions from different silicification events of differing oxygen isotope values. The
underlying assumption for the interpretation of this data is that the overlapping silica generations
have resulted in silica recrystallisation and re-equilibration of the oxygen isotope ratio of any
existing silica with the fluid responsible for the second silica event. In-situ investigation of 80
variation throughout the silica generations may shed light on whether there is variation of §'20 at
thin section scale and thus may provide further information on the multiple silicification processes

involved in forming the Si-Fe cap.

Secondly, Sulphur stable isotope analysis of the sulphides in the Si-Fe cap was planned during this
project, but was not undertaken due to equipment issues. It is recommended that this is also
pursued with the aim of constraining the origins of sulphur in the formation of the late-stage
sulphides in the Si-Fe cap. Of particular interest is whether there is any kind of biological influence
of the sulphide signature, in light of the abundance of potentially biological filaments, and the

complex relationship between iron oxides and sulphides observed in the samples.

The third is related to the lack of age-datable material within the Si-Fe cap. If possible, it would be
interesting to apply U-Th dating to the sulphides within the Si-Fe cap, surface samples from the
eSMS mounds, and the underlying massive sulphide orebody. This could potentially link timing of
processes (such as zone-refining) within the ore-body with the processes forming the Si-Fe cap. This
could also provide further understanding of the evolution of the TAG hydrothermal field, and the
cyclical nature of hydrothermal activity. Other novel age-dating techniques, such as thermal
luminescence dating of the silica or (U/Th)-He dating of the haematite could theoretically be applied

to the Si-Fe cap rock to help form a comprehensive hydrothermal history of the TAG eSMS deposits.
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Finally, | believe that continued X-Ray CT study can be applied to the core material recovered.
Further investigation into the use of the technique to study the porosity and permeability over
more samples, and also assess the complex three dimensional textures could again provide more
information of the formation processes of the Si-Fe cap. Comparison of direct permeability
measurements from core samples with the calculated and modelled permeability values from the

CT scanning should be undertaken to investigate the true validity of the modelled values.
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Appendix A  Whole rock geochemistry

Major elements with analytical techniques used.

Unit
Type SiO, Al,05 TiO, Fe,0sr MgO MnO

XRF ICP-MS ICP-MS XRF XRF ICP-MS
Southern
Mound wt% wt% wt% wt% wt% wt%
022RD/CC B 71.49 | 0.008276 | 0.000783 | 29.69 0.0304 | 0.026792
031RD/CC/07 B 94.59 | 0.003904 | 0.000442 4.78 0.0079 | 0.00356
031RD/109/CC | B 93.38 | 0.003242 | 0.002494 6.81 0.0071 | 0.004981
050RD/P3 A 66.46 | 0.002813 | 0.000284 | 29.34 0.0365 | 0.02798
050RD/P5 A 62.47 0.00187 | 0.00032 33.84 0.0489 | 0.044146
050RD/P7 A 60.78 0.00183 | 0.00033 35.91 0.0382 | 0.03268
050RD/P8 A 71.71 0.00042 | 5.29E-05 | 24.16 0.0419 | 0.004929
050RD/P11 C 95.94 | 0.008737 | 0.000464 5.63 0.0049 | 0.00336
050RD/P12 C 93.67 | 0.018744 | 0.000352 7.37 0.0054 | 0.003114
050RD/P13 C 95.26 | 0.000239 | 5.19E-05 5.73 0.0069 | 3.59E-05
Rona Mound
057RD/P2 B 89.25 | 0.012816 | 0.000587 8.98 0.0044 | 0.002695
057RD/P3-8 B 89.92 | 0.005309 | 0.000208 8.18 0.0035 | 0.002746
057RD/P10 C 81.80 | 0.041834 | 0.000223 | 11.72 0.0039 | 0.002159
057RD/P11 C 82.26 | 0.098651 | 0.000266 | 17.62 0.0057 | 0.003032
MIR Zone
073RD/P1 B 93.42 | 0.006024 | 0.000537 8.01 0.0081 | 0.005701
073RD/P6 B 94.53 | 0.001954 | 0.00022 5.46 0.0077 | 0.003925
073RD/P7 B 81.87 | 0.001193 | 0.000515 | 19.15 0.0067 | 0.005317
073RD/P9 B 77.70 0.02154 | 0.000872 | 21.75 0.0094 | 0.008617
073RD/P11 B 75.74 | 0.015834 | 0.0008 22.08 0.0086 | 0.005871
073RD/P12 B 76.20 | 0.007739 | 0.000248 | 22.34 0.0145 | 0.010532
073RD/P14 B 83.42 | 0.004998 | 0.000421 | 14.61 0.0112 | 0.008957
076RD/P2 B 68.07 | 0.001316 | 0.000271 | 33.35 0.0125 | 0.009461
076RD/P3 B 92.72 | 0.007303 | 0.000519 8.40 0.0062 | 0.00457
076RD/P4 B 91.69 | 0.006848 | 0.000734 8.08 0.0081 | 0.005581
076RD/P6 B 73.30 | 0.003739 | 0.000379 | 25.80 0.0147 | 0.01308
076RD/P7 B 89.15 | 0.006413 | 0.000316 | 11.68 0.0128 | 0.007189
076RD/P8 B 92.66 | 0.009852 | 0.000276 8.33 0.0101 | 0.009257
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Ca0o K.O Na,O P,0s SOs TC TOC

XRF XRF XRF ICP-MS LECO LECO LECO SUM
wt% wt% wt% wt% wt% wt% wt% %
0.115 0.021 0.174 0.09627 0.05 0.04 0.01 101.76
0.028 0.009 0.13 0.023031 0.05 0.04 0.01 99.68
0.107 0.008 0.11 0.074706 0.05 0.02 0 100.57
0.064 0.045 0.809 | 0.122051 0.15 0.02 0.01 97.08
0.052 0.033 0.527 | 0.162795 0.10 0.03 0.01 97.32
0.05 0.039 0.457 | 0.112907 0.10 0.01 0 97.52
0.046 0.02 0.374 | 0.019841 0.12 0.02 0.01 96.53
0.021 0.015 0.139 | 0.021495 2.45 0.02 0 104.25
0.022 0.009 0.077 | 0.016183 3.97 0.04 0.02 105.23
0.027 0.007 0.019 | 0.005756 2.30 0.04 0.02 103.42
0.028 0.027 0.405 | 0.036895 1.12 0.02 0.01 99.90
0.027 0.016 0.262 | 0.040286 0.10 0.02 0.01 98.59
0.032 0.02 0.554 | 0.043655 6.32 0.02 0.01 100.56
0.03 0.038 0.542 | 0.038155 13.93 0.03 0.01 114.61
0.077 0.024 0.174 | 0.050713 0.27 0.03 0.02 102.10
0.055 0.01 0.227 | 0.037903 0.05 0.03 0.02 100.44
0.118 0.018 0.286 | 0.086004 0.07 0.02 0 101.63
0.042 0.027 0.441 | 0.091962 0.07 0.03 0.02 100.22
0.037 0.023 0.421 | 0.069367 0.07 0.03 0.02 98.53
0.031 0.016 0.317 | 0.085729 0.07 0.02 0.01 99.13
0.023 0.011 0.179 | 0.064371 0.05 0.04 0.02 98.45
0.047 0.035 0.378 0.08951 0.05 0.01 0 102.05
0.062 0.012 0.169 0.04629 0.10 0.03 0.02 101.58
0.193 0.012 0.144 | 0.131309 0.07 0.03 0.02 100.39
0.041 0.03 0.342 | 0.088593 0.07 0.03 0.02 99.75
0.054 0.021 0.192 | 0.038751 0.12 0.02 0.01 101.32
0.02 0.016 0.169 | 0.022898 0.62 0.03 0.01 101.92
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Major elements normalised to 100 wt%.

SiO; Al,O3 TiO, Fe,Os7 MgO MnO

XRF ICP-MS | ICP-MS XRF XRF ICP-MS
Southern
Mound wt% wt% wt% wt% wt% wt%
022RD/CC B 70.26 0.01 <0.01 29.18 0.03 0.03
031RD/CC/07 B 94.90 <0.01 <0.01 4.79 0.01 <0.01
031RD/109/CC | B 92.85 <0.01 <0.01 6.77 0.01 <0.01
050RD/P3 A 68.45 <0.01 <0.01 30.22 0.04 0.03
050RD/P5 A 64.19 <0.01 <0.01 34.77 0.05 0.05
050RD/P7 A 62.32 <0.01 <0.01 36.82 0.04 0.03
050RD/P8 A 74.29 <0.01 <0.01 25.03 0.04 0.01
050RD/P11 C 92.03 0.01 <0.01 5.40 <0.01 <0.01
050RD/P12 C 89.02 0.02 <0.01 7.01 0.01 <0.01
050RD/P13 C 92.11 0.00 <0.01 5.54 0.01 <0.01
Rona Mound
057RD/P2 B 89.34 0.01 <0.01 8.99 <0.01 <0.01
057RD/P3-8 B 91.21 0.01 <0.01 8.29 <0.01 <0.01
057RD/P10 C 81.34 0.04 0.00 11.65 0.00 0.00
057RD/P11 C 71.77 0.09 0.00 15.37 0.00 0.00
MIR Zone
073RD/P1 B 91.49 <0.01 <0.01 7.85 0.01 0.01
073RD/P6 B 94.12 <0.01 <0.01 5.44 0.01 <0.01
073RD/P7 B 80.55 <0.01 <0.01 18.84 0.01 0.01
073RD/P9 B 77.53 0.02 <0.01 21.70 0.01 0.01
073RD/P11 B 76.87 0.02 <0.01 22.41 0.01 0.01
073RD/P12 B 76.87 0.01 <0.01 22.54 0.01 0.01
073RD/P14 B 84.74 0.01 <0.01 14.84 0.01 0.01
076RD/P2 B 66.70 0.00 <0.01 32.68 0.01 0.01
076RD/P3 B 91.28 0.01 <0.01 8.27 0.01 <0.01
076RD/P4 B 91.33 0.01 <0.01 8.04 0.01 0.01
076RD/P6 B 73.48 <0.01 <0.01 25.86 0.01 0.01
076RD/P7 B 87.99 0.01 <0.01 11.52 0.01 0.01
076RD/P8 B 90.92 0.01 <0.01 8.17 0.01 0.01
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Ca0o K.O Na,O P,0s SOs TC TOC

XRF XRF XRF ICP-MS LECO LECO LECO SUM
wt% wt% wt% wt% wt% wt% wt% %
0.11 0.02 0.17 0.09 0.05 0.04 0.01 100
0.03 0.01 0.13 0.02 0.05 0.04 0.01 100
0.11 0.01 0.11 0.07 0.05 0.02 0.00 100
0.07 0.05 0.83 0.13 0.15 0.02 0.01 100
0.05 0.03 0.54 0.17 0.10 0.03 0.01 100
0.05 0.04 0.47 0.12 0.10 0.01 0.00 100
0.05 0.02 0.39 0.02 0.13 0.02 0.01 100
0.02 0.01 0.13 0.02 2.35 0.02 0.00 100
0.02 0.01 0.07 0.02 3.77 0.04 0.02 100
0.03 0.01 0.02 0.01 2.22 0.04 0.02 100
0.03 0.03 0.41 0.04 1.12 0.02 0.01 100
0.03 0.02 0.27 0.04 0.10 0.02 0.01 100
0.03 0.02 0.55 0.04 6.28 0.02 0.01 100
0.03 0.03 0.47 0.03 12.16 0.03 0.01 100
0.08 0.02 0.17 0.05 0.27 0.03 0.02 100
0.05 0.01 0.23 0.04 0.05 0.03 0.02 100
0.12 0.02 0.28 0.08 0.07 0.02 0.00 100
0.04 0.03 0.44 0.09 0.07 0.03 0.02 100
0.04 0.02 0.43 0.07 0.08 0.03 0.02 100
0.03 0.02 0.32 0.09 0.08 0.02 0.01 100
0.02 0.01 0.18 0.07 0.05 0.04 0.02 100
0.05 0.03 0.37 0.09 0.05 0.01 0.00 100
0.06 0.01 0.17 0.05 0.10 0.03 0.02 100
0.19 0.01 0.14 0.13 0.07 0.03 0.02 100
0.04 0.03 0.34 0.09 0.08 0.03 0.02 100
0.05 0.02 0.19 0.04 0.12 0.02 0.01 100
0.02 0.02 0.17 0.02 0.61 0.03 0.01 100
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Trace elements obtained from ICP-MS analysis, includes ppm values of major elements (Al,P,Ti,
Mn)used for major element concentrations (converted to elemental oxides). All samples obtained

by ICP-MS except Zn (*) obtained by XRF.

Unit Al P Ti Mn Co Cu
ppm ppm ppm ppm ppm ppm

Southern
Mound
022RD/CC B 43.8 420.1 4.7 207.5 0.4 3.4
031RD/CC/07 B 20.7 100.5 2.6 27.6 0.7 9.5
031RD/109/CC | B 17.2 326.0 15.0 38.6 0.8 5.9
050RD/P3 A 14.9 532.6 1.7 216.7 0.2 11.0
050RD/P5 A 9.9 710.4 1.9 341.9 0.2 28.6
050RD/P7 A 9.7 492.7 2.0 253.1 0.2 15.8
050RD/P8 A 2.2 86.6 0.3 38.2 0.0 1.5
050RD/P11 C 46.2 93.8 2.8 26.0 0.6 9.1
050RD/P12 C 99.2 70.6 2.1 24.1 1.7 466.4
050RD/P13 C 13 25.1 0.3 0.3 0.0 18.4
Rona Mound
057RD/P2 B 67.8 161.0 3.5 20.9 2.2 73.7
057RD/P3-8 B 28.1 175.8 1.2 21.3 0.4 14.2
057RD/P10 C 221.4 190.5 1.3 16.7 3.7 30.6
057RD/P11 C 522.1 166.5 1.6 235 6.4 20.0
MIR Zone
073RD/P1 B 319 221.3 3.2 44.2 2.8 177.1
073RD/P6 B 10.3 165.4 1.3 30.4 1.0 11.1
073RD/P7 B 6.3 375.3 3.1 41.2 0.9 6.2
073RD/P9 B 114.0 401.3 5.2 66.7 0.7 15.6
073RD/P11 B 83.8 302.7 4.8 45.5 0.4 12.1
073RD/P12 B 41.0 374.1 1.5 81.6 0.4 19.0
073RD/P14 B 26.5 280.9 2.5 69.4 1.2 52.4
076RD/P2 B 7.0 390.6 1.6 73.3 0.4 5.7
076RD/P3 B 38.7 202.0 3.1 35.4 1.0 23.7
076RD/P4 B 36.2 573.0 4.4 43.2 1.5 22.3
076RD/P6 B 19.8 386.6 2.3 101.3 0.3 7.9
076RD/P7 B 33.9 169.1 1.9 55.7 0.6 83.7
076RD/P8 B 52.1 99.9 1.7 71.7 0.7 99.9
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Zn* Cd Pb Ba Sr \Y Mo U Li
ppm ppm ppm ppm ppm ppm ppm ppm ppm
65 0.02 28.62 3.85 3.06 36.12 6.12 12.84 1.07
23 0.02 6.17 2.25 1.13 6.35 1.56 5.43 0.67
78 0.66 7.82 0.60 1.44 8.63 2.22 4.10 0.94
508 0.10 25.18 198.50 23.99 13.09 4.37 8.68 0.93
677 0.12 38.21 2.19 7.33 20.42 7.03 12.70 1.02
605 0.03 96.55 165.60 17.91 9.68 6.13 14.33 2.47
806 0.01 33.06 187.40 10.10 0.90 1.18 1.52 0.10
393 0.98 20.56 0.18 1.09 2.77 2.27 7.10 1.56
678 1.87 6.91 36.05 1.62 6.24 3.53 5.22 0.28
35 0.00 0.02 1.77 0.28 0.03 0.07 0.02 0.01
603 1.51 19.11 2.64 241 7.81 4.88 7.24 0.15
55 0.09 7.59 9.36 2.37 2.49 3.63 6.76 0.14
7166 22.96 33.36 36.16 5.34 27.80 6.68 37.52 0.09
5274 17.13 74.85 64.70 6.16 114.90 10.48 42.77 0.12
74 0.05 13.39 0.32 1.74 9.09 7.46 4.66 1.24
52 0.01 3.35 0.31 1.69 5.15 3.31 3.83 0.68
94 0.03 6.86 1.16 3.21 5.62 4.29 7.67 1.62
255 0.06 3.08 0.66 4.29 16.96 7.75 13.37 2.43
341 0.05 1.90 0.67 3.63 13.49 6.58 12.48 2.39
409 0.08 2.59 0.34 3.18 8.61 3.86 12.32 1.40
265 0.04 0.93 0.42 2.41 9.74 3.53 12.12 1.09
54 0.02 17.11 17.86 7.18 9.57 8.05 5.12 4.27
25 0.01 2.34 1.69 1.68 6.54 2.47 3.42 1.31
19 0.01 2.01 0.69 2.50 5.90 3.25 3.50 1.32
94 0.01 10.41 1.73 6.34 8.92 6.21 4.46 2.73
99 0.02 4.02 2.18 2.03 5.94 2.40 4.68 1.14
86 | 0.01 9.52 0.48 1.50 9.28 2.21 8.58 1.30
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Be Ni Cr Rb Y Zr In Cs Th
ppb ppm ppm ppm ppm ppm ppb ppm ppm
0.56 1.76 187.10 | 0.22 1.76 0.59 0.70 <0.01 |[0.01
0.55 5.09 200.80 | 0.08 0.08 0.20 0.68 <0.01 |<0.01
0.60 2.84 264.50 | 0.06 0.26 0.33 0.72 <001 |<0.01
0.73 1.08 31.36 0.38 0.43 0.80 0.85 0.01 <0.01
0.77 1.85 28.62 0.28 0.69 0.22 0.90 0.01 <0.01
0.58 1.71 33.41 0.51 0.47 0.19 0.70 0.02 <0.01
0.60 0.17 3.51 0.02 0.06 0.09 0.73 <0.01 |<0.01
0.55 1.82 226.10 | 0.06 0.20 0.13 0.67 <001 |<0.01
0.59 3.55 450.70 | 0.03 0.18 0.22 0.75 <0.01 |<0.01
0.55 0.03 2.73 0.01 0.00 0.04 0.67 <001 |<0.01
0.60 1.90 178.00 | 0.39 0.36 0.15 0.75 0.01 <0.01
0.68 1.19 128.40 | 0.24 0.23 0.08 0.82 0.01 <0.01
0.86 2.38 79.77 0.15 0.31 0.06 1.07 <001 |<0.01
0.57 4.26 201.00 | 0.21 0.24 0.26 0.76 0.01 <0.01
0.72 64.92 711.70 | 0.11 0.11 0.34 0.84 <0.01 |o0.01
0.61 3.46 339.00 | 0.08 0.10 0.22 0.73 <0.01 |0.01
0.70 3.06 321.20 |0.18 0.18 0.17 0.83 <0.01 |0.00
0.81 2.53 263.70 | 0.21 0.44 0.29 0.92 <0.01 |0.01
0.59 1.56 155.10 | 0.21 0.33 0.25 0.72 <0.01 |o0.01
0.92 1.38 137.60 | 0.07 0.41 0.33 1.13 <0.01 |0.02
0.59 17.90 | 423.70 | 0.08 0.37 0.38 0.71 <0.01 |<0.01
0.61 1.10 69.22 0.39 0.19 0.31 0.75 0.01 <0.01
0.74 3.10 371.10 |0.12 0.23 0.93 0.86 <0.01 |0.02
0.70 4.75 565.20 | 0.11 0.60 0.32 0.82 <0.01 |o0.01
0.56 1.90 70.87 0.33 0.26 0.33 0.69 0.01 <0.01
0.61 1.86 217.50 | 0.13 0.32 0.22 0.73 <0.01 |0.01
0.71 2.29 265.90 | 0.11 0.26 0.15 0.84 <0.01 |<0.01
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Analysed REEs by ICP-MS.

Unit | La Ce Pr Nd Sm Eu
ppb | ppb ppb ppb ppb ppb
022RD/CC B 647.3 | 2003.0 383.5 | 2044.0 589.6 | 3164.0
031RD/CC/007 | B 57.5 167.6 32.8 172.3 51.0 221.8
050RD/P3 A 318.5 624.7 124.3 628.2 171.9 974.0
050RD/P5 A 344.3 712.4 149.8 749.3 203.0 | 1061.0
050RD/P7 A 313.8| 851.9 160.6 816.4 222.0 | 14140
050RD/P8 A 230.9 565.8 112.2 587.9 180.3 939.4
050RD/P11 C 48.5 166.8 38.2 238.5 103.5 224.0
050RD/P12 C 196.0 | 715.4 134.4 688.3 163.9 533.3
050RD/P13 C 51.1 135.7 23.8 129.6 39.7 88.4
057RD/P2 B 157.7 538.0 108.2 585.4 229.2 639.0
057RD/P3-8 B 89.2 308.6 62.9 347.5 135.2 363.3
057RD/P10 C 188.4 661.6 131.7 686.8 269.3 630.3
057RD/P11 C 118.2 | 460.0 95.2 | 498.0 188.3 506.6
073RD/P1 B 58.7 167.4 40.5 233.1 99.3 545.1
073RD/P6 B 47.3 151.2 35.4 203.0 78.0 282.5
073RD/P7 B 114.1 327.4 73.8 | 4205 168.1 945.1
073RD/P9 B 138.2 | 4525 102.6 590.3 255.8 | 1088.0
073RD/P11 B 109.0 | 335.0 75.9 | 443.0 185.0 | 804.3
073RD/P12 B 111.7 348.4 77.3 471.1 196.8 786.3
073RD/P14 B 101.5 288.0 66.9 393.0 159.7 552.3
076RD/P2 B 139.4 251.0 54.3 299.0 73.6 | 456.4
076RD/P3 B 130.0 | 4416 93.8 539.0 164.8 | 1213.0
076RD/P4 B 427.2 | 1379.0 277.1| 1578.0| 433.4| 3805.0
076RD/P6 B 138.2 331.8 68.4 398.3 113.9 | 4419
076RD/P7 B 2148 | 862.6 176.1 | 1011.0 283.7 | 1727.0
076RD/P8 B 153.8 | 739.7 163.9 941.3 296.4 | 1252.0
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Gd Tb Dy Ho Er Tm Yb Lu
ppb ppb ppb ppb ppb ppb ppb ppb

465.7 53.9 258.3 48.8 137.3 19.3 129.0 22.7

33.5 3.8 17.7 3.0 7.6 1.0 7.8 1.2
144.8 16.6 80.6 14.5 39.0 5.4 34.5 5.6
175.2 19.9 92.5 17.7 45.4 5.9 36.6 6.2
170.9 18.3 81.3 14.1 36.8 4.9 32.8 5.2
143.6 16.1 72.2 13.4 36.1 5.0 33.6 5.9

91.1 13.4 66.2 10.8 29.0 43 29.4 4.2
113.5 12.6 54.1 8.6 18.3 2.4 14.7 2.0

35.5 3.9 15.8 2.4 5.2 0.6 3.7 0.5
198.1 31.2 162.2 25.3 63.2 8.7 53.3 6.6
118.3 17.5 86.2 13.1 30.8 3.7 21.7 2.6
205.2 33.5 176.3 26.3 64.4 9.3 64.6 7.8
144.1 22.9 115.0 16.6 39.9 5.9 39.3 4.7

68.3 8.4 34.0 5.4 13.4 1.9 12.0 1.9

56.2 6.4 26.4 4.0 9.6 1.3 8.7 1.3
112.5 13.5 55.6 7.5 17.8 2.1 11.6 1.6
193.4 25.5 115.7 18.2 45.5 6.4 41.0 6.3
147.5 19.1 89.9 14.7 36.5 5.3 34.1 4.9
179.0 23.6 113.8 18.6 47.8 6.8 45.6 6.7
146.4 19.5 96.2 16.5 43.2 6.5 43.5 7.0

68.2 4.7 20.3 4.1 10.9 1.5 10.8 1.6
123.1 12.4 46.8 8.0 20.5 2.8 19.3 3.1
327.7 27.2 104.2 16.7 39.0 4.4 27.6 4.4

96.8 8.9 36.1 6.3 16.3 2.1 13.4 2.1
227.0 20.2 77.2 11.2 25.7 2.8 17.2 2.5
191.3 17.9 63.6 9.0 18.5 1.8 11.7 1.7
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Normalised REEs (to Evensen 1978).

La Ce Pr Nd Sm Eu Gd
ppb ppb ppb ppb ppb ppb ppb
022RD/CC B 2.65 2.48 3.14 3.41 3.02| 72.74 1.80
031RD/CC/007 | B 0.19 0.21 0.27 0.29 0.26 5.10 0.13
050RD/P3 A 1.03 0.77 1.02 1.05 0.88 | 22.39 0.56
050RD/P5 A 1.11 0.88 1.23 1.25 1.04 | 24.39 0.68
050RD/P7 A 1.01 1.05 1.32 1.36 1.14 | 32.51 0.66
050RD/P8 A 0.74 0.70 0.92 0.98 0.92 | 21.60 0.55
050RD/P11 C 0.16 0.21 0.31 0.40 0.53 5.15 0.35
050RD/P12 C 0.63 0.89 1.10 1.15 0.84 | 12.26 0.44
050RD/P13 C 0.16 0.17 0.19 0.22 0.20 2.03 0.14
057RD/P2 B 0.51 0.67 0.89 0.98 1.18 | 14.69 0.76
057RD/P3-8 B 0.29 0.38 0.52 0.58 0.69 8.35 0.46
057RD/P10 C 0.61 0.82 1.08 1.14 1.38 | 14.49 0.79
057RD/P11 C 0.38 0.57 0.78 0.83 0.97 | 11.65 0.56
073RD/P1 B 0.19 0.21 0.33 0.39 0.51| 12.53 0.26
073RD/P6 B 0.15 0.19 0.29 0.34 0.40 6.49 0.22
073RD/P7 B 0.37 0.41 0.61 0.70 0.86 | 21.73 0.43
073RD/P9 B 0.45 0.56 0.84 0.98 1.31| 25.01 0.75
073RD/P11 B 0.35 0.41 0.62 0.74 0.95 | 18.49 0.57
073RD/P12 B 0.36 0.43 0.63 0.79 1.01 | 18.08 0.69
073RD/P14 B 0.33 0.36 0.55 0.66 0.82 | 12.70 0.57
076RD/P2 B 0.45 0.31 0.44 0.50 0.38 | 10.49 0.26
076RD/P3 B 0.42 0.55 0.77 0.90 0.85 | 27.89 0.48
076RD/P4 B 1.38 1.71 2.27 2.63 2.22 | 87.47 1.27
076RD/P6 B 0.45 0.41 0.56 0.66 0.58 | 10.16 0.37
076RD/P7 B 0.69 1.07 1.44 1.69 1.45 | 39.70 0.88
076RD/P8 B 0.50 0.92 1.34 1.57 1.52 | 28.78 0.74
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Th Dy Ho Er Tm Yb Lu
ppb ppb ppb ppb ppb ppb ppb
1.14 0.80 0.68 0.65 0.60 0.62 0.70
0.08 0.06 0.04 0.04 0.03 0.04 0.04
0.35 0.25 0.20 0.19 0.17 0.16 0.18
0.42 0.29 0.25 0.22 0.18 0.18 0.19
0.39 0.25 0.20 0.18 0.15 0.16 0.16
0.34 0.22 0.19 0.17 0.15 0.16 0.18
0.28 0.21 0.15 0.14 0.13 0.14 0.13
0.27 0.17 0.12 0.09 0.07 0.07 0.06
0.08 0.05 0.03 0.02 0.02 0.02 0.02
0.66 0.50 0.35 0.30 0.27 0.26 0.20
0.37 0.27 0.18 0.15 0.12 0.10 0.08
0.71 0.55 0.37 0.31 0.29 0.31 0.24
0.48 0.36 0.23 0.19 0.18 0.19 0.15
0.18 0.11 0.08 0.06 0.06 0.06 0.06
0.14 0.08 0.06 0.05 0.04 0.04 0.04
0.29 0.17 0.10 0.08 0.06 0.06 0.05
0.54 0.36 0.25 0.22 0.20 0.20 0.19
0.40 0.28 0.20 0.17 0.16 0.16 0.15
0.50 0.35 0.26 0.23 0.21 0.22 0.21
0.41 0.30 0.23 0.21 0.20 0.21 0.22
0.10 0.06 0.06 0.05 0.05 0.05 0.05
0.26 0.15 0.11 0.10 0.09 0.09 0.10
0.57 0.32 0.23 0.19 0.14 0.13 0.14
0.19 0.11 0.09 0.08 0.06 0.06 0.07
0.43 0.24 0.16 0.12 0.09 0.08 0.08
0.38 0.20 0.13 0.09 0.06 0.06 0.05
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Eu/Eu* | Ce/Ce* | LaN/SmN | SmN/YbN
20.68 0.60 0.88 4.90
17.48 0.64 0.71 7.05
21.45 0.53 1.17 5.35
19.65 0.53 1.07 5.94
24.70 0.63 0.89 7.26
20.03 0.59 0.81 5.76

8.09 0.59 0.30 3.77
12.93 0.70 0.75 11.95

8.29 0.66 0.81 11.59
10.48 0.65 0.43 4.61
10.06 0.65 0.41 6.67

9.10 0.66 0.44 4.47
10.45 0.66 0.39 5.13
21.86 0.54 0.37 8.89
14.27 0.57 0.38 9.64
22.51 0.57 0.43 15.60
16.57 0.59 0.34 6.69
16.71 0.58 0.37 5.82
14.78 0.59 0.36 4.62
12.76 0.56 0.40 3.93
22.81 0.49 1.19 7.30
28.76 0.62 0.50 9.15
34.20 0.64 0.62 16.84
14.65 0.57 0.76 9.13
23.37 0.67 0.48 17.64
17.03 0.64 0.33 27.08
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Appendix B Unedited analysis of standards from all

techniques

XRF standards for Major Elements and select trace elements

Major
elements Si02 TiO2 | Al203 | Fe203 MnO MgO Cao K20
(%) (%) | (%) (%) (%) (%) (%) (%)
SY-2 61.056 | 0.14 12 6.427 0.3163 2.585 7.861 4.397
NIM-G 75.866 | 0.09 12 1.948 0.0212 0.055 0.744 4.95
FER1 18.22 | 0.01 0 80.301 0.2301 0.241 3.061 0.013
FER2 49.946 | 0.18 5 39.978 0.124 2.001 2.059 1.309
FER2 49.541 | 0.18 5 40.216 0.1224 2.003 2.043 1.293
FER2 49.465 | 0.18 5 40.049 0.1236 2.02 2.06 1.31
FER2 49.803 | 0.18 5 39.982 0.1263 2.023 2.039 1.31
FER2 49.402 | 0.18 5 39.966 0.1241 2.014 2.054 1.291
FER2 49.699 | 0.18 5 39.853 0.1227 2.005 2.052 1.303
FER3 53.449 -0 -0 45.899 0.0824 0.915 0.766 0.016
FER4 52.887 | 0.06 2 42.353 0.1997 1.328 2.157 0.284
SYN 1-95:5 94.433 -0 -0 5.029 0.005 0 0.006 0
SYN 2 - 75:25 74.852 -0 -0 25.662 0.0037 -0.008 0.001 0
SYN 3 - 60:40 60.209 -0 -0 41.231 0.0049 -0.007 0.001 0.002
Na20 P205 SO3 Sr Zr Ni Cr Pb Zn
(%) (%) (%) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
4.158 0.417 0 268.6 270.2 10.4 205.2 86.1 247.2
3.253 0.005 0 19.1 249.9 -15.5 203.3 46.5 64.8
0.061 2.216 0 94.5 40.8 8.1 180.9 7626 3334.9
0.432 0.244 0 68.7 60 -1.1 216.6 -1.2 48.7
0.432 0.248 0 69 53.4 6.2 222.3 -3.5 50.9
0.43 0.248 0 68.4 58.9 7.2 220.1 39.7 49.4
0.43 0.246 0 68.8 54.1 9.5 228.1 8.3 46.5
0.439 0.245 0 61.1 58.5 9.8 222.4 9.7 49.6
0.432 0.246 0 70 55.7 6.7 219.7 11.8 48.4
-0.035 0.063 0 38 25.6 -3.5 186.6 -14.9 73.8
-0.005 0.121 0 69.5 40.9 -13.5 199.1 -9.9 36
-0.04 0 0 8.7 26 -16.6 193 -11.3 40.4
-0.045 0 0 6.2 24 -19.5 192.6 -2 32.7
-0.025 0.001 0 3.9 25.7 -8.7 193.9 -12.8 202.2

390




Cu Co \Y Ba Ce As Rb u
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
21.8 12 50.9 432.9 157 17.5 219.3 178.8
13 5.9 16.9 180.2 206.6 17.3 322.9 29.1
27.6 105.6 86.1 800.8 53.9 27.9 -12.8 22.7
18.1 53.9 45.7 197.7 54.3 17.2 79.9 14.7
17.7 52.5 46.5 171.1 77.4 17.2 91.8 17.4
17.5 53.1 44.2 202.5 43 17.2 87.6 16.3
17.4 51.9 54.6 180.6 8.7 17.2 85.6 13.3
17.7 50.6 47.3 181.1 38.9 17.2 83.2 16.1
16.8 50.1 43.7 176.9 95.6 17.2 85.8 10.2
15.8 59.2 26.9 -15.2 77.5 17.2 30.4 6.8
14.9 54.6 21.9 35.3 46 17.2 36.6 12.2
11.2 9 16.8 -18 -4.5 17.2 27.2 11
15.5 35.7 17.4 -32.8 7 17.2 17.3 16.4
25.8 56.2 13.5 4.8 22.5 17.2 30.5 16.1
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ICP-MS analysis for trace elements, elements in ppm unless noted otherwise in brackets:

Al (%) As Ba Be Cd Ce Co Cr Cs
JA2 (R1) - - 322 0.7892 0.13 33.49 27.46 390 5.139
JA2 (R2) 8.309 1.4 313.3 0.95101 | 0.126 33.89 28.15 396 5.093
JR-2 (R1) 6.529 8.43 | 27.9 0.99507 | 0.057 37.5 0.116 2.002 25.69
JR-2 (R2) 6.496 7.81 | 27.71 0.80046 | 0.063 36.81 0.12 2.071 25.15
Cu Dy Er Eu Gd Hf Ho In La Li
29.94 2.923 1.69 0.908 3.035 2.713 0.603 0.88855 | 15.98 29.45
30.31 2.923 1.739 0.917 3.093 2.982 0.599 1.05216 | 16.37 29.85
1.55 6.668 4.544 0.099 5.698 5.105 1.454 1.05471 | 15.22 77.08
1.548 6.696 4.545 0.1 5.652 5.185 1.463 0.88492 | 14.96 77.4
Lu Mn (%) | Mo Nb Nd Ni P (%) Pb Pr Rb
0.254 0.08019 | 0.534 9.012 14.46 125 - 22.34 3.828 77.44
0.25 0.07869 | 0.727 9.389 14.61 131.1 0.06789 20.38 3.811 72.47
0.833 0.07898 | 2.658 17.95 19.32 0.884 0.002937 | 22.32 4.907 288.7
0.836 0.0788 2.556 17.57 19.23 0.871 0.003691 | 22.58 4.861 298.4
Re (ppb) | Sc Sm Sn Sr Ta Tb Th Ti (%) Tm
0.096487 | 17.91 3.084 1.524 244.7 0.914 0.488 4918 - 0.257
0.10589 | 18.1 3.122 1.755 247.4 0.74 0.492 5.033 0.4237 0.257
1.05362 | 5.155 5.315 3.536 7.779 2.11 1.049 32.27 0.03447 | 0.77
0.9466 5.051 5.357 3.582 7.889 2.104 1.046 33.09 0.03372 | 0.764
U Vv Y Yb Zn Zr
2.279 111.9 17.34 1.693 49.46 112.8
2.319 118.9 17.17 1.676 63.99 115.7
11.08 2.889 47.47 5.444 38.81 85.26
11.46 1.435 47.09 5.448 38.95 84.33
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ICP-MS — REE only analyses:

Be Sr Y In Ba La Ce Pr
ppm ppm ppm ppm ppm ppm ppm ppm
JA-2 (1) 0.97106 | 223100 | 15850 0.95364 | 282200 14730 30720 3449
JA-2 (2) 0.6364 | 234900 | 16290 0.65197 | 299100 15140 31870 3674
JA-2 (3) 0.58728 | 224300 | 15510 0.60795 | 289800 14610 30660 3515
JR-2 (1) 1.05747 7648 | 48430 0.92361 28810 15060 38910 4873
JR-2 (2) 0.78393 7449 | 46180 0.69721 28210 14330 37150 4814
JR-2 (3) 0.70524 7280 | 45180 0.63606 27580 14110 36350 4733
Nd Eu Gd Tb Dy Ho Er Tm
ppm ppm ppm ppm ppm ppm ppm ppm ppm
13320 2837 863.4 2776 435.9 2689 555.6 1617 238.5
14110 3007 920.1 3021 496.4 2991 606.4 1753 259.8
13900 2992 886.5 2902 482 2781 597.5 1679 243.4
19230 5316 99 5604 1034 6673 1456 4562 755.5
19130 5335 99.73 5562 1040 6703 1468 4595 760.7
18770 5225 98.02 5498 1025 6590 1442 4519 750.5
Yb Lu Re
ppm ppm ppm
1539 232.2 | 0.98728
1681 257.3 | 0.74695
1740 248.4 | 0.70854
5357 840.2 | 0.98013
5404 851.4 0.8057
5333 841.3 | 0.74915
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LECO Carbon and Sulphur Standards:

Total Carbon Average Average Sulphur
(average wt%) Sulphur wt% wt% Repeats done
BCS-CRM 362 9.55% 1.48% 3
BCS-CRM 362 9.60% 1.55% 7
BCS-CRM 362 9.62% 1.49% 3
BCS-CRM 362 9.65% 1.51% 1
BCS-CRM 362 9.57% 1.50% 3
BCS-CRM 362 9.50% 1.47% 3
BCS-CRM 362 9.56% 1.48% 1
BCS-CRM 362 9.51% 1.47% 1
Total Carbon | Average
(average Sulphur Repeats
wt%) wit% done
501-502 LN 192-100-2 0.06% 0.02% 2
501-502 LN 192-100-2 0.06% 0.02% 2
501-502 LN 192-100-2 0.05% 0.02% 1
501-502 LN 192-100-2 0.07% 0.02% 2
501-502 LN 192-100-2 0.06% 0.01% 1
501-502 LN 192-100-2 0.06% 0.02% 2
Total Carbon Average
(average wt%) | Sulphur wt% | Repeats done
501-505 LN 1351 0.54% 0.02% 2
501-505 LN 1351 0.53% 0.02% 2
501-505 LN 1351 0.53% 0.02% 2
501-505 LN 1351 0.54% 0.02% 2
Total Carbon
(average Average
wt%) Sulphur wt% | Repeats done
leco 501-024 lot no. 1027 3.23% 0.05% 2
leco 501-024 lot no. 1027 3.23% 0.04% 2
leco 501-024 lot no. 1027 3.23% 0.04% 2
leco 501-024 lot no. 1027 3.23% 0.04% 2
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Oxygen isotope standards:

Sample | Yield RAW 3O018smow
YP2 25 3.768 29.6
YP2 14 -8.944 16.7
YP2 14.4 -8.015 17.8
YP2 11.5 -9.594 16.2
YP2 14.1 -9.292 16.2
YP2 15.5 -9.201 16.2
YP2 16.0 -8.097 17.3
YP2 14.6 -8.781 16.6
YP2 15.2 -8.953 16.5
YP2 17.8 -9.033 16.4
YP2 15.4 -7.255 18.3
YP2 15.5 -8.601 16.9
YP2 15.2 -9.119 16.4
YP2 11.2 -8.935 16.6
YP2 13.5 -9.37 16.2
YP2 11.6 -9.945 15.6
YP2 14.7 -9.109 16.5
YP2 12.4 -9.669 15.9
YP2 17.9 -9.133 16.4
YP2 13.8 -9.993 15.4
YP2 12.8 -9.528 16.4
YP2 17.5 -8.091 17.3
YP2 15.7 -8.768 16.6
YP2 14.1 -9.5 16.4
YP2 11.9 -9.282 16.6
YP2 10.6 -9.626 16.2
YP2 14.4 -9.371 16.5
YP2 19.5 -7.644 17.9
YP2 15.1 -9.093 16.4
YP2 15.4 -9.323 16.7
YP2 16.1 -9.264 16.7
YP2 19.4 -5.579 20.0
YP2 16.3 -8.422 17.2
YP2 17.9 -5.97 19.5
YP2 17.6 -9.115 16.4
YP2 17.5 -9.512 16.4
YP2 14.0 -8.944 16.7
YP2 11.5 -9.594 16.2
YP2 14.6 -8.781 16.6
YP2 15.2 -8.953 16.5
YP2 15.2 -9.119 16.4
YP2 11.2 -8.935 16.6
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Sample | Yield RAW 8Os mow Sample Yield RAW 8O8smow
JJB8 15.0 4.291 30.2 UWG2 10.6 -19.79 5.6
JIB8 13.4 4.244 30.4 UWG2 13.0 -19.579 59
JJB8 14.8 4.773 30.5 UWG2 10.3 -19.295 | 6.0
JJB8 13.9 4.235 30.2 UWG2 10.4 -19.338 | 5.6
JJB8 14.9 4.184 30.3 UWG2 9.1 -19.178 5.7
JJB8 12.2 4.656 30.2 UWG2 11.8 -19.833 5.7
JJB8 12.5 3.966 30.2 UWG2 11.3 -19.289 | 5.6
JJB8 16.9 3.577 30.4 UWG2 14.6 -18.888 | 5.8
JJB8 15.9 3.824 30.5 UWG2 13.4 -18.41 6.5
JJB8 15.2 3.554 30.3 UWG2 15 -18.848 | 5.7
JJB8 15.5 5.202 30.2 UWG2 16.1 -20.029 | 5.6
JJB8 14.8 3.568 30.3 UWG2 15.4 -20.282 |54
JJB8 14.5 3.603 30.3 UWG2 15.0 -19.494 | 5.8
JJB8 14.8 3.293 30.0 UWG2 11.4 -18.862 6.4
JJB8 14.1 3.583 30.3 UWG2 14.6 -19.521 | 5.7
JJB8 14.4 4.393 30.3 UWG2 11.2 -19.891 5.5
JJB8 16.7 3.938 30.2 UWG2 12.9 -19.507 | 5.7
JJB8 16.0 3.957 30.2 UWG2 14.2 -20.154 | 5.6
JJB8 16.6 3.727 29.3 UWG2 14.3 -19.794 | 5.8
JIB8 18.3 4.767 30.3 UwWG2 11.5 -19.91 5.8
JJB8 15.0 4.291 30.2 UWG2 10.6 -19.79 5.6
JJB8 13.4 4.244 304 UWG2 13.0 -19.579 | 5.9
JJB8 14.8 4.773 30.5 UWG2 10.3 -19.295 | 6.0
JJB8 13.9 4.235 30.2 UWG2 10.4 -19.338 | 5.6
JJB8 14.9 4.184 30.3 UWG2 9.1 -19.178 | 5.7
JJB8 12.2 4.656 30.2 UWG2 11.8 -19.833 | 5.7
JJB8 12.5 3.966 30.2 UWG2 11.3 -19.289 | 5.6
Sample | Yield RAW 8O0 8smow Sample Yield RAW 8O0 Bsmow
GP147 13.7 -17.237 8.4 TOR1 16.1 -16.845 8.8
GP147 14.5 -18.164 7.5
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Appendix C LA-ICP-MS Data from Unit B and C Sulphides

Southern Mound
pyrite Southern Mound pyrite Rona Mound pyrite
050RD/P11 050RD/P13 057RD/P11
n=20 n =44 n=33
\Y ppm 5.59 0.91 8.10 5.95 118.35 6.02
Cr ppm 93.44 0.53 1087.58 7.50 171.77 2.43
Mn | ppm 10.97 5.53 13.72 6.10 4.62 1.30
Fe Wt% _% *_ _% _% _% _%
Co | ppm 0.48 3.67 696.22 4.09 0.69 2.25
Ni ppm 4.63 1.26 5.29 11.81 2.10 1.67
Cu | ppm 1606.64 8.73 15863.56 3.89 335.11 4.13
Zn | ppm 42.58 3.74 75.79 4.07 9475.39 5.71
Ga | ppm 0.18 1.86 2.54 2.53 29.48 6.49
Ge | ppm 1.19 0.85 15.82 6.90 0.77 0.70
As ppm 68.98 3.08 -4.74 15.36 5.13
Se | ppm 0.82 6.56 484.16 3.04 1.59 6.80
Mo | ppm 5.84 3.32 69.04 6.12 19.75 3.14
Ag | ppm 10.03 1.71 2.27 4.69 84.92 4.63
Cd | ppm - - - - -
In ppm - - - - -
Sn | ppm 0.13 0.66 8.69 7.93 0.34 2.85
Sb | ppm 2.59 3.06 1.97 4.04 4.93 2.91
Ba - - - - - -
Au | ppm 0.16 1.10 0.82 4.24 0.06 2.46
Hg | ppm 9.04 0.58 96.34 5.90 22.92 2.30
Tl ppm 0.79 2.38 0.36 9.91 10.65 2.53
Pb ppm 992.72 2.28 1845.52 7.23 296.67 1.72
Bi ppm 0.01 2.28 1845.52 7.23 - -
u ppm 0.37 3.55 6.36 8.92 1.60 3.35
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Southern Mound

MIR Zone pyrite sphalerite
076RD/P7 076RD/P8 050RD/P11
n=14 n=22 n=7

3.61 3.65 3.03 1.14 23.82 3.94
23.62 0.58 192.50 2.24 64.61 1.21
46.77 3.67 26.43 2.26 126.99 1.11
¥ - *o - 10.57 0.92
3.28 1.94 1.08 6.03 0.09 0.75
22.37 2.56 1.92 1.47 1.40 1.06
23672.09 2.95 3920.75 2.96 746.70 2.50

132.90 3.62 58.96 2.92 -k
0.22 4.06 -8.75 258.09 2.13
1.99 1.89 23.69 8.10 5.41 1.24
303.05 1.94 375.71 2.09 1.64 4.63
2.78 3.88 1.09 6.43 1.40 3.42
10.47 2.52 1.42 1.67 0.94 3.49
27.32 2.80 7.61 2.30 82.11 2.20
- - 928.67 2.74
- - 4.62 3.11
0.12 1.32 0.20 2.15 0.14 1.15
13.08 1.47 5.96 5.95 0.47 1.46
- - 0.69 3.69
0.52 2.71 0.40 5.40 0.24 1.62
10.73 1.95 12.25 2.38 36.97 1.04
11.63 4.10 0.05 3.22 1.15 5.15
1434.36 141 587.79 1.41 34.44 2.62
0.91 3.28 0.79 3.01 0.98 3.24

398




Rona Mound sphalerite

Southern Mound

chalcopyrite

057RD/P11 | 050RD/P13
n=8 n=16
9.58 2.83 0.88 1.07
68.60 0.08 121.16 0.47
48.63 0.24 1.66 0.59
6.55 0.32 28.90 0.64
0.06 0.93 2.42 3.67
0.81 0.65 1.53 2.54
50.36 1.69 E

_* _* 44.15 4.67
235.66 1.52 1.50 0.58
0.62 0.31 1.17 0.75
-0.93 -1.36 -22.30 -1.46
0.98 1.76 27.41 1.50
0.02 2.12 2.27 3.39
49.13 0.91 0.59 2.44
1364.23 0.65 0.15 2.23
411 2.96 22.48 0.94
0.10 0.37 28.17 1.09
0.25 1.45 0.13 2.33
0.03 3.04 0.18 5.35
0.02 0.35 0.05 2.07
37.19 0.08 8.33 0.50
0.01 2.73 0.06 3.33
6.16 1.11 4.93 6.24
! ! 0.01 3.44
1.07 2.36 0.44 7.33
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Appendix D Quantitative XRD data
. . . . . . Opal- .
SAMPLE Unit | Goethite | Cristobalite | Tridymite T Hematite
022RD/CC B 40.8
031RD/109/CC | B 4.9
031RD/CC/007 | B 4
050RD/P3 A 9.8 37.4 1.8
050RD/P5 A 24.4 14.5 14.5 0.7
050RD?P7 A 19.6 1.8 30.6 32.4 2.2
050RD?P8 A 12.5 34.1 534 87.5
O50RD?P11 C 0.8
050RD/P12 C 34
050RD/P13 C 3.7
057RD/P2 B 35.5 9.9 45.4 54.6
057RD/P3-8 B 43.1 23.2 66.3 6.2
057RD/P10 C 344 25.6 60 19
057RD/P11 C 35.2 23.3 58.5 2.3
073RD/P1 B 6.4
073RD/P6 B 3.1
073RD/P7 B 16.3
073RD/P9 B 11
073RD/P10 B 9
073RD/P12 B 2.1
073RD/P14 B 1.2
076RD/P2 B 31.5
076RD/P3 B 7.9
076RD/P4 B 6.1
076RD/P6 B 155
076RD/P7 B 8.6
076RD/P8 B 4.5
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Quartz Halite Amorphous TOTAL I?rrorof Goethite | Cristobalite | Tridymite
oxides fit

59.2 100

95.1 100

96 100

20.8 0.7 29.5 100 0.2

22.8 0.1 37.5 100 0.3

0 0.5 45.3 100 0.29 0.12 0.37

100 0.3 0.77 0.74

99.2 100

93.9 100

96.3 100

100 0.52 0.4

0.5 0 27 100 0.35 0.37
0.2 34.5 100 0.42 0.48
0.3 28.5 100 0.36 0.34
93.6 100

96.9 100

83.7 100

72.7 100 0.27

84 100 0.35

87.4 100 0.33

93.1 100 0.17

68.5 100

92.1 100

93.9 100

84.5 100

91.4 100

95.5 100
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Amorphous

Opal-CT | Hematite Pyrite Natrojarosite | Quartz Halite oxides

0.34 0.35

0.37 0.65

0.58 0.82
0.3 0.1 0.2 0 0.9
0.9 0.1 0.2 0.1
0.39 0.17 0 0.13
1.07

0.2 0.7

0.23 0.25 0.53

0.31 0.55
0.66 0.57
0.51 0.15 0.11 0
0.64 0.11 0.12 0.12
0.50 0.12 0.13 0.22 0.13

0.26 0.45

0.54 0.73

0.44 0.52

0.23 0.3

0.28 0.58

0.15 0.34

0.38 0.37

0.57 0.81

0.68 0.84

0.39 0.52

0.6 0.7

0.54 0.67
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Appendix EOxygen stable isotopes of haematite

An attempt was made to calculate iron oxide oxygen isotope values (8'0uaemanite) and formation
temperatures based upon analysis of both bulk powder (6*0suwk) and leached silica (§'0s.). The
haematite 680 is calculable from the bulk §'80, and silica leach 6§80, based on the assumption that
the only contributors to the bulk 60 are haematite and silica, and knowing the ratio of iron oxide

to silica within the bulk samples based on XRF data.

Molar concentrations of oxygen contributions from SiO; and Fe,03 were calculated using the atomic
masses of oxygen, silicon, and iron as 15.999, 28.0855 and 55.845 respectively. Ratios of silica and
iron oxide contributions to each sample is based upon XRF data of SiO, and Fe;Osr. Once the
percentage contribution of both silica and iron oxide is obtained, the fraction of 680 for the iron

oxide material can be back calculated from the bulk §'30 and the silica leached material §20.

Table 94: Difference between §'0g and §'®0gui« of all Si-Fe cap samples

Difference between
n 8%0s1. n 6" 0guix SIL and bulk

050RD/P3 5 26.1 4 21.6 -4.5
050RD/P5 1 25.9 - -

050RD/P7 3 27.3 3 19.4 -7.9
050RD/P8 1 27.4 - -

022RD/CC 1 18.2 2 12.4 -5.8
031RD/CC/007 | 1 19.0 1 17.8 -1.2
031RD/109/CC | 1 19.2 1 17.1 -2.1
050RD/P11 1 18.9 2 17.0 -1.9
050RD/P12 1 14.8 3 13.0 -1.8
050RD/P13 3 17.7 1 15.5 -2.2
057RD/P2 1 18.4 2 18.7 0.3
057RD/P3-8 3 16.6 3 15.1 -1.6
057RD/P10 1 20.9 2 17.6 -3.3
057RD/P11 1 19.1 1 17.9 -1.2
073RD/P1 1 20.1 1 20.8 0.7
073RD/P6 1 21.2 1 20.1 -1.1
073RD/P7 1 20.1 1 13.6 -6.5
073RD/P9 1 20.3 1 15.4 -4.9
073RD/P10 1 20.3 1 154 -4.9
073RD/P12 1 21.0 1 17.6 -3.4
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073RD/P14 3 20.3 1 17.2 -3.1
076RD/P2 3 20.4 1 17.9 -2.5
076RD/P3 1 20.1 1 16.5 -3.6
076RD/P4 1 19.9 1 20.1 0.2
076RD/P6 1 20.3 1 14.4 -5.9
076RD/P7 1 20.4 1 16.0 -4.4
076RD/P8 1 19.1 3 14.3 -4.8

Typically, bulk values of the samples returned lower of §'80 values than the silica leaches, with only

three samples recording bulk values higher than the leached material.

Initial calculations were conducted upon samples which only consist of haematite and quartz, both
non-hydrous and not containing hydroxyl groups (i.e. no goethite or opal-CT) as described in the

Methodology section.

Table 95: Calculated 6®Onaemarerre Of Si-Fe cap samples across all three mounds that only contain

haematite and quartz

Sample Code Mound Unit Calculated 6'¥0uaemanite
031RD/109/CC Southern B -55.1
031RD/CC/007 Southern B -33.2
050RD/P11 Southern C -400.4
050RD/P12 Southern C -74.9
050RD/P13 Southern C -86.0
073RD/P1 MIR B 38.9
073RD/P6 MIR B -40.8
073RD/P7 MIR B -45.5
076RD/P2 MIR B 8.3
076RD/P3 MIR B -57.9
076RD/P4 MIR B 25.6
076RD/P6 MIR B -42.6
076RD/P7 MIR B -66.9
076RD/P8 MIR B -166.2

Calculated values of 6¥Opaemanite ranged from -400.4 to + 38.9. The 80 geothermometer for
haematite was calibrated for formation temperatures between ~0 and 210°C where 8¥0uaematite
values ranged from -14.2 to -6.6 80uaemarie (Yapp, 1990). Therefore it was thought that the wide
range of calculated values of &%¥Ouaemamme Of the iron oxide fraction were not considered
representative of the true formation temperatures of the Si-Fe cap. Further calculations of goethite
or opal-CT containing samples were not considered further due to this wide variation of

&"0uaemarite values.
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