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Abstract

Alteration of the oceanic crust by hydrothermal circulation is one of the
most important processes in the Earth System, responsible for cooling of
ocean lithosphere affecting the heat budget of ocean crust and making a
significant contribution to the chemistry and the isotopic composition of
oceans. Oceanic crust has been proven to be structurally heterogeneous
depending on the rate of spreading. Fast spreading crust is characterised by
a layer cake model with pillow lavas underlain by sheeted dykes and
plutonics, whereas ultra-slow/slow spreading oceanic crust is more complex
with gabbro bodies intruded into peridotites brought to the surface via low
angle detachment faults, forming oceanic core complexes (OCCs). Large
hydrothermal systems such as TAG (Trans-Atlantic Geotraverse) are
associated with detachment faults and may involve much deeper fluid
circulation than typical systems at fast spreading ridges. The Atlantis Massif,
30°N is an OCC located at the inside corner high between the Mid-Atlantic
Ridge and the Atlantis Transform Fault that has been drilled during I0DP
legs 304 and 305. IODP Hole U1309B and D are dominated by gabbro with
minor interlayered ultramafic rocks and diabases intruded at the top.

The aims of this project are to characterise the fluids that circulated in
the section sampled by IODP Holes U1309B and D and to assess what
processes control the fluid chemistry, to assess fluid fluxes related to various
stages of alteration, and to better constrain how fluids circulate in OCCs by
placing the results in the context of models for hydrothermal circulation at
TAG. Fluid inclusion analyses — microthermometry and LAICPMS - and
isotopic analyses of strontium and oxygen were undertaken in an attempt to

answer these questions.

Fluid inclusion microthermometry underlines the occurrence of four
types of fluid in the Atlantis Massif. Fluid type 1a is a seawater-like salinity
fluid that is observed in late quartz vein precipitating at low pressure low

temperature. Fluid type 1b is depleted with respect to seawater salinity and is



observed in plagioclase of gabbros and is the result of mixing with recharge
seawater and supercritically phase-separated seawater-derived fluid. High
salinity fluid (Type 3a) and halite-saturated fluid (type 3b) are observed in
quartz grains of a trondjhemite intrusion. These fluids are interpreted to be
generated by condensation of a magmatic fluid. Fluid chemistry is controlled

by phase separation processes and mainly by fluid-rock interactions.

Isotopic analyses show that fluids circulated mainly close to the
detachment fault and that limited amounts of fluid escaped into the footwall.
Whole rock isotopic analyses show that gabbros are relatively little altered
while serpentinites show elevated strontium isotope ratios. Small sample
analyses show that gabbros are heterogeneous, with amphibole vugs and
prehnite showing elevated seawater-like values, amphiboles replacing
pyroxene intermediate values, and plagioclase commonly retaining igneous
values. Serpentinites might be contaminated by late carbonate precipitation.
However, the elevated strontium isotope ratio of prehnite replacing
plagioclase during formation of micro-rodingite argues for the serpentinising
fluid being seawater like. Oxygen isotope analyses support the conclusions
of metamorphic petrology, that the majority of alteration took place at
temperatures > 300 °C. The patterns of hydrothermal alteration can be
understood in terms of kinetically limited exchange of isotopes between fluid
and rock. High flux pathways such as the amphibole vugs were formed at
low effective Damkohler numbers (Np), such that the amphibole reflects the
fluid composition while the altered plagioclase in the vug walls have rock-
dominated isotopic ratios. Tremolite-talc veins also appear to have formed
under high flux, low Np conditions, while tremolite-chlorite coronas and
micro-rodingite veins are also quite high flux features. Reaction permeability
may have played a role in generating all of these fluid pathways. Although
nominal fluid fluxes can be calculated on the basis of the downhole isotopic
profile, it is likely that the main direction of fluid flow was parallel to the fault
and hence perpendicular to the Hole. The evolution of fluid flow and
alteration in the Atlantis OCC can be interpreted in terms of the TAG model
in which fluid discharge at black smoker temperatures occurs up the fault

zone.
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Chapter 1 Thesis Introduction

Chapter 1. Introduction

1.1 Introduction to the scientific problem

Alteration of the oceanic crust by hydrothermal circulation is one of
the most important processes in the Earth System, responsible for cooling of
ocean lithosphere affecting the heat budget of ocean crust (Stein & Stein,
1994) and making a significant contribution to the chemistry and the isotopic
composition of oceans (Edmond, et al., 1979; Palmer & Edmond, 1989). The
ocean crust is one of the last frontiers for geological studies but the problem
is that key samples are hard to collect and most of the crust is inaccessible.
The composition of hydrothermal vent fluids and the composition of seawater
are well known, but because of the sampling difficulties, the state of
knowledge regarding fluid flow mechanisms is still quite ill-defined.

In addition, heterogeneities of the oceanic lithosphere make the
challenge even more difficult. Variations in crust structure are indeed
observed between ultraslow/slow spreading crust and fast spreading crust.
Fast spreading crust is characterised by a significant magma supply and
“cake model” crust with pillow lavas underlain by diabase sheeted dikes and
gabbros. Slow spreading ridges crust is structurally more complex and is
mainly characterised by a low magma supply and low angle detachment |
faults responsible for the exhumation of lower crustal and upper mantle rocks
on the seafloor forming corrugated massifs. These massifs are known as
oceanic core complexes (OCCs) (Blackman, et al., 2002; Cann, et al., 1997,
Dick, et al., 1991; Dick, et al., 2000; Karson, 1990; Tucholke & Lin, 1994;
Tucholke, et al., 1998). Approximately half of the global mid-ocean ridges
spreads at slow rates (Carbotte & Scheirer, 2004) and OCCs have been
estimated to cover approximately 30% of the Atlantic Ocean floor (Smith, et
al., 2008) so hydrothermal alteration of such crust is important for the
evolution of the lithosphere and the geochemical budget of oceans. Large
hydrothermal systems such as TAG (Trans-Atlantic Geotraverse) are
associated with detachment faults and may involve much deeper fluid

circulation than typical systems at fast spreading ridges
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Nonetheless, even if an important number of OCCs have been
identified along the Mid-Atlantic Ridge, only two have been extensively
studied: the 15°45'N Massif and the Atlantis Massif (Blackman, et al., 1998;
Blackman, et al., 2006b; Blackman, et al., 2002; Boschi, et al., 2006; Cann,
et al., 1997; Delacour, et al., 2008a; Delacour, et al., 2008b; Delacour, et al.,
2008c; Escartin, et al., 2003; McCaig, et al., 2010; McCaig, et al., 2007;
Nozaka & Fryer, 2011).

The Atlantis Massif (AM) is an Oceanic Core Complex (OCC), which
formed in the past 1.08 £ 0.07 My to 1.28 1 0.05 My (Grimes, et al., 2008),
located at the inside corner of the Mid-Atlantic Ridge (MAR) and the Atlantis
Transform Fault (ATF) (30°N) (Figure 2-1). The AM is composed of three
different parts: The central dome dominated by gabbroic rocks, the southern
wall dominated by serpentinites, being the host of the Lost City hydrothermal
field, and the eastern block, interpreted as a fault-bounded block of basaltic
material structurally lying above the central dome. The central dome has
been the subject of two consecutive IODP expeditions 304 and 305 in order
to investigate processes controlling the formation of OCCs and the exposure
of ultramafic rocks in a young oceanic lithosphere. Overall, two deep holes
(U1309B and U1309D), and five shallow-penetration holes recovering upper
sediment cover and fragments of detachment faults (U1309A and U1309E-
H) have been drilled (Figure 2-1). More details are provided in chapter 2.
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1.2 Main goals and objectives of the thesis

The aims of this project are (1) to test and refine models for
permeability generation and hydrothermal alteration in oceanic gabbros, (2)
to characterise the fluids that circulate in IODP hole U1309D, (3) to assess
fluid fluxes related to various stages of élteration, (4) to assess what
processes control the fluid chemistry, (5), to better constrain how fluids
circulate in OCCs.

To answer these questions, fluid inclusion studies such as
microthermometry (Chapter 3), and Laser Ablation Inductively Coupled
Plasma Mass Spectrometry (Chapter 4), and geochemical studies of
strontium and oxygen isotopes (Chapter 5) were undertaken. These studies
were carried out with the support of transmitted microscope and Scanning
Electron Microscope (SEM) + Electron Microprobe Microanalyser (EPMA)

observations and analyses of alteration fronts and phases.

Fluid inclusion work was conducted on quartz veins and plagioclases
in gabbros as well as quartz grains of a trondjemitic intrusion. Strontium and
oxygen measurements were carried out on powders and/or mineral extracts
of lithologies representative of the diversity of both IODP Hole U1309B and
D.
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1.3 Thesis outline

The following chapters present petrological, chemical, and
geochemical studies on samples from I0DP Hole U1309B and D located at
the central dome of the Atlantis Massif. Throughout the thesis the inferred
geology beneath the TAG hydrothermal field is used as a framework within
which to interpret the data obtained from the Atlantis massif, an analogy first
proposed by McCaig et al., (2010).

This chapter presents' the overview of the thesis with scientific
background to the research. '

Chapter 2 describes the geology of the Atlantis Massif and contains
petrographic descriptions of rocks recovered at the central dome of the
Atlantis Massif during the 304 and 305 expeditions. Descriptions of all the
rock types defined by Blackman et al. (Blackman, et al., 2006a; Blackman, et
al., 2002) are given. Alteration history and common metamorphic reactions
observed in the cores are also reviewed.

In chapter 3, fluid inclusions observed in quartz veins and in
plagioclase of gabbros are described petrographically. Results from
microthermometry are presented and compared to previous studies in
oceanic sections (Kelley & Delaney, 1987; Kelley & Friih-Green, 2001; Kelley
& Malpas, 1996; Kelley, et al., 1993; Saccocia & Gillis, 1995; Tivey, et al.,
1998; Vanko, 1992) and in ophiolites (Cowan & Cann, 1988; Hopkinson &
Roberts, 1996; Kelley & Robinson, 1990; Kelley, et al., 1992; Morgan, 2008;
Nehlig, 1991). This chapter also provides a discussion on processes
generating salinity variations observed in the fluid inclusions. Results are
finally replaced in the context of the TAG model interpreted from seismicity
(deMartin, et al., 2007) in order to better constrain the location of trapping of

fluid inclusions during the exhumation history of the Atlantis Massif.

Chapter 4 summarises the fluid chemistry of fluid inclusions obtained
by Laser Ablation Inductively Coupled Plasma Mass Spectrometry
(LAICPMS). The results are compared to data from Troodos and from IODP
Hole U1256D (Morgan, 2008) that is to date the only study of fluid inclusion

4
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chemistry in oceanic sections. In the past, Results are compared to TAG
vent fluids as a means of constraining the nature of fluid trapped in fluid
inclusions in the hydrothermal system. Finally, a discussion on the processes
influencing the chemistry of hydrothermal fluids is undertaken in which

metamorphic reactions observed in the core are reviewed.

Chapter 5 gives the results from isotopic analyses on samples from
IODP Holes U1309B and D. Strontium and oxygen isotopes were combined
in order to better constrain the intensity and temperature of seawater/rock
interaction at the Atlantis Massif. Previously reported small sample results
lare also presented. Extracts from individual minerals have been analysed
both for strontium and oxygen, in addition to the bulk rock from which they
belong. Results are compared to various oceanic sections such as the
15°45'N Massif (McCaig, et al., 2007), IODP Hole 504B (Alt, et al., 1996) and
735B (Hart, ef al., 1999). Results are also used to quantify fluid fluxes at the
Atlantis Massif and replaced in the context of the TAG model.

Chapter 6 summarises the main results and conclusions of this work,
in addition to views on potential and needed future work.

Appendices are presented at the end of the thesis. It comprises all
the micro probe analyses (appendix 1), all the microthermometry
measurements (appendix 2), LAICPMS data (appendix 3), details on
analytical procedures used for strontium analyses (bulk rock and small
samples) (appendix 4).
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Chapter 2. The Atlantis Massif, IODP Site
Hole U1309 B and D, 30°N Mid-Atlantic
Ridge: Petrology and Metamorphism

2.1 Introduction

This chapter has the aim to set the geological context of this study. A
summary of the principal features of the Atlantis Massif (AM) as well as the
mechanism of formation of the massif are presented. Following this, the
different types of rock recovered at IODP Hole U1309B and D are described
with their primary and secondary mineral assemblage. Geochemistry of the
principal secondary minerals encountered in all rocks (plagioclase and
amphibole) analysed with electron micro probe is also presented in this
chapter. The whole collection of analyses is tabulated in Appendix 1. The
alteration history and metamorphic facies with their main consequences for
rocks occurring in the AM are described. Finally, a description of the TAG
hydrothermal system model that is going to be used in the following chapters
is presented.
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Chapter 2 Petrology and Metamorphism of the Atlantis Massif

2.2 The Atlantis Massif

The Atlantis Massif (AM) is an Oceanic Core Complex (OCC), which
formed between 1.08 £ 0.07 My and 1.28 + 0.05 My (Grimes, et al., 2008). It
is located at the inside corner of the Mid-Atlantic Ridge (MAR) and the
Atlantis Transform Fault (ATF) (30°N) (Figure 2-1). The OCC is a dome-like
exposure of variably deformed and metamorphosed lower crustal and upper
mantle rocks that has been unroofed by movement on a major detachment
fault (Figure 2-2) (Blackman, et al., 2002; Blackman, et al., 2011; Cann, et
al., 1997; Dick, et al., 1991, Dick, et al., 2000; Karson, 1990; Tucholke & Lin,
1994; Tucholke, et al., 1998).

The AM is composed of three different parts: The central dome, the
southern wall, being the host of the Lost City hydrothermal field, and the
eastern block, interpreted as a fault-bounded block of basaltic material lying
structurally above the central dome. The central dome is characterised by a
corrugated surface believed to be an exposure of a major detachment fault
responsible for the uplift of the massif. The corrugations are parallel to the
spreading directions and have a wavelength of approximately 1000 m,
amplitude of tens of meters, and length of several kilometres (Cann, et al.,
1997).

The central dome has been the subject of two consecutive IODP
expeditions 304 and 305 in order to investigate processes controlling the
formation of OCCs and the exposure of ultramafic rocks in young oceanic
lithosphere. Overall, two deep holes (U1309B and U1309D), and five
shallow-penetration holes recovering upper sediment cover and fragments of
detachment faults (U1309A and U1309E-H) have been drilled (Figure 2-1).
Hole U1309B initiated at the same location as Hole U1309A (30°10.11'N,
42°07.11'W,; 1642 mbsl) is 20 m away from Hole U1309D and was drilled up
to 101.8 mbsf with an average recovery of 46% for the upper 25 m and 52%
for the rest of the core. Site U1309 Hole D, located at 30°10.12'N,
40°07.11'W, 1645 mbsl, penetrated 1415.5 mbsf, with a recovery of 75%
comprising intrusive basalt (3%), gabbroic (91%) and olivine-rich rock (5%)

consisting of dunites, wehrlites, troctolites, as well as a few mantle
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Chapter 2 Petrology and Metamorphism of the Atlantis Massif

peridotites (harzburgite) in the upper 200 m (Figure 2-3). The core presents
strong evidence of penetration of altering fluids. Alteration occurred over a

range of temperatures ranging from granulite facies to zeolite facies. For

more details, see paragraph 2.5.

Southern Ridge 5000 4000 3000 2000 1000 (metes

Western Shoulder, Corrugated Detachment

Summit Fault Surface
Central Dome Transition to
Southeast Shoulder Steep Normal
Eastern Block Faults in

Northern Range

Figure 2-1: 3D view of the Atlantis Massif from a WSW perspective, showing
morphotectonic features (different parts of the massif), and the location of IODP holes
U1309A-E. lllumination comes from SE. Vertical exaggeration is about 1.8. A colour
scale is shown to indicate the bathymetry.(Blackman, et al., 2006).

5000 4000 3000 2000 1000
Depth (mbsf)

Depth from Ridge Valley floor (km)

Distance from Ridge axis (km)

Figure 2-2: Schematic 3D cross section of the Atlantis Massif. Detachment
fault is shown as a curved white line which steepens at depth. Location of U1309D is
also shown in white. Red bodies represent active zones of intrusions. Blue sills are
gabbro bodies intruding each other and forming the plutonic sequence of the
lithospheric crust. Dykes also intrude one another and are shown in blue green.
Pillow lavas lie on top of the dykes (from Grimes et al., 2008).
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Figure 2-3: Lilthostratigraphy of holes U1309B and U1309D (Blackman, et al.,

2006).
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2.3 Petrology of the Atlantis Massif

This section describes the igneous petrology and the metamorphic
petrology of lithologies recovered at the two main core sections of the
Atlantis Massif during campaign 304 and 305, IODP Hole U1309B and
U13409D.

2.3.1 Igneous and metamorphic petrology

Samples recovered at IODP Hole U1309B and U1309D are mainly
from the gabbro group with a few intercalated serpentinised peridotites and
olivine-rich troctolites. Basalts and diabases are recovered in the upper part
of the cores and locally as intrusions into other lithologies deeper in the
holes. These lithologies represent approximately 3% of the overall coverage.
The gabbroic rocks are variable in composition and comprise medium to
coarse-grained gabbro and gabbronorites (55.7%), olivine gabbros and
troctolitic gabbros (25.5%), troctolites (2.7%), and oxide gabbros (7%).

2.3.1.1 Diabase

Diabases are recovered mainly from the upper 150 mbsf of the IODP
Hole U1309D but also occur as intrusions into gabbro at several depths (the
deepest was recovered at 1377.6 mbsf). In Hole U1309B, diabases are
present throughout the entire depth (Figure 2-3). Basalt represents the fine-
grained margins of diabase intrusions, and the apparently higher proportion
of basalt relative to diabase in Hole 1309B is not significant.

Diabases are characterised by a fine to medium-grained ophitic to
subophitic texture with laths of plagioclase surrounded by clinopyroxene
(Figure 2-4A). Clinopyroxene is partially altered to amphibole, and
plagioclase is relatively unaltered; non-uniform alteration to albite occurs in

the rim or in the core of laths.

2.3.1.2 Gabbro and gabbronorite
Gabbros and gabbronorites are the most common lithologies in both
IODP Hole U1309B and D (Figure 2-3). They are found at all levels in both

cores. Primary mineral assemblage for gabbros consists of anhedral
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plagioclase of intermediate composition (labradorite/bytownite; see
paragraph 2.4.1) and anhedral clinopyroxene, Fe oxides, and/or
orthopyroxene, with a low percentage of olivine rarely exceeding a few
percent. Plagioclase is usually anhedral and sometimes deformed (undulose
extinction and deformed twins - Figure 2-4B and C). It shows interlocking
textures with clinopyroxene and sometimes high temperature equigranular
recrystallisation textures (Figure 2-4C), especially at contacts. Grain size
varies through depth from microgabbros (grain size <1mm) to seriate
medium-grained gabbros to pegmatitic gabbros (grain size >10cm generally
above 650 mbsf) (Figure 2-5A, B and C). The mineral assemblage of
gabbronorites consists of anhedral plagioclase, clinopyroxene and
orthopyroxene >5% (low Ca-pyroxene) occurring as large subhedral grains in
coarse gabbros and more commonly anhedral in microgabbros.

Plagioclase is rarely altered to albite and when it is fractured, the
fractures are filled in with chlorite. Clinopyroxene is commonly altered to
amphibole: hornblende under amphibolite facies, and actinolite and/or
tremolite under greenschist facies (Figure 2-4C).

2.3.1.3 Olivine gabbro and troctolitic gabbro

Olivine gabbros and troctolitic gabbros (Figure 2-5D and E) are the
second most common lithologies at the Atlantis Massif. They are mostly
found in the intervals 400-600 mbsf, 1000-1100 mbsf, 1200-1300 mbsf, and
1380-1415 mbsf in IODP Hole U1309D and between 70 and 90 mbsf in
IODP Hole U1309B. Modal composition of olivine gabbros vary greatly with
modal olivine raging from 5% to 50%. The primary mineral assemblage
consists of interstitial olivine, euhedral to anhedral plagioclases (25% to
80%), anhedral interstitial clinopyroxene (10% to 70%) interlocking with
plagioclase and rare orthopyroxene (more common in the upper part of the

core).

Olivine is replaced by serpentine and magnetite at depth (Figure
2-4F). In the upper part of the core, plagioclase and olivine have reacted
together to form a corona texture (Figure 2-4D and Figure 2-5F) in which

chlorite replaces plagioclase and tremolite replaces olivine at the contact
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between plagioclase and olivine. Clinopyroxene is partially to completely
altered brown amphibole (hornblende, amphibolite facies) and green
amphibole (actinolite and/or tremolite, greenschist facies). Alteration occurs
particularly along exsolution lamellae. Micro-rodingite (Frost, et al., 2008)
occurs as thin seams in which plagioclase is replaced by prehnite +/-
hydrogarnet, and olivine by serpentine + magnetite. It occurs below about
350 mbsf where the corona formation had not gone to completion (Figure

2-4G; Figure 2-5G; see troctolites paragraph for more details 2.3.1.4).

Plagioclase exhibits high temperature recrystallisation indicating
crystal-plastic deformation in rare shear zones at the top of the hole.
Secondary minerals indicate static metamorphism under greenschist facies

conditions.

2.3.1.4 Troctolite

Troctolites represent only 2.7% of lithologies in IODP Hole U1309D.
They are mainly found in the interval 400-600 mbsf. Primary mineral
assemblage in modal composition consists of olivine from 30 to 70%,
subhedral to anhedral plagioclase form 30 to 50%, and clinopyroxene (<
5%). The relative proportion of plagioclase and olivine is significantly
variable, and spatial gradation into troctolitic gabbros or olivine gabbros is
commonly observed.

Olivine-rich troctolites are rocks with relatively low modal plagioclase
and clinopyroxene, comprising dunite and wehrlite, in addition to troctolite.
They represent 5.4% of the total récovery of IODP Hole 1309D and are
concentrated in the interval between 1092 and 1236 mbsf although they are
found throughout the entire core. Olivine-rich troctolite has a high modal
olivine percentage (70 to 90%) showing subhedral to rounded grain shape,
interstitial to poikilitic plagioclase (5 to 20%) and clinopyroxene (0 to 15%).

Alteration in these particular rocks is significantly variable with the
degree of serpentinisation ranging from >90% to nearly unaitered (1%)
(Figure 2-4E and F). The secondary mineral assemblage consists of
serpentine £ magnetite after olivine and chlorite + prehnite + hydrogarnet
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after the neighbouring plagioclase (Figure 2-4G and Figure 2-5G). Prior to
that reaction, corona forms between olivine and plagioclase as described in
2.3.1.3 but do not go to completion, hence the chlorite rim in Figure 2-4G.

The sequence of reactions is as follows: coronas followed by
serpentine +/- prehnite and hydrogarnet. However, the high proportion of
olivine means that plagioclase is often completely consumed in the corona
reaction. In this case olivine alters to serpentine/brucite/magnetite
assemblages in a sequence described by Beard et al. (2009).

2.3.1.5 Oxide gabbro

Oxide gabbros (Figure 2-4H and Figure 2-5H) represent a relatively
important percentage of recovery at IODP Hole U1309D with 7% of the
overall lithologies. Apart from the Fe-Ti oxide content (<2%), the primary and
secondary mineralogy is similar to the coarse-grained gabbros. Accessory
minerals such as apatite and less commonly zircon occur in oxide gabbros.
Titanite is also present as an accessory phase. It is nonetheless difficult to
determine whether titanite is of magmatic or metamorphic origin. However,
brown amphiboles that are believed to be magmatic are relatively common in

oxide gabbros.

2.3.1.6 Leucocratic intrusions

Leucocratic intrusions occur as veins or dikes crosscutting the
general fabric of the surrounding rocks (Figure 2-5l). They are centimetre-
scale anorthosite, quartz diorite, and tonalite / trondjhemite leucocratic melt
intrusions (Grimes, et al., 2008), characterised by a light colour from the
albite-rich plagioclase t chlorite. They consist primarily of brown amphibole
(hornblende) to green amphibole (actinolite) and plagioclase. These dikes
commonly host accessory minerals such as titanite, epidote (important phase
in the alteration assemblage between 380 and 950 mbsf but scarce both
below and above this interval), apatite, calcite and zircon and are interpreted
as igneous in origin derived from evolved silicate melts with solidus
temperatures estimated between ~750 and 850°C (Blackman, et al., 2006).
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Figure 2-4: Photomicrographs of thin sections from IODP Hole U1309B and
D. A: Medium-grained diabase (U1309D 16R-2 58-61 cm); subophitic texture with laths
of plagioclase in a clinopyroxene matrix often replaced by actinolite (cross polarised
light). B: Deformed plagioclase showing microfractures and undulose extinction as
well as bended twins (U1309B 9R-1 38-41 cm) (cross-polarised light, field of view = 4
mm). C: Mylonitic gabbro with high temperature recrystallisation of plagioclase and
replacement of clinopyroxene by actinolite and tremolite (U1309D 8R-2 138-141 cm)
(cross polarised light). D: Corona texture in olivine gabbro consisting of tremolite
replacing olivine and chlorite after plagioclase at the original contact between the two
initial minerals (U1309D 80R-2 16-19 cm) (cross polarised light, field of view = 1.4
mm). E: Troctolite in which olivine is replaced by serpentine + magnetite (U1309D
80R-1 39-41 cm) (plane polarised light, field of view = 5.5 mm). F: Fresh olivine and
plagioclase in olivine-rich troctolite (U1309D 248R-2 7-9 cm) (cross-polarized light,
field of view = 11 mm). G: Plagioclase in olivine-rich troctolite that has been partially
replaced by prehnite and hydrogrossular during the micro-rodingitisation reaction;
chlorite at the contact between serpentine and plagioclase is a relict of the earlier
corona forming reaction, although some has also grown during the micro-rodingite
development (U1309D 63R-3 54-57 cm) (plane-polarized light, field of view = 10 mm).
H: Oxide gabbro (U1309D 133R-1 24-26 cm) (plane-polarized light, magnification
10x). Plg = plagioclase; Px = Clinopyroxene; Act = Actinolite; Chl = Chlorite; Trm
tremolite; Ol = Olivine; Serp = Serpentine; Prh = Prehnite; Hgt = Hydrogarnet; Ap
Apatite.
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Figure 2-5: Photographs of cored samples of IODP Holes U1309B and D I. A:
Coarse gabbro (U1309B 9R-1 44-48 cm. B: Contact between medium-grained
gabbronorite and micro-gabbronorite (U1309D 165R-1 37-57 cm). C: Pegmatitic
gabbro (U1309D 82R-2 55-67 cm). D: Contact and example of spatial gradation from
olivine gabbro into troctolite (U1309D 251R-1 44-65 cm). E: Contact and example of
spatial gradation from olivine gabbro into olivine-rich troctolite; this particular
example show a partially serpentinised olivine-rich troctolite (U1309D 227R-2 22—45
cm).F: Olivine gabbro showing the corona texture where tremolite and chlorite
replace olivine and plagioclase respectively at the contact between those two
minerals (U1309B 15R-1 107-113 cm). G: Olivine gabbro showing the rodingitisation
reaction in which prehnite is replacing plagioclase (U1309D 60R-3 48-68 cm). H: Oxide
gabbro (U1309D 87R-2 59-76 cm). I: Leucocratic dike containing epidote and bladed
pyroxene growing inward from margin + secondary plagioclase, titanite and actinolite
(U1309D 75R-2 74-82 cm). Plg = plagioclase; Cpx = clinopyroxene; Chl rim = chlorite
rim; Trm = tremolite. White boxes represent 2 cm.
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2.3.1.7 Amphibole vugs

Figure 2-6 shows examples of amphibole + clay vugs. One example
is observed in Hole U1309B (Figure 2-6A) and several in Hole U1309D, one
at ~50 mbsf (U1309D 8R-2 55-60 (Figure 2-6B)), and below 140 mbsf. They
are rare below 1000 mbsf. They occur as dark green patches as long as 8
cm and are filled almost entirely with fine-grained actinolite and have
“bleached” milky wallrocks as wide as 2 cm, in which turbid secondary
plagioclase and actinolite needles are developed. XRD analyses (Figure 2-7)
show that those amphibole vugé consist of actinolite + clay, possibly saponite
(Blackman, et al., 2006).

2.3.1.8 Serpentinised peridotite

Peridotites represent less than 1% of the total recovery of Hole
U1309B and D (Figure 2-3). Different peridotites recovered consist of
harzburgite (Figure 2-8A, B and D), wehrlite and dunite (Figure 2-8C).
Primary mineralogy consists of olivine, orthopyroxene and/or clinopyroxene,
and chromium spinel. Plagioclase is also present but is the result of melt
impregnation (Figure 2-8B) (Drouin, et al., 2009). Texturally, serpentine
occurs via the development of kernel texture in which olivine grains are
penetrated and surrounded by serpentine veinlets, leaving isolated relic
olivine. Serpentine forms mesh texture when olivine is completely altered.
Pyroxenes are replaced by serpentine as well (bastite pseudomorph). In
harzburgite, orthopyroxene and olivine are usually completely replaced by
" serpentine, and in wehrlite relics of olivine and diopside can be observed.
Carbonate such as magnesite appears to replace relict olivine in mesh
texture, and calcite veins are also present at contacts with gabbros
(Blackman, et al., 2006).
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Figure 2-6: Photographs of cored samples Il. Late magmatic intrusion

hydrothermally altered. Vugs are filled with fine-grained actinolite + clay and walls
contain turbid secondary plagioclase and actinolite needles. A = U1309B 14R-1; B =
U1309D 8R-2 55-60 cm. C = Back-scattered electron microphotograph of bleached
walls of U1309D 8R-2 55-60 cm

21



Chapter 2 Petrology and Metamorphism of the Atlantis Massif

2000 ¥~ U1309B 14R-1 59-66
3 ] ¥
- 7 \
1600 \Amphibo!e
1200 ‘77
g)-)- 3 Possi 4
3 ossible
3 clays
800: 7
400y ¥
10 20 30 40 50 60 70
: Amphibole U1309D 8R2 56-57
1600: /\
1200 //
» ]
= ] /
800 /
I
] | 4
400: __Clays
01

10 20 30 40 50 60 70
20 CuKa

Figure 2-7: XRD spectra of samples showing green fine-grained amphibole
filled vugs. The spectra show that these vugs can contain a certain amount of clays -
possibly saponite (Blackman, et al., 2006). U1309B 14R-1 59-66 cm analysed at School
of Earth and Environment — Leeds; U1309D 8R-2 56-57 cm analysed on ship board
during IODP campaign 304.

2.3.1.9 Talc tremolite schist

Talc tremolite schists and talc tremolite veins are a minor but
important component of the rocks recovered in Hole U1309D. Talc tremolite
assemblages are commonly found at contacts between ultramafic and mafic
rocks and talc tremolite veins cut peridotites (Sample U1309B 11R-2 35-51
cm - Figure 2-8D). This sample shows a zone of green tremolite and pale
talc replacing serpentinised harzburgite. This zone has undergone reverse
shear (in the present core orientation) along talc-rich horizons, but the
margin of talc alteration against serpentinite is unsheared, overprinting the

preexisting serpentinite foliation defined by magnetite seams and serpentine
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ribbons. The zone tapers upward in the present orientation and has an outer
talc-rich zone with an isotropic fabric replacing serpentinite and an inner
tremolite-rich zone with highly schistose talc bands. Dark grains within the
talc alteration are bastites containing serpentine + magnetite assemblages
(Blackman, et al., 2006).The metasomatic alteration is due to circulation of
fluid rich in Si and Ca from mafic to ultramafic rocks. (Blackman, et al., 2006;
Boschi, et al., 2006).

Talc-tremolite TN
contact - ST NN
pod Serpentinised
Serpentinised B Harzburgite
Harzburgite | RN

L

Se;'pgntinised %
PIg-_Hal:zburgite

Figure 2-8: Photograph of cored samples from IODP Hole U1309B and D. A:
Serpentinised harzburgite in contact with a coarse gabbro; the contact is marked by a
talc-tremolite alteration (U1309B 11R-1 86-99 cm). B: Serpentinised plagioclase-
bearing harzburgite (U1309D 27R-3 0-8 cm). C: Dunite almost totally serpentinised
(U1309D 31R-1 24-33 cm). D: Zone of green tremolite and pale talc replacing
serpentinised harzburgite (U1309B 11R-2 25-50 cm). This zone has undergone
reverse shear along talc-rich horizons, but the margin of talc alteration against
serpentinite is unsheared, overprinting the preexisting serpentinite foliation defined
by magnetite seams and serpentine ribbons. The zone tapers upward and has an
outer talc-rich zone with an isotropic fabric replacing serpentinite and an inner
tremolite-rich zone with highly schistose talc bands. Dark grains within the talc
alteration are bastites containing serpentine + magnetite assemblages. White boxes
represent 2 cm.
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2.4 Mineral chemistry of gabbroic rocks at
Hole U1309B and D

2.4.1 Chemistry of plagioclases in IODP Holes
U1309B and D
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Figure 2-9: Plagioclase chemistry in IODP Holes U1309B (open symbols) and
U1309D (solid symbols). Approximate depth below seafloor can be estimated using
the following formulae; For Hole 1309B, depth = (core number)*5 + 5m. For Hole D,
depth = (core number)*5 + 20m.

Figure 2-9 shows a summary of electron micro probe data for
plagioclase of IODP Hole U1309B and Hole U1309D. The whole collection of
analyses made in this study is presented in appendix 1, and mainly come
from the upper 100m of the two Holes with the exception of two samples
coming from about 200 mbsf and one from about 375 mbsf. Open symbols
are analyses of Hole B, and solid symbols are analyses of Hole D.
Plagioclase chemistry is significantly variable and covers the full range from

bytownite to albite with only a few example of anorthite.

In gabbro and diabase, primary igneous plagioclase is generally in
the range Ango to Angs, with more An-rich compositions occurring in olivine-
rich lithologies such as troctolite. Plagioclases with An contents < 40% are
mainly secondary with the exception of late leucocratic veins (trondjemite).
Igneous plagioclase commonly shows zoning while secondary plagioclase is

present as bleached margins of veins (Figure 2-6), thin albitic veinlets and
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irregular patches replacing primary plagioclase. An-rich secondary
plagioclase, as observed in diabase in ODP Hole 504B (Vanko & Laverne,
1998) has not been observed.

2.4.2 Chemistry of amphiboles in IODP Holes
U1309B and D

Figure 2-10 shows the range in amphibole chemistry recovered in
both IODP Holes U1309B and D according to the amphibole classification
described by Leake et al. (1997). The whole collection of amphibole analyses
is available in appendix 1. Amphiboles of high temperature (amphibolite
facies) and of low temperature (greenschist facies) are recovered.
Magnesiohomblende and actinolite are the two main amphiboles found in
both cores. Tremolite is usually found in olivine-rich rocks such as troctolite.
An unusual enrichment in Fe is observed in olivine gabbro sample (U1309D
144R-1 105-116 cm) in which ferroactinolite is found. Greenschist
amphiboles seem to be the most abundant in both cores. Amphiboles from
corona formation are systematically tremolite, although hornblende has been
identified as a secondary phase (Nozaka & Fryer, 2011). Greenschist facies
amphiboles commonly replace clinopyroxene (see paragraph 2.5).
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Figure 2-10: Amphibole chemistry in IODP Holes U1309B and D. Amphiboles
from Hole U1309B are plotted with open symbols, and amphiboles from Hole U1309D
are plotted with solid symbols. The top panel is a plot of silicon in the tetrahedral site
against the Mg number, allowing us to name the amphibole recovered in both IODP
Holes U1309B and D. The bottom panel is a plot of the sum of cations K and Na in the
site A against the number of Al in the tetrahedral site, allowing us to determine the
temperature and the facies of amphiboles present in the cores. The lower the two
numbers are, the lower the temperature is.
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Chapter 2 Petrology and Metamorphism of the Atlantis Massif

2.5 Alteration history

IODP Holes U1309B and D record the cooling history of plutonic
rocks from magmatic conditions (>1000°C) to zeolite facies conditions
(<200°C) during the unroofing and uplift of the AM. Samples from both cores
present evidence of penetration of altering fluid. Nonetheless, even if one
sample can show a range in metamorphic conditions, no sample contains the
entire cooling history. The whole history is therefore inferred from
observations on several samples (Blackman, et al.,, 2006; Backman, et al.,
2011). Overall, the intensity of alteration is moderate, decreases downhole,
and is related to the intensity of veining below 1000 mbsf (Figure 2-11).
Exceptions to the downhole decreasing pattern of the alteration are observed
in parts of the core where alteration is correlated to the abundance of olivine
(interval 1100-1250 mbsf for instance). At great depths alteration is
controlled by lithologies rich in olivine, lithological contacts, faults, and veins.
The metamorphic chronology at site U1309 can be subdivided as follows and
is summarised in Table 2-1:

¢ Granulite facies metamorphism

o Amphibolite facies metamorphism

o Static upper greenschist facies to lower amphibolite facies
metamorphism

o Static lower greenschist facies to subgreenschist facies
metamorphism -

e Zeolite facies and clay grade metamorphism
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Chapter 2 Petrology and Metamorphism of the Atlantis Massif

2.5.1 Granulite facies metamorphism

In more detail, the granulite facies alteration is characterised by
mylonitic deformation, dynamic recrystallisation of plagioclase and pyroxene,
and the presence of brown amphibole in a few thin shear zones, mainly in
the upper part of the section.

2.5.2 Amphibolite facies metamorphism

Amphibolite facies alteration is manifested mainly by static
replacement of pyroxene by green to brown hornblende in diabases, gabbros
and especially in oxide gabbros, and in mylonitic zones. It is nonetheless
difficult to estimate the extent of this metamorphic event due to the
overprinting by greenschist amphibole alteration (Blackman, et al., 2006).

2.5.3 Greenschist facies metamorphism

The main alteration occurs in the greenschist facies. Distinctions
between upper greenschist facies alteration and lower greenschist facies

alteration are observed.

2.5.3.1 Upper greenschist facies to lower amphibolite
facies metamorphism

Upper greenschist facies assemblages have textures indicative of
growth under static conditions, without deformation. It is mainly characterised
by the formation of secondary plagioclase, and secondary amphibole, with
crystallisation of epidote related to late magmatic leucocratic intrusions below
400 mbsf (Figure 2-5/).

The major effect of the greenschist alteration in most gabbros and
diabases is the replacement of pyroxene by actinolitic amphibole. All
samples are affected by this alteration in the upper 300 m of Hole U1309D;
deeper, alteration is more associated with amphibole veins.

In rocks containing both plagioclase and olivine, formation of
tremolite-chlorite t talc corona textures occurs. Tremolite replaces olivine
and chlorite replaces plagioclase. This reaction is accompanying by a
volume expansion which is compensated by radial fractures around the

olivine that propagates in plagioclase. Those fractures are filled in with
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chlorite. Corona textures are usually observed in the upper 300 m of Hole
U1309D (Figure 2-11 alteration mineral section) where the reaction goes to
completion by removing completely either olivine or plagioclase. At greater
depths, this reaction becomes localised by amphibole veins and rims of
gabbro dikelets (Blackman, et al, 2006). In the absence of olivine,
plagioclase seems to be unaltered, except in the vicinity of veins and late

magmatic/leucocratic intrusions, where albitisation occurs.

2.5.3.2 Lower greenschist facies to subgreenschist facies
metamorphism

Serpentinisation of olivine occurs above 300 mbsf when olivine is in
excess over plagioclase and has survived the corona formation. Below 300
mbsf, rodingitisation takes over from simple serpentinisation and is
characterised by the replacement of neighbouring plagioclase by prehnite +
hydrogrossular (Frost, et al., 2008) (Figure 2-11 alteration mineral section).
The fluid influx that produced the serpentine-prehnite alteration was localised
and clearly fracture related and serpentine-prehnite ladder veins commonly
appear to follow stress trajectories, so a tectonic control appears probable
(Blackman, et al., 2006).

Serpentinisation is overprinted by metasomatic talc-tremolite vein
alteration that is the result of fluid rich in Si and Ca circulating form mafic to
ultramafic rocks (Blackman, et al, 2006). Talc-tremolite-chlorite schist
formation after ultramafic rocks occur in the upper 30 m of both Holes
U1309B and D. They are inferred to reflect the deformation on the
detachment fault (Boschi, et al., 2006)

2.5.4 Zeolite facies and clay grade metamorphism
Zeolites occur in late fractures and veins, and replacing plagioclase,
but are only common below 700 mbsf. It is likely that much of the zeolite
observed in fractures formed under ambient conditions because
temperatures at the bottom of the hole were at least 120°C (Blackman, et al.,
2006). The lack of zeolite above 700 mbsf suggests rapid cooling during
unroofing from >300°C to <80°C in the upper part of the Hole (Blackman, et
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al., 2006; McCaig, et al., 2010). Clay minerals forms also in veins and as
replacement of serpentine (Nozaka and Fryer, 2011; Nozaka, et al., 2008)

2.5.5 Summary paragenetic sequence

The paragenetic sequence in IODP Holes B and D can be
summarised as follows: 1) granulite shear zones; 2) corona textures probably
formed in amphibolite and upper greenschist facies; 3) microrodingites and
serpentinisation at <360°C; 4) talc-tremolite rocks locally overprinting
serpentine; 5) zeolites and clays. In parallel with this is the general
replacement of pyroxene by amphibole with a wide range of composition,
accompanied by partial replacement of igneous plagioclase by more albitic
plagioclase. Table 2-1 gives more details on mineral involved and
temperatures of metamorphism.

Table 2-1: Summary paragenetic sequence in IODP Hole U1309D. Pig =
plagioclase; Px = pyroxene; llary = secondary; Hb = hornblende; T = temperature; Act

= actinolite; Trem = tremolite; Ol = olivine; Serp = serpentine; Preh = prehnite; Hgt =
hydrogarnet.

e Primary Secondary Metamorphic Temperature
Description minerals minerals facies estimates(°C)
stallisation 137 Pig + 11> . . .
Recry Plg + Px Px+ br?)w nHp Cranulitefacies  High T (800)
Replacement Brown + green Amphibolite i
Px Hb facies 600-700
g Replacement Px Act and/or Trem Amphibolite and 400-500
£ i + Greenschist
F|corona formation  Plg + Ol Chi T;lrcem t tacios 450
Serpentinisation Ol Serp t brucite 300
o Greenschist
Rodingitisation Plg Preh + Hgt facies <360
Steatisation Serp Talc 400
v Vein filling Zeolite + clay Zeolite facies <300
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2.6 The TAG Hydrothermal Model

The TAG hydrothermal mound is located at 26°08'N in the middle of
a 40 km long segment on the MAR. It is underlain by an arcuate zone of
seismicity which steepens downwards beneath the Neo-Volcanic Zone to
root at a depth of 7 km below seafloor (deMartin, et al., 2007) where gabbro
bodies are emplaced. This arcuate zone of seismicity is inferred to be an
active detachment that picks up the intrusive bodies and exhumed them to
the seafloor (McCaig, et al., 2010). In this model, the detachment fault feeds
the TAG hydrothermal field with hydrothermal fluid that discharges along the
fault. However, it is important to remind that the maximum depth at which
fluid can circulate and the localisation of any magma chamber is still ill
defined.

The evolution of the AM is used as an analogue for processes in the
current TAG footwall. Figure 2-12 shows the position of IODP Hole U1309D

in the model before it was exhumed.

In the TAG model, fluid flow occurs along the major detachment fault
with potential circulation at various fluid fluxes in the footwall (Chapter 5).
The model suggests that the gabbroic sequence was altered by fluid flowing
mainly upwards and parallel to the detachment fault, more or less
perpendicular to the orientation of the hole at the time. Temperatures in the
fault zone are buffered to ~400 °C by upward flowing black smoker fluid, and
temperatures in the footwall can only fall below this value in the later stages
of exhumation.
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Figure 2-12: Interpreted cross section through TAG (deMartin, et al., 2007).
Maximum depth of circulation of fluid is shown (~9 km), as well as the hypothetical
position of IODP Hole U1309D at a time T. Isotherms are from McCaig et al. (2010).
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Chapter 3 Fluid Inclusion Microthermometry

Chapter 3. Fluid evolution in the oceanic

crust: a fluid inclusion study from IODP
Hole U1309 D - Atlantis Massif, 30 °N.

Microthermometry

3.1 Introduction

This chapter presents the microthermometric properties of fluid
inclusions observed in 6 samples of IODP Hole U1309D. Samples and fluid
inclusions are described petrographically. A reminder of what
microthermometry is and what it is used for is also given in the methodology
section.

Results are compared with various studies of fluid inclusions in
oceanic settings along the Mid-Atlantic Ridge such as the MARK area (Kelley
& Delaney, 1987; Kelley, et al., 1993) and the Oceanographer Transform
(Vanko, et al., 1992), as well as the South West Indian Ridge (Kelley & Friih-
Green, 2001) and in ophiolites from Oman (Nehlig, 1991) and Troodos
(Cowan & Cann, 1988; Kelley, et al., 1992). There follows a discussion on
the processes that generate salinity variation as it is observed in the core.
These processes are: subcritical phase separation (boiling) or supercritical
phase separation (condensation) of a seawater-like fluid or magmatic fluid;
magmatic fluids exsolving from melts; hydration/dehydration reactions; and
variable mixing of hydrothermal fluid with a phase-separated brine or vapour.
In the discussion, the evolution of fluids in the Atlantic Massif is discussed in
the context of the TAG hydrothermal system. Hypotheses on processes and
on conditions of trapping of fluids are therefore dependent on the TAG model

(McCaig, et al., 2010) that is an interpreted cross section (Chapter 2) based
on observations of deMartin et al. (2007).
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3.2 Microthermometry methodology

The fluid inclusion study has been undertaken using two methods; is
microthermometry (this chapter) which is a non-destructive method, and
laser ablation inductively coupled Mass Spectrometry(LAICPMS), which is a
destructive method (Chapter 4).

Microthermometry is a technique allowing us to witness phase
changes in fluid inclusions during cooling and heating. As fluid inclusions
(primary inclusions) may either contain the fluid from which the mineral host
grew, or fluids that were incorporated after growth of the mineral (secondary
fluid inclusions), they are witnesses of fluid circulation. Assuming that the
chemical composition of the fluid and the volume of the cavity remain
unchanged, it is possible via the results obtained by microthermometry to
estimate the salinity and the density (hence the temperature and the

pressure) of the fluid circulating at time of trapping.

Nonetheless, processes such as diffusion, precipitation/dissolution
and interaction with fluids having circulated previously in the rock can affect
the composition of the fluid. Processes such as necking down, stretching,
and decrepitation can change the volume of the cavity (Roedder, 1984).
Special care must then be taken in order to not use such inclusions in

interpretation.

Figure 3-1: Photograph of the Linkam THMSG 600 (Source:
www.linkam.co.uk).

38



Chapter 3 Fluid Inclusion Microthermometry

3.21 Instrumentation

Microthermometry measurements were carried out on an Olympus
BX-50 transmitted light microscope mounted Linkam THMSG 600 heating-
freezing stage (Figure 3-1) covering a range in temperature from -196°C to
+600°C from 300 pm thick double-polished wafers. The stage is controlled by
a Linkam TMS 93 programmer via the LinkSys software version 2.15.
Observation of fluid inclusions can be made by looking directly down the
microscope or on the computer screen via a JVC TK-C1380 colour video
camera.

3.2.2 Analytical routine and data processing

Repeated homogenisation and freezing measurements were
undertaken on individual inclusions in order to observe phase changes (such
as ice melting point, halite dissolution temperature, liquid-vapour
homogenisation temperature) and to obtain homogenisation temperatures
and fluid salinities (in Wt% NaCl equivalent). Salinities were calculated using
the temperature of melting of ice (8) for low salinity fluids from the following
equation (Bodnar, 1993):

Salinity = 0.00 + 1.7860 — 0.004426% + 0.00055763 Equation 3-1

Salinities for high salinity fluids were calculated using the
temperature of dissolution of solid halite (Sterner, et al., 1988):

Salinity = 26.242 + 0.4928y + 1.429Y2 — 0.223¢% + 4.129 x 10~ 2yp* +

6.295 x 10739° - 1.9675 x 1073y + 1.112 x 10~ *y7 Equation 3-2

Where W isT (°C) dissolution of halite/1 00.

lce melting temperatures were reproducible to + 0.1°C, giving an
error of £ 0.17 Wt% NaCl equivalent for unsaturated inclusions. Halite
dissolution temperatures were reproducible to + 0.5°C giving an error of +
0.03 Wt% NaCl equivalent. Homogenisation temperatures were reproducible
to + 1°C.
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3.2.3 Calibration

Synthetic fluid inclusions of CO, (Figure 3-2A) and of pure H;0O
(Figure 3-2B) in quartz have been used to calibrate the microthermometric
stage at temperature of -56.6°C (triple point temperature of CO;), 0.0°C
(triple point of HO pure) and +374.1°C (critical point of H.O pure).
Calibration was always checked previously to a set of measurement. If
variations in any of the three temperatures of calibration used were

observed, the necessary changes were conducted to the machine.

(A +200°C |
[ ) -
-
L O CO, vapour
CO. liquid |
H O liquid
+200°C1 L S
\ H.O liquid §
SN o
: ‘ A2 10 ym
da. - e S

Figure 3-2: Photomicrographs of synthetic fluid inclusions used for
calibration: A = Triple phased CO, fluid inclusion, containing a H,0 liquid phase and
two CO, phase, liquid and vapour. B = H,0O pure fluid inclusions containing a liquid
and a vapour phase.
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3.3 Petrography

This section describes the samples that were studied for
microthermometry. Petrography of the rock including chemistry of mineral

hosts along with petrography of the fluid inclusion populations are described.

3.3.1 Diabase

Diabases occur as intrusions mainly in the upper part of the cores,
but also rarely deeper down in core U1309D (Figure 2-3)

3.3.1.1 Sample U1309D 1R-1 41-44

Sample U1309D 1R-1 41-44 cm is a subophitic medium grained
diabase composed of laths of unaltered and fractured plagioclase of 0.1 to
2.5 mm in length, with poikilitic augite generally partially replaced by green
hornblende (Figure 3-3A). limenite partially replaces magnetite. A 3 mm-wide
quartz-chlorite vein crosscuts the general fabric of the matrix. Quartz grains
are commonly equant in size and of irregular shape. They exhibit a texture in
which the grains go to extinction in a radial pattern (Figure 3-3B). It is difficult
to determine the time relationship between quartz and the fine grained
chlorite. In hand specimen, the chlorite was only on one side of the vein and
most of the chlorite was lost during sample preparation. The chemistry of
several laths of plagioclase is presented in Chapter 2 and in Appendix 1.
Close to the quartz-chlorite vein, laths of plagioclase tend to have an albitic
core and intermedigte edges (labradorite), whereas away from the vein (laths
3, 4 and 5), the opposite is observed. Chemistry of amphibole in this sample
(see also Figure 2-10) is also presented in Appendix 1. No particular pattern
away from the vein is observed. All amphiboles in this sample are green
magnesiohornblende.

3.3.1.2 Fluid inclusions

Fluid inclusions occur as irregular shaped primary (?) inclusions
clustering in the centre and clear part of the quartz grains of the vein (Figure
3-4A). They are 2 phase liquid-dominated inclusions ranging in size from 5 to
10 ym.
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Figure 3-3: Photomicrographs; A = ophitic texture of diabase with laths of
plagioclase, green hornblende and clinopyroxene relics as bright colours (sample
U1309D 16R-2 58-61 cm piece 4, cross-polarised light). This sample is similar to the
sample in which microthermometry was performed except that the grain size is
coarser in that one. B = Quartz-chlorite vein in diabase (sample U1309D 1R-1 41-44 cm
piece 1, cross-polarised light). C and D= Troctolitic gabbro showing corona texture —
tremolite replaces olivine and chlorite replaces plagioclase (sample, plane-polarised
light [C] and [D])). E= Actinolite replacing clinopyroxene in troctolitic gabbro (sample
U1309D 5R-3 107-110 cm, piece 12, cross-polarised light). F = Graphic texture of
trondjhemite (sample U1309D 40R-1 21-24 cm, piece 5, cross-polarised light).
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Figure 3-4: Photomicrographs of fluid inclusions. A: Irregular shape primary
(?) fluid inclusions of type 1a (see 3.4.1) in the quartz chlorite vein of sample U1309D
1R-1 41-44 cm. B: Irregular shape secondary fluid inclusions of type 1b (see 3.4.1) in
plagioclase of sample U1309D 10R-1 127-129 cm. C: Irregular shape primary fluid
inclusions of type 1a in quartz vein of sample U1309D 40R-1 17-19 cm. D: Irregular
shape primary inclusions of type 1a in quartz vein of sample U1309D 40R-1 21-24 cm.
E: Halite bearing fluid inclusions of type 3b (see 3.4.1) in a quartz grain of a
trondjhemite (U1309D 40R-1 21-24 cm). Note that inclusions of fluid type 3a are similar

in shape with inclusions of type 2b but do not host a halite cube. F: Secondary fluid
inclusions in plagioclase related to chlorite vein.
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3.3.2 Gabbro
Gabbros in U1309B and U1309D vary in grain size (microgabbro to

coarse grained gabbro), and deformation type, and can also be divided in
several groups (Figure 2-3). microgabbro, oxide gabbro, gabbronorite,
gabbro, olivine gabbro, troctolitic gabbro, and troctolite. The gabbroic series
are divided into units throughout the core according to the primary
mineralogy, igneous contacts, and variations in grain size (Blackman, et al.,
2006).

Gabbros of the upper part of the core are intruded by a series of
basaltic and diabasic dikes. Gabbros in this section are commonly coarse
grained, extremely brecciated, cataclastic in texture, and show yellow-green
alteration veins. The yellow-green alteration, possibly actinolite/tremolite,
also quite commonly forms the matrix supporting the gabbroic clasts
(generally plagioclase).

Deeper, units consist of a series of interlayered gabbroic rocks, with
a general downhole coarsening from medium to coarse-grained. Overall,
gabbros are equigranular, but can exhibit different types of deformation
ranging from (rare) mylonitic to absolutely undeformed. Plagioclase is
generally unaitered, but can show evidence of albitisation in the vicinity of
veins and magmatic/leucocratic intrusions. Plagioclase can also be altered to
chlorite along fractures. Clinopyroxene rarely survives alteration and is
replaced by amphiboles (hornblende, actinolite, and tremolite). When olivine
is present, in troctolitic gabbro and olivine gabbro for instance, it is more or
less replaced by amphibole and chlorite to form corona texture along with

plagioclase. Dynamic recrystallisation of plagioclase and amphibole is a
particular feature of a few samples.

3.3.2.1 Sample U1309D 5R-3 107-110

Sample U1309D 5R-3 107-110 is a medium grained troctolitic
gabbro exhibiting deformed plagioclase grains partially replaced by chlorite.
Olivine is replaced by tremolite (Figure 2-10; Appendix 1). Amphiboles
replacing clinopyroxene are actinolitic in composition (Figure 3-3E).

Tremolite replaces olivine to form the corona texture with the chlorite around
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the plagioclase (Figure 3-3C and D). Plagioclase is slightly deformed and
exhibits subgrain boundaries and deformation twins. It is also commonly cut
by chlorite veins.

3.3.2.2 Sample U1309D 10R-1 127-129

Sample U1309D 10R-1 127-129 cm is a mylonitised coarse gabbro
composed of roughly 60% deformed plagioclase, recrystallised in part, 40%
clinopyroxene replaced by green-brown hornblende and actinolite.
Granoblastic recrystallisation also affects the boundaries of amphibole grains

suggesting that the shear zone was active at amphibolite facies conditions.

3.3.23 Fluid inclusions

In those two samples, fluid inclusions occur as both regular and
irregular shape secondary inclusions in plagioclase (Figure 3-4B). They are 2
phase and liquid-dominated, ranging in size from 10 to 20 pm. They occur in

trails decorating fractures or perpendicular to chlorite veins.

3.3.3 Trondjhemite

3.3.31 Sample U1309D 40R-1 21-24

Sample U1309D 40R-1 21-24 cm is a fine to medium grained
trondjhemite composed of plagioclase of albitic composition (Figure 2-9;
Appendix 1) and quartz. Plagioclase and quartz are usually anhedral and
form also graphic intergrowths (Figure 3-3F). Alteration minerals are not
common. This sample is a late leucocratic magmatic intrusion crosscut by a
late quartz vein of 4 to 5 mm in width. Quartz grains are elongated and show

radial extinction as the quartz from the quartz-chlorite vein of sample
U1309D 1R-1 41-44 cm.

3.3.3.2 Fluid inclusions
Fluid inclusions in the vein are generally distributed as clusters in the
centre and clear part of the grains, and are interpreted as being primary in

origin. They are of irregular shape (Figure 3-4D) ranging in size from 10 to 20
pm, with some reaching several 10’s of ym

45



Chapter 3 Fluid Inclusion Microthermometry

A 5 mm quartz grain of the host rock contains a large number of fluid
- inclusions, making the interpretation of their origin difficult, but nonetheless
assumed to be primary. Two populations are observed; one with irregular
shaped liquid-dominated inclusions and the other one with a halite daughter
crystal. Halite bearing inclusions (Figure 3-4E) are generally bigger than the
ones without and are irregular in shape (20 to 50 ym).
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3.4 Results

3.4.1 Fluid inclusion petrography and results

Three types of fluid inclusions have been identified in the samples
studied (Figure 3-4). Table 3-1 summarises the results obtained for
homogenisation temperature and salinity for each type of inclusion and
material. Types of fluid inclusions presented in this chapter are classified with
the numbering used in Kelley et al., (1992):

e Type 1 inclusions are liquid-dominated low salinity
e Type 2 inclusions are vapour-dominated low salinity

e Type 3 inclusions are high salinity inclusions

Table 3-1: Fluid inclusion microthermetric analyses. Tdjh = Trondjhemite

Th Th Salinity Salinity

Siheo) FOK (mbsy o upe N rnge moede (U0 T

NaCl)  NaCl)
IRA41 Dibase  21.03 i%:ril‘ ta 67 e 1617 3451 37
??7-?110 ;;%‘gg“‘c 39.96 Plg b 9 132:1%% 2770 0211 05
IR1g Gabbo 6148 P tab 82 2200 2673 0743 14
;‘gR'1 6 Troctolite 214.89 3;; 1a 5 12%‘%' - 3439 37
4RT - Troctoite 21498 3z 12 83 D250 2100 2437 34
‘21?{?2-; Tdjh 215.02 g:\ 1a 58 1220‘3,"3' 1660 2940 3.4
R Tgh 21502 Qe 3 12 Sav - )% 74
;‘?i’l Tdjh 21502 Qtz 3b 7 33:?6?3‘ - 3;717 -

The origin of fluid inclusions was not always really clear;
nonetheless, fluid inclusions in quartz veins were usually concentrated in
clusters in the centre of the quartz grains and therefore interpreted as
primary inclusions. In plagioclase and in quartz grains of the trondjhemite,
fluid inclusions are secondary in origin as they are commonly decorating
sealed fractures. Nonetheless, the network of fluid inclusions in the
trondjhemite is so complex that it is difficult to have a definite idea on their

origin.
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Figure 3-5: Histograms of homogenisation temperature on left and of
temperature of melting of ice on right for type 1 inclusions. Colour scheme is related
to samples and is the same in the following figures. Patterns are related to the fluid
type. Lines dipping towards the left are for fluid type 1a and lines dipping towards
right are for fluid type 1b. Sample D40R-1 6-12 is not represented as the number of
measurements was insufficient for generating meaningful statistics (N=5).
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Figure 3-6: A: Homogenisation temperature against temperature of melting of
ice for low salinity inclusions. B: Homogenisation temperature against salinity.
Seawater salinity and temperature of ice melting for seawater is shown (dashed line).
Range in salinity for fluids exiting submarine hydrothermal vents is also shown
(shaded grey area).

3.4.1.1 Type1: Liquid-dominated low salinity inclusions
Liquid-dominated, low salinity inclusions have been found in all the
samples in both quartz and plagioclase, and generally occur as irregular
inclusions ranging in size from 5 to 30 pm with the exception of sample
U1309D 40R-1 17-19 cm, where inclusions up to 100 um in size have been
found. Rare regular shaped inclusions are found in plagioclase grains.
Irregular shaped inclusions might be the result of necking-down, stretching

and/or leaking. Therefore, particular care has been taken to verify the
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similarity in behaviour of irregular shaped inclusions relative to regular
shaped ones. Where fluid inclusions exhibited salinities and/or
homogenisation temperatures significantly different from the other inclusions
inside the same population, those were not included in the statistics.

Type 1 inclusions can be subdivided into two types. Type 1a
inclusions are liquid-dominated with seawater-like salinity (Figure 3-4A, C,
and D) and are generally found in quartz. Type 1b inclusions are liquid-
dominated (Figure 3-4B) to vapour rich and depleted in terms of salinity
compared to seawater (0.1 to 2 Wt% NaCl equivalent).

3.4.1.1.1 Type 1a: Liquid-dominated seawater-like salinity

Quartz vein-hosted type 1a inclusions homogenise in the liquid
phase at temperatures of 124.5 to 349°C and show ice melting at -1.4 to -
3.1°C (Figure 3-5 and Figure 3-6), implying salinities of 2.4 to 5.1 Wt% NaCl
equivalent (Figure 3-6). Fluid inclusions generally (mode = 3.4 £ 1.2 Wt%
NaCl equivalent) cluster around the seawater value (3.2 Wit% NaCl
equivalent).

3.4.1.1.2 Type 1b: Liquid-dominated low to depleted salinity with
respect to seawater

Plagioclase-hosted low salinity type 1b inclusions homogenise in the
liquid phase at temperatures of 192 to 320.3°C and exhibit melting of ice at -
0.1 to -1.0°C (Figure 3-5 and Figure 3-6), indicating salinities of 0.2 to 1.7
Wt% NaCl (Figure 3-6). Average salinity is 1.4 Wt% NaCl equivalent,
depleted relative to the seawater value. In sample U1309D 10R-1 127-129
cm, type 1a inclusions are also present and homogenise in the range of
temperatures at equivalent salinities of 2.0 to 4.3 Wt% NacCl.

3.4.1.2 Type 2: Vapour-dominated low salinity

Type 2 vapour-dominated low salinity inclusions (Kelley & Delaney,
1987; Kelley & Robinson, 1990; Kelley, et al., 1992) have not been observed
in the samples.

3.4.1.3 Type 3a: Liquid-dominated high salinity
Liquid-dominated high salinity inclusions lacking daughter minerals

are found in quartz grains of the trondjhemite sample (U1309D 40R-1 21-24
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cm), and are associated with type 3b inclusions. Their primary or secondary

origin is not really clear. They are irregular in shape with a range in size of §

to 20um. Homogenisation occurred in the liquid phase at temperatures of

314.5 to >400°C. Melting of ice occurred at -6.2 to -17.6°C (Figure 3-5 and
Figure 3-6), indicating salinities of 9.5 to 20.7 Wt% NaCl (Figure 3-6).

3.4.1.4 Type 3b: Daughter mineral bearing inclusions

Halite-bearing fluid inclusions have been found in quartz grains of
the trondjhemite and are associated with type 3a, although their temporal
relationship is not clear. They are irregular in shape with variable size of 10
to 50 pm, liquid-dominated, and rarely contain other daughter mineral than
halite. Dissolution of the halite cube (184 to 294°C) always occurred at lower
temperatures than the homogenisation temperature, marked by the
disappearance of the vapour bubble (336.4 to >400°C). Some inclusions
remain unhomogenised at a temperature of 400°C (the limit of the stage
used). Halite dissolution has already been observed, and the behaviour of
the vapour bubble suggests that the homogenisation is going to occur in the
next 20 to 30°C. Those inclusions are indicated by an arrow on Figure 3-7.
| Halite dissolution temperatures indicate equivalent fluid salinities of 31.1 to
37.7 Wt% equivalent.

Cooling experiments have been undertaken in order to test for the
presence of additional gas species in the vapour phase, but no clear phase
changes have been observed.

3.4.1.5 Liquid-dominated related to chlorite veins

Elongated cigar shape inclusions have been observed in plagioclase,
and occur adjacent and perpendicular to chlorite filled veins (Figure 3-4F).
Attempts at microthermometric analyses have not been successful. The
thickness of the wafer made the observation of a single inclusion impossible
and therefore, no results will be presented.
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3.4.2

Summary
Table 3-2 summarises the characteristics of the different fluid types
Type 1a fluid has a seawater salinity signature.
Type 1b fluid is depleted in salinity with respect to the seawater
value.
Type 1b fluid seems to homogenise at temperature greater than
type 1a fluid.
Type 3 fluid shows the highest homogenisation temperatures.
In the trondjhemite sample (U1309D 40R-1 21-24), type 1a fluid is
observed only in the late crosscutting quartz vein. Fluids present in
the rock are all high salinity with respect to seawater.
All inclusions homogenise in the liquid phase. None of the
hypersaline inclusions exhibit homogenisation by halite dissolution.
Some hypersaline inclusions remain unhomogenised at
temperature greater than 400°C. The vapour bubble behaviour
suggests homogenisation would have occurred in the next 20-30°C.

No additional gas species have been detected.

Table 3-2: Summary of microthermometry resuits

Salinity (wt%  Homogenisation

Fluid type Description NaCl) temperature (°C) Paragenese
Quartz vein in
L+V(L) seawater diabase,
1a like salinity 2.4-54 120-300 troctolite and

trondjhemite
L+V(L) low salinity

1b with respect to 0.7-2.2 220-380 P'agi‘;‘gase in
seawater gabbros
2 L+V(V) - - Not found
L+V(L) high salinity .
3a with respect to 9.5-20.7 315->400 Qt“a”j'?ra".‘t of
seawater roncjnemrie
L+V+H(L)
High salinity with N Quartz grain of
3b halite daughter 311377 340->400 trondjhemite
crystal
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Figure 3-7 Temperature of homogenisation against salinity for all samples.

53



Chapter 3 Fluid Inclusion Microthermometry

3.5 Discussion

3.5.1 Temperatures of fluid entrapment

A pressure correction is necessary to determine the actual
temperature of entrapment of aqueous inclusions and can be made
accurately for inclusions that contain pure NaCl solution, for which the
salinity of the fluid has been correctly determined, and for which
homogenisation occurs in the liquid phase, and when pressure of formation
can be estimated (Roedder, 1984).

Why pressure correction is needed: the pressure of trapping is

actually higher than the vapour pressure. To calculate it, pressure of trapping
is estimated from the recorded depth of the sample in the hole in addition to
the water column. Pressure of trapping is then estimated to be at a minimum
of 400 bars, assuming a water column of 2000m, with samples subject to
hydrostatic pressure only, and at a maximum of 2800 bars, assuming a water
column of 3500 m as suggested by the TAG model, and with a lithostatic

pressure.

Temperatures of trapping were calculated from the software

Loner38° from http:/fluids.unileoben.ac.at, that computes the following
equation (Zhang & Frantz, 1987).

P=A,+A,T Equation 3-3
Where P is the pressure, T the corrected temperature, and A1 and
A2 constant calculated from the following:

A; =6.100-107% +(2.385- 107! — a,)T,_(2.855 - 1073 + a,)T?

— (a3Ty, + a,T¥)m
A, =a, +a,T, +9.888-107°T? ¥ (a3 + a,T,)m

Where m is the molality, T the homogenisation temperature and aj,
a,, as, and a4 are parameters specific to the studied system, which is H,0-
NaCl in the study’'s case. This is justified by results to be presented in
Chapter 4. Their values are shown in Table 3-3.
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Table 3-3: Parameters for the system H,0-NaCl (Zhang & Frantz, 1987).

al a2 a3 a4
2.873-10" -6.477-10° -2.009-10"" 3.186:10

The temperature of trapping is generally 20 to 30°C higher than the
temperature of homogenisation for the minimum pressure correction (Figure
3-9A) and ~150°C (for quartz vein samples) to ~240°C (for plagioclase
samples) higher than the temperature of homogenisation for the maximum
pressure correction (Figure 3-9B). The correction is not constant because it
depends on the composition of the fluid and the temperature of
homogenisation as isochores calculated show a higher angle from vertical at

higher temperature.
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Figure 3-8: Temperature-pressure projection of the H,0-NaCl system
showing the path followed by a fluid inclusion of 3.5 Wt.% NaCl. At room temperature,
the inclusion contains a vapour bubble and liquid. With heating, the inclusion follows
the liquid-vapour curve (Khaibullin and Borisov, 1966) and the vapour bubble
decreases before disappearing at homogenisation temperature. At this temperature,
the inclusion follows the isochore (dependent on the salinity and the homogemsatlon
temperature of the inclusion). The isochore is calculated with the software Loner38®
from http://fluids.unileoben.ac.at. The pressure of trapping is estimated and the
temperature of trapping can be read on the x axis.

Figure 3-8 shows an example of the P-T path followed by a fluid
inclusion with heating. The average salinity of fluid type 1a (3.5 Wt.% NaCl)
and the average temperature of homogenisation (185.5°C) is used in this

diagram. The L+V curve is from Khaibullin and Borisov (1966) that present
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temperature-pressure-composition-density data for the H;O-NaCl liquid-
vapour surface. At homogenisation, the fluid inclusion follows the isochore,
and at selected or estimated pressure of trapping (400 and 2800 bars), the
temperature of trapping is read on the x axis (208 and 346.85°C
respectively), that is 22.5°C higher than the temperature of homogenisation
for the minimum pressure correction and 161.35°C higher than the

temperature of homogenisation for the maximum pressure correction.
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Figure 3-9: Salinity against temperature of trapping for a minimum pressure
of 400 bars (A) and a maximum pressure of 2800 bars (B). Pressure correction applied
on low salinity inclusions only.
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3.5.2 Previous work on fluid inclusions in oceanic
settings

3.5.2.1 Fluids in the oceanic crust

Fluids in the oceanic crust have been studied in the past in order to
better understand the seawater circulation in the crust at various places
including the Mid-Atlantic Ridge - Kane Fracture Zone (MAR-KFZ) which is
very similar to the Atlantis Massif in terms of geological, geophysical and
tectonic setting (Kelley & Delaney, 1987; Kelley, et al., 1993), the MAR
Oceanographer Transform (Vanko, et al., 1992), Hole 894G at Hess Deep
(Kelley & Malpas, 1996; Saccocia & Gillis, 1995), Hole 504B near the Costa
Rica Rift (Kelley, et al., 1995), the Hole 735B at the Southwest Indian Ridge

(SWIR) (Kelley & Friih-Green, 2001), and the TAG hydrothermal mound
(Tivey, et al., 1998).

Overall, fluid inclusions in the oceanic crust occur in three types: A
liquid-dominated low salinity that homogenises in the liquid phase (type 1), a
vapour-dominated low salinity that homogenises in the vapour phase (type
2), and a daughter mineral-bearing (generally halite) inclusion of high salinity
that homogenises either in the liquid phase, or the vapour phase or even by
halite dissolution (type 3). This general observation may vary according to
the behaviour at homogenisation, the presence of various gas phase and/or
other daughter crystals inside one single inclusion.

Fluid type 1a (liquid-dominated low salinity) are common in oceanic‘
crust samples and in ophiolite samples. This type of fluid is found in the
MARK area in plagioclase grains and apatite of metagabbros (Kelley &
Delaney, 1987), in plagioclase grains of gabbro and metabasalt and in quartz
grains of quartz breccias and metabasalts (Kelley, et al., 1993). It is also
present at Hess Deep in plagioclase and apatite of gabbros and quartz
grains of quartz breccias (Kelley & Malpas, 1996; Saccocia & Gillis, 1995), in
the Southwest Indian Ridge hole 735B in plagioclase, apatite and quartz of
gabbros (Kelley & Friuh-Green, 2001), in quartz and plagioclase of
plagiogranite and epidosite from the Oceanographer Transform (Vanko, et
al., 1992), in plagioclase and quartz of diabase from the Costa Rica Rift hole
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504B (Kelley, et al., 1995), and in anhydrite of breccias from TAG (Tivey, et
al., 1998).

Fluids of salinity depleted with respect to seawater salinity (3.2 Wt%
NaCl equivalent) are less common in oceanic crust. They are found in
plagioclase of metagabbros and gabbros from the MARK area (Kelley &
Delaney, 1987; Kelley, et al., 1993), in plagioclase and apatite of gabbros
and quartz of breccias and gabbros from Hess Deep and SWIR (Kelley &
Frih-Green, 2001; Kelley & Malpas, 1996; Saccocia & Gillis, 1995), in
plagioclase and quartz of diabase from the Costa Rica Rift hole 504B
(Kelley, et al., 1995), and in anhydrite of breccias from TAG (Tivey, et al.,
1998).

Type 3a fluid is a fluid of moderate to high salinity without halite
daughter crystals at room temperature. This type of fluid is less common in
oceanic sections but quite often present in ophiolites. It is found in apatite
and plagioclase from Hess Deep (Kelley & Malpas, 1996), in quartz of
gabbros from SWIR (Kelley & Fruh-Green, 2001), in plagioclase of diabase
from hole 504B of the Costa Rica Rift (Kelley, et al., 1995).

Fluid type 3b is a saturated fluid in NaCl. They contain a halite
daughter crystal at room temperature. This type of fluid is found in apatite
and quartz of metagabbros from the MARK area (Kelley & Delaney, 1987;
Kelley, et al., 1993), in apatite and plagioclase of gabbros from Hess Deep
(Kelley & Malpas, 1996), in quartz of gabbros from the SWIR (Kelley & Frith-
Green, 2001), in quartz and plagioclase of plagiogranite and epidosite from
the Oceanographer Transform (Vanko, et al., 1992).

Table 3-4 gives a detailed summary of studies carried out in those

areas.

3.5.2.2 Fluid inclusions in Ophiolites

Fluid inclusions studies have also been carried out in samples from
ophiolite complexes such as the Troodos ophiolite (Cowan & Cann, 1988;
Kelley & Robinson, 1990; Kelley, et al., 1992; Morgan, 2008; Spooner &
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Bray, 1977; Vibetti, 1993), the Oman ophiolite (Nehlig, 1991), and the Lizard
ophiolite (Hopkinson & Roberts, 1996).

As for fluid inclusions studied in samples from sections of oceanic
crust, three types of fluids are found in ophiolites.

¢ Aliquid-dominated fluid with low salinity (type 1)
o A vapour-dominated low salinity fluid (type 2)

¢ A high salinity halite bearing fluid (type 3)

Fluid type 1a is quite commonly found in ophiolites. It is found in
quartz and epidote of plagiogranite, gabbros, sheeted dykes, and stockwork
from the Troodos ophiolite (Cowan & Cann, 1988; Kelley & Robinson, 1990;
Kelley, et al., 1992; Morgan, 2008; Spooner & Bray, 1977; Vibetti, 1993), in
quartz of sheeted dykes, plagiogranite and gabbros from the Oman ophiolite
(Nehlig, 1991), and in quartz of gabbros from the Lizard ophiolite (Hopkinson
& Roberts, 1996).

Fluid type 1b is also found commonly in ophiolite samples. It is found
in quartz and epidote of plagiogranite, gabbros, sheeted dykes, and
stockwork from the Troodos Ophiolite (Cowan & Cann, 1988; Kelley &
Robinson, 1990; Kelley, et al., 1992; Morgan, 2008; Spooner & Bray, 1977;
Vibetti, 1993), in quartz of sheeted dykes, plagiogranite and gabbros from
the Oman ophiolite (Nehlig, 1991), and in quartz of gabbros from the Lizard
ophiolite (Hopkinson & Roberts, 1996).

Fluid type 3a is quite commonly present in ophiolites. Examples
include inclusions in quartz of stockworks, sheeted dyke, gabbros and
plagiogranite from the Troodos, Oman and Lizard ophiolites (Hopkinson &
Roberts, 1996; Morgan, 2008; Nehlig, 1991).

Fluid type 3b is found in quartz of plagiogranite and gabbros from the
Troodos and Oman ophiolites (Cowan & Cann, 1988; Kelley & Robinson,
1990; Kelley, et al., 1992; Morgan, 2008; Nehlig, 1991; Vibetti, 1993).

Data collected in ophiolites are shown in Table 3-5.
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Table 3-4: Review of oceanic crust fluid inclusions data available in the literature. 3b_ = type 3 inclusions with halite cube and
homogenisation occurring in the liquid phase. 3by = type 3 inclusions with homogenisation occurring by halite dissolution.

: . S oy Salinit
Site Rock Mineral host  Type Homogenisation Th {°C) W% Naél) Reference
MARK metagabbros Plg 1 liquid 270-300 1-7 (Kelley & Delaney,1987)
metagabbros Ap 1 liquid 260-300 4-5
metagabbros Ap 2 vapour 370-400 1-2
metagabbros augite 2 vapour 380-440 3.56.5
metagabbros epidote 2 vapour/liquid/pseudocritic 370-440 4-6
metagabbros Ap 3bL liquid >700 38-48
gabbros Plg 1 liquid 240-326 0.4-7.6 (Kelley et al., 1993)
Qtz bee Qtz 1 liquid 187-343 3.56.5
metabasalt Qtz 1 liquid 266-303 3.84.8
metabasalt Plg 1 liquid 193-313 3.8-6.9
gabbros Ap 2 vapour 364-416 1-2
gabbros augite 2 vapour 387-433 3.5-6.5
gabbros epidote 2 vapour 397-435 4459
gabbros Pig 3b liquid 330-349 0.4-0.9
gabbros Pig 3b, liquid 257-311 0.4-7
gabbros FAp 3b, liquid >700 41-47
gabbros Qtz 3by halite diss 312-338 3941
Hess Deep 894G gabbros Plg 1 liquid 207-323 0.1-13.4 (Kelley & Malpas, 1995)
gabbros Ap 1 liquid 216-372 0.9-19.3
gabbros Ap 3b. liquid 193-346 29-32
gabbros Pig 3bu halite diss 191-305 31-39
Qtz bee Qtz 1 liquid 160-370 0.14.8 (Saccocia & Gillis, 1995)
SWIR 735b gabbros Plg 1 liquid 190-292 2.386.7 (Kelley & Fruh-Green, 2001)
gabbros Ap 1 liquid 339-395 1.4-4.5
gabbros Qtz 1 liquid 333-465 3.3-18
gabbros Ap 2 vapour 369-401 1.44.5
gabbros Qtz 3b, liquid 333-418 32-51
gabbros Qtz 3by halite diss 255-418 3247
Oceanographer metag, plggranite, epidosite Qtz / Pig 1 liquid 150-400 3-8 (Vanko et al., 1992)
plgg /epi Qtz/Plg 2 vapour 370->500 3.2-8
plgg /epi Qtz / Plg 2 liquid 125-395 358
plgg /epi Qtz / Plg 3bL liquid 247-362 14.8-27.7
plgg /epi Qtz /Plg 3by halite diss 293->500 37.6-59.8
Costa Rica Rift 504b diabase Plg 1 liquid 124-202 0.0-11.7 (Kelley, et al., 1995)
diabase Qtz 1 liquid 140-146 29-4
TAG anhydrite bce anhydrite 1 liquid 168-361 1.2-5.1 (Tivey, et al., 1998)
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Table 3-5: Review of ophiolite fluid inclusions studies. *= Calculation made on meiting of ice instead of halite dissolution.

Site Rock Mineral host Type Homogenisation  Th (°C) (w%’:hlr\:';)é:l) Reference
Troodos plggranite (dykes) Qtz / epidote 1 liquid 330-410 0-2 (Cowan & Cann, 1988)
plggranite (dykes) 3b, liquid 330-430 37-48
plggranite (dykes) Qtz 1 200400 2-7 (Kelley & Robinson, 1990)
plggranite (dykes) Qtz / epidote 2 vapour 360420 1-5
plggranite (dykes) Qtz 3by halite diss 400-500 46-56
plggranite / gabbros Qtz / epidote 1 Liquid 182-437 2-7 (Kelley et al., 1992)
plggranite / gabbros Qtz / epidote 2 Vapour 378413 1-5
plggranite / gabbros Qtz 3b, Liquid 375400 36-45
plggranite / gabbros 3by Halite diss 302-537 38-61
stockwork Qtz 1 liquid 319422 3.3-10.9 (Morgan, 2008)
sheeted dyke Qtz 1 liquid 280-418 0.17-8.2
plutonic sequence sheet -
dyke transition Qtz 1 liquid 314477 1.8-19
plutonic sequence sheeted -
dyke transition Qtz 3b, liquid 272-377 31-44
plutonic sequence Qtz 1 liquid 298433 1.8-22.7
plutonic sequence Qtz 3b, liquid 259-345 34.9-37.1
sulphide deposit 1 liquid 300-350 274 (Spooner & Bray, 1977)
sheeted dykes Qtz 1 liquid 140-354 0.2-7.8 (Vibetti, 1993)
gabbros Qtz 3b ? 130-300 22-35*
Oman extrusive Qtz 1 ? 130400 1.4-10 (Nehlig, 1991)
sheeted dyke Qtz 1 ? 150-400 1.1-13
plggranite Qtz 1 liquid 213-429 1.9-8.9
plggranite Qtz 2 vapour 390-452 3.743
plggranite Qtz 3by halite diss 333-456 40-52
gabbros Qtz/Am 1 ? 106-390 1.4-6
Lizard plutonic sequence Qtz 1 liquid 190410 2.1-8 (Hopklns;)grlgg)Roberts,
plutonic sequence Qtz 2 vapour 268-408 0.0-6.1
plutonic sequence Qtz 1 liquid 240-310 1.2-2.2
plutonic sequence Qtz 2 vapour 320-370 0.3-1.6
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Chapter 3 Fluid Inclusion Microthermometry

3.5.3 Comparison with literature data set

In this section, the new data are compared with literature data and
results compiled in Figure 3-10 for sections of oceanic crust and in Figure
3-11 for ophiolites.

3.5.3.1 Type 1a

Samples from the Atlantic oceanic crust (MARK, Oceanographer and
TAG) exhibit roughly the same range in salinity as the samples of fluid type
1a (Figure 3-10). Samples from the Pacific, Indian oceanic crust (Hess Deep
and SWIR 735B), Troodos, Oman and Lizard ophiolite cover the range in
salinity of the type 1a samples but reach much higher values (up to ~22Wt%
NaCl equivalent). These salinites are comparable to fluid type 3a (see
3.5.3.3 au-dessous). Temperatures of homogenisation are roughly similar,
although almost all oceanic sections reported show higher maximum
temperatures. Higher temperatures are common for ophiolite samples where
the temperature of homogenisation can reach 475°C (Morgan, 2008) (Figure
3-10, and Figure 3-11).

3.5.3.2 Type 1b

In this study, this type of fluid was only found in plagioclase in
secondary fluid inclusions. Figure 3-11 shows that these type 1b samples
give comparable ranges of salinity to samples from the Troodos ophiolite
(Cowan & Cann, 1988), with the difference that homogenisation occurs at
higher temperature in the ophiolite. In oceanic crust sections,
homogenisation temperatures are similar (Figure 3-10).

3.5.3.3 Type 3a

Figure 3-10 shows that only fluids from SWIR hole 753B match the
existing data. Samples from Hess Deep exhibit high salinity but homogenise
at lower temperature than fluids from the Atlantis Massif. Troodos and Oman
ophiolite samples (Morgan, 2008; Nehlig, 1991) also show moderately high

salinity at homogenisation temperatures in the same range as those of fluid
from U1309D (Figure 3-11).
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3.5.3.4 Type 3b

Fluid inclusions of type 3b always homogenise in the liquid phase
with halite dissolution occurring before the disappearance of the vapour
phase. This is illustrated in Figure 3-10 and Figure 3-11 where fluid
inclusions cluster beneath the equilibrium curve of halite + liquid + vapour.
The same observations are made in samples from the MARK area, Hess
Deep and hole 735B (Kelley & Delaney, 1987; Kelley & Frith-Green, 2001;
Kelley & Malpas, 1996) (Figure 3-10), and samples from Troodos (Kelley &
Robinson, 1990; Kelley, et al., 1992) (Figure 3-11).

Several studies show that homogenisation can also occur by halite
dissolution. This is the case in quartz of gabbros from the MARK area, in
plagioclase of Hess Deep, in hole 735B of the SWIR and in quartz of
plagiogranite from the Oceanographer (Kelley & Friih-Green, 2001; Kelley, et
al., 1993; Kelley & Malpas, 1996; Vanko, et al., 1992) (Figure 3-10), as well
as in quartz of plagiogranite and gabbros from the Troodos and Oman
ophiolite (Cowan & Cann, 1988; Kelley & Robinson, 1990; Kelley, et al.,
1992; Morgan, 2008; Nehlig, 1991) (Figure 3-11). This type of
homogenisation indicates that the fluid has been trapped in the presence of
halite. In that case, fluid inclusions lie on the H + L + V curve or above.

Fluid type 3b is best compared to fluid in quartz from hole 735B
where both salinity and homogenisation temperature match the Atlantis
Massif data. The same range in homogenisation'temperature is also
observed in samples from Troodos but with higher salinities (Kelley &
Robinson, 1990; Kelley, et al., 1992).

3.5.3.5 Other types of fluid
Unlike samples of the Atlantis Massif, oceanic crust sections and

ophiolite samples may contain vapour-rich, low salinity fluid inclusion
populations (Table 3-4 and

Table 3-5). As for fluid type 1, these vapour rich fluids can be divided
in two different populations in which one is less saline than seawater, and the

other is equivalent and/or enriched. In general terms, these fluids had been
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trapped at higher temperature than fluids of IODP Hole U1309D (270°C -
>500°C).

Salinity (wt% NaCl equivalent)
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60 -
551
50+

0

Vent fluids range |

= -

l " l / l

100 150 200 250 300 350 400 450 500

T

Th (°C)

£
T T T 77 T

H EH B E H)yro0eo o090

Seawaten I

D1R-141-44
D10R-1 127-129
D40R-1 6-12
D40R-117-19
D40R-121-24
D5R-3 107-110
D10R-1 127-129
D40R-1 21-24
D40R-1 21-24
MARK Kelley
& Delaney, 1987
MARK Kelley
etal,k 1993
Hess Deep Kelley
& Malpas, 1996
Hess Deep Saccocia
& Gillis, 1995
Oceanographer
Vanko, 1992

TAG Tivey

etal, 1998

SWIR 735B Kelley
& Fruh-Green, 2001

Fluid type 1a

Fluid type 1b

» Fluid type 3a
« Fluid type 3b

Figure 3-10: Microthermometric data compared to available data in literature
for various oceanic samples. Seawater salinity (3.2Wt% NaCl equivalent) is shown as
well as the range of salinities for fluids exiting hydrothermal vents. Inclusions which
homogenise by halite dissolution lie on the Halite + Liquid + Vapour curve (H + L + V).
Arrows mean that inclusions remain unhomogenised at temperature of 400°C. The
behaviour of the vapour bubble suggests that homogenisation is close to being
reached (in the next 20-30°C).
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3.5.4 Hydrostatic versus lithostatic pressure

Interpretations of the temperature and pressure conditions of the
two-phase curve are strongly dependent on the type of fluid pressure which
occurs in the crust. Hydrostatic pressure applies to fluids in cracks under
brittle conditions. Lithostatic pressure applies to fluids exsolving from a melt
under ductile conditions and to fluids isolated from the convective circulation.
The change between those conditions is relative to the depth interval of the
brittle-ductile transition. Calculations estimate this transition at temperature of
700-800°C in moderately shallow gabbroic rocks (Hirth, et al., 1998). For a
seawater model, hydrostatic pressure will be favoured, whereas in a
magmatic fluid source model, both hydrostatic and lithostatic pressure will be
discussed depending on depth of fluid circulation.

The hydrostatic pressure can show a wide range of gradient whether
circulation of cold water or hot water is considered. A cold hydrostatic
pressure gradient is ~10000 Pa/m or 100 bars/km, whereas a hot hydrostatic
pressure gradient is ~3000 Pa/m or 30 bars/km (Coumou, et al., 2009) (see
discussion 3.5.5.2 and Figure 3-12). The vertical pressure gradient must be
small enough for cold water to flow down in the recharge zone, and large
enough for hot water to flow up in the discharge zone, making therefore the
pressure gradient lying between cold and hot hydrostatic pressure (Jupp &
Schultz, 2000). Nonetheless, several studies (Jupp & Schultz, 2004; Wilcock
& McNabb, 1996) assume that hydrostatic pressure very close to cold
hydrostatic pressure defines the properties of the circulating fluids such as
viscosity and flow resistance. Conditions will be closer to cold hydrostatic in

recharge zones, and closer to hot hydrostatic in discharge zones.

3.56.5 Processes modifying the salinity

Several processes have been suggested to explain the variations in
salinity observed in fluids circulating in the oceanic crust. They include
subcritical phase separation (boiling) or supercritical phase separation
(condensation) of a seawater-like fluid (Kelley, et al., 1993; Kelley & Malpas,
1996) or magmatic fluid (Kelley & Frih-Green, 2001), magmatic fluids
exsolving from melts (Kelley, et al., 1993; Kelley & Malpas, 1996; Kelley, et
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al., 1992), hydration/dehydration reactions with precipitation/dissolution of
associated chloride-bearing minerals (Kelley & Robinson, 1990; Kelley, et al.,
1992), and variable mixing of hydrothermal fluid with a phase-separated
brine or vapour (Kelley & Robinson, 1990). The commonest explanation for
the generation of low salinity fluids is phase separation of seawater-like
fluids, and the most approved explanation for generation of high fluid
salinities is phase separation of magmatic or seawater-like fluids, without
neglecting the possible role of hydration reactions in certain cases. Variable
mixing of hydrothermal seawater with phase-separated brines and vapour

can change the salinity and temperature of fluids as a late process.

3.5.5.1 Hydration/Dehydration

Under rock dominated condition, hydration reactions or retrograde
dissolution of chloride bearing mineral phases have the potential to modify
the ionic strength of hydrothermal fluids by consuming or liberating chloride
ions (Kelley & Robinson, 1990; Kelley, et al., 1992). Formation of secondary
amphibole containing up to 4 Wt% chlorine (Vanko, 1986) can then result in
the decrease of fluid salinities, and dissolution of such phases might increase
fluid salinities by opposition (Seyfried, et al., 1986).

These processes could then account for slight changes in fluid
salinities (low temperature, low salinity fluid generation) at relatively low
water-rock ratio conditions, preferentially in a near axis environment
recharge zone (Kelley, et al., 1995), in opposition to an outflow zone where
fluids rapidly pass through the oceanic crust (Delaney, et al., 1987).

Nonetheless, electron microprobe data of amphiboles in U1309B and
U1309D indicate a Cl content of 0.00 to 0.32 Wt% with a mean at 0.05 Wt%
(appendix 1). Those data are comparable with concentrations of chlorine
observed in amphiboles of gabbros of the MARK area (0.3 Wt% on average -
(Delaney, et al., 1987; Kelley, et al., 1993)) By considering the highest
concentration, and admitting perfect partitioning between chlorine and
hydrous mineral phases, at least 50% of gabbros would have to be altered to
decrease the fluid salinity by half, or double it if 50% of the initial seawater is

consumed (Cathles, 1983; Delaney, et al., 1987, Kelley, et al., 1993). These
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processes are therefore unlikely to have a significant impact on through
going fluids, although it may have play an important role in the vicinity of

veins.

3.5.5.2 Phase separation

3.5.5.2.1 Generation of brines

Fluid sources and pressure conditions for brine-bearing inclusions
are difficult to determine. Brine inclusions Homogenise by disappearance of
the vapour bubble at temperature >400°C. Two models for the generation of
brine are as follow: (1) brine and vapour are generated during supercritical
phase separation or condensation of either magmatic or seawater-derived
fluids with segregation of the phases driven by density differences and
entrapment of the brine at depth; (2) direct exsolution of magmatic brine from
late stage melts with significant cooling during the migration of the brines
along the microfractures (Figure 3-12). The system H,O-NaCl will be used in
the discussion below as an analogue for fluid circulating in the oceanic crust.
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Figure 3-12: Temperature/Fluid pressure and Pressure/Depth diagram in the system H,0-NaCl for a fluid of seawater composition (3.2Wt%
NaCl equivalent). The figure is separated according to two processes: phase separation and magmatic exsolution. Section A: Seafloor is at an
approximate depth of 3500 mbsf as constrained by the TAG model. The two phase curve is shown for hydrostatic conditions and separates the
one field liquid from the two phase vapour + liquid field (Sourirajan & Kennedy, 1962). The Cp of seawater is also shown (407°C, 298 bars) as well
as the three phase curve that separates the stability field of liquid and vapour from that of vapour and halite. Section B: Relationship between
pressure and depth for hydrostatic pressure under cold (100 bars/km) and hot (30 bars/km) gradient (Coumou, et al., 2009) and lithostatic pressure
gradient. Section C: The two phase curve is shown here in a temperature against depth diagram for cold and hot hydrostatic conditions using both
diagram of section A and B, and for lithostatic conditions. In that case, at a given depth, phase separation will occur at higher temperature under
lithostatic conditions than under cold hydrostatic conditions, and in turn at higher temperature under cold hydrostatic conditions than under hot
hydrostatic conditions. Section D: The solidus of a water-saturated tonalite (Wyllie, 1977) whose intersection with the two phase curve under
lithostatic pressure separates the crystal + melt + liquid + vapour field from the crystal + melt + liquid field, is plotted. At depth < 8 km and
temperature > to that of the solidus, an exsolved fluid following path 1 will consists of supercritical droplets of brines in a vapour phase; whereas
a fluid exsolving along a path similar to 2 will exsolve as a single phase.
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The two-phase curve separates the one phase field (liquid) from the
two-phase field (liquid + vapour) at pressure-temperature conditions greater
than the critical point of seawater (Cp: 407°C; 298 bars). Fluids of seawater-
like salinity or magmatic fluids that circulate at deep levels of the oceanic
crust and intersecting the two-phase curve will undergo supercritical phase
separation (or commonly named condensation) where droplets of brines will
separate out of a vapour rich phase (Figure 3-12A). Fluids circulating under
low pressure conditions will boil and separate a vapour from a low salinity
fluid. However, in the TAG model, a water depth of approximately 3500 mbsf
is assumed. Boiling cannot happen in this system. As seawater-like fluids
circulate down to depth, fluids will traverse several condensation curves
depending on the composition while approaching the heat source (Kelley, et
al., 1993). For instance, a fluid of seawater composition (3.2 Wt% NaCl),
which circulates at crustal depth of approximately 2 km and under 550 bars
of pressure assuming a water column of 3.5 km and cold hydrostatic
conditions, will encounter the two phase curve at a temperature of 500°C,
and will condense a fluid containing 25.3 Wt% NaCl and a vapour with 2.2
Wi1% NaCl (Figure 3-13). Under hot hydrostatic conditions, the fluid would
need to circulate as deep as 10.5 km (Figure 3-12B and C) in order to
undergo phase separation and generate the same result, which is obviously
inconceivable in the TAG model as the maximum depth of circulation is right
on top of the melt zone at 9.5 km (Figure 2-12). Higher salinity fluids (in
comparison to seawater) circulating under the same pressure temperature
conditions would give the same composition for brine and vapour, but would
separate a bigger proportion of brine. If fluids circulate at shallower levels,
they will separate out a greater volume of vapour given the pressure
dependence on the shape of the two phase curve (Kelley, et al., 1993).
Under lithostatic conditions, the same fluids must be at higher temperature in
order to undergo phase separation (Figure 3-12C).
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Figure 3-13: P-X projection of the system H,0-NaCl contoured for T under
hydrostatic conditions I. The critical curve (dashed line), the isotherms (dotted lines)
and the three phases curve (plain line) are from Sourirajan & Kennedy (1962). A
seawater-like fluid which intersects the two phase curve, at temperature of 500°C at
pressure of ~550 bars will undergo supercritical phase separation and separate
droplets of brines with salinities of ~25.3 Wt% NaCl equivalent from a vapour of
salinity close to 2.2 Wt% NaCl equivalent.

Generation of hypersaline magmatic brines can be explained by two
different processes. Vapour and brine can be formed by (1) exsolution of
magmatic fluids under supercritical conditions and condensation of droplets
of brines in a vapour phase (Figure 3-12 path D1) (Kelley & Delaney, 1987;
Kelley & Frih-Green, 2001), or (2) by direct exsolution of brines in the
absence of a vapour phase (Figure 3-12 path D2). Figure 3-12D shows the
two phase curve for a fluid of seawater salinity (3.2 Wt% NaCl equivalent) for
lithostatic conditions. Fluids in the melt are under lithostatic pressure, and at
depth < 8 km and at temperature > to the solidus, crystal, melt, liquid and
vapour coexist. A fluid exsolving under conditions of the two phase field will
undergo exsolution under supercritical conditions and condensation of
immiscible droplets of brine in a vapour phase (Figure 3-12D1). At pressure-
temperature conditions greater than that, the solidus separates a field where
crystal, melt and liquid coexist from a single phase liquid field, such that any
fluid under those conditions would be exsolved as one single phase. A

similar result can be obtained from a fluid originally in the field where crystal,
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melt, liquid and vapour coexist, if it encounters the two phase field curve
during the cooling history. Such fluid would then be exsolved as a single
phase (Figure 3-12 path D2).

A minimum and a maximum temperature and pressure for the
generation of brine from a seawater-derived parent fluid can be estimated for
sample U1309D 40R-1 21-24 cm. Fluid inclusion microthermometry shows
that this sample contains brines of ~35W1t% NaCl equivalent. In order to
produce such a brine and assuming TAG model conditions, the initial
seawater derived fluid must lie between 500°C at 450 bars (Figure 3-14 dark
blue) and 625°C at 900 bars (Figure 3-14 sky blue). These various conditions
would generate vapour of extremely different salinity (0.3 Wt% NaCl for the

minimum and ~5 Wt% NaCl for the maximum).
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Figure 3-14: P-X projection of the system H,0-NaCl contoured for T under
hydrostatic conditions Il. The critical curve (dashed line), the isotherms (dotted lines)
and the three phases curve (plain line) are from Sourirajan & Kennedy (1962). A
seawater-like fluid which intersects the two phase curve, at temperature of 500°C and
at pressure of ~475 bars will undergo supercritical phase separation and separate
droplets of brines with salinities of ~12.5 Wt% NaCl equivalent from a vapour of
salinity close to 0.3 Wt% NaCl equivalent (dark blue). At a temperature of 625°C and a
pressure of 900 bars, a seawater-like fluid that intersect the two phase boundary, will
undergo phase separation for which the brine would have a salinity of ~12.5 Wt%
NaCl equivalent and the vapour a salinity of ~5 Wt% NaCl equivalent.
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However, as halite-bearing inclusions have been found only in
trondjhemite, a magmatic fluid source for generation of hypersaline
inclusions seems to be the most probable. The condensation model is
preferably applicable for brines and associated low salinity vapour rich
inclusions, whereas the direct exsolution of brines model is more applicable
to inclusions that homogenise by halite dissolution (Kelley & Friih-Green,
2001). From these statements, it is suggested that brines have been formed
by condensation of a magmatic fluid at maximum conditions of 770°C and ~7
km depth (which is equivalent to ~1690 bars according to the lithostatic
gradient of Figure 3-12B) and at minimum conditions of 790°C and ~4 km
depth (which is equivalent to ~540 bars according to Figure 3-12B) (Figure
3-15). Note that as it concerns a magmatic intrusion (trondjhemite), the
maximum conditions seem to be the most probable. Condensation of the
magmatic fluid is located in the TAG mode! in Figure 3-17 location A.
Homogenisation temperature of those inclusions is ~400°C. Trapping must
therefore be preceded by an event of significant cooling during the ascent of
the fluid towards shallower depth.
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Figure 3-15: Temperature-depth diagram under hydrostatic conditions above
seafloor (dashed line) (Sourirajan and Kennedy, 1962) and lithostatic conditions
under seafloor (dotted line), showing maximum and minimum conditions for brine
generation by exsolution under supercritical conditions and condensation.
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3.5.5.2.2 Generation of low salinity fluid
Low salinity fluid in plagioclase

Fluid of low salinity relative to seawater can be generated by phase
separation as described above. Trapping of a low salinity vapour fluid has
not been observed. What is observed are liquid-dominated low salinity fluids
in plagioclase at lower temperature than the brine inclusions and higher in
the stratigraphy. As brine and vapour are segregated after separation by
density effects, it is suggested that a late mixing of seawater-like fluid occurs
with the initial vapour fluid-like to reach the salinity and temperatures of
homogenisation observed. Note that the phase separation event does not
have to be the same event described in the previous paragraph for
generation of brine observed in trondjhemite.

In the model of Figure 3-16 it is assumed than the vapour fluid
generated by phase separation has a salinity of ~0.2 Wt% NaCl. That salinity
can be obtained at various conditions that will generate different brine
salinities. The minimum temperature, at which supercritical phase separation
generates a vapour phase of 0.2 Wt% NaCl under hydrostatic conditions, is
450°C at a pressure of 340 bars (Figure 3-16 dark green). The maximum
temperature is ~600°C at 550 bars (Figure 3-16 light green). In both case,
significant cooling must occur in order to reach the trapping temperature of
such inclusions that does not go beyond 350°C under the minimum
conditions of pressure corrections. Cooling is however not needed if
inclusions are subject to the maximum pressure corrections assumed in
3.5.1. Figure 3-17 (location B) shows the hypothetic position of the core
when these fluids were trapped.

Seawater like salinity fluid in quartz vein

Quartz being a mineral that precipitates when pressure drops, it is
easy to assume that fluids of seawater-like salinity have been trapped in
quartz veins at relatively low pressure. It is suggested therefore that
seawater-like salinity fluid have been trapped after an event of recharged
seawater at shallow depth in the system. Those fluids have therefore been

trapped when the core was close to the surface (Figure 3-17 location C).
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Figure 3-16: P-X projection of the system H,0-NaCl contoured for T under
hydrostatic conditions lll. The critical curve (dashed line), the isotherms (dotted lines)
and the three phases curve (plain line) are from Sourirajan & Kennedy (1962). In this
model, it is assumed than the vapour fluid generated by phase separation has a
salinity of ~0.2 Wt% NaCl. That salinity can be obtained at various conditions that will
generate different brine salinities. The minimum temperature, at which supercritical
phase separation generates a vapour phase of 0.2 Wt% NaCl under hydrostatic
conditions, is 450°C at a pressure of 340 bars (dark green) and the maximum
temperature is ~600°C at 550 bars (l/ight green).
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3.6

Conclusions

Fluid inclusion microthermometry demonstrates the occurrence of four
different types of fluids in IODP Hole U1309D:

o Type 1a fluid - liquid-dominated seawater-like salinity (L-V).

o Type 1b fluid - liquid-dominated low salinity (L-V).

o Type 3a fluid — liquid domimnated high salinity (L-V)

o Type 3b fluid - high salinity with halite daughter crystal (L-V-H).
L-V homogenisation temperatures vary between different fluid type.
The lowest homogenisation temperature is exhibited by fluid type 1a,
and the h_ighest by fluid type 3. Homogenisation of high salinity fluids
occur in the liquid phase. Halite crystal always dissolves before the
disappearance of the vapour bubble.

Type 3 fluid is only found in evolved trondjhemite intrusion and is
therefore assumed to have been generated by condensation of a
magmatic fluid at maximum temperature of 770°C at depth of 7 km
(Figure 3-17 location A). Significant cooling occurs during the
segregation of brine and vapour before trapping. The associated low
salinity vapour fluid has not been identified.

Low salinity fluid (Type 1b) are believed to have been generated by
mixing with seawater derived fluid after supercritical phase separation
of a seawater-like fluid at temperatures of 450 to 600°C and pressures
of 340 to 550 bars and assumed to have been trapped at depth of ~5
km (Figure 3-17 location B).

Late stage fracturing event has provoked precipitation of quartz veins
at low pressure low temperature that have trapped seawater-like
salinity fluid (Figure 3-17 location C).
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Figure 3-17: Interpreted cross section of TAG (deMartin, et al., 2007) showing
the position of IODP Hole U1309D at different times of the fluid history.lsotherms are
from McCaig et al. (2010). A: Condensation of exsolved magmatic fluid generating
hypersaline brine observed in trondjhemite. B: Trapping of low salinity fluid in
plagioclase. The vapour fluid phase of a phase-separated, seawater-derived fluid is
mixed with recharged seawater. C: Late stage quartz precipitation and trapping of
seawater like salinity fluid.
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