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Abstract
Fluid inclusions in the Upper Zone quartz of the Bellevue drillcore and quartz of the
monzonite/two-feldspar granite from the Stoffberg area are studied by a suite of advanced high-
precision methods. The accessory magmatic quartz of the Bellevue drillcore samples hosts a
complex suite of H2O-CO2-CH4 fluid inclusions which have thus far received very little
attention. For the abundant quartz in the Stoffberg samples (quartz monzonite/two-feldspar
granite) hosts a simple suite of H.O-NaCl, H.O-CaCl, and H.O-MgCl: fluid inclusions, which
is yet to be described. CHs-rich fluid inclusions of the Bellevue drillcore (e.g. olivine
ferrodiorite, quartz anorthosite, anorthosite and leucogabbronorite) can be shown based on
fluid inclusion petrography to be mainly part of the primary fluid inclusion assemblage. Based
on conducted study four types of fluids were identified in Bellevue drillcore, all of them
separated during the crystallization of volatile-rich residual melt of original mafic magma,
whilst in the Stoffberg samples only three types of fluids were identified and are likely to be
derivatives of the later felsic melts, probably of crustal melts. The melting temperatures of the
carbonic (CO2 = CHy4) of olivine ferrodiorites and leucogabbronorites, ranges from -59.7 to -
56.8 °C (mean =58 + 0.9 °C; n=50), fluid inclusions, with their homogenization temperatures
(TCO2) ranging from 18.8 to 30 °C (28 * 3.6 °C). The number of carbonic (CO2 and CHa4) fluid
inclusions in the Bellevue drillcore suggests that the carbonic (CO2 and CHys) fluids played a
significant role, by acting as a geochemical barrier in shallow magmatic systems, which is
contrary to the generally accepted idea that carbonic fluids are generally not a major component
in such magmatic systems as these fluids tend to escape from magma at relatively deep
environments. For the Stoffberg samples there is no evidence for carbonic (CO2 and CHa) fluid
inclusions, which may imply that (COzand CHa) fluids played no part during the crystallization
and cooling of the Stoffberg rocks. The Ti-in-quartz geothermometry suggests that the

maximum temperature of entrapment from about 677 £ 29 to 767 + 18°C and 738 £+ 35 and 799



+ 22°C, at 3 kbar pressure, for the Bellevue core and Stoffberg samples, respectively. Based
on the microthermometric, geochemical (Ti-in-quartz geothermometry) and petrographic
evidence, the CHs observed in the samples of the Bellevue drillcore was produced by
respeciation of the C-O-H fluids via in situ phase separation (immiscibility of the fluids in the
H20-CO,-CHa system) and probably the interaction of fluids with rocks during the late-stages
of crystallization in the Bushveld Igneous Complex (BIC). This is further supported by the
presence of graphite in HO-CO. bearing inclusions, in quartz anorthosite and
leucogabbronorite. The lower melting temperature of aqueous-rich fluid inclusions, in olivine
ferrodiorites and quartz anorthosites, suggest a later entrapment along cracks in quartz. This
study further emphasizes the idea that the oxidation of reduced heterophase fluids could be the
most important geochemical barrier caused the crystallization of solid mineral phases from
heterophase fluids. The evidence presented in this study suggest that the Stoffberg material is
unlikely to represent the most evolved part of the Rustenburg Layered Suite as previously
suggested, but represents relic products of the Lebowa Granite Suite or crustal melts into which

the Bushveld Igneous Complex intruded into.
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of abiotic methane on Earth. Fischer-Tropsch Type synthesis (F) associated with
serpentinization of ultramafic rocks and also one independent of serpentinization of
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(2013).
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Figure 4.1.1: Microphotographs of thin section from the Bellevue drillcore. a.
Photomicrographs of olivine ferrodiorite from a depth of 105.23 m under cross-polarized
light. Relatively fresh euhedral plagioclase laths are surrounded by anhedral
clinopyroxenes. b. Photomicrograph of quartz anorthosite (sample BV-352.60) under
cross-polarized light, showing highly altered plagioclase, associated with interstitial
quartz. C. Triangular, patchy interstitial quartz surrounded by euhedral plagioclase
laths from sample BV-1413.80. D. Rutile with small inclusions of quartz under plane
polarized light from sample BV-83.609.

Figure 4.1.2: Microphotographs of thin section from the Bellevue drillcore. (a)
Photomicrograph of an olivine ferrodiorite from a depth of 106.20 m under cross-
polarized light, showing poikilitic biotite enclosing euhedral plagioclase laths. (B)
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BV-83.81. (C). Photomicrograph of olivine ferrodiorite from a depth of 106.20 m under
cross-polarized light showing a poikilitic clinopyroxenes enclosing plagioclase laths. (D)
Interstitial clinopyroxene between euhedral plagioclase laths from sample BV-893.90.
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interstitial quartz (RGC-19). Photomicrograph of quartz monzonite showing plagioclase
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Microphograph of pigeonite surrounded by euhedral plagioclase laths and interstitial
quartz (RGC-12). (f) Abundant apatite in amphibole and oxide, with cumulate
plagioclase at the edges (RGC-12). Amph-amphibole, plag-plagioclase, qrtz-quartz.

Figure 4.2.1: Microphotographs of various types of fluid inclusions from the Bellevue core
samples at room temperature. Microphotograph of BV-417.90, P2 showing three fluid
inclusion assemblages and these include primary (P), psuedosecondary (PS) and
secondary fluid inclusion assemblages (S). P= primary, S= secondary and PS=
psuedosecondary.

Figure 4.2.2: Microphotographs of various types of fluid inclusions from Bellevue core
samples at room temperature.

Figure 4.2.2 (a): Photomicrograph of two-phase —L. and V— fluid inclusions from sample
BV-1454.35, P2.

Figure 4.2.2 (b): Dark one phase fluid inclusion from sample BV-417.90, in P1, comprise
vapour only.

Figure 4.2.2 (c): Photomicrograph showing three phase fluid inclusion comprising two
liquid (L1 and L2) phases and one vapour phase, from sample BV-417.90, P1.
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Figure 4.2.2 (d): Microphotograph showing a three-component —L, V and S phase— fluid
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Figure 4.2.3: Photomicrograph from sample BV-1454.35, P2, comprising a large solid
crystal and comparatively minor proportions of liquid phase. 4

Figure 4.2.4: Photomicrograph showing cubic to spherical two-phase fluid inclusion
comprising L and V phases, with varying proportions of liquid and vapour, from sample
BV-417.90, P2, whereas photomicrograph

Figure 4.2.5: Microphotograph of secondary two-phase fluid inclusions exhibit relatively
irregular forms from BV-417.90, P2 sample at room temperature.

Figure 4.3.1 (a) Microphotograph of RGC-19, P4 showing two fluid inclusion assemblages
(FIA’s) and these include primary (P) and secondary fluid inclusion assemblages (S),
from interstitial quartz.
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assemblages (S), from interstitial quartz.

Figure 4.3.1 (d) Microphotograph shows similar types of FIA’s, however, in a sample
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P2.

Figure 4.3.2: Microphotographs of various types of fluid inclusions from Bellevue core
samples at room temperature. (a) Photomicrograph of two-phase —liquid and vapour—
fluid inclusions from sample RGC-22, P3. (b) Dark one phase fluid inclusion from sample
RGC-16, P3, comprising vapour-rich phase only. (c) Photomicrograph showing three
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RGC-24, P1. (d) Photomicrograph from sample RGC-16, P1, comprising a large solid
crystal and comparatively minor proportions of liquid phase.
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Figure 4.3.4: Microphotograph of secondary two-phase fluid inclusions exhibit relatively
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Figure 6.1: Histogram showing melting temperatures for inclusions from olivine
ferrodiorite from the BV-01. These temperatures include: Tm ice (temperature of first
melting (eutectic temperature)), Tm (H20O Final temperature of melting), and
TmCLATH (Clathrate melting temperatures).

Figure 6.2: Histogram showing the temperature of homogenizations for inclusions from
olivine ferrodiorite from the BV-01.

Figure 6.3: Histogram showing the melting temperatures for inclusions from quartz
anorthosite from the BV-01. These temperatures include: Tm ice (temperature of first
melting (eutectic temperature)), Tm (H20O Final temperature of melting), and
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Figure 6.4: Histogram showing the temperature of homogenization for inclusions from
guartz anorthosite from the BV-01.
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assemblage and blue lines represents the isochores of the aqueous fluid inclusions of the
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Figure 6.10: Diagram showing isochores of secondary fluid inclusions from the Bellevue
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fluid assemblage and blue lines represents the isochores of the aqueous fluid inclusions of
the secondary fluid inclusion assemblage.

Figure 6.18. Average within-sample temperatures calculated from Ti-in-quartz
concentration measurements of interstitial quartz grains in Bushveld samples, using
three different TitaniQ calibrations. We consider the results from the 3 kbar calibration
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CHAPTER 1

1.1 INTRODUCTION

Fluid inclusions hosted in felsic rocks have received far greater attention compared to those in
ultramafic-mafic rocks. Hence, there are few insights about volatiles present in ultramafic-
mafic magmatic systems. The principal aim of this research project is to investigate the
significance of the fluid inclusions in ultramafic-mafic magmatic samples from the Bushveld

Igneous Complex (BIC).

1.2 Geological Background on the nature and occurrence of Fluid Inclusions

Fluids are known to be a constituent part of many rock types, even though they occur in
relatively low quantities. These fluids played an essential role in various geological processes
(e.g. melting, (re)crystallization, mineral assemblages and secondary processes including
alteration). The lattices of some rock-forming minerals host volatile constituents: amphiboles
and micas host H2O in the form of (OH)". Even quartz and many other minerals — olivine, which
is an anhydrous mineral, can contain water at high temperatures (Spear and Selverstone, 1983;
van den Kerkhof, 1988).

Gaseous species that are not bound to minerals occur as separate fluid phases, typically in the
form of fluid inclusions. Methane is one of five “simple” species that appear to be most stable
in fluid inclusions, whereas the “complex” species are restricted to extreme environments.
Fluid inclusion gases other than CO. and H:O, such as methane, occur as almost pure
inclusions, but are more often present as components within inclusions e.g. carbon dioxide
(mostly CO,—CHy) (van den Kerkhof, 1988).

Fluid inclusions represent trapped fluids that were at the pressures and temperatures of the rock
formation when they were trapped. They can be trapped within crystals during localized
recrystallization along fractures at some later time (secondary inclusions) or during initial

growth from solution or during total recrystallization (primary inclusions). The trapped fluids
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may consist of vapour, and/or liquid, and the composition of the fluids may include gas or gas-
bearing liquids, pure water, brines of various salinity, and sulphide, silicate or carbonate
daughter minerals, among others Bodnar (2003). Alternatively, solid components within the
fluid inclusions may be crystals that were trapped during crystallization (Diamond, 2003).
Therefore, these inclusions can provide information on fluid migration pathways and fossil
hydrogeological systems.

Fluid inclusions are a useful tool for understanding various geological processes, particularly
in materials from ore deposits, because they can provide important information on pressure and
temperature conditions during ore formation (van den Kerkhof, 1988), and the nature of the
ore-forming fluids (Roedder, 1979; Bodnar, 2003). The composition of fluid inclusions is
indicative of the chemical environment at which the rock formed (reducing vs oxidizing, dry
vs wet) (van den Kerkhof, 1988). They can be found in a variety of minerals, but are best
preserved in the mineral quartz, because of its lack of cleavage, its easy healing and
(re)crystallization properties, and its lack of reaction with the fluid inclusions (Roedder, 1984;
van den Kerkhof, 1988).

The principal reason for investigating fluid inclusions is to constrain physio-chemical
parameters such as temperature and pressure (P-T), as well as the chemistry of the fluid during
trapping. Contents of fluid inclusions are rarely inert, and may have experienced post-trapping
changes such as alteration (e.g. Goldstein, 2001). Hence, investigation of fluid inclusions
requires detailed examination to ensure that there is no evidence for changes in volume or
composition, or leakage at any stage in the evolution of the system. Thus, fluid inclusions ought
to follow a path of constant density, which is commonly referred to as an isochore. This path

is a univariant isochoric-isopleth in P-T space.
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Fluid inclusions occur in a wide variety of environments. For example, they are found within
rock-forming minerals in volcanic and plutonic rocks, within cementing minerals of

sedimentary rocks, and metamorphic minerals in metamorphic rocks.

Sorby (1858) first described melt inclusions in volcanic rocks, and proved experimentally that
most of the liquid phase in inclusions is represented by water. Although they are an unusual
feature in igneous rocks, they have been documented in rock-forming minerals derived from a
number of magmatic sequences, including both plutonic (e.g. Sobolev et al., 1974; Weisbrod,
1981; Roedder, 1984; Adersen, 1990; Larsen et al., 1992; Krot et al., 1994; Potter et al., 1998,
2004; Fall et al., 2007), and volcanic examples (e.g. Roedder, 1976; Gerlach, 1980; Gize and
McDonald, 1993; Kelly, 1996; Frezzotti and Peccerillo, 2004; Klemd, 2004; Yong et al., 2007).
There are still very limited data on fluid inclusions hosted in samples from layered mafic-
ultramafic intrusions (LMI) (e.g., Ballhaus and Stumpfl, 1986; Frost and Touret, 1989;

Schiffries, 1990; Larsen et al., 1992; Sonnethal, 1992; Glebvitsky et al., 2001; Ripley, 2005).

1.3 Fluid inclusions igneous rocks

Fluid inclusion studies in igneous rocks have documented a variety of fluids: H2O, C20, N,
CHs and saline (e.g. Ballhaus and Stumpfl, 1986; Schiffries, 1990; Pollard et al., 1991; Larsen
etal., 1992; Robb et al., 1994; Freeman and Robb, 1995; Freeman et al., 1997; Glebovitsky et
al., 2001; Ripley, 2005; Hanley et al., 2008; Zhitova et al. 2007, 2009, 2016). Saline solutions
with variable amounts of chlorides (e.g. CaClz, KCI and NaCl) and other salts constitute most
of the fluid inclusions. These fluids seldom occur as pure species, but rather mixtures due to
the complexities inherited from natural processes. In addition to the salts, evidence from fluid
inclusions from samples from the upper mantle show that fluid systems these are characterized
by various combinations of carbon, oxygen, hydrogen and nitrogen (C-O-H-N) (Van den

Kerkhof, 1988).
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Fluid inclusion studies have raised key petrological questions, such as the involvement of
significant amounts of COzand H20 in igneous rocks (Roedder, 1984), as well as the presence
of CHs (e.g. Petersilie et al., 1961; Petersilie and Sgrensen, 1970; Potter and Konnerup-
Madsen, 2003). Some of these studies have also demonstrated that these fluids play important
roles in igneous processes (i.e. fluid immiscibility, magma degassing). Fluid inclusion studies
have led to the discovery of oil-gas fields in igneous basement rocks, such as the Ilimaussaq
alkaline intrusion, Greenland in the 1950s, and the alkaline intrusions of Lovozero and Khibina
of the Kola Peninsula, north west of Russia (e.g. Petersilie, 1962; Petersilie and Sgrensen, 1970;

Potter and Konnerup-Madsen, 2003).

Fluid inclusion studies have also produced invaluable information regarding the mineralization
of PGEs and sulphides (e.g. Ballhaus and Stumpfl, 1986; Zhitova et al., 2007, 2009, 2016).
Fluids in the form of magmatic volatiles in layered mafic intrusions are suggested to have
played a significant role in the in processes of formation of PGE mineralization in differentiated
mafic-ultramafic intrusive complexes (e.g. enrichment mechanisms and concentration of PGEs
in the course of crystallization). This is supported by geochemical, textural and mineralogical
evidence in LMI such as the Skaergaard intrusion, Greenland, Stillwater Complex, USA, and
the Bushveld Complex South Africa (Schiffries, 1982; Volborth and Hanley, 1984; Ballhaus
and Stumpfl, 1986; Boudreau, 1987; Sonneenthal, 1992; Meurer et al., 1999; Willmore et al.,
2000; McBinery, 2002; Hanley et al., 2008; Zhitova et al., 2009, 2016; Kanitpanyacharoen and

Boudreau, 2013).
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1.4 Regional geology

The Bushveld Igneous Complex (BIC) crops out in the northern part of South Africa and it is
the largest layered mafic intrusion on Earth (Figure 1), with a total areal extent greater than
100,000 km? (Cawthorn and Walraven, 1998; Wilson, 2015; Finn et al., 2015), with an average
thickness of about 7.5 to 9.0 km for the layered ultramafic and mafic cumulate rocks, and a
total volume > 1 million km? (e.g., Cawthorn and Walraven, 1998). The Bushveld Igneous
Complex was emplaced at 2055 Ma into the Kaapvaal craton (Zeh et al., 2015; Mungall et al.,
2016), and contains the world’s largest reserves of vanadium, chromium and platinum group

elements (PGEs) (Lee, 1996).

The BIC is made up of three distinctive groups: The extrusive rocks of the Rooiberg group,
which are the oldest of the three groups, followed by the intrusive mafic cumulate rocks of the
Rustenburg Layered Suite (RLS), and then the intrusive felsic rocks of the Lebowa Granite
Suite (Figure 1) (SACS, 1980; Scoon and Mitchell, 2012). The mafic cumulates of the
Rustenburg Layered Suite are demonstrably older than the felsic rocks of the Lebowa Granite
Suite (e.g. Wilson et al., Van Tongeren, 2011). The voluminous magmatism of this intrusion
occurred over a relatively short period, approximately 1 Ma, based on high precision U-Pb ages

obtained by CA-ID-TIMS from zircons (Zeh et al., 2015; Mungall et al., 2016).

The BIC intruded into the supracrustal rocks of the Transvaal Supergroup and the rocks of the
Rooiberg Group. These supracrustal rocks are mainly chemical and intracratonic clastic
sedimentary rocks of Paleoproterozoic age (2551 to 2204 Ma) (Barton et al., 1994; Cawthorn
and Walraven, 1998) and these include dolomite, sandstone and quartzite, with interlayered
andesitic volcano-clastic sediments (Eriksson et al., 1993; Barnes et al., 2009). The Transvaal

Supergroup is presently exposed in 4 sedimentary basins that may have constituted a
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continuous sedimentary basin that stretched across the entire Kaapvaal craton (Gleason at al.,

2011).

The BIC is subdivided into four limbs — the far Western limb, Northern, Western and Eastern
limbs, at present levels of erosion, and with a fifth limb, the Southeastern limb (Bethal lobe),
which is completely covered by sedimentary rocks of the Karoo Supergroup (Figure 1). These
limbs have been widely interpreted to be magmatic bodies that are discrete (e.g. Cousins, 1959;
Meyer and De Beer, 1987). However, more recent re-interpretations of the regional gravity
signature, suggest that the Western and Eastern limbs represent a continuous body at depth

(e.g. Cawthorn and Webb, 2001; Webb et al., 2004).
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Figure 1: Generalized geological map of the Bushveld Igneous Complex showing the three distinctive groups of
the BIC and the five limbs of the BIC (after Ashwal et al., 2005). The white open circle shows the location of
Stoffberg area, whereas the white half open circle shows the location of the Bellevue drill core in the Northern
limb, it is also marked by the rectangle area.
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1.5 Rustenburg layered suite (RLS)

The RLS is subdivided into five stratigraphic units, primarily based on the dataset obtained
from the Western and Eastern limbs, as these two limbs have more complete development of
the stratigraphic coverage (e.g. SACS, 1980; Eales and Cawthorn, 1996; Ashwal et al., 2005).
The subdivisions of the RLS from the base to the top are: the Marginal Zone, Lower, Critical,
Main and Upper Zones (Barnes et al., 2009). Wilson (2015) recently discovered the Basal
Ultramafic Sequence beneath the Marginal Zone in the Eastern Limb. The criteria for
distinguishing the subdivisions of the RLS are not universally agreed upon (e.g. Kruger, 1990;
Ashwal et al., 2005). However, these zones are generally distinguished based on the appearance

or disappearance of key oxide and silicate minerals (Cawthorn et al., 2006; Cole et al., 2013).

1.6 The Geology of the Upper Zone

The Upper Zone of the BIC has a thickness of approximately 2000 m (Willemse, 1969); it is
layered and represents the most laterally widespread zone of the RLS zones. This zone is
interpreted as a highly differentiated, single cumulate pile that extends to the roof of the layered
intrusion (Kruger et al., 1987; Kruger 2005), as it is characterized by highly differentiated
progression of apatite-rich rocks, titaniferous magnetite, troctolite, anorthosite, ferrodiorite,
ferrogabbronorite, gabbronorite and norite (Molyneux, 1974; Reynolds, 1985b; Kruger et al.,
1987). The main cumulate phases of these lithological units are plagioclase (i.e. the dominant
silicate mineral), iron-rich olivine, titanomagnetite, iron-rich pyroxenes and apatite (\Wager and
Brown; 1968; Lum, 2011), with some sporadic sulifides (von Gruenewaldt, 1976). Quartz,
biotite, potassium feldspar and hornblende occur as intercumulus phases in these lithological
units (Lum, 2011). Based on lithological correlations it is evident that rock successions and

thickness of the UZ are different in different limbs of the BIC (von Gruenewaldt, 1973; Tegner
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et al., 2006). The Upper Zone is present in 4 of the 5 limbs of the BIC and constitutes most of

the rocks in the southern limb (Kruger, 2005).

The UZ it is characterized by the appearance of cumulus magnetite, that makes up ~5% of the
gabbroic rocks throughout the sequence (Molyneaux, 1974). It also hosts numerous magnetite
layers (more than twenty titanium-vanadium-magnetitite layers), where the magnetite layers
generally occur in four groups containing up to seven layers each, (Molyneaux, 1974; Eales
and Cawthorn, 1996), that contain only a minor amount of interstitial silicates (typically
plagioclase). These layers of magnetite are frequently associated with an anorthosite footwall
and host vanadium (Cawthorn et al., 2006; Cole et al., 2013), which makes up approximately

50% of the world’s vanadium reserves (Kinnaird, 2005).

1.7 Eastern Limb

This limb of the BIC has received far greater attention as compared to the other limbs in terms
of stratigraphic and regional mapping due to the great amount of exposure forming a rugged
topography of arcuate and linear ridges representing various layered successions generated by
the uplift of the region and subsequent erosion (Von Gruenewaldt, 1973; Sharpe, 1981;
Molyneux, 2008; Scoon and Viljoen, 2016). However, the exposure of the uppermost

cumulates is generally obscured by scree from the overlying material (Cawthorn, 2013).

The Eastern limb outcrops in such a way that it exhibits a complete sequence of the RLS from
the harzburgitic rocks to fayalitic- and apatite-bearing diorites (Cameron, 1978; 1980; 1982)
and dips gently to the southwest or west (Scoon and Viljoen, 2016). The Eastern limb in general
has a maximum thickness of 8 £ 1 km, with some evidence for lateral thinning in some of the
exposed sections in the southern part of the Eastern limb, near Dullstroom (Cawthorn and

Walraven, 1998). According to Cawthorn and Walraven (1998) an estimated 30,000 km? total
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area is occupied by the Eastern limb. This is based on gravity and magnetic data, metamorphic

aureole, and minimum extent of outcrop.

The Eastern limb of the Bushveld Igneous Complex hosts a number of mineralized units— and
these include the (1) chromitite layers (LG1-7; MG1-5 and the UG1-3) of the Critical Zone;
almost all of these chromitite layers host a significant amount of PGE’s, but only the UG2
constitutes a primary ore reef or layer, (2) the Merensky reef, which is well renowned PGE rich
reef, and (3) the magnetite-rich layers of the Upper Zone, which are the main source of

vanadium, titanium and magnetite (Scoon and Viljoen, 2016).

1.8 Stoffberg Area

The Stoffberg area is located in the southern sector of the Eastern limb, of the Bushveld Igneous
Complex (Figure 1). The geological succession of this area is largely dominated by rocks of
the Upper Zone that occur beneath the extrusive rocks of the Rooiberg Group, the roof rocks
to the intrusion. The thickness of these rocks ranges from 400 to 700 m in the Stoffberg area.
It has been suggested that these rocks represent the most evolved magma of the Bushveld

Igneous Complex (Cawthorn, 2013).

1.9 Northern Limb

The Northern limb of the Bushveld Igneous complex is exposed from about 30 kilometres SW
of the town of Mokopane (formerly Potgietersrus), to about 25 kilometres north of Gilead,
equalling a strike length of about 110 kilometres (Figure 1) (Ashwal et al., 2005). According
to Van der Merwe (1978) an estimated 7275 km? total area of the Northern limb is covered by
layered mafic cumulate rocks, but most workers of the BIC also include the layered mafic rocks
north of Villa Nora as part of the Northern limb, which is an exposure that is approximately

320 km? in area (Figure 1) (Ashwal et al., 2005). A characteristic feature of the Northern limb
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is the transgressive nature of the mafic cumulates with the country rocks of the Transvaal
Supergroup and Archaean basement granitoids (Sharman et al., 2005). The total stratigraphies
of the Eastern and Western limbs are relatively thicker than the Northern limb (Barnes and
Maier, 2002) as the Lower Zone and the Critical Zone of the Northern limb are either absent

or poorly developed (Schouwstra et al., 2000).

The Northern limb contains the Platreef, which is of major economic significance. The overall
strike of the Platreef in the Northern limb is northwest or north (Kinnaird, 2005), with a strike
length of about 30 kilometres Figure 1 (Lee, 1996; Ashwal et al., 2005). The Platreef comprises
mainly pyroxenites and contains xenoliths of footwall rocks. It is irregularly mineralized with

PGEs, copper and nickel.

1.10 The Bellevue (BV-1) Drillcore

The deep stratigraphic BV-1 borehole used in this study is approximately ~2950 m drilled on
the farm Bellevue at an elevation ~980 m; and at latitude: 23°55°34.669” S, longitude:
28°45°20.327” E (Figure 1). This borehole is collared in the granites of the Lebowa Granite
Suite (80 m in thickness), and drilled through the entire Upper Zone (1492 m vertical depth) to
about halfway through the Main Zone (1374 m) and ends within a prominent troctolite layer

(Ashwal et al., 2005).

1.11 Previous investigations relevant to the study

There are limited data on fluid inclusions hosted in mafic-ultramafic rocks compared to those
in rocks of felsic composition (e.g. Ollila, 1981, 1984; Pollard et al., 1991; Robb et al., 1994;
Freeman and Robb, 1995; Freeman et al.,1997 and Freeman, 1998). Hence, there is little insight
about volatiles present in mafic-ultramafic magmatic systems from fluid inclusion studies such

as the Bushveld Igneous Complex.
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Fluid inclusions from the Bushveld Igneous Complex were first observed by Schiffries (1984),
but data on these inclusions was first published by Ballhaus and Stumpfl (1986). Since, then a
wide variety of fluid inclusions have been identified including— CHa-rich, CO2-rich and
aqueous fluid inclusions (Schiffries, 1988, 1989, 1990, Zhitova et al., 2009, 2016). Most of
these studies (see Table 1) were carried out from samples obtained from the Merensky Reef
and the upper Critical Zone of the Bushveld Igneous Complex (Ballhaus and Stumpfl, 1986;
Schiffries, 1990; Zhitova et al., 2007, 2009, 2016), with little focus on the other zones of the

Complex.

Ballhaus and Stumpfl (1986) were the first to describe in detail the fluid inclusions and their
relevance to platinum and sulphide mineralization in the BIC, using material collected from
the mineralized pegmatitic pyroxenite orthocumulate, which forms at the base of the Merensky
cyclic unit (Jackson, 14970; Ballhaus and Stumpfl, 1986). Most of the fluid inclusions they
studied were secondary inclusions (Ballhaus and Stumpfl, 1986; Hanley et al., 2008). Their
study showed that fluid inclusion data, complemented by the distribution pattern of PGEs and
the composition of hydrous silicates emphasizes the significance of late-magmatic processes
during platinum mineralization (Ballhaus and Stumpfl, 1986). Similar results were reported
from the platiniferous J-M Reef of the Stillwater Complex (e.g. Boudreau and McCullum,

1985; Volboth et al., 1985; Mathez et al., 1985).

In the study by Ballhaus and Stumpfl (1986), a complex suite of H,O-NaCl-(CaCl,)-CO,-CH4
fluid inclusions, hosted in postcumulus quartz, of the Merensky Reef, which hosts the world’s
largest workable concentrations of PGEs. They also identified at least two generations of fluid
inclusions, with different compositions, with the earliest generation of comprising of three
types of fluid inclusion types: 1) NaCl-(H20), which had <10% of water; 2) followed by an
assemblage of CO> coexisting with brine and halite daughter crystals; 3) and polyphase

inclusions with high contents of divalent cations, and with up to six daughter and accidental
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phases. This generation of fluid inclusions was trapped at pressures of 4-5 kbar and at
temperatures not greater than 730°C. The later generation of fluid inclusions are CO2-H>0,

H2>0-NaCl, and pure CH4 and CO- (Ballhaus and Stumpfl, 1986).

Schiffries (1990) first described a new class of aqueous (liquid-absent aqueous fluid inclusions
and phase equilibria in the system CaC1.-NaCl-H>O) fluid inclusions that hold special
significance as they violate several common assumptions regarding phase equilibria in
inclusions, in secondary quartz, from the core of a zoned mafic pegmatiod, in the Upper Zone
of the Eastern limb of the Bushveld Igneous Complex. The interpretation was drawn from the
microthermometric and Raman spectra data. He observed multiple generations of fluid
inclusions in the quartz crystals. Most of these inclusions occur along fractures Schiffries

(1990).

This new class of aqueous fluid inclusions, which is referred to as type-3a, are spatially
associated with a second type of inclusions (type-1h) comprised of liquid, vapour, antarcticite
and halite at ambient temperature (20 ‘C), whereas for the former the liquid-phase is absent at
the same temperature (Schiffries, 1990). The bulk compositions of these two types of fluid
inclusions were found to be similar, but differ fundamentally in terms of melting behaviour as
their compositions lie on opposite sides of two closely spaced sub-solidus joins. This study
found that analysis of the liquidus diagram for the CaC12-NaCl-H.O system shows that fluid
inclusions rich in CaC1, may display a rich variety of unusual phase equilibria (Schiffries,

1990).

Zhitova et al. (2007; 2009) investigated fluid inclusions in symplectitic quartz from the
Merensky Reef of the BIC in order to improve our understanding of the evolution trend of
magmatogene fluids of intercumulus crystallization stage, as magmatogene fluids play

significant role in the formation of PGE-sulfide mineralization of different types in
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differentiated ultramafic-mafic intrusive complexes (Naldrett, 2003). The fluid inclusions were
identified in two generations of quartz corresponding to successive stages of crystallization of
intercumulus liquid, of pyroxene-pegmatites— (1) Early generation from symplectitic
intergrowth with plagioclase, and also in the (2) later generation from miarolitic cavities
(Zhitova et al., 2009). The earliest generation of the fluid inclusions comprised of
homogeneous highly dense CH4 and nitrogen gas mixture, followed by a generation of fluid
inclusions, composed of heterogeneous composition, which comprises brines with a free less-
dense gas phase (mostly of CO2) from the miarolitic quartz crystals. The latest generation of
fluid inclusions were also found to be heterogeneous in composition, which comprised free-
low-dense gas phase (syngenetic gas) and low salinity water-solution (primary water-salt)
(Zhitova et al., 2007). For the first time in the Bushveld Igneous Complex, they reported
primary combined and gaseous inclusions that are said to characterise the initial stage of fluid

separation from boiling residual alumosilicate intercumulus liquid (Zhitova et al., 2009).

The minimum possible estimates of pressure and temperatures of entrapment of these fluid
inclusions were found to be between 400 and 900°C for the temperature and 3.50-1.00 kbar
for pressures (Zhitova et al., 2009). They proposed that their findings can be used for estimation

of the ore-bearing capacity of various zones of differentiated ultramafic-mafic intrusions.

Zhitova et al. (2016) recently investigated fluid inclusions in the Merensky Reef quartz and
later pegmatite veins crosscutting the Platreef rocks of the Bushveld Complex in order to
improve our understanding on the role of magmatic fluids of metal-bearing reefs and post
magmatic fluids of the Bushveld Igneous Complex. This study identified a few types of fluids,
some having been separated during the crystallization of volatile matter-rich residual melt of
original mafic magma, while others are derivatives of later felsic (granite) melts that formed
crosscutting veins in fully devitrified ultramafic and mafic rocks. The earliest of these fluids

occurs as a homogenous dense dry reduced gas (CH4 — N2 £ CO>) mixture separated from the
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alumina-silicate melt at 800-900°C and 3050 bar in the quartz quartz in symplectitic
intergrowths with intercumulus plagioclase from the Merensky Reef pyroxenite. Followed by
the later, heterophase highly concentrated fluids (60-80 wt % NaCl eq.) that separated over
550°C and below 3050 bar from granite (quartz—feldspar) melts. Zhitova et al. (2016) shows
that metal-bearing magmatogene fluids successively separated from the aluminosilicate melt,
were heterophase salt melt—brines or solutions with isolated mainly carbon dioxide gas phase.
Results obtained by Zhitova et al. (2016) clearly show that the oxidation of reduced
heterophase fluids is one of the most important geochemical barrier caused by the

crystallization of solid mineral phases from heterophase fluids.
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Table 1: Summary of published fluid inclusion data for the Bushveld Igneous Complex
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1.12 Aims of this study

The aim of this study is to look at the poorly-documented record of fluid inclusions in the
Upper Zone of the Bushveld Igneous Complex. Emphasis was placed on the following areas:
1) To determine the nature (type(s)) of fluid present, type of phase relations at room
temperature, petrogenesis of the fluid inclusion, shapes and distribution patterns.

2) To constrain the entrapment temperatures and pressures of primary magmatic fluid
inclusions

3) If possible, try to constrain the timing of the fluid inclusions with respect to the host mineral,
4) Determine the origin of the fluid inclusions found in the rocks of the Upper Zone, Bushveld
Igneous Complex,

5) To show the significance of primary magmatic fluid inclusions.

1.13 Hypotheses

The methane in the fluid inclusions is abiogenic in origin. The methane-rich fluid inclusions
found in the quartz of the Upper Zone of the Bushveld Igneous Complex were formed by
respeciation (formation of a new species as result of the change in environmental conditions)
of a C-O-H-rich fluid during the late stages of magmatic crystallization. Carbonic (CO- and
CHjs-rich) fluid inclusions resulted from in situ phase separation. The fluids represented by
fluid inclusions played a significant role during the evolution of the Bushveld Igneous

Complex.
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CHAPTER 2

METHODOLOGY

2.1 Introduction

Various techniques were used to achieve the aims and objectives set out for this research
project, using material collected from the Stoffberg area and the Bellevue core (BV-1) which
is in good condition— and these include: microthermometry, petrographic studies (i.e., fluid
inclusion petrography and mineral assemblages), Raman microprobe analysis, and titanium-
quartz-thermometry. Results obtained from both areas would serve as a useful test of
Cawthorn’s (2013) ideas about the area of Stoffberg, particularly the latter phases of evolution
of the BIC. These ideas include: (1) relating to the top contact between the evolving mafic
rocks of the Bushveld Complex and their overlying roof rocks; (2) he also proposed that the
rocks from the Stoffberg area be designated as the Residual or Roof Zone of the Bushveld

Complex.

2.2 The Bellevue (BV-1) drillcore, stratigraphy and lithologies

Knoper and von Gruenewaldt (1996) presented a detailed core log of the BV-1, which is
available online: http://www/geocities.com/mwk.geo/bic.htm, Ashwal et al. (2005) produced
detailed measurements of petrological, mineralogical and geophysical properties, which were
made in stratigraphic context for ~3 Km of the BIC cumulate rocks. The BV-1 core is
considered as an ideal borehole to study the significance of the fluid inclusions within the
Upper Zone, of the Bushveld Igneous Complex as it provides a complete section through the

Upper Zone. Results obtained in this study may be relevant in establishing an improved
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understanding of methane generation and other carbon-bearing species in the Earth and their

role in various geological processes related to the Bushveld Igneous Complex.

A selection of samples was made from the Upper Zone units of the BV-1 drillcore, including
olivine ferrodiorites, leucogabbronorites, anorthosites and quartz anorthosites. Sampling of
these quartz-bearing igneous rocks was done at the following depths: 83.69, 83.81, 105.23,
106.90, 306.10, 352.60, 417.90, 893.90, 910.10, 1046.50, 1413.80 and 1454.35. Detailed
petrographic examinations were carried out on these samples, with emphasis on quartz and its

textures, to determine its origin, relative to the other minerals present in the samples.

2.3 Stoffberg Area

Mafic rocks of the Stoffberg area used in this study are from the vertical section through the
so-called fayalite diorites identified by Groeneveld (1970). These rocks were collected over a
vertical height of about 60 m. Contact between the Rooiberg Group felsite and the layered
rocks can be identified to within 10 m on the ground as there is sufficient outcrop to do so
(Cawthorn, 2013). These rocks have been highly metamorphosed and possibly remelted, and
are presently recrystallized microgranites, granophyres and hornfels, as described by Wager
and Brown (1968) and Von Gruenewaldt (1972). In most of the literature these rocks were
alluded to as leptites, a term signifying a fine grained felsic rock of questionable or complex
origin. In a few places close to the contact, these rocks occur as xenoliths within the coarser
grained rocks and the mafic rocks of the intrusion.

The limited outcrop in this study area necessitated substantial sampling and detailed
examination of the uppermost rocks of the Bushveld Igneous Complex. The mafic samples
collected in this represent ~230 m stratigraphically, when taking into account a conservative
dip of 16°. These samples were collected by Professor Grant Cawthorn, from the University of
the Witwatersrand, Johannesburg. For this study, | have assigned the uppermost sample

collected as being at — 10 m underneath the contact, and refer to every other sample by reference
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to estimated depths from this contact. However, a previous study by Cawthorn (2013) places
the uppermost sample at — 5 m below the contact, and refere to all other samples by reference
to depth below this contact. Meaing that every sample is placed reletaive to the contact as their
stratigraphic position.

Table 2.1: Information on the mafic rocks from the Stoffberg section

Sample Rock name Rock Name Depth Latitude Longitude
based on Cawthorn’s based on (25° +°S) (29°+'E)
Geochem data Modal
abundance
RGC20 | Quartz Monzonite Recrystallized | -10 26.743 49.104

microgranite

RGC19 | Quartz Monzodiorite | Recrystallized | -32 26.759 49.155
microgranite

RGC24 | Granodiorite Recrystallized | -57 26.622 49.162
microgranite

RGC22 | Granodiorite Recrystallized | -85 26.397 49.166
microgranite

RGC16 | Quartz Monzodiorte Recrystallized | -89 26.346 49.149
microgranite

RGC12 | Monzodiorite Recrystallized | -220 26.343 49.243

microgranite

2.4 Raman microprobe analysis

For this study, micro-laser Raman spectrometry was used to study the fluid inclusions hosted
in magmatic quartz of the Upper Zone, using the Horiba Jobin-Yvon LabRAM HR Raman
spectrometer at university of the Witwatersrand, Microscopy and Micro-analysis Unit. This
analytical technique was used for qualitative detection of components (i.e., solids, liquids, and
gases) that make up the phases in the fluid inclusions, as earlier studies on fluid inclusions have
shown that methane, carbon dioxide, and nitrogen gas can be recognized by this technique (e.g.

Dubessy et al., 1989; Touret, 2001; Frezzotti et al., 2012). What makes this technique important for
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this study is the fact that it can be used in the study of molar proportions of gaseous mixtures,

and the chemistry of aqueous fluids present as inclusions.

Raman spectroscopy is a versatile non-destructive technique that permits chemical and
structural characterization of components that make up the phases in the fluid inclusions of
samples that are at least one micron in diameter. Since the 1970s Raman spectroscopy has
become a conventional method in the research of fluid inclusions (e.g., Burke and
Lustenhouwer, 1987; Dubessy et al., 1982, 1989; Seitz et al., 1987; Frezzotti et al., 2012). The
importance of this analytical technique is shownby the number of publications and reviews in
this field of research (e.g., Burke, 1994; McMiillan et al., 1996; Nasdala et al., 2004; Frezzotti

et al., 2012).

2.5 Fundamentals of Raman spectroscopy

This technique is based on inelastic (Raman) scattering of light by matter in its liquid, gas, or
solid state. Raman spectroscopy is primarily based on the Raman Effect, which is the scattering
of radiations with change in frequency (or wavenumber) (Long, 1977), where monochromatic
light scattered by matter comprises radiations of different frequencies from the exciting light
(Figure 2.1) (Frezzotti et al., 2012). The Raman Effect was first predicted by Smekal (1923),
and subsequently demonstrated by Raman (1928). This effect can be explained by the quantum
mechanical model, as it considers the interaction of molecules with photons in terms of energy-
transfer mechanisms (e.g., Karr, 1975; Frezzotti et al., 2012). Measurements obtained from
spectroscopic analysis are usually presented in a graphical form known as a Raman spectrum,
which is plotted as light intensity (i.e., arbitrary units/counts) against energy expressed as
frequency of scattered light in frequency units (Frezzotti et al., 2012). Raman spectra that are
resolved spatially can be used to recognize the distribution of mineral species or fluids within

single fluid inclusions (Frezzotti et al., 2011; Korsakov et al., 2011; Frezzotti et al., 2012).
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Characteristically, only the Stokes Raman scattered frequencies are represented as they are ten
times more frequent than their counterparts the anti-Stokes even though they have the same

energy (Figure 2.2). The Raman frequencies are presented as Raman shifts, or relative
wavenumbers (wavenumbers (in cm? units)~,, =%=% , where the velocity of light is

represented by the symbol ¢ (Frezzotti et al., 2012). On this scale, frequencies do not dependent
on the wavelength of the light source, but do correspond to the energy levels of different
molecular vibrations. A Raman spectrum comprises at least one band which reflect the
vibrational energies of the molecules within the sample of interest; these thus are related to the
nature of the bonding. Main molecular vibrations include bending and stretching modes,
bending frequencies being generally lower than stretching frequencies (Frezzotti et al., 2012).
According to Frezzotti et al., (2012) for a normal mode of vibration to be Raman active, it
should produce change in the polarizability of the molecule. Hence, Raman-poor scatters are

observed from molecules that are not easily polarized.

Diffraction
. Ant-Stoke Scattering grating
* ANANANANNANAANN
Stoke Scatteting 5

C-\.

Laser Sample Rayleigh rejection filter Detector

Figure 2.1: Schematic diagram of a Raman spectrometer (Frezzotti et al., 2012).
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Figure 2.2: Energy scheme for Raman (inelastic) scattering at the frequency of the light source. After Frezzotti et

al., (2012).

2.6 Method of analysis

The basic instrumental set up for the Raman spectrometer requires a monochromatic light
source, commonly a laser, focused on the sample; the light is scattered, collected at an angle of
about 180° or 90°, and analysed by detector (e.g., multi-channel charge-coupled devices
(CCD)) (Figure 2.2) (Frezzotti et al., 2012). The first dispersive Raman spectrometer used
monochromatized sunlight as the exiting source, and a detector made up of photographic film
(Kahlrausch, 1943; Colthup et al., 1975; Frezzotti et al., 2012). Raman spectrometers have
evolved markedly since the beginning of 1986, with the introduction of charge-coupled
devices, near-infrared lasers, Fourier transform—Raman, and small computers (McCreery,
2000). In modern Raman spectrometers, polarized laser light sources in ultraviolet, infrared,
and visible wavelengths are used as exiting sources, as they emit a narrow bandwidth of
wavelength and high intensity, multi-channel CCD are commonly used as detectors, and notch
holographic filters are used to remove the Rayleigh lines. Introduction of these components has
improved the intensity of the Raman scatter, with considerably low detection limits, and with

significantly less measuring time to obtain high signal to noise spectra (Frezzotti et al., 2012).
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Studies of fluid inclusions using Raman spectrometers are founded on the same fundamental
principles: scattering is generated by the laser that excites the molecules. Raman micro-
spectrometer is the common type of Raman spectrometer used in fluid inclusion studies, where
the scattered light generated by the excitation of the sample is collected at an angle of about
180°. This is accomplished by means of using a conventional optical microscope focused on a
single fluid inclusion by means of objective lenses of high-magnification (i.e., 50 x or 100x)
(Frezzotti et al., 2012). This instrument offers a clear visualization of the laser spot and
subsurface of samples, which allows one to choose the appropriate inclusions for analysis. The
spot size of the sample depends typically on the magnification of the objective lens, and on the
excitation wavelength (Frezzotti et al., 2012). Raman analysis was conducted on thick double-

polished sections (200 um) that require minimal preparation.

Potential problems associated with Raman spectroscopy analyses of fluid inclusions are well
documented by Burke (2001) and Frezzotti et al., (2012). Specifically, the signals of inclusion
of interest can be affected by the instrument calibration, the existence of the overlapping bands
and the fluorescence from the host mineral, surface of the thick section, and sometimes the
fluid inclusion itself if it contains fluorescent daughter minerals. The former can be corrected
for when the spectral efficiency of the instrument is determined and when the relative Raman
scattering cross-sections for the different fluid species are accurately known (Burke, 2001).
The last two effects have a huge effect on the weak Raman shifts from the inclusion of interest.
Fluorescence can be eliminated by cleaning the samples and/or by using non-fluorescent
epoxies. This effect can also be mitigated by increasing the wavelength of the light source
and/or by repeating spectral acquisitions for several times (Frezzotti et al., 2012). Raman
spectroscopy of fluid inclusions has some limitations on a number of a species that can be
quantitatively analayzed, namely a few polynuclear species in solution and the polyatomic

gases (Burke, 2001).
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2.7 Thermometry of quartz

Titanium-in-quartz geothermometry using the programme “TitaniQ” was used to constrain the
quartz crystallization temperatures, the host mineral in quartz-bearing rocks of the uppermost
units of the Bushveld Igneous Complex. Wark and Watson (2004) first introduced this
technique, which they dubbed “TitaniQ”. This technique has proven to be an accurate recorder
of plutonic temperatures (Wiebe et al., 2007), as previously applied by Buthelezi et al. (2017)
in the Bushveld Igneous Complex. Crystallization temperatures obtained from this technique
are to be used to constrain the relative timing of the fluid inclusions with respect to the host

mineral quartz, which crystallized from trapped interstitial melts Buthelezi et al. (2017).

2.7.1 Fundamentals of titanium-in-quartz geothermometry

Titanium-in-quartz geothermometry is based on the substitution system of titanium for silicon
in the mineral quartz as it is temperature dependent (Wark and Watson, 2006). The
thermodynamic principles of this technique are straight-forward like those for Zircon-in-rutile
and Titanium-in-zircon (Watson et al., 2006; Wark and Watson, 2006), where the presence of
nearby pure TiO2 phases (typically rutile) makes the titanium activity fixed in many systems.
Hence, the extent of substitution of silicon by titanium in the mineral quartz ought to vary

systematically with temperature (Wark and Watson, 2006).

2.7.2 Method of Analysis

For the purpose of this study the CAMECA SXFive electron microprobe at the Microscopy
and Micro-Analysis Unit, University of the Witwatersrand, was used to quantify the titanium
content in quartz of quartz-bearing rocks, by simultaneously counting the titanium K-ao X-rays
using PET crystals on 4 spectrometers and averaging the results. Analyses were carried out at

high current 20 nA at 15 kV. A minimum of ten spot analyses was carried out for each quartz
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grain, with at least 2 spot analyses on a quartz grain, in each of the doubly polished thick

sections.

For the purpose of this study temperatures reported by Buthelezi et al. (2017) were used as an
independent geothermometer for the Bellevue samples, whereas for the Stoffberg samples the
technique is carried out as previously applied by Buthelezi et al. (2017). Principals of this
technique are fully described in Buthelezi (2015). The temperatures were obtained by
converting the measured titanium content in quartz grains using either one of the two equations

Huang and Aude’tat (2012) and Wark and Watson (2006), respectively.

The equation derived by Huang and Audétat (2012) is as follows:

—0.2794.10*—660.53.P9-35
Log(Ti)—5.6459

T(°C) = ( ) — 273, (1)

The equation derived by Wark and Watson (2006) is as follows:

T(°C) = ( 3708 ) — 273, @)

Log(X%)~5.69

Temperatures obtained from both equations (Eg. 1 and 2) are representative of the quartz

crystallization temperatures, where the temperature is reported in degrees Celsius (°C) and the
titanium (Ti) concentrations within quartz (X?fz) are in parts per million (ppm) by weight

(Wark and Watson, 2006).

2.8 Fluid Inclusion Microthermometry.

Fluid inclusions were observed in various forms of quartz that form part of the trapped
interstitial melts of the Bushveld cumulate mafic rocks. Hence, the fluid inclusions hosted in
these quartz grains represent fluids of solidus and/or sub-solidus conditions that were present

during the cooling of the Bushveld Igneous Complex. The data acquired from these fluid
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inclusions, using freezing and heating methods include: observation of temperatures at which
phase changes occur, documentation of phases present at various temperatures, and estimates
of relative volumes of phases present in the fluid inclusions. Data acquired from this technique
were used to identify the compositions of the fluids in the inclusions and to estimate the
densities of the inclusions to establish the significance of primary magmatic CHs4—CO>—H-0

fluid inclusions with respect to the Bushveld Igneous Complex.

2.8.1 Theoretical aspects of fluid inclusion microthermometry

Fluid trapped in small cavities within minerals that are sparingly soluble, such as quartz, are
representative of systems that are of constant volume and composition, in which phase
transition can be observed (Shepherd et al., 1985). The investigation of phase transitions over
an extensive range of temperatures (between +375° C and -105°C during heating and freezing
runs) on a dual purpose heating and freezing stage is a useful non-destructive technique, with
reference to suitable pressure-volume-temperature-composition (P-V-T-X) phase diagrams.
This type of analytical method is usually referred to as microthermometry. This technique is
the most common and extensively used non-destructive analytical technique in fluid inclusion
studies (Shepherd et al., 1985). It is relatively inexpensive and provides an opportunity to
constrain the physico-chemical parameters such as temperature and pressure (T-P), and the
bulk density of the fluids, as well as the composition of the fluids during trapping with reference
to simple systems (e.g. ternary and binary) (Table 3). However, most of the natural chemical
systems are rarely simple, but are multicomponent. Hence, the estimates of the P-V-T-X states

derived from natural systems are semi-quantitative (Shepherd et al., 1985).

Microthermometry relies on the careful recognition and observation of phase changes that
occur within any fluid inclusion during freezing or heating. By accurately determining the

temperature at which phase changes takes place, it is possible to derive semi-quantitative
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estimate of P-T-V-X state for fluids at the time of trapping (Shepherd et al., 1985). For
meaningful interpretations to be derived from micothermometric data, it is important that the
moment of entrapment of inclusions be representative of a homogenous system (i.e. 1 phase).
However, in some cases inclusions are present that represent heterogeneous systems, such as
those that host a vapour bubble, which results from differential contraction between the host
mineral and the fluid, during cooling after trapping. During this period, the fluid may unmix
resulting into two immiscible liquids. However, if fluid boiling takes place, then two types of
inclusions form, representing the trapping of either the vapour phase or the liquid phase, with
the liquid phase being saturated with respect to one or more solute components result in the

formation of daughter minerals (Shepherd et al., 1985).

2.8.2 Method of Microthermometry Analysis

Melting refers to the procedure whereby fluid inclusions cooled below room temperature are
heated to observe the solid (S) to liquid (L) phase transformation. Data obtained during this
procedure yields results that can be interpreted primarily of fluid composition and its density.
In theory, vapour + liquid inclusions containing pure non-aqueous fluid (e.g. CO2) or pure
water ought to freeze at - 56.6 and + 0.015 °C, respectively. However, in natural samples it is
rare to find fluids that comprise a single chemical component. The addition of another chemical
component in an inclusion greatly affects the temperature interval over which melting takes
place, lowering it by several degrees celsius (see Figure 2.3; Shepherd et al., 1979). The range
over which melting takes place is a direct function of composition, and can therefore be used

to estimate the composition of the fluids (Shepherd et al., 1985).
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Figure 2.3: Phase diagram illustrating the effect of adding another chemical component in an inclusion (i.e. the
phase relation in the system CO,-CH. at sub-ambient temperatures; the final melting temperature of the solid CO,
in equilibrium with liquid and vapour is depressed) (Shepherd et al., 1979).

During the melting cycle, it is possible to have more than one melting event. The first melting
event is referred to as the temperature of first melting (Tmice) (Table 2.2). This temperature
corresponds to the eutectic temperature, which is the temperature determined by the
composition of the end-member components (Table 2.3; Brass, 1980). With a continuous raise
in temperature, the ice hosted in the fluid inclusion melts, until the last ice melts in the
inclusion. The temperature at which this last ice melts is referred to as the final temperature
(Tm H20) (Table 2.2). This temperature is determined by the nature of the salts present in the

inclusion.

During the cooling of CO2-bearing inclusions, a second measurable event is observed, when

the gas hydrates or clathrates freezes out prior to the freezing of the remaining aqueous solution
to ice. Clathrates (C02.5% H-0) lock up large amounts of water in their structure, and normally

melt over the interval of -6°to + 12 °C (TmCLATH). The clathration effect results in the increase
in the salt concentration (salinity) of the residual aqueous. This then results in the
overestimation of the true salinity. An alternative method for estimating salinity using

depression of the temperature of decomposition during heating, of the CO»-hydrate, in the
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presence of CO> gas and liquid, is used to measure the salinity of these inclusions (Figure 2.4;

Collins, 1979).

The heating data are collected for identifying the final homogenization temperature (Tn), which
is generally the temperature of total vapour-liquid homogenization (Table 2.2). However, for
fluid inclusions with daughter crystals, such a temperature could be the temperature of total
dissolution (Td) (Table 2.2), which is interpreted to represent the minimum estimate of the
temperature of entrapment of the fluid. Data acquired from early studies (e.g. Sorby, 1858)
have shown that there is a numerical relationship between the temperature of homogenization

(Th) and the relative size of the vapour bubble in an inclusion of fixed composition.

Three modes of homogenization have been identified: (1) homogenization into vapour state
(L+V — V), (2) critical homogenization by fading of the vapour-liquid meniscus (L + V —
supercritical fluid), and (3) homogenization into the liquid state (L+V — L). For fluid
inclusions of pure water, the exact mode of homogenization is determined by the overall
density of the fluid or the degree of fill (Figure 2.5). When another component (e.g. NaCl) is
added into the solution the critical point rises, resulting in an extended liquid-vapour field to

higher temperatures (Shepherd et al., 1985).

Table 2.2: Abbreviations of thermometric parameters

Abbreviation Explaination

Tmice Temperature of first melting (eutectic temperature)
Tm H20 Final temperature of melting

TmCLATH Clathrate melting temperatures

Td Temperature of total dissolution

Th Temperature of homogenization
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Figure 2.4: Depression of the decomposition temperature of CO; hydrate by NaCl in the presence of CO2gas and
liquid. The melting temperature depression of ice NaCl is included for comparison (Chen, 1972; Bozzo et al.,
1975; Collins, 1979).
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Table 2.3: Invariant points in systems containing brine at 1 atmospheric pressure

Binary
Temperature | Brine compostion | Brine compostion
1. Ice + NaCl.2H.0 -21.2°C 23.3 % NaCl
2. lce + KCI -10.8C 19.9 % NaCl
3. lce + CaCl,.6H,0 -49.8C 30.2 % CaCl;
4. Ice + MgCl,.12H,0 -33.6C 21.0 % MgCl,
Other binary invariant points
5. NaCl.2H20 + NaCl +0.1C 26.3 % NaCl
6. MgCl2.12H20 + -16.8C 31.6 % MgCl;
MgCl,.8H,0O
Tenary eutectic
7. Ice + NaCl.2H,0 + KClI -22.9C 20.2 % NaCl 5.8 % KCI
8. lIce + CaCl2.6H20 + -55.0C 26.0 % CaCl; 5.0 % MgCl;
MgCl,.12H20
9. Ice + CaCl2.6H20 + -55.0C 29.0 % CaCl; 1.5 % NacCl
NaCl.2H,O
10. Ice + MgCl..12H,0 + -35.0C 22.7 % MgCl; 1.6 % NacCl
NaCl.2H,O
11. Ice + CaCl2.6H20 + KCI (-52)C (29.3) % CaCl; (1.0) % KCI
12. Ice + MgCl,.12H,0 + KClI (-357)C (22?7) % MgCl, (2?) % KCI
Other ternary invariant points
13. NaCl+ NaCl.2H»0 + KCI -2.3TC 20.3 % NaCl 5.8 % KCI
14. CaCl2.6H20 + -20.7C 10.6 % CaCl, 23.2 % MgCl;
MgCl,.12H,0 +
MgCl2.8H.0
15. CaCl,.6H20 + NaCl.2H0 + | (-22)C (33.3) % CaCl; (1.4) % NaCl
NaCl
16. NaCl.2H.0 + NaCl + -26.0C 1.8 % NaCl 23.4 % MgCl;
MgCl,.12H20

Values in parentheses are extrapolated from nearby low-temperature (belowC) measurements. Values with a
question mark are extrapolated from the appropriate binary phase diagrams and from data on ternary systems at
0C. All data from Linke (1958). The KCI phase present at low temperature is hydrate with an unknown number
of water molecules but represented in the table as KCI. Brine compositions are given in weight percent (Brass,

1980).

46




BOC | 2
3 | e W0
L
B
00 |
o
o
v 400 --__ﬁ
2 o €
o o
z % TH critical
o
E 300 F /D homagenization
LIQUID + vAPQUR
200 F
homogenization —=  =s—— homogenization —s=
into the vapaour state into the liquid state Ty
100 F
<« ) u_ L
1 1 1 1 -
] 0.2 0.4 0.6 0.8 1.0

density g cm 3 {or degree of fill}

Figure 2.5: Temperature-density plot for pure water showing the principal modes of homogenization for inclusions
with (a) low, (b) medium and (c) high bulk densities at the same temperature but different pressures; C.P = critical
pressure, Ty=homogenization temperature, Tr=temperature of trapping (after Shepherd et al., 1985).

When multiphase fluid inclusions containing daughter minerals are heated, the more soluble
ones start to dissolve, and the rate at which they dissolve is related to the solubility in the liquid
phase. Different daughter minerals have different dissolution temperatures (Td), which can be
used to determine the wt % equivalence of these various salts present in the inclusions (Figure
2.6, Roedder, 1984; Shepherd et al., 1985). In inclusions where more than one type of daughter
mineral is present, reference should then be made to the appropriate mixed salt system,

recording the dissolution temperature for each salt (Shepherd et al., 1985).
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Figure 2.6: Solubility curves for KCI and NaCl in aqueous solutions. To obtain the weight percent of these salts
in fluid inclusions, the measured dissolution temperatures (Ts KCI, Ts NaCl) should be plotted along the
temperature axis (After Roedder, 1984).

Fluid inclusions formed by trapping of a heterogeneous H20-CO2 mixture usually show two
immiscible liquids at room temperature a H>O-rich phase and a CO2-rich phase. This is due to
the restricted mutual solubility of H>O and CO» at low temperatures. Also, it is possible to find
CO2-rich vapour bubbles within the liquid CO2. Hence, on heating, a temperature is reached
where these two-phase become completely miscible. This temperature is interpreted as the
homogenization temperature, and is represented by a point on the H.O-CO- solvus (Figure 2.7,
Shepherd et al., 1985,). The position of the H.0-CO- solvus is determined by the pressure at
the time of trapping and the salinity of the H.O phase; increasing the salinity results in a raise
of the solvus, whilst increasing pressure has an opposite effect (Shepherd et al., 1985).
Inclusions having low CO2/H-0 ratios typically homogenize by disappearance of the CO2-rich

phase, whereas those with high CO2/H.O ratio homogenize by the disappearance of the H,O-

48



rich phase. Fluid inclusions whose composition is close to the critical value tend to homogenize

by gradual fading of the meniscus. Homogenization by miscibility only gives minimum

estimates of the temperature of entrapment (See Figure 2.7, Shepherd et al., 1985).
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Figure 2.7: Temperature-CO, diagram showing the effect of content on the mode and temperature of
homogenization of various inclusions; Ty= homogenization temperature, C. P= critical pressure; pressure = 1kb

(Shepherd et al., 1985).
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CHAPTER 3

3.0 Theories on the origin of hydrocarbons in igneous

rocks

3.1 Introduction

Hydrocarbons found in igneous rocks have received comparative little attention as compared
to those found in sedimentary and metamorphic rocks, as there are relatively small amounts of
hydrocarbons in igneous rocks. In 1902 Mendelyev first noted the presence of hydrocarbons in
mafic-ultramafic rocks (see review by Porfir’ev 1974; Potter and Konnerup-Madsen, 2003).
Although they are an unusual feature in igneous rocks, they have been documented in evolved
gases and in fluid inclusions derived from a number of magmatic sequences of plutonic (e.g.,
Larsen et al., 1992; Krot et al., 1994; Potter et al., 1998), and hypabyssal and volcanic rocks
(e.g., Gerlach, 1980; Gize and McDonald, 1993; Kelly, 1996). They are well-documented in
plutonic rocks from alkaline intrusions, as they are common in such types of rocks (e.g.,
Petersilie and Sgrensen, 1970; Konnerup-Madsen, 1988; Salvi and Williams-Jones; 1992; Ting
etal., 1994), where these alkaline rocks are a product of differentiated primary, mantle-derived

melt (Potter et al., 1998).

The origin of hydrocarbons in igneous rocks remains a controversial topic, as to whether they
are (1) abiogenic or (2) biogenic in origin and also the mechanism by which they are generated
(Potter and Konnerup-Madsen, 2003), whereas the mechanism by which are generated in
sedimentary and metamorphic rocks is well documented. Hydrocarbons in sedimentary rocks,
where they are most abundant they are derived from organic material during burial and

diagenesis (e.g. Schidlowski, 1982; Belokon et al., 1995; Potter and Konnerup-Madsen, 2003).
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In metamorphic rocks, hydrocarbons occur in fluid inclusions and are generated
abiogenetically through reaction between bitumen or graphite and an H2O-rich fluid during
metamorphism (e.g. Samson and William-Jones, 1991; Andersen and Burke, 1996; Potter and
Konnerup-Madsen, 2003). The aim of this study is to investigate the occurrence of methane in

the Upper Zone of the Bushveld Igneous Complex.

3.2 The origin of hydrocarbons (methane) in igneous rocks

A variety of models have been proposed for the origin of hydrocarbons in igneous rocks some
have stood the test of time, but some have fallen short due to the advances in the analytical
tools used to study them. However, it is universally accepted that reduction of carbon dioxide-
rich fluids during post-magmatic serpentinization results in the production of hydrocarbons in
ultramafic-mafic rocks (e.g. Neal and Stranger, 1983; Sherwood-Lollar et al., 1993; Potter and
Konnerup-Madsen, 2003). Hydrocarbons in igneous rocks can be derived from two possible
sources: (1) abiogenic source or a biogenic (orogenic) source. These sources are distinguished
by the & 3C (Potter and Konnerup-Madsen, 2003) and & ?H (Etoipe and Sherwood-Lollar,
2013) values of the hydrocarbons. This study largely focuses on methane only as it is the most
widespread and the simplest form of hydrocarbons, whose possible origin is not questioned

unlike the heavy hydrocarbons.

3.2.1 Biotic hydrocarbon occurrences in igneous rocks

The term biotic CH4 refers to organically (e.g. bacteria) derived hydrocarbons that are
generated from either one of the three processes: (1) by thermogenic processes (thermal
alteration) or (2) CO- reduction or by (3) fermentation. In most of the igneous rock, organically
derived hydrocarbons are generally produced thermogenically. Thermogenically derived
hydrocarbons, are thought to be produced from biotic material that has experienced thermal

alteration from an igneous body (Figure 3). During this process, the organic matter in the
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country rocks may be leached out by the hydrothermal late magmatic fluids that are
accompanied with the igneous body (e.g. Simoneit, 1988; Gize and McDonald, 1993; Potter
and Konnerup-Madsen, 2003) or be completely incorporated into and then be recycled
magmatic-hydrothermal system (e.g. Des Marias et al., 1981; Darling et al., 1995; Darling,

1998; Potter and Konnerup-Madsen, 2003).

3.2.2 Abiogenic hydrocarbon occurrences in igneous rocks

Since the beginning of the 20century Russian scientists have been interested in the origin of
abiogenic hydrocarbons in igneous rocks. However, there is still little knowledge about this
phenomenon outside Russia. Hence, the presence of hydrocarbons of abiogenic origin in
crystalline rocks have generally been noted only by eastern scientists (Potter and Konnerup-
Madsen, 2003), but in the last three decades there has been an increase in the number of reports
published on the occurrence of abiogenically formed hydrocarbons. These types of
hydrocarbons are usually produced in a small amount on a global scale. Thus, they are seen to
be economically insignificant for exploitation, with some controversial and rare exceptions
(e.g. Dia et al., 2005; Ni et al., 2009; Jin et al., 2009; Etiope and Sherwood-Lollar, 2013). It is

universally accepted that abiogenic CHa is produced by inorganic reactions.

The mechanism for abiogenically formed hydrocarbons remains controversial, as to whether
they are: or (a) magmatic in origin + (1) primordial origin, where methane is delivered by
meteorites during Earth’s accretion (e.g. Gold, 1979; Sugisaki and Mimura, 1994), (2) during
high temperature reactions in the mantle (e.g. Petersilie, 1962; Petersilie and S@resen,
1970;Welhan and Craig, 1983; Matveev et al., 1997; Zhang and Duan, 2009), or (b) late
magmatic origin + (1) generated from the respeciation of primary Carbon-Oxygen-Hydrogen
fluids during late stage of crystallization below 600 °C (e.g.Gerlach, 1980; Konnerup-Madsen

et al., 1985; Kogarko et al., 1987; Andersen and Burke, 1996; Kelley and Frih-Green, 1999;

52



Potter and Konnerup-Madsen, 2003), or (C) gas-water-rock reactions + (1) post-magmatic
origin- where hydrocarbons are generated from post-magmatic alteration processes involving
Fischer-Tropsch reaction (i.e. serpentinization) (e.g. Abrajano et al.,1990; Sherwood Lollar eta
., 1993; Kelley, 1996; Charlou et al., 1998; Potter et al., 1998; Potter et al., 2004; Etiope et
al., 2011) or (2) post-magmatic high temperature reactions (400-500°C) (e.g. Kiyosu et al.,
1992; Giggenbach, 1997). These classes are mainly based on the theoretical ideas and

experimental evidence.
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Figure 3.1: Schematic diagram showing the general geological setting of the occurrence of abiotic methane on
Earth. Fischer-Tropsch Type synthesis (F) associated with serpentinization of ultramafic rocks and also one
independent of serpentinization of ultramafic rocks (S); Magmatic (M)-High temperature reactions in the mantle
and/or respeciation of C-O-H fluids; Post-magmatic high temperature reactions (H). Typical organic methane

occurrences are also shown. Adopted from Etiope and Sherwood-Lollar (2013).
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3.3 Magmatic origin

3.3.1 Primordial origin of methane “extraterrestrial methane sysnthesis”

Gold (1979) postulated the idea of primeval CH4 being delivered by extra-terrestrial bodies
such as meteorites during the accretion of the Earth which eventually get preserved in the
Earth’s mantle to a rather similar manner as juvenile helium (Craig and Lupton, 1976). This
idea is derived from Hoyle’s (1995) hypothesis—which has been verified by numerous studies
(e.g. Yuen et al., 1984)— which suggest the presences of hydrocarbons in chondritic material
that contributed in the formation of the Earth. However, to date evidence presented in support
of this idea is not compelling enough to suggest the existence of such a primeval CHs in
significant amounts in the interior of the Earth. Thus, the isotopic signatures of methane (5% H
and §'3C) used to define the primordial methane end-member is yet to be confirmed. Hence,
this type of origin is theoretically sound, but abstract from an observational and experimental

viewpoint (Etiope and Sherwood-Lollar, 2013).

3.3.2 High temperature reactions in the mantle

This type of hydrocarbon origin is based on one of the major theories proposed by Mendeleev
(1877) on the synthesis of hydrocarbon inorganically in the Earth’s mantle, based on the
hydrolysis of metal carbides —binary compounds composed of carbon and more
electropositive elements— naturally occurring in meteorites, ophiolitic chromitites and in
inclusions derived from the mantle (Eitope and Sherwood-Lollar, 2013). This idea of
hydrolysis of metal carbides is appreciated in industrial chemistry, where water is reacted with
metal carbides, such as beryllium and aluminium carbides to produce methane via the

following reaction:

AlsCs + 12H,0 = 3C4 + 4AI(OH)3
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Methane may also be produced by the hydrolysis of iron carbides. Even though metal carbides
have been discovered in both terrestrial mantle minerals and extraterrestrial material (e.g.
meteorites) (e.g. Kaminsky and Wirth, 2011), there are no modern experimental, systematic
studies on these reactions, and there no evidence on how abundant they are in the Earth’s

mantle (Etiope and Sherwood, 2013).

However, CH4 derived from the mantle is said to be synthesized from carbon monoxide and/or
carbon dioxide at very high temperatures (~1000°C). Especially CHs formed by carbonate
reduction in the Earth’s upper mantle from calcium carbonate, water, and iron oxide at high
pressures (5-11Gpa) and temperatures (500 - 1500°C) as suggested by Scott et al., (2004).
Petersilie et al. (1961) and Beeskow et al. (2006) both invoked a similar process to explain for

the presence of CH4 documented in fluid inclusions from the Khibiny Complex.

3.3.3 Late magmatic origin

Respeciation of carbon-oxygen-hydrogen (C-O-H) fluids

During the late crystallization stages of magma cooling, at temperatures <500-600°C, C, O and
H atoms may reorganize to form CHs. This reorganization of atoms is referred to as respeciation
(Etiope and Sherwood-Lollar, 2013). Potter and Konnerup-Madsen (2003) provided a
comprehensive discussion on the phase relations for the C-O-H system and the possibility of
generating CH4 from Hz-rich or CO.-rich fluids (Fig. 2). They showed that CHs-rich fluids can
evolve from the re-equilibration of CO»- H»O fluids at temperatures described above via the

following reaction equilibria:

C+ 0, CO, (1),
CO, + ; 0 CO, (),
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H, + % 0, < H,0 (3),

2H,0 + CO, <> CH4 + 20, (4)

These four independent reaction equilibria are conducted in the presence of graphite (activity
=1) and they also control the relative proportions of the main volatile species— CHs, H20 and
CO, — of the C-O-H system (Figure 3.2). Further studies were done to investigate the effects
of varying physio-chemical parameters of the C-O-H system— these include temperature,
pressure and activity of graphite — on the speciation of a variety of fluids in the C-O-H system
and the actual concentration of CH4 produced (e.g. Holloway, 1984; Huizenga, 1995; Cesare,
1995). Some of these effects are clearly demonstrated in Potter and Konnerup-Madsen (2003).
Such type of model was invoked for methane sampled in fluid inclusions from Ilimaussaq
alkaline intrusion, Greenland (Konnerup-Madsen, 2001); in the samples from Niragongo
volcano, (Gerlach, 1980); in Southwest Indian Ridge (Kelley and Friih-Green, 1999); and in

the fluid inclusions from south Norway (Andersen and Burke, 1996).
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Figure 3.2: Phase diagram illustrating the phase relations in the C-O-H system at specified temperatures (500 °C)
and pressures (2Kbar) and demonstrating how CHg-rich fluids can evolve from the re-equilibration of CO,- H,0O
fluids by varying oxygen fugacity A schematic diagram showing phase relations in the C-O-H system at fixed
temperatures and pressures (500 ~ 2 kbar) demonstrating the evolution of two fluid compositions (a and b) towards
CHjs-rich compositions (a r and b') with decreasing fO2 conditions (QFM to QFM-2) (Potter and Konnerup-
Madsen (2003).

This model can be readily applied to CH4 generation in metamorphic terranes (Hollway, 1984),
but for magmatic systems unusually low solidus temperatures are required (Potter and
Konnerup-Madsen, 2003). Studies by Gerlatch (1980), Konnerup-Madsen (2001), and Salvia
and Williams-Jones (1992) all argue in support of this model for the generation of methane in
alkaline intrusions, such as Lovozero, Strange Lake, Khibina and Ilimaussaq. Compelling
evidence for this model is derived from the Ilimaussaq intrusion, which during its final

solidification stages evolved into a hyper-agpatic melt. These kinds of melts have the necessary
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low temperatures (<450) required to evolve CH- rich gas due to the high concentrations of

volatiles (i.e. F, Cl) (Konnerup-Madsen, 1988; Potter and Konnerup-Madsen, 2003).

3.4 Gas-water-rock reactions

3.4.1 Post-magmatic high temperature reactions

This type of model was first presented by Giggenbach (1997), who derived it from reactions
identified in geothermal systems. In his fundamental work he described in detail the isotopic
and chemical equilibria that exists between CH4 and CO. under post-magmatic conditions.
This idea was demonstrated using geothermal systems, which are characterized by high heat
flow (> 80Mw/m?), which permit CO, and CH4 to tend towards both carbon isotopic and
chemical equilibrium (e.g. Kiyosu et al., 1992; Giggenbach, 1997). However, as the

temperature decreases the equilibria eventually ceases to exist.

Methane formed by postmagmatic high temperature (200 and 500°C) reactions only takes place
once the magma has completely solidified and igneous rocks are formed, via a series of reaction
equilibria involving CO2, H>O and metal oxides such as FeO (Etiope and Sherwood-Lollar,

2013). Via reactions such as

CO, + 2H,0 < CH4 + 20, (5)

8FeO + 2H,0 + CO, < 4Fe,O5 + CH4 (6)
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3.4.2 Fischer-Tropsch type (FTT) reactions

Most of the studies done on abiotic methane in natural settings invoke the FTT reactions as a
mechanism for the generation of such methane, particularly those in serpentinized ultramafic
rocks (e.g. Szatmari, 1989; Abrajano et al., 1988, 1990; Sherwood Lollar et al., 1993, 2002;
Kelley, 1996; Salvi and Williams-Jones, 1997; Charlou et al., 1998, 2002; Potter et al., 1998,
1999, 2004; McCollom and Seewald, 2006; Proskurowski et al., 2008; Etiope et al., 2011).
Serpentinization is a postmagmatic hydrothermal alteration of mafic minerals by hydration of
primary mineral assemblages including olivine (5Mg2SiOs - FeSiO4) and/or pyroxene, in silica
under-saturated mafic and ultramafic rocks, to produce serpentine, brucite, and magnetite, to
produce H: due to the dissociation of H.O molecules and the conversion of Fe?* to Fe**in

magnetite, through reactions such as (eq.7a-b):
5|\/I928|O4 + FeSiO, + 9H, — 3Mg3Si205(OH)4 + Mg(OH)z + ZFG(OH)Q, (7&)
3Fe(OH); — Fe, 2 Fe3* 04 + Ha + 2H,0, (7h)

This Hz then reacts with carbonic (CO2 or CO) to form CHs (reduced carbon species)
(Sherwood-Lollar, 1993, 2002; Sugisaki and Mimura, 1994; Potter et al., 1998, 1999). Such a
model was invoked for CH4 generation in ultramafic and silica under-saturated rocks, such as
ophiolite sequences in the Philippines and Oman, in altered and serpentinized ultramafic rocks
from Juuka, and several sites in both Finland and Canada. However, there is still a long-
standing debate on the quantity of CH4 generated during serpentinization. One school of
thought believes that it is widespread (e.g. Sherwood-Lollar et al., 1993; Berndt et al., 1996;
Horita and Berndt, 1999), whereas the other school of thought argues otherwise, suggesting
that abiogenic processes of CH4 production may be more limited than previously anticipated,

citing the fact that previous studies that argue for widespread abiogenic processes of CH4
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production misinterpreted their results, suggesting that they are bogus as they noted that
hydrocarbons reported in these studies were already present in the olivine at the beginning of

their experiments (e.g. McCollom an Seewald, 2003).

The Fischer-Tropsch-Type reaction can also be independent serpentinization of ultramafic
rocks, meaning that H. can be generated by other processes, such as radiolysis, catalysis of
silicates in fault zones, or magmatic degassing (Smith et al., 2005; Onsotto et al., 2006). This
type of synthesis of hydrocarbons was first discovered by two German scientists Franz Fischer

and Han Tropsch in the 1920s (Etiope and Sherwood-Lollar, 2013).

The FTT expression incorporates the Fischer-Tropsch reaction in sensu stricto, which alludes
to the reactant hydrogenation of carbon monoxide to create an extensive variety of straight,

long-chain hydrocarbons (Anderson, 1984; Schulz, 1999)
nCO +2nH, « CnHy, + 2+ nH,O (8),

and for carbon dioxide-dominant initial fluid compositions, the catalytic hydrogenation of CO-
proceeds in either the two step (reverse water-gas shift) reaction or the one step (Sabatier or

methanation) reaction, to produce CHs (e.g., Anderson, 1984; Wang et al., 2011):

nCO; + (3n + 1) Hy «» CnHap + 2 +2nH,0 9),
Two-steps reverse water-gas shift reaction (RWGS):

CO2+H; & CO+H,0 (Cn=1) (10),

CO + 3H; «> CHs + H20 (Cn=1) (11),
One-step (Sabatier or Methanation):

CO; + 4H; <> CH; + H,0 (Cn=1) (12),
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The FTT reactions are catalyzed in the presence of transitions metals (Fe, Ni, Cr, Ru, Co), Fe-
oxides and Fe-silicates (e.g., Lancet and Anders, 1970; Szatmari, 1989; Etiope and Sherwood-
Lollar, 2013), so that the transformation of these gas molecules takes place on the metal surface.
The one-step methanation— the simplest form of the FTT is an exothermic (enthalpy of
reaction (H) is — 167Kj/mol), reversible system and proceeds catalytically and spontaneously
at relative low temperatures, whereas the two-step RWGS reaction is a moderately endothermic
reversible reaction (AH = + 40.6 KJ/mol) and it is also an equilibrium-limited reaction that is

favoured at high temperatures (Daza et al., 2014).

Numerous experiments have been reported for this type of abiogenic process under
hydrothermal conditions, at pressures (0.35 -0.40 Kbar) and at temperatures above 200 °C,
using various types of metallic catalyst, which are common in ultramafic rocks such as Ni, Fe-
Cr (e.g., Foustoukos and Seyfried, 2004; McCollom and Seewald, 2006). Production of CHa in
in any of these experiments is usually observed over a time scale ranging from hours to days,
whereas for those taking place at lower temperatures are theoretically much slower, with few
exceptions (e.g. methanation catalysed by ruthenium and rhodium at room temperature and
atmospheric pressure) (Thampi et al., 1987; Jacquemiun et al., 2010). However, these PGEs
occur in trace amounts in ultramafic rocks, so their role as catalysts needs to be verified in
future studies. Even though this idea may be theoretically feasible it is yet to be tested

experimentally in laboratory work (Etiope and Sherwood-Lollar, 2013).
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CHAPTER 4

4.0 Mineral and fluid inclusion petrography

4.1 Mineral petrography

Doubly polished thick sections (~180-220 um) were prepared from olivine ferrodiorites, quartz
anorthosites, anorthosites, leucogabbronorites and two-feldspar granites, from the Bellevue
(BV-1) borehole and Stoffberg area, respectively. Detailed petrographic examinations of these
were undertaken in order to determine the origin of the mineral that hosts the fluid inclusions,
based on textural relations and association with the surrounding minerals. Petrography of fluid
inclusions was also carried out on the same samples to characterize their nature and origin of

the fluid trapped in these fluid inclusions.

Seventeen samples from two different locations within the Bushveld Igneous Complex (BIC)
were studied (Figure 4.1.1-4.1.3, Appendix 1.1). Six samples from the Stoffberg area, Eastern
limb, were collected from presently recrystallized microgranite, granophyres and hornfels that
form the upper most part of the BIC (Cawthorn, 2013). The other eleven samples were collected

from the Bellevue drillcore, from the Northern limb, of the BIC (Ashwal et al., 2005).

All samples (including olivine ferrodiorite, quartz anorthosite, anorthosite and
leucogabbronorite) from the Bellevue drill core are characterized by euhedral plagioclase laths
as the main cumulus phase, ranging from 45 to 90 % of the rock volume. The cumulus
plagioclase is generally euhedral with a grain size that ranges from 0.2-1.9 mm. These cumulus
plagioclase laths are closely packed together such that there is small interstitial space (180 —
650 um across) between them (Figure 4.1.1a). Plagioclase is variably altered to sericite (Figure
4.1.1b). However, the plagioclase laths are generally relatively fresh (Figure 4.1.1a & c). These
samples are also characterized by intercumulus, triangular, patchy quartz grains, representing
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crystallization products of trapped interstitial melts (Figure 4.1.1c), and finely disseminated
rutile crystals (Figure 4.1.1d). In some of the samples, poikilitic biotite encloses euhedral
plagioclase laths (Figure 4.1.2a), and poikilitic amphibole encloses plagioclase, quartz and
apatite grains (Figure 4.1.2b), and poikilitic clinopyroxenes (inverted pigeonite) encloses
plagioclase (Figure 4.1.2c). In some samples clinopyroxene occurs interstitially between

euhedral plagioclase laths (Figure 4.1.2d).

Figure 4.1.1: Microphotographs of thin section from the Bellevue drillcore. a. Photomicrographs of olivine
ferrodiorite from a depth of 105.23 m under cross-polarized light. Relatively fresh euhedral plagioclase laths are
surrounded by anhedral clinopyroxenes. b. Photomicrograph of quartz anorthosite (sample BV-352.60) under
cross-polarized light, showing highly altered plagioclase, associated with interstitial quartz. C. Triangular, patchy
interstitial quartz surrounded by euhedral plagioclase laths from sample BV-1413.80. D. Rutile with small
inclusions of quartz under plane polarized light from sample BV-83.69.

All samples (recrystallized microgranites) from the Stoffberg area are characterized by two-
feldspars (plagioclase and alkaline feldspar) as the main cumulus phases making up 55-71% of
the rock volume, with the alkaline feldspars being the dominant phase. Fresh plagioclase is
observed only in sample RG-22 and RGC- 12 (Figure 4.1.3a-b). However, most of these

samples shown considerable evidence of alteration of feldspars and a number of other minerals
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(Figure 4.1.3c). In some samples plagioclase is overgrown is by alkali feldspars, and
surrounded by amphibole and quartz (Figure 4.1.3c). Quartz exists in two forms: (1) grains that
show an intergrowth texture with alkali feldspars (Figure 4.1.3c), (2) and those that show a
triangular, patchy intercumulus texture (Figure 4.1.3d). In some samples, clinopyroxenes have
altered to chlorite and amphibole (Figure 4.1.3e). Large rutile crystals with radiating tremolite

grains and oxides were observed (Figure 4.1.3f). There is abundant apatite in amphibole and

oxide (Figure 4.1.3f)

Figure 4.1.2: Microphotographs of thin section from the Bellevue drillcore. (a) Photomicrograph of an olivine
ferrodiorite from a depth of 106.20 m under cross-polarized light, showing poikilitic biotite enclosing euhedral
plagioclase laths. (B) Poikilitic amphibole enclosing plagioclase laths, apatite and quartz grains from sample BV-
83.81. (C). Photomicrograph of olivine ferrodiorite from a depth of 106.20 m under cross-polarized light showing
a poikilitic clinopyroxenes enclosing plagioclase laths. (D) Interstitial clinopyroxene between euhedral

plagioclase laths from sample BV-893.90.
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Figure 4.1.3: Microphotographs of thin section from the Stoffberg area. (a) Photomicrograph of granodiorite
shows relatively fresh euhedral plagioclase lath with interstitial quartz (RGC-22). (B) Microphotograph of
monzonite showing fresh euhedral plagioclase showing zoning patterns, with interstitial quartz and amphibole
(RGC-12). (c) Photomicrograph of quartz monzonite showing highly altered plagioclase, with interstitial quartz
(RGC-19). Photomicrograph of quartz monzonite showing plagioclase overgrown by alkali feldspars, surrounded
by interstitial quartz (RGC-20). (E) Microphograph of pigeonite surrounded by euhedral plagioclase laths and
interstitial quartz (RGC-12). (f) Abundant apatite in amphibole and oxide, with cumulate plagioclase at the edges
(RGC-12). Amph-amphibole, plag-plagioclase, grtz-quartz.
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4.2 Fluid inclusion petrography

Fluid inclusions are classified in many ways (Roedder, 1984; Goldstein, 2003; Bodnar, 2003),
but their relative timing with respect to the growth of the host mineral is, widely accepted as a
standard classification scheme (Bodnar, 2003). During growth of the host crystal from any kind
of fluid-bearing medium, growth irregularities result in primary fluid inclusions (Roedder,
1984). If fractures are formed during crystal growth, pseudosecondary fluid inclusions may be
entrapped in the course of continued growth of the crystal. Secondary fluid inclusions form as
result of healing of crystal fractures, as fluids enter fractures after crystal growth is complete
(Bodnar, 2003). Petrographically, the appearance of secondary and pseudosecondary fluid
inclusions is similar, but the occurrence of secondary fluid inclusions is followed by additional

crystal growth (Bodnar, 2003).

In a given sample, fluid inclusions commonly comprise inclusions of multiple generations,
representing multiple fluid trapping events, but the host crystals rarely contain inclusions of
only one generation. Hence, information obtained from fluid inclusion studies may be useful
in understanding various geological processes, particularly in ore settings such as the Bushveld
Igneous Complex, where they can be used to provide understanding about the temperature,

pressure and depth of emplacement of the BIC magma chamber.

Three types of fluid inclusion assemblages (FIA) were identified in primary magmatic quartz
during the petrographic examination of the samples from the Bellevue drillcore (Figure 4.2.1).
These include: (1) primary fluid inclusions that are trapped within the crystal growth zones;
this FIA lacks any consistent orientation (Figure 4.2.1), (2) secondary fluid inclusions that
occur in planar and liner arrays, (3) these assemblages have a well-defined orientation with
respect to crystal form (Figure 4.2.1). Psuedosecondary fluid inclusions were observed in most
samples occurring along healed fractures in the interior of crystals (Figure 4.2.1).
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Types of fluid inclusions identified at room temperature include two-phase liquid-vapour (L-
V) inclusions (Figure 4.2.2a), single-phase vapour-rich inclusions (Figure 4.2.2b), three-phase
inclusions containing 2 liquids and a vapour (L1-L2-V) (Figure 4.2.2c) and/or liquid and vapour
phases with a solid daughter crystal (L-V-S) (Figure 4.2.2d). Two-phase liquid-vapour (L-V)
inclusion were the most abundant in all samples analysed Single-phase V-rich and the three-
phase (Li-L2-V and/or L-V-S) inclusions are present locally, but are both volumetrically minor
in comparison to the two-phase inclusions. Also identified were rare fluid inclusions
comprising large daughter crystals of calcite (14 um in size) and comparatively minor
proportions of a liquid phase, and these have a close spatial relationship with the other

inclusions of variable composition (Figure 4.2.3).

Primary fluid inclusions in the primary magmatic quartz grains are predominantly two-phase
LV-type inclusions that are commonly large (4 -14 um), well developed in shape, and have the
longest dimensions of <20 um. Inclusions of this type are typically cubic or spherical in terms
of shape (Figure 4.2.4). Additionally, isolated clusters of angular to sub-rounded, mature LV-
type of inclusions were recognized (Figure 4.2.2a), as well as three-phase inclusions, that
comprise Li-L»-V (Figure 4.2.2c) and occur as primary fluid inclusions. These types of three-

phase inclusions commonly have negative crystal shapes.
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Figure 4.2.1: Microphotographs of various types of fluid inclusions from the Bellevue core samples at room
temperature. Microphotograph of BV-417.90, P2 showing three fluid inclusion assemblages and these include
primary (P), psuedosecondary (PS) and secondary fluid inclusion assemblages (S). P= primary, S= secondary and
PS= psuedosecondary.

Secondary fluid inclusions in magmatic quartz grains are predominantly of the two-phase
inclusion L-V-type, which exhibit relatively irregular forms and have the second largest
dimensions after the primary inclusions; the longest dimension is no greater than 11 pm (Figure
4.2.5). These types of inclusions occur in healed microfractures with variable vapour: liquid
ratios. Additionally, three-phase inclusions (L-V-S) and single-phase V-rich assemblages were
recognized as secondary fluid inclusions. Vapour-rich inclusions coexist with L-V-S inclusions

in some host minerals (Figure 4.2.2b).
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20 pm

Figure 4.2.2 (a): Photomicrograph of two-phase —L and V— fluid inclusions from sample BV-1454.35, P2.

Figure 4.2.2 (b): Dark one phase fluid inclusion from sample BV-417.90, in P1, comprise vapour only.
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Figure 4.2.2 (c): Photomicrograph showing three phase fluid inclusion comprising two liquid (L1 and L) phases
and one vapour phase, from sample BV-417.90, P1.

Figure 4.2.2 (d): Microphotograph showing a three-phase —L, V and S phase— fluid inclusion from sample BV-
417.90, P.
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Figure 4.2.3: Photomicrograph from sample BV-1454.35, P2, comprising a large solid crystal and comparatively
minor proportions of liquid phase. 4

Figure 4.2.4: Photomicrograph showing cubic to spherical two-phase fluid inclusion comprising L and V phases,
with varying proportions of liquid and vapour, from sample BV-417.90, P2, whereas photomicrograph
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Figure 4.2.5: Microphotograph of secondary two-phase fluid inclusions exhibit relatively irregular forms from
BV-417.90, P2 sample at room temperature.

4.3 Types of Fluid inclusions identified in the Stoffberg samples

Abundant fluid inclusions were observed in the Stoffberg samples which are relatively small
in size compared to those from the Bellevue core. Several types of fluid inclusion assemblages
were identified in the Stoffberg samples. However, by far the most common type are the
secondary fluid inclusions recognized in interstitial quartz grains (Figure 4.3.1a), whereas in
samples where quartz is intergrown with alkali feldspars, primary fluid inclusions are

dominant, and they exist within the growth zones of the host mineral (Figure 4.3.1b).

Additionally, psuedosecondary fluid inclusions are present locally in both the interstitial quartz
and in the samples in which quartz is intergrown with alkali feldspars, but these are
volumetrically minor in comparison to the other types of fluid inclusion assemblages (Figure

4.3.1c-d).
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Several different types of fluid inclusions were identified in both the interstitial quartz and in
the quartz intergrown with alkali feldspars. The most common type of fluid inclusions are two-
phase inclusions that comprise liquid (L) and vapour (V) phase at room temperature (Figure
4.3.2a). Additionally, monophase vapour-rich (V) inclusions (Figure 4.3.2b), as well as three-
phase inclusions comprising a vapour, a liquid and a solid phase (L-V-S) are present (Figure
4.3.2c), but volumetrically, both are minor in comparison to LV-inclusions. Rare inclusions
comprising large daughter crystals of halite (~ 5 um) and comparatively minor proportions of
liquid phase have close spatial relationships with the other types of variable composition

(Figure 4.3.2d).

Primary fluid inclusions in interstitial quartz are predominantly two-phase inclusions LV-type
commonly have the longest dimension of <10 um. They are either cubic or spherical in shape
(Figure 4.3.3), whereas in the samples where quartz is intergrown with alkali feldspar, the
primary inclusions are relatively small, irregular in shape even though they are also
predominantly LV-type (Figure 4.3.2a). Additionally, three-phase inclusions that comprise L-
V-S (Figure 4.3.2¢), as well as single-phase vapour-rich (V) (Figure 4.3.2b) were recognized
as primary fluid inclusions only in the interstitial quartz of the Stoffberg samples. Both the
three-phase and single-phase vapour-rich (V) assemblages occur locally.

Secondary fluid inclusions in both the interstitial quartz the granophyric quartz is also
predominantly of the two-phase inclusion LV-type. However, they are relatively irregular
forms and small in size; with the longest dimension being <8 um (Figure 4.3.4.). These types

of inclusions occur in healed microfractures with variable vapour: liquid ratios.
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Figure 4.3.1 (a) Microphotograph of RGC-19, P4 showing two fluid inclusion assemblages (FIA’s) and these
include primary (P) and secondary fluid inclusion assemblages (S), from interstitial quartz.

P

Figure 4.3.1 (b) Microphotograph shows similar types of FIA’s, however, in a ample where there is an
intergrowth of quartz and alkaline feldspars such as sample RGC-12, P6.
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Figure 4.3.1 (c) Microphotograph of RGC-16, P7 shows two fluid inclusion assemblages (FIA’s) and these include
psuedosecondary (Ps) and secondary fluid inclusion assemblages (S), from interstitial quartz.

Figure 4.3.1 (d) Microphotograph shows similar types of FIA’s, however, in a sample where there is an
intergrowth of quartz and alkaline feldspars such as sample RGC-19, P2.
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Figure 4.3.2: Microphotographs of various types of fluid inclusions from Bellevue core samples at room
temperature. (a) Photomicrograph of two-phase —liquid and vapour— fluid inclusions from sample RGC-22, P3.
(b) Dark one phase fluid inclusion from sample RGC-16, P3, comprising vapour-rich phase only. (c)
Photomicrograph showing three phase fluid inclusion comprising two liquid phases and one vapour phase, from
sample RGC-24, P1. (d) Photomicrograph from sample RGC-16, P1, comprising a large solid crystal and
comparatively minor proportions of liquid phase.
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Figure 4.3.3: Microphotograph of cubic to spherical, two-phase inclusions LV-type of the primary FIA, from

sample RGC-24, P1 in interstitial quartz.

Figure 4.3.4: Microphotograph of secondary two-phase fluid inclusions exhibit features of necking forms from

RGC-19, P3 sample at room temperature.
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4.4 Classification of fluid inclusion types

A minimum of six distinct fluid inclusion types have been identified in the Bellevue drillcore
and the Stoffberg area, based on phase relations observed at room temperature (Table 4.1).

They include:

Type 1: Rare single-phase fluid inclusions that occur both as part of the primary and secondary

fluid inclusion assemblage. Can either be L- or V-rich inclusion.

Type 2A: Liquid-rich two-phase fluid inclusions that homogenise by vapour bubble
disappearance (Figure 4.4 c). Type 2A fluid inclusions are abundant from both sites

investigated in this study.

Type 2B: Rare vapour-rich two-phase fluid inclusions that exhibit homogenization behaviour
by fading of the meniscus without a change in vapour size of the inclusion or by vapour bubble

expansion.

Type 2C: Rare solid-rich two-phase fluid inclusions that exhibit homogenization behaviour by

solid dissolution. The least abundant type in the fluid inclusions investigated in this study.

Type 3A: Three-phase liquid-rich hypersaline fluid inclusions (halite + vapour + liquid) that
homogenize by vapour bubble disappearance. It is mostly observed in secondary fluid inclusion

assemblage. The eventually result in the dissolution of the halite at higher temperatures.

Type 3B: Three-phase liquid-rich fluid inclusions (Carbonate daughter (calite) + vapour +
liquid) that homogenize by vapour bubble disappearance. It is mostly observed in secondary

fluid inclusion assemblage.
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Type 4: CO> -rich fluid inclusions that contain CO> liquid and gas plus H2O-liquid phases.

Most of them homogenize by vapour disappearance. They are found both in the primary and

secondary fluid inclusion assemblage of the Bellevue drillcore.

The number of each type of inclusion, analysed from both sites investigated in this study is

presented in Table 5.1. Each fluid inclusion type is further divided into both secondary and

primary fluid inclusions.

Table 4.1 Summary of fluid inclusion types, homogenization behaviour at high temperatures,

and the phase (s) present at room temperature (25°C) from the Bellevue drillcore and the

Stoffberg area.

Inclusion Type | Phases at 25 °C Homogenization | Example
behaviour
Type 1 Single phase N.A. Q
Type 2A Liquid-rich  two-phase | Vapor  bubble Vapour
(Liquid + Vapor) disappearance @Li quid
Type 2B Vapor-rich  two-phase | Critical v
(Liquid + Vapor) Behaviour % apour
Liguid
Type 2C Liquid + Solid Solid dissolution Solid
Liguid
Type 3A Liquid + Vapor + Halite | Vapor  bubble vapour
disappearance Halite
and  eventually Liquid
the dissolution of
the halite.
Type 3B Liquid + Vapor + |Vapor  bubble Vapour
daughter disappearance

Daughter
Liquid
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Type 4 CO»-liquid + CO»-vapor | CO- disappears co,. Liquid
+ H20- liquid @z-vapnur
HsQ Liguid

Figure 4.4

A: Type 1 fluid inclusions. Interstitial quartz containing secondary trails of 5-10 pum fluid

inclusions with either only vapor (A) or liquid (B) contents. Sample BV-910.10 (2) Circle 2.

B: Type 2A liquid-rich two-phase (Liquid + Vapor) fluid inclusions. Bellevue drillcore

contains a large amount of this type inclusions in the interstitial quartz, whereas in the Stoffberg

area they exist in both interstitial and intergrown quartz. These inclusions homogenise by vapor

bubble disappearance. In the Bellevue samples these types of inclusions have sizes that range

from 3 to 8um. Sample BV-1413.80 (2) P2.

C: Type 2B vapor-rich two-phase (Liquid + Vapor) fluid inclusions from the Bellevue drillcore

occur in interstitial quartz, whereas in the Stoffberg samples they mostly occur in the

intergrown quartz. These types of inclusions homogenize by critical behaviour. Sample BV-

893.90 (2) P1.

: Type 2C solid-rich two-phase fluid inclusions that exhibit homogenization behaviour by solid

dissolution e.g. BV-1454.35 P2 (plate 3.2.3a).
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D: Type 3A fluid inclusion. The Bellevue samples interstitial quartz contains few of these type
in the secondary fluid inclusion assemblage. Similarly, in the Stoffberg samples these types of

inclusions exist in the secondary fluid inclusion assemblage. BV-352.60.

E: Type 3B fluid inclusion. Three-phase liquid-rich fluid inclusions (Carbonate daughter
(calcite) + vapour + liquid) that homogenize by vapor bubble disappearance. It is mostly

observed in secondary fluid inclusion assemblage. BV-417.90 (2).

F: Type 4 fluid inclusion.  Bellevue samples contain both primary and secondary fluid
inclusion assemblage of this type of fluid inclusion, with size of approximately 12 um. They

comprise CO -liquid + CO -vapour + H O-liquid. Sample BV-352.60.

Figure 4.4 (a) Microphotograph of type 1 fluid inclusions from sample BV-910.10 (2)
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Figure 4.4 (c) Microphotograph of type 2B fluid inclusions from sample BV-893.90 (2)
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Figure 4.4 (d) Microphotograph of type 3A fluid inclusions from sample BV-352.60 (2)

o

Figure 4.4 (e) Microphotograph of type 3B fluid inclusions from sample BV- 417.90 (2)
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Figure 4.4 (f) Microphotograph of type 4 fluid inclusions from sample BV-352.60 (2)

Table 4.2: Summary of fluid inclusion data collected from the Bellevue drillcore and the
Stoffberqg area showing the fluid inclusion types with their secondary (S) and primary (P)
classification and the number of fluid inclusions where data was acquired.

Bellevue | 23 |14 | 58 |24 | 10 | 3 | 2 | O | 7 3 311 20 4

Core

Stoffoerg| 5 | 2 |29 |10 15 |4 |1 |04 2 |O0O|O0 ]| - | -
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CHAPTERS

Results

5.1 Raman microprobe analysis

For this study at least four Raman shift bands of interest can be observed and these include

Raman peaks for CH4, CO2, Quartz and H20 (see Table 5.1).

Table 5.1: Summary of the Main Raman vibrations (cm—1) of selected native elements, gases

and tectosilicates.

Gasses;  native  element, and | Main vibrations

tectosilicate

CO2 Fermi doublet s 1285; vs 1388

CO:z2 in solution vs 1384; m 1276

CHs vs 2917; w 3020

H>O vapor vs 3657-3756; w 1595

H20 liquid vs 2750-3900%*; w 1630

Graphite 1355; 1580

Quartz (SiOy) 206; 356; 402; 520; 608; 807; 1066;
1161

vs = very strong; m = medium; w = weak; sh = shoulder; * Broad bands of several hundreds of
cm—1 (Frezzotti et al., 2012)
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5.1.1 Bellevue (BV-1)

A total number of 224 Raman analysis points were acquired from 126 fluid inclusions
representative of the different inclusions identified. 177 Raman analysis points were from 26
fluid inclusions in samples of the Bellevue core. Analyses from the Bellevue drillcore included
spectra for: (1) V-rich inclusions; (2) L-V/S inclusions; (3) L-V-S and (4) Li-L>-V.

All of the Raman results from the Bellevue core samples confirm the presence of quartz as the
host mineral (Figure 5.1 and Appendix2.1). The analyses also confirm the presence of methane
(CHa), H20 and carbon dioxide (COy) in the gaseous phases of the fluid inclusions (Table 5.2;
Figure 5.2-5.4). Strong primary CH4 peaks occur at 2913-2918 cm™* (Figure 5.2), with some of
the samples exhibiting variations in absorbance, as demonstrated in Appendix2.1. Strong CO>
bands of various intensities are observed at between 1285 and 1385 cm™ (Figure 5.3), mostly
associated with two smaller bands at 1235 cm™ and 1411 cm™. Strong H20 bands occur within
the ranges of 3000-3600 cm™(Figure 5.4) H.O was the most abundant gas in these samples,
followed by CO2, and CHa with is the least abundant. No carbonic (CHs and CO.) peaks were
observed in sample BV-1454.35 and only one carbonic (CO) peaks was detected in sample
BV-1413.80 out of 18 fluid inclusions investigated. Remnants of graphite peaks can be
positively identified (Figure 5.5) in sample BV-417.90 circle 3, BV-910.10 circle 1 (Appendix
2.1).

Calcite was positively identified in samples BV-417.90 P3, BV-1046.50 P1, BV-83.69 P1, BV-
893.90(2) P2, BV-106.90 P1, BV-352.60 P4 and BV-893.90 P1 (Figure 5.6 and Appendix 2.1).
They have Raman spectra that are characterised by the following primary bands: 156 cm™,
284cm™, 711cm?, 1085 cm? and 1435 cm?
(http://www.dst.unisi.it/geofluids/raman/spectrum_frame.htm; Frezzotti et al., 2012). Calcite

was identified within some of the solids of the fluid inclusion.
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The various types of gases detected in the samples from the Bellevue drillcore occur as either
pure phases or exist in combinations. Raman microanalysis confirms the presence of CO; as a
pure gas (e.g. BV106.90 and BV-1413.80), coexisting with either CH4 or H2O in varying
proportions (e.g. BV-893.90, BV-417.90 and BV-83.81) (see Table 5.2). Similarly, CH4 can
exist as a pure gas in the gaseous phase or coexist with other gases such as CO and H20. H.O
also exist as both a pure gas (BV-1454.35) and in combination with other gases (BV-83.69),
with varying proportions (Appendix 2.1).

A large number of the carbonic (CO2 and CHy) fluid inclusions are part of the primary fluid
inclusion assemblage (n=33), with a few from the secondary fluid inclusion assemblage (N
=15) (see Appendix 2.1). No carbonic inclusions were identified in the psuedosecondary fluid
inclusion assemblage. H20 bands were observed in all three fluid inclusion assemblages (e.g.

primary, pseuosecondary and secondary).

X CHy
X CHy+X CO,

The proportion of X CHs ( )gas in the carbonic-rich fluid inclusions ranges from

0.00 to 1.00 . There are two population groups of the proportions of X CHs gas for the
carbonic-rich fluid inclusions. The first population group comprises carbonic-rich fluid
inclusions with X CH4 ranging from 0.00 to 0.05 £ (Figure 5.7). The second population group
comprises aqueous fluid inclusions that have X CH4 ranging from 0.95 to 1.00 + (Figure 5.7).
The first grouping has the largest number of aqueous fluid inclusions (N= 12). The values of
X CHa gas in the vapour phase of primary fluid inclusion assemblage, with more than one-
phase at room temperature, ranges from 0.00 to 1.00, whereas in the secondary fluid inclusion
assemblage it ranges from 0.583 to 0.975 (see Appendix 2.1). The X CO; gas in the vapour
phase, of primary fluid inclusion assemblage, with more than one-phase at room temperature,
ranges from 0.00 to 1.00, whereas in the secondary fluid inclusion assemblage it ranges from

0.0254 to 0.2642 (see Appendix 2.1).
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Table 5.2: Raman absorbance for gaseous phases of selected fluid inclusions from the late

magmatic quartz, Bellevue drillcore from the Northern limb, Bushveld Igneous Complex.

Raman Absorbance- Gaseous phase

2 Light

FLINC (5) _Vapor-
phase

1286 1385 2913 3200-3600
cm-1 cm-1 cm-1 cm-1

Sample Inclusion number/ | FIA CO2 CO2 CHa H20

Characteristics
BV-417.90(2) FI1_fi Dark-vapour- | Isolated vap | 2023,41 | 2955,53 - -
Circle 4Grain 4 phase (1phase) inclusions
BV-1046.50 Irregular Dark one- Trail of Fluid | 712434 | 784736 - -
Circle 1 phase FLINC inclusions
BV-1046.50 Dark-one phase Trail of Fluid - - 1783,1 -
Circle 4 FLINC_A3 inclusions
BV-1046.50 Dark-one phase Trail of Fluid | 1798,99 | 2028,1 52105,7 -
Circle FLINC_Al inclusions
BV-417.90(2) FI11fi vapour Cluster of 1995,76 | 3700,81 | 278,274 -
Circle 3Grain 4 (bubble)-phase fluid

(3phase, dark) inclusions
BV-1413.80 (1) | Three-phase flinc (1) | Cluster of - - - Strong
Circle 1 _vapor-phase FLINCS
BV-352.60 Circle | FI1 large VVapour- Trail of Fluid | 273,125 | 457,955 | 19410,3 -
4 phase (2-phase) inclusions
BV.83.81Circle 1 | Dark FLINC Cluster of 179428 | 145189 | 90729,5 -
Trail Edge (Vapour-phase) _2- fluid

phase inclusions
BV-83.81 Circle | Multiple-phase Cluster of 1738,95 | 658165 - -
3 FLINC (Bubble- fluid

phase) inclusions
BV-106.90 Circle | Vapor-rich_2-phase | Trail of Fluid - - 2301,59 -
2 FLINC (Vapor- inclusions

phase) (2-phase)
BV-83.69 Circle | Light, two-phase Cluster of | 308,49 | 323,976 - Strong
2 FLINC (1) Vapor- FLINCS

phase
BV-83.69 Circle | CUBIC, two-phase Trail of - - - Strong

FLINCS
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Figure 5.1 : Raman Spectrum for a fluid inclusion exhibiting the compaosition of quartz, which is the host mineral from BV-893.90(2) Circle 1.
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Figure 5.2 : Raman Spectrum for fluid inclusion exhibiting the composition of CH4 from sample BV-352.60.
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Figure 5.3 : Raman Spectrum for a fluid inclusion exhibiting the compaosition of CO from sample BV-1046.50.
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Figure 5.4 : Raman Spectrum for a fluid inclusion exhibiting the composition of H,O from sample BV-1046.50.
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Figure 5.5 : Raman Spectrum for a fluid inclusion exhibiting the composition of graphite from sample BV-417.90 circle 1.

T
1550

T
1600

T
1650

T
1700

T
1750

94



6000

5500

5000

4500

4000

3500

Intensity (cnt)

3000

2500

2000

1500

1000

500
T

T T T T T T T

T T T T T T
1000 1100 1200 1300 1400 1500

Raman Shift (cm?)

T T T T T T T T
100 200 300 400 500 600 700 800 900
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m) in mafic rocks of the Bellevue

drillcore.

5.1.2 Stoffberg Area

A total number of 28 Raman analysis points was acquired on 28 fluid inclusions representative
of the various types of inclusions in the samples from the Stoffberg area. These include: one-
phase fluid inclusions; (2) two-phase— liquid phase plus either vapour phase or solid phase
—fluid inclusions; (3) three phase — liquid phase, vapour phase and solid phase— fluid
inclusions.

All of the Raman microanalysis results from the Stoffberg samples confirm the presence of
quartz as the host mineral (Figure 5.8 and Appendix2.2). The analyses also confirmed the
presence of H2O that exists in gaseous phases in the analysed fluid inclusions as suggested by
strong bands of water in Figure 5.9 and Table 5.3. Except for two primary fluid inclusions in

sample RGC-12 P2 FL1 and sample RGC-12 P3 FL1 with a strong primary CHs peak that



occurs at 2913-2918 cm™, respectively (see Table 5.2 and Figure 5.10), most of the fluid
inclusions are characterized by strong H>O bands that occur within the ranges of 3200-3600
cm (Figure 5.9). The CH4 peak of sample RGC-12 P3 FL1, which is a one-phase inclusion at
room temperature, has a strong intensity (24083,5 peak area) as compared to that of sample
RGC-12 P2 FL1, which is two-phase inclusion at room temperature (1222,26 peak area). The
H20 bands can be identified in all the various types of fluid inclusion assemblages. The CH4
peak in sample RGC-12 P3 FL1 occurs as pure gas, whereas in sample RGC-12 P2 FL1 the

CHg4 coexists with H20.
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Table 5.3: Laser Raman absorbance for gaseous phases of selected fluid inclusions from both

the trianqular, patches of quartz and from the quartz intergrown with feldspars, from the

Stoffberg area, from the Eastern limb, Bushveld Igneous Complex.

Raman Absorbance- Gaseous phase

1286 | 1385cm-1 | 2913 cm-1 | 3200-3600
cm-1 cm-1
Sample Inclusion FIA COz2 | CO2 CHs H20
number/
Characteristics
RGC-24 P1FI2 | Dark, one-phase - | Isolated - - - Medium
vapour-phase vap
(1phase), with inclusions
signal of Alkaline
feldspars
RGC-22 P3 FI2 | Dark, one-phase - | Isolated - - - Strong
vapour-phase vap
(1phase inclusions
RGC-12 P3 Dark-one phase, Cluster of - - -
FL1 CH4 FLINCS 24083,5
RGC-12 P2 2phase (Liquid + | Cluster of - - Strong
FL1 Vapor), H20, FLINCS 1222,26
CH4
RGC-20 P3FI2 | Two-phase Flinc | Cluster of - - - Strong
(Liquid +Vapor) | FLINCS
RGC-16 P1 FI2 | Two-phase Flinc | Trail of - - - Strong
(Liquid + Vapor) | FLINCS
RGC-22 P1FI1 | 3phase (Liquid + | Cluster of - - - Strong
Vapour + Halite), | FLINCS
RGC-12P2FL2 | 3phase (Liquid + | Cluster of - - - Strong
Vapor + Calcite) | FLINCS
RGC-24 P1FI4 | 3phase (Liquid + | Trail of - - - Strong
Vapour + Halite), | FLINCS
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Figure 5.8: Raman Spectrum for fluid inclusion exhibiting the composition of the host mineral quartz from sample RGC-24 P1.
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5.2 Summary of the Raman Microprobe Results

Raman microanalysis from the Bellevue core samples confirms the presence of CH4, H2O and
CO. that exist in gaseous phases in the analysed fluid inclusions (Figure 5.2-5.4; Table 4.1,
Appendix2.1), and they exist in various forms from simple (pure gases) to complex systems
(coexisting gases). Most of the carbonic fluid inclusions (n=33) were identified as part of the
primary fluid inclusion assemblage, with a few being part of the secondary fluid inclusion
assemblage (n=15). No pure CHs gas was observed in the secondary fluid inclusion assemblage
of the Bellevue core samples. However, in secondary inclusions, CH4 coexists with either CO»
or H2O, whereas in the primary fluid inclusion assemblage CHa can exist as both a pure gas
and in combination with other gases such as CO2 and H2O in varying proportions. Most of the
H,0 bands from the Bellevue drillcore are broader (3000-3600 cm™) and flat as compared to
those of the Stoffberg samples which are more sharp and higher in intensity (3200-3600 cm'Y).
Except for sample RGC-12 P2 FL1 and RGC-12 P3 FL1, which detected a trace amount of
CHa, most of the fluid inclusions from the samples are characterized by the presence of H2O as
the existing gaseous phase. No CHjs inclusions were identified from the secondary fluid
inclusion assemblage in the Stoffberg samples. Only one pure CH4gas phase was identified in
the primary fluid inclusion assemblage. The other CH4 gas exists in combination with H2O in

the primary fluid inclusion assemblage.



CHAPTER 6

6.1 Fluid inclusion microthermometry

This chapter presents the results of a detailed fluid inclusion study of the late stages of the
Bushveld Igneous Complex. Schiffries (1984, 1985) undertook the first microthermometric
measurements on quartz from the Upper Critical zone to establish a wide variety of CO2-rich,
CHgs-rich, and aqueous fluid inclusions. Ballhaus and Stumpfl (1986) supplemented these
findings with estimates for the maximum trapping temperatures and pressures during the
crystallization of the Merensky Reef, and to establish their relevance to platinum and sulphide
mineralization in the BIC. Schiffries (1990) used microthermometric data to identify a new
class of aqueous fluid inclusions rich in CaC1., displaying a rich variety of unusual phase
equilibria. Zhitova et al. (2007; 2009; 2016) recently used fluid inclusion data from a number
quartz samples from the Merensky Reef to constrain the evolution trend of magmatogene fluids

of the intercumulus crystallization stage.

The aim of this investigation is to describe fluid inclusions associated with late stage magmatic
quartz and possibly post-magmatic quartz in the Upper Zone, Bushveld Igneous Complex.
These data will be used to evaluate the evolution of magmatic and possibly hydrothermal fluids

involved in the crystallization of the BIC.

Freezing-melting and heating runs were performed on the calibrated Linkam 6500 stage. All
measurements were duplicated within acceptable limits, differences of less than 1°C for carbon
dioxide homogenization (THCO>), less than 5°C for water homogenization (THH20), and less
than 0.3° C for the melting temperatures (TmH20). In the case of multiple-phase inclusions
(H20-NaCl-COy), the temperatures of first (TmiceH20) and final (TmH20) melting of the

aqueous phase, final melting of the solid CO2 (TmCOy), dissolution of clathrate (TmCLATH)
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and homogenization temperatures of the CO; and aqueous (THCOz and ThH20), were recorded
(Figure 6.1-6.7). In the case of two-phase aqueous inclusions (L+V), the temperatures of first
melting (Tmice), final melting (Tm) and homogenization (TH) were recorded. Where definite

clathrate was observed, TnCLATH could also be recorded (Figure 6.1, 6.3 and 6.5).

These data were applied to the interactive programs of Steele-Maclinnis et al., (2012) to
determine fluid densities and compositions. Salinities for halite-undersaturated and halite-
saturated fluid are expressed in equivalent weight percent NaCl (equiv. Wt% NaCl). For the
programme to produce credible data, the following input data is required: (1) measured final
melting temperature for both saturated and undersaturated-halite fluid inclusions, (2) measured
final homogenization temperature into either a liquid or vapour-phase (Appendix 3.1.1 and

3.1.2).

The isochores and densities for H2O-NaCl inclusions, and inclusions that contain enough CO>
to form clathrates but with insufficient CO- to form a separate phase of CO>, were determined
using HALWAT program. The data required by the program include: the final melting
temperature (Tm) and homogenization temperature, wherether a clathrate occurs, the name of
the liquidus solids (NaCl or ice). The salinity is estimated from the function of the melting
temperature of ice (Potter et al., 1978), the dissolution of halite, or the temperature of the

clathrate (Chen, 1972; Bozzo et al., 1975), depending on which phase was designated on input.

104



Table 6.1: Summary of preliminary fluid inclusion data from the Bellevue drillcore, Upper

Zone rocks of the Bushveld Igneous Complex

fluid inclusions; and
minor CO2 L+V also
present

THi= +280 - 305.9°C;

Tho= +331.8 - 340.5°C

Thz =+349.1 - 375°C;

Major decrepitation at
380°C

Sample inclusion Thermometric Fluid inclusion Density Salinity (wt %
type properties systems NaCl eq.)
Tim =-24.710-19.9°C;
mean =- 23°C
Within Olivine TmCO2=-59.7 to -56.8°
ferrodiorite: C; mean=-58°C
TmCLATH=-0.9t0 +12°
Dominantly H20 L +V C;mean=4+6°C
(2A & 2B), some mixed | Twi= +123 - 168°C; peak 054-0.98
H20-CO2 L+V and minor =168°C H20-CO2-NaCl-KCl (méan: 0 74) 9.23
CO:z (Type 4) primary Tho= +282 - 327°C; peak '
and secondary minor =304.5 & 327°C
H20 L+V TtHH20-CO2= +3 - 30.8°
Some minor H20 L+V+S C;
(Type 2C) Major decrepitation
between 236 and 259°C
o Tm= -49.110-19.2°C;
Within Quartz . '
anortr%site: mean =-38.1°C
Tm=-11.41t0-0.4°C;
Dominantly H20 L + V T CB:?F”H_:'%% t((:)’ﬂzo
primary and secondary C”,“ _ Yo . _ | H20-CO2-NaCl + other 0.35-0.65
fluid inclusions (A & » mean = +4'7° C; The= cations (Ca and K) (mean= 0.56) 6.01
+124.5-198.2°C; peak
2B); H20-CO: L+V also —C '
present (Type 4) _ o
Some minor H20 L+V+S TFIIZ._ i2+22292—§%2CC
(Type 3A and 3B) He= i '
Within Anorthosite: Tfm =-25.310-16.6°C;
mean =-20.8°C
Dominantly H20 L +V Tm=-11.2t0-2.1°C;
primary and secondary mean =-6°C; 031—1.06
fluid inclusions (A & TmCLATH=-0.9to +13° H20-NaCl-CO2 (méan: 0 84) 9.12
2B); H20-COz L+V also | C; mean=+3.5°C; Th= '
present +89.5 - 286°C; mean
Some minor H20 L+V+S =182 +55°C
(Type 3A and 3B)
Tim =-43.810 -31.7°C;
- mean = - 37.1
Luecogvz;/tlJtt?llgnorite' TmCO2= -59.2 to -58.4°
' C; mean=-58.8°C
. TmCLATH=-0.9 + 0.6C;
Dominantly H20 L +V mean = +0.15°C H20-NaCl-MgClotCo, | :86 079 6.22
primary and secondary (mean= 0.73)
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6.2 Fluid inclusion microthermometry Bellevue drillcore

Olivine ferrodiorite is characterized by H.O L + V (2A & 2B), with some mixed H.0-CO2
L+V and minor CO2 (Type 4) primary and secondary minor H.O L+V and possibly H.O
L+V+S (Type 2C). During the freezing run, the vapour phase appeared to dark and small, and
the vapour phase became bigger and darker as the temperature increases. In some of the
inclusions produce distinct COz.rich phase, which is represented by the dark thick vapour
phase. Clathrate melting temperatures range from -0.9 to +12° C (n=5; mean = + 6° C),
supporting the suggestion that some CO; is present in some of the fluid inclusions, yielding
salinity with an average of 9.23 wt. % NacCl eq., for the fluid system that exhibits a density of
0.74 g.cm™. Eutectic melting temperatures range from -24.7 to -19.9°C (n=21; mean =- 23°C)
(Figure 6.1), corresponding to the eutectic temperature of H20-CO2-NaCI-KCI (Shephard et
al, 1985). The range in eutectic temperatures and the depression thereof suggests that salts other
than NaCl i.e. KCI, MgCl, and CaClz, may also be present in the fluid system. Major
decrepitation were observed between 236 and 259° C in some of the fluid inclusions. In
examining the heating behaviour two homogenization temperature Tni= +123 - 168° C; peak
=168°C Tho= +282 - 327°C; peak =304.5 and 327 ° C for the H2O L + V fluid inclusions, and

TtHH20-CO2= +3 - 30.8° C for the H.0-CO: fluid inclusions (Table 6.1and Figure 6.2).
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Figure 6.1: Histogram showing melting temperatures for inclusions from olivine ferrodiorite from the BV-01.
These temperatures include: Tm ice (temperature of first melting (eutectic temperature)), Tm (H,O Final
temperature of melting), and TnCLATH (Clathrate melting temperatures).
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Figure 6.2: Histogram showing the temperature of homogenizations for inclusions from olivine ferrodiorite from
the BV-01.

The quartz anorthosite are characterized by H.O L +V (2A & 2B), H20-CO» L+V also present

(Type 4) and some minor H,O L+V+S (Type 3A and 3B). These fluid inclusions are typically
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primary and secondary. Some of the fluid inclusions are characterized by metastable effects,
which manifested during the heating cycles were some of the vapour bubbles reappeared

smaller than prior to freezing.

The melting behaviour of the H,O L + V (2A & 2B) inclusions has eutectic temperatures that
range from -49.1 to -19.2°C (mean = -38.1°C), which corresponds to the fluid composition of
eutectic temperature of H,O-NaCl and some other cations (Ca and K) (Shephard et al, 1985)
(Figure 6.3), with an average salinity of 6.01 wt.% NaCl eq. for all three homogenization
temperatures (Thi= +124.5 - 198.2° C; Tho= +222.7 — 271.2°C; Ths= +296 - 370°C) (Figure
6.4). The bulk density for these fluid inclusions ranges from 0.35 to 0.65 g.cm™. Clathrate
melting temperatures range from -0.7 to +12° C (n=12; mean = + 4.7 C), supporting the
suggestion that some COz is present in some of the fluid inclusions. Although some of the fluid
inclusions decrepitated between 236 and 259°C, a minimum trapping temperature of 370°C is
suggested from Tz of the H20 L+V fluid inclusions (Table 6.1).

The fluid inclusions from the anorthosite — Dominantly H2O L + V primary and secondary
fluid inclusions (2A & 2B); H20-CO; L+V also present Some minor H2O L+V+S (Type 3A
and 3B) — samples are characteristic of fluid compositions within the binary H,O-NaCl system
(Tfm =-25.3t0 -16.6°C; mean =-20.8°C), having salinity of 9.12 wt.% NaCl eq. (Tm =-11.2
to -2.1° C; mean = - 6° C) (Figure 6.5), and a density of 0.84 g.cm™. The homogenization
temperature (Tw) of 286° C provides an estimate of the minimum temperature at which these

types of fluid inclusions were trapped (Table 6. and Figure 6.6).
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Figure 6.3: Histogram showing the melting temperatures for inclusions from quartz anorthosite from the BV-01.
These temperatures include: Tm ice (temperature of first melting (eutectic temperature)), Tm (H2O Final
temperature of melting), and TnCLATH (Clathrate melting temperatures).
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Figure 6.4: Histogram showing the temperature of homogenization for inclusions from quartz anorthosite from

the BV-01.
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Figure 6.5: Histogram showing the melting temperatures for inclusions from anorthosite from the BV-01. These
temperatures include: Tm ice (temperature of first melting (eutectic temperature)), Tm (H2O Final temperature of
melting), and TnCLATH (Clathrate melting temperatures).
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Figure 6.6: Histogram showing the temperature of homogenization for inclusions from anorthosite from the BV-
01.

The leucogabbronorite are characterized by H>O L + V primary and secondary fluid inclusions;
and minor CO, L+V also present. The melting behaviour of the H.O L + V (2A & 2B)

inclusions has eutectic temperatures that range from -43.8 to -31.7°C (mean = -37.1°C), which
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corresponds to the fluid composition of eutectic temperature of H>O-NaCl-MgCl,+CO;
(Shephard et al, 1985) (Figure 6.7), with an average salinity of 6.2 wt.% NacCl eq. for all three
homogenization temperatures Thi= +280 — 305.9°C; Tho= +331.8 — 340.5°C; Ths = +349.1 -
375° C and major decrepitation at 380° C (Figure 6.8). The bulk density for these fluid
inclusions ranges from 0.66 to 0.79 g.cm?. Clathrate melting temperatures range from -0.9 to
+0.6° C (n=2; mean = -0.15 °C), supporting the suggestion that some CO; is present in some

of the fluid inclusions (Table 6.1).
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Figure 6.7: Histogram showing the melting temperatures for inclusions from anorthosite from the BV-01. These
temperatures include: Tm ice (temperature of first melting (eutectic temperature)) and Tm (H2O Final temperature
of melting).
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Figure 6.8: Histogram showing temperature of homogenization for inclusions from Leucogabbronorite from the
BV-01.

Minimum temperatures of entrapment for the fluid inclusions are estimated from the
homogenization temperatures. However, inclusions two fluids can provide better estimates
provided the appropriate P-V-T-X data are available, for the two immiscible fluids, each
saturated with respect to other, are present at the time of trapping (Roedder, 1984). The
homogenization temperatures (Tw) isochores for the aqueous-rich fluid inclusions were
generated using the algorithm as approximated (version 01/03) by the H.O-NaCIl-KCI-CaCl;
system to indicate the variations in the fluid pressures (Figure 6.9-6.10 and Appendix3.3.1).
The isochores for the CO, + CH4 phase intersect each of the aqueous phase, yielding possible
pressure-temperature estimates. The H>O-rich primary fluid inclusions exhibit temperatures
between 400 and 451 ° C and pressures between 1099 and 2368 (Figure 6.1). The temperatures
and pressures estimated for H>O-rich primary fluid inclusions are geologically reasonable and

do apply to the conditions of entrapment of the fluids in the Bushveld Igneous Complex.
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Figure 6.9: Diagram showing isochores of primary fluid inclusions from the Bellevue drillcore. Red lines represent
isochores of carbonic fluid inclusion of the primary fluid assemblage and blue lines represents the isochores of
the aqueous fluid inclusions of the primary fluid inclusion assemblage.
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Figure 6.10: Diagram showing isochores of secondary fluid inclusions from the Bellevue drillcore. Red lines
represent isochores of carbonic fluid inclusion of the secondary fluid assemblage and blue lines represents the
isochores of the aqueous fluid inclusions of the secondary fluid inclusion assemblage.
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6.3 Fluid inclusion microthermometry, Stoffberqg area

A total of 69 fluid inclusions from Stoffberg samples, are aqueous-rich fluid inclusions, with
42 of these fluid inclusions being primary and the remaining 27 being part of the secondary
fluid inclusion assemblage. The aqueous-rich fluid inclusions are dominated by Type 2A and
Type 2B fluid inclusion, with rare Type 3A fluid inclusions.

First melting (Tm) temperatures for fluid inclusions within the quartz monzodiorite ranges from
- 43.7 - 31.8°C (mean = - 38.3° C), suggesting a fluid composition within the ternary H,O-
NaCl-MgCl system. The final melting temperatures (Tm= -14.3 to - 0.9° C; mean=-6.2°C)
(Figure 6.11), yielding salinities of 9.12 wt. % NaCl eq., with densities that range from 0.6 to
0.99 (mean = 0.89 g.cm™). Two homogenization temperatures were measured (Tr1 and Thz)
were measured during the heating runs (Thi= + 201.8°C; Th2=+ 303.6 — 329.1°C). The second
population inclusions exhibit a minimum trapping temperature of 329.1° C (Table 6.2 and

Figure 6.12).

Within the quartz of the granodiorite, the characteristic inclusions are H>O L + V primary and
secondary fluid inclusions. These fluid inclusions have a melting behaviour (Tm = - 55.5 — -46.7°
C; mean = - 51.7° C) suggestive of a fluid composition within the ternary H.O-NaCl-CaCl..
The final melting of these fluid inclusions ranges from -14.1 to -0.2°C (mean = -4.8°C) (Figure
6.13), which corresponds to salinity of 7.24 wt. % NaCl eq. Three homogenization
temperatures were measured (THi, THz, THz) were measured during the heating runs (THi= +
176.4 — 201.8° C; Tho= + 303.6 — 329.1° C; Thsz= + 354.5 — 380° C) as well as major
decrepitation at 390° C. The third population inclusions exhibit a minimum trapping
temperature of 380° C, which mostly likely represent an estimate for the minimum temperature

at which these types of fluid inclusions were trapped (Table 6.2 and Figure 6.14).
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The melting behaviour of H.O L + V primary and secondary fluid inclusions, in monzodiorite
(eutectic melting ranges from -23.8 to 18.9°C, mean=- 21.5°C) suggesting a fluid composition
within the Ho.O— NaCl system. These inclusions exhibit final melting temperatures of -10.3 to
-3.8°C (mean=-5.5°C) (Figure 6.15), corresponding to salinity of 8.3 wt%. NaCl eq., a density
of 0.84 g.cm™, and three homogenization temperatures Twi= + 187.3 — 209.1°C; Tno= + 274.5
—296.4°C; Ths=+ 318.2 — 340°C. Many of the fluid inclusions decrepitated at approximately

385°C (Figure 6.16).
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Figure 6.11: Histogram showing melting temperatures for inclusions from quartz monzodiorite from the Stoffberg
area. These temperatures include: Tm ice (temperature of first melting (eutectic temperature)) and Tm (H20 Final
temperature of melting).
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Figure 6.12: Histogram showing homogenization temperatures for inclusions from quartz monzodiorite from the
Stoffberg area.
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Figure 6.13: Histogram showing melting temperatures for inclusions from granodiorite from the Stoffberg area.

These temperatures include: Tm ice (temperature of first melting (eutectic temperature)) and Tm (H2O Final
temperature of melting).
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Figure 6.14: Histogram showing homogenization temperatures inclusions from granodiorite from the Stoffberg
area.
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Figure 6.15: Histogram showing melting temperatures for inclusions from granodiorite from the Stoffberg area.
These temperatures include: Tm ice (temperature of first melting (eutectic temperature)) and Tm (H2O Final
temperature of melting).
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Figure 6.16: Histogram showing homogenization temperatures for inclusions from monzodiorite from the
Stoffberg area.

The isochores for the aqueous-rich fluid inclusions were generated using the algorithm as
approximated (version 01/03) by the H.O-NaCl-KCI-CaCl; system to indicate the variations in
the fluid pressures (appendix3.1.2). The isochores for these aqueous fluid inclusions are widely
distributed from 356 to 700 °C. Isochores of secondary fluid inclusions cluster around 4- 1704
bar (103- 289 °C), whereas the isochores for the primary fluid inclusions cluster around 296-
2997 bar (361-745°C) (Figure 6.17). The primary temperature and pressure estimates for the
Stoffberg samples are geologically feasible, and suggest high temperature and pressure

conditions, at the time of entrapment of these fluids in the granitoids of the Stoffberg area.
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Table 6.2: Summary of preliminary fluid inclusion data from samples of the Stoffberg area

secondary fluid
inclusions

Major decrepitation at
390°C

Sample inclusion | Thermometric Fluid inclusion Density Salinity (wt %
type properties systems NaCl eq.)
Tim=-55.5-46.7°C;
mean =-51.7°C; Tm
=-141- -0.2°C;
mean=-4.8 °C
Granodiorite: THl_: * 1_76'4 ~201.8
y C; Tro= + 303.6 -
Dominantly H2O L + o T _ _
V primary and 329.1°C; Ths=+ Ho0-NaCl-CaCl2 0.6-1.1 (mean = 0.35-17.9 (mean =
354.5-380°C; 0.8) 7.24)

Monzodiorite:
Dominantly H20O L +
V primary and
secondary fluid
inclusions

Tfm =-23.810-18.9°
C; mean=-21.6°C;
Tm=-103t0-3.2°
C; mean=-55°C
THi=+187.3-209.1°
C; Th=+ 2745 -
296.4°C; Tha=+
318.2-340°C;

Major decrepitation at
385°C

H20-NaCl

0.70 - 0.98 (mean =
0.84)

5.3-14.3 (mean =
8.3)

Quartz Monzodiorite:
Dominantly H2O L +
V primary and
secondary fluid
inclusions

Tfm=-43.7-31.8°C;
mean =-38.3°C
Tm=-143--09°
C; mean=-6.2 °C
Thi=+ -201.8°C;
Tho=+303.6 -329.1°
c,

H20-NaCl-MgCl.

0.6 - 0.99 (mean =
0.89)

1.6 - 18.0 (mean=
9.12)

119



1500
1400
1300
1200
1100
1000
0
900
800 -
=

w
00
600
500
400
300
200

100 T T T T T T T T T T T II T T T T T T T 1
100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500

Temperature [°C]

Figure 6.17: Plot showing isochores of aqueous fluid inclusions in quartz, from the Stoffberg area. Red lines
represent isochores of aqueous fluid inclusion of the primary fluid assemblage and blue lines represents the
isochores of the aqueous fluid inclusions of the secondary fluid inclusion assemblage.

The microthermometric data thus far obtained, pertaining to the fluids that might have played
a significant role in the late stage during the magmatic evolution of the Bushveld Igneous

Complex, suggest that variations in the fluids existed between these two suites of samples,

although fluid inclusion data cannot unequivocally define the fluid source.

The presence of CO,, CH4 and various salts in the fluid inclusions of the Bellevue drillcore,
suggests that the fluids were capable of transporting and depositing such as the PGEs even

though there isn’t circumstantial evidence presented in this study.
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6.4 Thermometry

6.4.1 Titanium-in-quartz thermometry

The Ti-in-quartz geothermometer was used as an indicator of the trapping pressures and
temperatures. Ti-in-quartz results for the Upper Zone reported in Buthelezi et al. 2017 were
also used in this study. The acquired data were processed with the rutile activity equal to 1 for
all samples used in this study, and temperatures were calculated using the calibrations for both
10 and 3 kbar, using the equations of Wark and Watson (2006), and Huang and Audétat (2012),
respectively (Figure 6.18 and Table 6.3).

The Ti-in-quartz results from both sites suggest that temperatures calculated using the
formulation of Huang and Audétat (2012) at 3 kbar is comparable to the temperatures
calculated using the Wark and Watson (2006) at 10 kbar. However, the results from the 10 kbar
calibration of Huang and Audétat (2012) are significantly higher than those predicted by the
Wark and Watson (2006) calibration at the same pressure. We consider the temperatures
obtained using the Huang and Audétat (2012) calibration at 3 kbar as most reliable, as the

pressure of the Bushveld Igneous Complex is constrained ~3.0 = 0.5 kbar, based on

thermobarometry of these rocks in the contact aureole of the BIC (Waters and Lovegrove,
2002).

All Stoffberg samples used in this study are rutile-bearing (RGC-24, -20, -22, -16, -12, and 19).
The average within-sample Ti concentrations range from 89 = 33 to 138 £ 24 ppm, and T
estimates ranges between 738 £ 35 and 799 + 22 °C (Table 6.3 and Figure 6.18). The average
within-sample uncertainty in Ti concentration is 22 ppm, corresponding to 35°C. Four samples
(RGC-16, -19, -20, -24) yielded at least one spot analysis that was below the detection limit for
Ti (22 ppm), with RGC-19 having the largest number (N= 4) of spot analyses below the

detection limit.
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Quartz grains from sample RGC 12 yielded the lowest average temperature within sample,
ranging from 642 =22 to 796 = 71 °C, corresponding to Ti concentrations of 34 + 22 and 133
+ 22 ppm (Table 6.3 and Appendix 4.2.5), whereas quartz grains from sample RGC 22 yielded
the highest average temperature that ranges between 761 + 18 and 832 £ 27 °C, corresponding
to 101 + 22 and 174 + 22 ppm (Table 6.3 and Appendix 4.2.3).

Four samples —RGC- 12, -16, -19 and -22—qgenerally have the highest crystallization
temperatures at the cores (756-994 * °C; 624— 829 + °C) and gradually decrease towards their
rims (808-965 + °C, 756- 797 + °C) (Appendix 4.2.3-4.2.6), whereas the other two samples—
RGC- 20 and -24 —have their highest quartz crystallization temperatures at the rims and
gradually decrease towards their cores (Appendix 4.2.1-4.2.2).

Table 6.3 Average within-sample Ti concentrations and corresponding temperatures calculated

for Stoffberg samples, using the Ti-in-quartz calibrations of Huang and Audétat (2012) and
Wark and Watson (2006).

Sample Average Ti | T°C Wark | T°C Huang | T°C Huang | Number
number in quartz and and and of spot
(ppm) Watson Audétat Audétat analyses

(2006) (2012) (2012)
at 10 kbar | at 3 kbar at 10 kbar

RGC 24 116 + 36 761 £ 26 773+ 27 915+ 31 29

RGC 20 132+ 33 779 £ 23 792 + 23 936 + 26 9

RGC 22 138+ 24 786 £ 21 799 + 22 944 + 25 15

RGC 16 105+ 31 750 £ 27 798 + 22 942 £ 25 14

RGC 12 89+ 33 726 + 34 738+ 35 875+ 39 20

RGC 19 98 + 36 738+ 31 750 + 32 889 + 36 26

6.4.2 Ti-in-quartz temperatures of the Bushveld Complex

Excluding results from spot analyses with Ti concentrations below the detection limit, which
gave spuriously low temperatures, the data for the recrystallized microgranites yielded quartz

temperatures ranging from 738 + 35 to 799 + 22°C (average = 775 + 27°C, n = 6) (Table 6.3).
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These temperatures are significantly higher than those reported for the Upper Zone samples
(including olivine ferrodiorite, anorthosite and leucogabbronorite) in the Bellevue drillcore by
Buthelezi et al. (2017) calculated at 3 kbar using the same formulation 677 to 767 °C, but are
less than those reported by (Zeh et al., 2015) who reported temperatures in the range of T= 670
to 940°C using the Ti-in-zircon thermometry. Hence, we interpret both the temperatures of
Buthelezi et al. (2017) and (Zeh et al., 2015) as representing solidus temperatures, as the
measured quartz grains crystalized from late stage, intercumulus melts, presumably of granitic
composition (Figure 6.19), whereas those from the Stoffberg samples record an entirely
different event, which possibly post-dates the crystallization of the Bushveld Igneous Complex.
When comparing these results with other published geothermometry determinations and
geothermal modeling temperatures for the Bushveld Igneous Complex. It is evident that these
results reflect conditions that postdate the crystallization of the Complex as these results are
significantly higher than those reported by Buthelezi et al., 2017 for the mafic cumulate rocks.
Even though both the results for Stoffberg and the are Bellevue core (BV-1) samples are nearly
isothermal, whereas the temperature modelling of Cawthorn and Walraven (1998) showed an
upward decline from the ~ 1200°C for the Lower Zone rocks, to ~ 900°C for the top of the
Upper Zone, which suggests that their results constrain the liquidus temperatures of magma for
the entire sequence of mafic rocks; this is corroborated by the temperature-depth profile shown

in Figure 6.19.
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Figure 6.18. Average within-sample temperatures calculated from Ti-in-quartz concentration
measurements of interstitial quartz grains in Bushveld samples, using three different TitaniQ
calibrations. We consider the results from the 3 kbar calibration of Huang and Audétat (2012) (blue
symbols) to be most appropriate for the Bushveld Complex samples. From samples RGC-12, -16, -19,
-20, -22, and 24.
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Figure 6.19. Temperature determinations for the Northern and South-Eastern limbs, of the Bushveld
Igneous Complex, including solidus temperatures from the Ti-in-quartz of Buthelezi et al., (2017) (blue
symbols) and from the Stoffberg area (red symbols, this study), and liquidus temperatures from the
thermal modelling of Cawthorn and Walraven (1998) (green symbols). Results from Ti concentrations
below the detection limit yield spuriously low temperatures, and are not plotted here. Thermal
modelling by Cawthorn and Walraven (1998) for ~ 7.5 km of Bushveld mafic cumulate rocks (Lower
to Upper Zones) yielded liquidus temperatures that decrease stratigraphically upward from the Lower
Zone to the Upper Zone, whereas solidus temperatures reported in this study and that of Buthelezi et al.
(2017) appear to be nearly constant with depth.

125



CHAPTER 7

7.1 DISCUSSION

In the Bellevue drillcore the quartz crystals occur as intercumulus, triangular, patchy grains,
representing crystallization products of trapped interstitial melts, whereas in the Stoffberg area
the quartz crystals occur either as crystals intergrown with alkali feldspars or as intercumulus,
triangular, patchy grains. The quartz crystals from both sites host numerous two-phase
inclusions; rarely, single phase liquid-rich and gas-rich are present. The presence of coexisting
liquid and gas-rich fluid inclusions suggests that the true trapping temperatures represent

homogenization temperatures (Goldstein and Reynolds, 1994).

Except for sample RGC-12 P2 FL1 and RGC-12 P3 FL1 which detected a trace amount of
CHya, most of the fluid inclusions from the Stoffberg samples are characterized by the presence
of H20 as the existing gaseous phase. No CHys inclusions were identified from the secondary
fluid inclusion assemblage of the Stoffberg samples. Only one pure CH4 gas was identified in
the primary fluid inclusion assemblages. The other CH4 gas exists in combination with H20 in
the primary fluid inclusion assemblage. There is no microthermometric evidence for carbonic
inclusions in the Stoffberg samples. The fluid inclusions in primary magmatic quartz of BV-
01 (Figure 4.2.1) represent the fluid composition present during the crystallization of the Upper
Zone, whereas secondary fluid inclusions in the primary magmatic quartz represent fluids in

the late stages crystallization or possibly post-date the crystallization (Figure 4.2.1).
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The rare fluid inclusions containing large (14 um) daughter crystals of calcite in the primary

magmatic quartz of the BV-O1 core can be interpreted as being products of post-entrapment

modification of the inclusions. En-Naciri (1995) documented the same type of fluid inclusions,

which he interpreted as representing NaCl-saturated brines that resulted in the formation of the

trapped solids. However, the petrographic evidence presented in this study argues against the

interpretation of En-Naciri (1995) insofar as the inclusions are well developed and are found

in proximity to other inclusions of variable composition as illustrated by microphotographs

(Figure 4.2.2).

The microthermometric results suggest that NaCl—KCIl—MgClo—CaCl, are the main

electrolyte present, and that the daughter crystal is halite (e.g BV-83.69, -83.81, -106.90, -

417.90, -893.90, -910.10, -1046.50 and BV-1413.80). The concentration of the fluids from both

the Bellevue drillcore (6.01—9.23 wt % NaCl eq.) and Stoffberg suite (7.24—9.12 wt % NaCl

eq.) are less concentrated than the heterophase fluids (60-80 wt % NaCl eq.) that separated at

over 550°C and below 3050 bars, which were capable of transporting large number of metals

(Zhitova et al., 2016). The lack of metals in both the Bellevue drillcore and Stoffberg samples

can may be because of the low salinity of the fluids (low wt % NaCl eq). It is also possible that

most of the metal were taken up by most of PGE minerals that crystalized at the magmatic

stage before the separation of fluids (Zhitova et al. 2016). However, it is possible that these

fluids might have been involved in the transport and deposition of finely dispersed phases of

ore minerals, couple of areas that are minerals in and around both sites studied in this project.
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Similar idea was previously invoked for the low-temperature fluids (<120—75°C) that are non-

metal bearing (Zhitova et al., 2016).

Based on the microthermometric data acquired from the fluid inclusions of the Bellevue

drillcore, four types of fluids were identified, all of which separated during the crystallization

of volatile-rich residual melt of original mafic-ultramafic magma. The earliest fluid (H.O-

NaCl-MgCl,xCO:») is captured by quartz in luecogabbronorite, occurs as H,O L + V primary

and secondary fluid inclusions; and minor CO, L+V also present at 925 + 12°C, followed by

(H20- CO2-NaCl * other cations such as Ca and K) captured by quartz anorthosite at 789 +

21°C, subsequently followed by the H,O- NaCl -CO. fluids captured in the anorthosite 778 +

22°C and ends with H20O- CO2-NaCI-KClI fluids at 695+ 39°C (Figure 6.16). For the Stoffberg

samples only three types of fluids were identified. The earliest fluid being (H20-NaCl-CaCl,)

captured at 799 + 22°C, followed by H20-NaCI-MgCl. captured at 798 + 22°C. Finally, the

last generation of fluids (H2.O-NaCl) in the Stoffberg samples were captured at 738 + 35°C

(Figure 6.16).

The final lower melting temperature of aqueous-rich fluid inclusions suggest a later entrapment

along cracks in quartz, which is consistent with what was proposed by Ballhaus and Stumpfl

(1986). The suite of solids in poly- phase inclusions suggests, in part, trapping during quartz

growth, and partly secondary entrapment along healed cracks, as suggested by Ballhaus and

Stumpfl (1986). To further support this claim, for the identification of various salt hydrates, it

would have been wise to conduct a cryogenic Raman spectroscopy on these fluids, as cryogenic
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Raman spectroscopy allows for the identification of a variety of salt hydrates that are formed

in inclusions from an aqueous liquid solution upon cooling (Baumgartner and Bakker, 2010).

Single-phase carbonic (CHs and CO.) fluid inclusions are dark to transparent at room

temperature. Aqueous fluid inclusions are more abundant than carbonic fluid inclusions in

samples from both the Bellevue drillcore and Stoffberg area. Carbonic fluid inclusions

identified in this study are mainly dominated by CO> with variable amounts of other gases such

as H2O and CHa.

A total of 50 of fluid inclusions examined from various lithologies (e.g. olivine ferrodiorite,

quartz anorthosite, anorthosite and leucogabbronorite) contained visible CO2, with 35 of these

fluid inclusions being pure gases and the remaining 15 (being CO2-bearing fluid inclusions

coexisting with either H20 or CH4. On cooling of CO2-bearing inclusions where CO> coexists

with H>O, CO> hydrates form, and cause H.O and CO to be extracted from solution (Collins,

1979) (Figure 2.7). Therefore, in two-phase fluid inclusions (L-V) that exhibit CO; clathration

(formation of CO0,-hydrates) as illustrated by the decomposition temperature of the hydrates

and the presence of mixed CO2-CHya inclusions having variable proportions of CO2, from CHs-

rich to CO»-rich inclusions, indicates that CO. and CHj4 fluids were not physically isolated from

each other (Figure 2.7). The final homogenization temperatures of both the pure CO. and

impure CO> were used to determine the density of the inclusions.

The significant number of carbonic (CO. and CHg) fluid inclusions in the Bellevue drillcore

suggests that the carbonic (CO2 and CHs) fluids play a significant role in shallow magmatic
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systems, which is contrary to the usually accepted idea that carbonic fluids are generally not a
major component in shallow magmatic systems, as these fluids tend to escape from magmas at
relatively deep environments (Lowenstein, 2001). This idea might apply to the Stoffberg
samples, as there was no carbonic (CO2 and CHj4) fluid inclusions detected. It is suggested that
the carbonic fluid inclusions from the Bellevue drillcore resulted from the in-situ phase
separation (immiscibility of the fluids in the H2O-CO2-CHj4 system) and probably fluid-rock

interaction.

The homogenization temperatures for the carbonic (CO2 and CHj4) fluid inclusions range (e.g.
BV-83.81, -106.90, -352.60, -417.90, -893.90, -910.10 and BV-1046.50) from 18.1 ° to 30.8
°C, whereas the melting temperature for the carbonic inclusions ranges from - 59.7 ° to -56.8
°C (mean =-57.7 £ 0.9 °C; n=50), indicating that these inclusions are dominated by CO,. Most
of the carbonic fluid inclusions have a melting temperature in the range of -57.5 to -56.8°C.
These results are consistent with those reported for pyroxenitic pegmatites by Ballhaus and
Stumpfl (1986), who they reported homogenization temperatures for CO> between 18 and 31
°C. Similarly, Zhitova et al. (2016) found that the solid CO; starts to melt between -59 and -60
°C and homogenize into liquid phase at 20°C. In some of the carbonic-rich inclusions with
small amount of H2O the total Tw some was difficult to observe which is like what is reported
in Ballhaus and Stumpfl (1986), who noted that the total T+ for carbonic inclusions with some

traces of NaCl-undersaturated brines could not be obtained, as it is difficult to observe. The
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density of these carbonic fluid inclusions ranges from 0.31 to 0.79 g/cm? (average = 0.6 + 0.1;

n=50).

This study indicates that pure CO> can be in chemical equilibrium with H>O and/or CH4 at the
formation temperatures, which is contrary to what was suggested by Ballhaus and Stumpfl
(1986), as traces of water and CHj4 are present on the inclusion walls. This study also shows
that CHgy-rich inclusions show recognizable link with other gases (e.g. H2O and COy).
Therefore, the CHa, inclusions in the olivine ferrodiorites, quartz anorthosites, anothosites and
leucogabbronorites might be related directly to the late stages of the Upper Zone, which is
consistent with what was suggested by Zhitova et al. (2016) for the Merensky Reef quartz and

later pegmatite veins crosscutting the Platreef rocks of the Bushveld Igneous Complex.

The Ti-in-quartz results suggest that quartz crystallization temperatures from the Stoffberg area
crystallized from post-magmatic fluids with the upper temperature of entrapment for the
earliest fluid inclusions having taken place between 738 + 35 and 799 + 22°C for the granitic
rocks, whereas for the mafic cumulate rocks from the Bellevue core quartz that crystallized
from late-stage, silica-saturated, trapped intercumulus melt of the Bushveld Igneous Complex
the upper temperature of entrapment for the earliest fluid inclusions took place between 677 £
29 and 767 + 18°C (Buthelezi et al., 2017). Thus, results from Bellevue drillcore constrained
the solidus temperature of the Upper Zone and Main Zone cumulate rocks, respectively
(Buthelezi et al., 2017), whereas results from Stoffberg constrain recrystallized temperatures

of Lebowa Granite Suite or crustal melts into which the Bushveld Igneous Complex intruded
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into. This implies that Stoffberg rocks are not fractionation products of the late-stage Upper
Zone magmas as suggested by Cawthorn (2013). However, these temperatures are lower than
those reported for earliest fluids that occur as homogeneous dry dense gas (CHs — N2 = CO»)
that separated from the aluminosilicate melt at 800—900 °C and 3050 bars (Zhitova et al.,

2016).

Despite the lack of isotope studies (5 **C and & 2H isotopes) it is evident that the CH4 found in
Bellevue drillcore samples was generated inorganically during the late-stages of crystallization
of the BIC. However, it is possible that the source of carbon the organic graphite is from the
Platreef calcsilicate rocks contain graphite with §** C of ~ -27 (Buchanan & Rouse 1984, Harris
and Chaumba, 2001). So, the biogenic mechanism cannot be totally ignored. It also well known
that in the footwall of the Bushveld Complex in the northern limb the Duitschland Formation
is graphite-bearing (Buchanan & Rouse 1984, Harris & Chumba 2001). There are some studies
that have shown graphite to be organic in origin (Hoering, 1962; Hayes et al., 1983; Chacko et
al., 1991, 2001). However, due to the lack of evidence for any biogenic processes (organic
material such as bacteria) generation of CH4 via biogenic mechanisms were not considered for

this study.

At least five mechanisms for generating CH4 abiogenetically were considered for this study.
These include: (1) primordial origin of methane “extraterrestrial methane synthesis™; (2) high
temperature reactions in the mantle; (3) post-magmatic high temperature reactions; (4) Fischer-

Tropsch type reactions (5) respeciation of carbon-oxygen-hydrogen fluids.
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Primordial origin of methane “extraterrestrial methane synthesis” is unlikely to be the

mechanism for the generation of methane in the Bellevue drillcore samples as this idea of

primordial origin of methane there is no compelling evidence to suggest for the such a primeval

in significant amounts in the interior of the Earth, hence it is rejected. The high temperature

reactions in the mantle model is rejected on the biases of the lack of compelling evidence for

the existence of such reactions and on how abundant they are in the Earth’s interior.

Based on the evidence presented in this study it is evident that the post-magmatic high

temperature reaction model cannot be a plausible model for the generation of CH4 as this model

requires magma to be completed solidified, which is contrary to the both the petrographic

evidence and microthermometric data, as most of the methane-rich fluid inclusions are primary.

Indicating that the inclusions were trapped during the crystallization of the host mineral, quartz.

Due to the lack of evidence for any serpentinization of the ultramafic and mafic rocks of the

Bellevue drillcore rocks it fair to reject the Fischer-Tropsch type reaction as this type of

reaction requires serpentinization for CHs generation to take place. However, this idea is mostly

likely applicable to the seperntinised ol-bearing calcsilicate rocks in the Platreef. Even though

CHa4 generation via the Fischer-Tropsch type reaction can be independent of serpentinization it

is still not a plausible model for the Bellevue drillcore samples as this model requires

hydrothermal conditions for the generation of CH4, which is contrary to the petrographic

evidence of the Bellevue core samples.
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Respeciation of C-O-H fluids during the late-stages of crystallization of magma is the most
plausible model for the generation of CH4 in the Bellevue drillcore samples during the late-
stages of crystallization of the cooling magma, at tempertures <500-600, even though it
requires unusually low solidus temperatures (Potter and Konnerup-Madsen, 2003). Due to the
presence of graphite, CO, and H>O in the primary fluid inclusion assemblage it is evident that
CHa was generated from the respeciation of Hz- and COz-rich fluids in the presence of graphite
which buffers the system to be in equilibrium (Figure 3). The carbon was generated from the
breakdown of graphite from the Duitschland Formation, which is graphite-bearing (Buchanan

& Rouse 1984, Harris & Chumba 2001).
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7.2 CONCLUSIONS

It is suggested that the carbonic fluids of the Upper Zone Bushveld Igneous Complex resulted
from the respeciation (in-situ phase separation - immiscibility of the fluids in the H,O-CO3-
CH4 system) and probably fluid-rock interaction during the last-stages of crystallization. The
presence of graphite in the Bellevue drillcore samples ensures the generation of CHs in the
Bellevue samples as it buffers the system to ensure equilibrium. The maximum trapping
temperature for the Bellevue fluid inclusions is between 677 £ 29 to 767 + 18°C at 3 kbar
pressure, whereas for the Stoffberg inclusions the maximum trapping temperature is between
738 £ 35and 799 £ 22°C at 3 kbar pressure. Hence, this confirms that the CH4 gas observed in
these sample is of an abiogenetic origin. However, comprehensive data on isotopes (5 *3C and
& 2H) within the Upper Zone will be required to adequately determine the mechanism by which

the CH4 formed.

Most of the carbonic (CO2 and CHy4) inclusions from the Bellevue core samples, of the C-O-H
(e.g. H20-CO,-CHya) system occur in clusters and trails with variable degrees of filling, only a
few occur in isolation. This study shows that carbonic (CO2 and CHj) fluids play a significant
role in shallow magmatic systems such as the Bushveld Igneous Complex, which is contrary
to the usually accepted idea that carbonic fluids are generally not a major component in shallow
magmatic systems, as these fluids tend to escape from magmas at relatively deep environments

(Lowenstein, 2001). This idea might apply to the Stoffberg samples, as is no carbonic (CO>

135



and CHg) fluid inclusions were detected. The presence of vapor-phase composition inversion
(from an oxidized largely CO> phase to a reduced CHs phase), further emphasizes that the
oxidation of reduced heterophase fluids could be the most important geochemical barrier
caused the crystallization of solid mineral phases from heterophase fluids, as previously

suggested by Zhitova et al. (2016).

This study clearly shows that late-magmatic volatile phases dominated, by compounds of the
C-0O-H system, play a significant role in the evolution of the late-stage crystallization of the
Bushveld Igneous Complex. These volatile phases are likely to buffer the magma with respect
to oxygen fugacity at a certain temperature when they reach certain concentration levels. This
may cause the cooling magma to deviate from its cooling path (trend). Such phenomenon has
been invoked for the crystallization of the Merensky Reef and might account for sulphide and

PGM precipitation (Ballhaus and Stumpfl 1986).

The evidence presented in this study suggest that the Stoffberg material is unlikely to represent
the most evolved part of the Rustenburg Layered Suite as previously suggested by Cawthorn
(2013), but represents relic products of the Lebowa Granite Suite or crustal melts during the
intrusion of the Bushveld Igneous Complex Hence, there are differences in the compositions

of the fluids involved during their crystallization and/or recrystallization.
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APPENDIX

Appendix 1.1: Samples from Bellevue drillcore polished thick section description

Sample  number
and Rock name

Major Minerals

Minor Minerals

Modal abundance (%)

Comments (e.g. alteration &
degree of alteration; textures, and
other features)

ferrodiorite)

Opaque = 10; Amphiboles
= 9; Quartz = 7; Apatite =
2

BV-83.69 Plagioclase;  Olivine; | Opaque;  Amphibole; | Plagioclase = 44; Olivine | Dominantly comprises relatively
(Olivine Clinopyroxene Quartz; Apatite = 17; Clinopyroxene = 12; | fresh plagioclase laths. 2. Poikilitic
ferrodiorite) Opague = 10; Amphiboles | amphibole enclosing plagioclase
= 8; Quartz = 7; Apatite = | laths.
2
BV-83.81 Plagioclase;  Olivine; | Opaque;  Amphibole; | Plagioclase = 46; Olivine | 1. Dominantly comprises relatively
(Olivine Clinopyroxene Quartz; Apatite = 16; Clinopyroxene = 18; | fresh plagioclase laths. 2. Poikilitic

amphibole enclosing plagioclase
laths. 3. Olivine with small inclusions
of clinopyroxene.

BV-105.23
Olivine ferrodiorite)

Plagioclase;  Olivine;

Amphibole

Quartz; Clinopyroxene;

Opaque; Alkali
feldspars; Apatite;
Biotite

Plagioclase= 40; Olivine=

18; Amphibole=14;
Quartz= 7,
Clinopyroxene= 5;
Opaque= 7; Alkali

feldspars= 4; Apatite= 3;
Biotite= 2

1. Abundant plagioclase laths.
Poikilitic ~ amphibole  enclosing
euhedral plagioclase laths. Also

characterized by triangular, patchy
intercumulus quartz.




BV-106.20
Olivine ferrodiorite)

Plagioclase;  Olivine;

Amphibole

Quartz, Opaque;
Clinopyroxene; Alkali
feldspars; Apatite;
Biotite

Plagioclase= 40; Olivine=

20; Amphibole=15;
Quartz= 5;
Clinopyroxene= 4,
Opaque= 4; Alkali

feldspars= 5; Apatite= 2;
Biotite= 4

Dominated by euhedral plagioclase
laths surrounded by anhedral
amphibole and intercumulus quartz
and clinopyroxene. Poikilitic biotite
enclosing plagioclase laths.

BV-352.60 Plagioclase; Quartz Opaque; Biotite Plagioclase= 87; | Dominated by fresh euhedral
(Quartz Anorthosite: Quartz=7; Opaque=3; | plagioclase surrounded by anhedral
Altered) Biotite=3 triangular,  patchy intercumulus
quartz and small amounts of biotite
and amphibole grains.
BV-417.90 Plagioclase; Quartz Opaque; Amphibole Plagioclase=84; Observed replacement texture of
(Quartz Quartz=11;  Opaque=2; | amphiboles. There are two types of
Anorthosite) Amphibole=3 feldspars: (a) altered feldspar; (b)
fresh feldspar
BV-910.10 Plagioclase; Inverted | Quartz; Biotite; | Plagioclase=65; Inverted | Characterized by triangular, patchy
(Leucogabbronorite) | pigeonite; Amphibole; Opaque pigeonite=10; intercumulus quartz surrounded by
Clinopyroxene Clinopyroxene=10; euhedral plagioclase laths.
Quartz=5; Biotite=4;

Amphibole=2; Opaque=4

BV-893.90

Plagioclase

Quartz; Clinopyroxene;

Plagioclase=88; Quartz=5;

1. Interstitial CPX surrounded by

(Anorthosite) Biotite; Opaque, | Clinopyroxene=2; euhedral  plagioclase laths. 2.
Amphibole Biotite=2; Opaque=2, | Poikilitic ~ amphibole  enclosing
Amphibole=1 opaque, plagioclase and

clinopyroxene
BV-1046.50 Plagioclase; Quartz Opaque; Biotite Plagioclase=86; Dominated by fresh  euhedral
(Quartz Quartz=11;  Opaque=2; | plagioclase surrounded by anhedral
Anorthosite) Biotite=1 triangular,  patchy intercumulus

quartz
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(Leucogabbronorite)

Inverted pigeonite;
Biotite; Amphibole;
Quartz

BV-1413.80 Plagioclase Inverted pigeonite; | Plagioclase=86; Inverted | The plagioclase laths have prominent
(Anorthosite) Amphibole; Quartz; | pigeonite=4; Carlsbad and albite twins. The altered
Clinopyroxene; Biotite | Amphibole=4; Quartz=3; | plagioclase laths are replaced by or
Clinopyroxene=2; altered to finely concentrated clay
Biotite=1 minerals. Also characterized by
triangular, patchy intercumulus
quartz.
BV-1454.35 Plagioclase Opagque; Clinopyroxene; | Plagioclase=78; Slightly altered plagioclase occurs in

Opaque=6;
Clinopyroxene=5;
Inverted pigeonite=4;

Biotite=3; Amphibole=2;
Quartz=2

close distance with the interstitial
quartz. Sericite replaces plagioclase.

Appendix 1.2: Samples from Stoffberg area polished thick section description

Sample number

Major Minerals

Minor Minerals

Modal abundance (%)
and Rock name

Comments (e.g. alteration &
degree of alteration; textures, and
other features)

RGC- 22 Plagioclase; Alkali | Tremolite-Chlorite; Plagioclase=30; Alkali | Characterized by euhedral
feldspar; Quartz; | Opaque; Clinopyroxene; | feldspar=25; Quartz=28; | plagioclase and Opaques with rather
Amphibole; Rutile Amphibole=10; anhedral quartz and amphiboles.
Tremolite-Chlorite=3; Also has a granophyric texture. Find
Opaque=2; poikilitic ~ amphibole  enclosing
Clinopyroxene=1; resorbed CPX and plagioclase
Rutile=1 surrounded by highly altered alkali-
feldspar. Find tremolite-chlorite

intergrowth.
RGC-12 Plagioclase; Alkali | Apatite; Opaque; | Plagioclase=42; Alkali | Characterized by moderately altered
feldspar; Quartz Clinopyroxene; feldspar=28; Quartz=15; | euhedral plagioclase laths. Abundant
Amphibole Apatite=2; Opaque=5; | apatite in amphiboles, Opaques and
Clinopyroxene=1; the edge of the plagioclase. Find

Amphibole=7
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poikilitic ~ amphibole  enclosing

resorbed CPX
RGC-19 Plagioclase; Alkali | Amphiboles;  Apatite; | Plagioclase=32 Alkali | K-feldspar is  highly  altered
feldspar; Quartz Opagque; chlorite feldspar=30; Quartz=21; | compared to plagioclase. Qaurtz
Amphiboles=13; occurs as intercumulus material in
Apatite=1,; Opaque=2; | between the cumulus minerals.
chlorite=1 Intergrowth of tremolite and chlorite.
Apatite exists as small in inclusions

in the amphiboles.

RGC-16 Plagioclase; Alkali | Amphibole; Plagioclase=38; Alkali | Dominated by feldspars: alkali
feldspar; Quartz Clinopyroxene; Opaque | feldspar=33; Quartz=14; | feldspar and plagioclase. Find
Amphibole=7; Triangular, patchy intercumulus
Clinopyroxene=5; clinopyroxene surrounding
Opaque=3 plagioclase laths. Also find poikilitic
amphibole  enclosing  resorbed
Clinopyroxene and plagioclase laths.
RGC-24 Plagioclase; Alkali | Agerene; Opagque; | Plagioclase=32; Alkali | Characterized by strong granophyric
feldspar; Quartz; | Apatite feldspar=29; Quartz=20; | texture (alkali feldspar intergrown
Amphibole; Agerene=1; with quartz). Quartz is also present as
Amphibole=15; triangular, patchy, intercumulus
Opaque=2; Apatite=1 mineral. Agerene is also present

interstitially.
RGC-20 Plagioclase; Alkali | Clinopyroxene; Opaque | Plagioclase=29; Alkali | Dominated by highly altered K-
feldspar; Quartz; feldspar=26; Quartz=21; | feldspar and relatively fresh
Amphibole Amphibole=17 plagioclase, surrounded by anhedral
Clinopyroxene=4; amphiboles and triangular, patchy
Opaque=3 intercumulus quartz. In some areas k-

feldspar and quartz are intergrown.
Also see Poikilitic amphibole with
small inclusions of apatite.
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Appendix 2.1: Gas Ratios calculations in fluid inclusions, Bellevue drillcore

CO, CO;
CH, N> (area (area
No | Flinc name Flinc type FIA (area (area 1286 1388 gg‘ls’;‘rzn X(():H4 X()Nz X(():Oz Comments Solids
peak) peak) cm-1 cm-1 2
peak) peak)
lack of water band,
1 BV417_90(2)__Circle 4_Grain Isolated Its in equilibrium
4_FI1_fi Dark-vapour-phase vap 3993.76333 with the host
1phase, CH4 &CO2 inclusions 0 | 202341 | 2955.53 3 0.00 0.00 1.00 | mineral -
lack of water
BV417_90(2)__ Circle 3_Grain band,it is
4_FI11_fi vapour(bubble)-phase cluster of equilibrium with
2 3phase, dark FLINCS 3317.75 0 | 568.167 | 841.397 1571.465 0.28 | 0.00 0.72 | the host mineral -
. . traces of water, it is
2 E\I/:‘:fﬁgl(_)féaﬁ-%u’acslz 3_Grain cluster of HEHH #DIV/0 | equilibriu with the
- = 3phase, dark FLINCS 0 0 0 0 0 # it ! Host mineral -
lack of water
BV417_90(2)__Circle 3_Grain band,it is
4_FI1_fi Solid-phase cluster of HittHH #DIV/O | equilibrium with
2 3phase, dark FLINCS 0 0 0 0 0 # bidizisid ! the host mineral Quartz
cluster of
3 BV417_90_P2_FI2_fi vap ph carbonic 1572.30066 traces of water in
2phase, carbonic inclusions 0 0 | 781.354 | 1186.42 7 0.00 0.00 1.00 | the vapor -
cluster of Lack of water band,
BV417_90_P1_FI4_fi lig ph carbonic 4500.06986 inclusion with
4 2phase, carbonic inclusions 278.274 0 | 1995.76 | 3700.81 7 0.01 0.00 0.99 | water rim? -
cluster of Lack of water band,
4 BV417_90_P1_FI4_fi vap ph carbonic 2370.92333 inclusion with
2phase, carbonic inclusions 0 0 | 1204.55 | 1749.56 3 0.00 0.00 1.00 | water rim? -
- traces of water in
5 BV417_90_P2_FI1_fi vap ph 3phase, agueous individual 0 0 0 0 0 0 0 0 | the vapor CALCITE
6 | BVA417_90_P3_FI1_fi liq phase : o 273311829
- - = = 3phase, carbonic individual 872.372 0 13179 | 21053.8 3 0.004 0.00 0.996 | lack of water band -
] 8875.61666 GRAPHIT
g | BVAL7_90_P3_FILfivapphase | 5.0 carbonic individual 0 0| 527061 | 5407.51 71 000| 000| 100 | lack of waterband | E
6 1694.21366
BV417 90 P3 FI1 fi rim phase 3phase, carbonic individual 0 0 | 757.647 | 1404.85 7 0.00 0.00 1.00 | traces of water -
6 GRAPHIT
BV417 90 P3 FI1 firim-2 3phase, carbonic individual 0 0 | 8523.85 | 13360.5 17430.85 0.00 0.00 1.00 | lack of water band E
traces of water in
Trail of the Liquid, itisin
BV352_60 Circle 4 FL1 large Fluid HEHH #DIVIO | equilibrium with
7 Liquid-phase 2phase, inclusins 0 0 0 0 0 # bidizisid ! the host mineral
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Strong Methane

7 Trail of peakit is
BV352_60 Circle 4 FL1 large Fluid 3166.46833 equilibrium with
Vapour-phase 2phase, CH4 & CO2 | inclusins 19410.3 273.125 | 457.955 3 0.82 0.00 0.18 | the host mineral

strong water band, It
is in equilibrium
BV352_60 Circle 4 FI2 Medium cluster of HHHHH #DIV/0 | with the host
8 Liquid-phase 2phase,Methane-rich | FLINCS 0 0 0 0 # it ! mineral
lack of water

8 band,it is
BV352_60 Circle 4 FI2 Medium cluster of equilibrium with
vapour-phase 2phase, methane-rich | FLINCS 4733.97 0 631.196 1.00 0.00 0.00 | the host mineral

lack of water
band,it is
BV352_60 Circle 4 FI1 medium cluster of HEHH #DIVIO | equilibrium with

9 | two-phase 2phase,vapour-rich FLINCS 0 0 0 0 # it ! the host mineral

lack of water
10 band,it is
BV352_60 Circle 4 Small two- cluster of HittHH #DIV/O | equilibrium with
phase Vapour-phase 2phase,Dark FLINCS 0 0 0 0 # bidizisid ! the host mineral
traces of water, it is

BV352_60 Circle 4 Small two- cluster of HittHH #DIV/O | equilibrium with

10 | phase Liquid-phase 2phase,Dark FLINCS 0 0 0 0 # bidizisid ! the Host mineral
Trail of traces of water, it is

11 | BV352_60 Circle 4 two-phase Fluid HEHH #DIVIO | equilibrium with
containing a Solid (Liquid-phase) 2phase with a Solid inclusins 0 0 0 0 # bidizisid ! the Host mineral

Strong band of

11 Trail of water, it is
BV352_60 Circle 4 two-phase Fluid HEHH #DIVIO | equilibrium with
containing a Solid (Solid-phase) 2phase with a Solid inclusins 0 0 0 0 # it ! the Host mineral

strong
flourescence,with a
strong band of
water, with some
BV105_23 Circle 4 Dark-one- HEHH #DIV/O | similarities with the
12 | phase FI 1phase, water-rich 0 0 0 0 # it ! host mineral
Medium band, trace

13 of water; it's in
BV83_81_Circle 1 Irregular cluster of HHHHH #DIV/O | equilibrium with
3_Phase FLINC (Liquid-phase) 3phase, water-rich FLINCS 0 0 0 0 # bidizisid ! the host mineral

Lack of water band,
it is equilibrium
BV83_81_Circle 1 Irregular cluster of HEHH #DIV/0 | with the host
13 | 3 Phase FLINC (Solid-phase) 3phase, FLINCS 0 0 0 0 # it ! mineral
Shows a trace of

13 water band, It is
BV83_81_Circle 1 Irregular cluster of HHHHH #DIV/O | equilibrium with
3_Phase FLINC (Vapour-phase) 3phase, water-rich FLINCS 0 0 0 0 # bidizisid ! the host mineral
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lacks water band, it
is in equilibrium

BV83_81_ Circle 1 Trail Edge 2- cluster of HEHH #DIV/0 | with the host
14 | Dark FLINC(Liquid-phase) 2phase, dark FLINCS 0 0 0 0 # it ! mineral
Lacks water band,
itis in equilibrium
14 with the host
BV83_81_ Circle 1 Trail Edge 2- 2phase, dark cluster of 288317.933 mineral and has
Dark FLINC(Vapour-phase) CH4&CO2 FLINCS 90729.5 179428 145189 3 0.04 0.00 0.96 | CH4&CO2
Shows a strong
peak at 3627.97
Isolated cm_1;it's in
BV83_81_Circle 1(G1) 3_Phase vap HHHHH #DIVIO | equilibrium with
15 | FLINC(Liquid-phase) 3phase with a Solid inclusions 0 0 0 0 # bidizisid ! the host mineral
Shows a strong
peak at 3627.97
15 Isolated cm_1;it's in
BV83_81_Circle 1(G1) 3_Phase vap HEHH #DIVIO | equilibrium with
FLINC(Solid-phase) 3phase with a Solid inclusions 0 0 0 0 # it ! the host mineral
Shows a strong
peak at 3627.97
Isolated cm_1;it'sin
BV83_81_Circle 1(G1) 3_Phase vap HEHH #DIVIO | equilibrium with
15 | FLINC(Vapour-phase) 3phase with a Solid inclusions 0 0 0 0 # it ! the host mineral
BV83_81_Circle 3_Dark 2-phase cluster of Shows trace of
16 | FLINC(Dark area only)_Bubble- carbonic water; trace of
phase 2phase, carbonic inclusions 0 2256.93 279 2442.93 0.00 0.00 1.00 | carbon dioxide
lack of water band,
trace of carbon
BV83_81_Circle 3_Dark 2-phase cluster of dioxide; it's in
FLINC(Dark area only)_Liquid- carbonic equilibrium with
16 | phase 2phase, carbonic inclusions 0 2392.91 | 2131.98 3814.23 0.00 0.00 1.00 | the host mineral
17 BV83_81_Circle 2 Two-phase Isolated HHHHH #DIV/O | Shows trace of
FLINC_A (Liquid-phase) 2phase, cubic inclusion 0 0 0 0 # bidizisid ! water?
Lacks trace of
BV83_81_Circle 2 Two-phase Isolated HHHHH #DIV/O | water band; strong
17 | FLINC_A (Vapour-phase) 2phase, cubic inclusion 0 0 0 0 # bidizisid ! fluorescence
Lacks trace of
water band; strong
18 fluorescence; it's in
BV83_81_Circle 2 Dark 2-phase cluster of HHHHH #DIVIO | equilibrium with
FLINC b _(Liguid-phase) 2phase,Dark FLINCS 0 0 0 0 # it ! the host mineral
Shows a trace of
water band, It is
BV83_81_Circle 2 Dark 2-phase cluster of HittHH #DIV/O | equilibrium with
18 | FLINC_b_(Vapour-phase) 2phase,Dark FLINCS 0 0 0 0 # bidizisid ! the host mineral
19 BV83_81_Circle 2_Light 2-phase cluster of HHHHH #DIVIO | Shows a trace of
FLINC_(Bubble/Solid-phase) 2phase, water-rich FLINCS 0 0 0 0 # bidizisid ! water band, It is
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equilibrium with
the host mineral

BV83_81_Circle 2_Light 2-phase cluster of HEHH #DIV/O | Lacks trace of
19 | FLINC_(Liquid-phase) 2phase, light FLINCS 0 0 0 0 # it ! water band
20 BV83_81_Circle 2 Red two-phase Isolated HEHH #DIVI/O
FLINC(Bubble-PHASE) 2phase, red bubble inclusions 0 0 0 0 # bidizisid ! Peak at 2251; 2949
BV83_81_Circle 2 Red two-phase Isolated HHHHH #DIV/0
20 | FLINC(Liquid-PHASE) 2phase, red bubble inclusions 0 0 0 0 # bidizisid ! Peak at 2249; 2947
21 BV83_81 Circle 3 Multiple_phase | multiple phase(2), cluster of 440515.616 Lacks trace of
FLINC(Bubble-phase) carbonic FLINCS 0 1738.95 658165 7 0.00 0.00 1.00 | water band
BV83_81 Circle 3 Multiple_phase | multiple phase(2), cluster of HEHH #DIVIO | lack of water band;
21 | FLINC(Liquid-phase) dark FLINCS 0 0 0 0 # it ! no carbonic gases
22 BV83_81_Circle 2 two Very Dark | 2phase, dark cluster of 561408.514
2-phase FLINC (Bubble-phase) CH4&C02 FLINCS 1146.86 553685 | 11355.9 7 0.00 | 0.00 1.00 | Lack of water band
lacks trace of water
BV83_81_Circle 2 two Very Dark cluster of HEHH #DIV/O | band; strong
22 | 2-phase FLINC (Dark area only) 2phase, dark FLINCS 0 0 0 0 # bidizisid ! fluorescence
29 BV83_81_Circle 2 two Very Dark | 2phase,dark cluster of Lacls trace of water
2-phase FLINC (Liquid-phase) CH4&C02 FLINCS 188995 8205.33 | 6971.29 38052.19 0.66 | 0.00 0.34 | band
BV-106.90 Circle 1 FL1 Two- cluster of it #DIV/O | Lack trace of water
23 | phase FLINC(Vapour-phase) 2phase, light FLINCS 0 0 0 0 # it ! band
23 BV-106.90 Circle 1 FL1 Two- cluster of HEHH #DIV/O | Lack trace of water
phase FLINC(Liguid-phase) 2phase, light FLINCS 0 0 0 0 # it ! band
Weak Methane
peak,it is
BV-106.90 Circle 1_Dark one- 13454.6666 equilibrium with
24 | phase FLINC 1PHASE, Methane Isolated 100910 0 0 7 1.00 0.00 0.00 | the host mineral
25 BV-106.90 Circle 2 FL1 Dark- cluster of 2551.38666 methane and
one-phase FLINC 1phase, carbonic FLINCS 0 1417.92 1700.2 7 0.00 0.00 1.00 | possibly CO2
strong CO2 peaks,
Trail of itis in equilibrium
BV-106.90 Circle 2 FL2 Light- Fluid with the host
26 | two-phase FLINC(Vapour-phase) 2phase,carbonic inclusins 0 1180.12 1357.2 2084.92 0.00 0.00 1.00 | mineral
Weak trace of
2% Trail of water band, It is in
BV-106.90 Circle 2 FL2 Light- Fluid HEHH #DIVIO | equilibrium with
two-phase FLINC(Liguid-phase) 2phase,dark inclusins 0 0 0 0 # it ! the host mineral,
Lacks trace of
water band, it is in
BV-106.90 Circle 2 FL3 Dark cluster of HittHH #DIV/O | equilibrium with
27 | irregular FLINC 1phase,dark FLINCS 0 0 0 0 # bidizisid ! the host mineral
Medium Methane
Trail of peak, it is in
BV-106.90 Circle 2 FL 4 two- 2phase,vapour- Fluid quilibrium with the
28 | phase FLINC(Vapour-phase) rich,carbonic inclusins 0 1188.12 1357.2 2092.92 0.00 0.00 1.00 | host mineral
Trail of
BV-106.90 Circle 2 FL4 two- 2phase,vapour- Fluid HEHH #DIV/O | Trace of water
28 | phase FLINC(Liguid-phase) rich,H20 inclusins 0 0 0 0 # it ! band,it is in
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equilibrium with
the host mineral

Strong Methane
peak and medium

BV-106.90 Circle 2_FL4 vapour- Trail of water band3,it is
rich_2-phase FLINC(Liquid- 2phase,CH4- Fluid 438.230666 equilibrium with
29 | phase) RICH&H20 inclusins 3286.73 0 0 7 1.00 0.00 0.00 | the host mineral
Lacks trace of
BV-106.90 Circle 3_FL1 small Trail of water band, it is in
light 2-phase FLINC(Vapour- Fluid HittHH #DIV/O | equilibrium with
30 | phase) 2phase,ligh inclusins 0 0 0 0 # bidizisid ! the host mineral
Weak trace of
BV-106.90 Circle 3_FL1 small Trail of water band, Itisin
light 2-phase FLINC(Liquid- Fluid HEHH #DIVIO | equilibrium with
30 | phase) 2phase, ligh,H20 inclusins 0 0 0 0 # bidizisid ! the host mineral,
Weak Methane
peak,it is
equilibrium with
BV-106.90 Circle 2_FL 5vapour- Trail of the host mineral,
rich_2-phase FLINC(Vapour- 2phase, CH4-RICH Fluid 306.878666 but lacks trace of
29 | phase) ONLY inclusins 2301.59 0 0 7 1.00 0.00 0.00 | water band
It is in equilibrium
BV-352.60 Circle 2 FL1 Oval 2- cluster of HEHH #DIV/0 | with the host
31 | phase FLINC(Vapour-phase) 2phase, FLINCS 0 0 0 0 # it ! mineral
weak water band, it
is in equilibrium
BV-352.60 Circle 2 FL1 Oval 2- cluster of it #DIV/0 | with the host
31 | phase FLINC(Liguid-phase) 2phase, FLINCS 0 0 0 0 # it ! mineral
Strong Carbon
dioxide peaks,it is
BV-352.60 Circle 2_FL2 bubble cluster of 6832.82333 equilibrium with
32 | rings_(inner ring phase) 3phase,carbonic FLINCS 0 1277.95 | 8332.31 3 0.00 0.00 1.00 | the host mineral
Strong Carbon
dioxide peaks,it is
BV-352.60 Circle 2_FL2 bubble cluster of equilibrium with
32 | rings_(outter ring phase) 3phase,carbonic FLINCS 0 730256 | 28110.6 748996.4 0.00 0.00 1.00 | the host mineral
strong water band, It
is in equilibrium
BV-352.60 Circle 2_FL2 bubble cluster of HHHHH #DIV/0 | with the host
32 | rings_(Liquid-phase) 3phase,H20 FLINCS 0 0 0 0 # bidizisid ! mineral
Medium Carbon
BV-352.60 Circle 2 FL3 Spherical dioxide peaks, it is
light 2-phase FLINC(vapour- cluster of in equilibrium with
33 | phase) 2phase,carbonic FLINCS 0 1446.75 530361 355020.75 0.00 0.00 1.00 | the host mineral
It is in equilibrium
BV-352.60 Circle 2 FL3 Spherical with the host
light 2-phase FLINC(Liquid- cluster of HittHH #DIV/O | mineral, lacks trace
33 | phase) 2phase FLINCS 0 0 0 0 # bidizisid ! of water band
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Weak Carbon
dioxide peak,

Trail of strong water band,it
BV-352.60 Circle 2 FL4 Cubic 2- | 2phase,carbonic&H2 | Fluid 2112.09666 is equilibrium with
34 | phase FLINC(Liguid-phase) [¢) inclusins 0 1236.07 | 1314.04 7 0.00 0.00 1.00 | the host mineral
strong CO2 peaks,
with a trace of
Trail of water band, it is in
BV-352.60 Circle 2 FL 4 Cubic 2- Fluid 284082.566 equilibrium with
34 | phase FLINC(Vapour-phase) 2phase,carboniC inclusins 0 1185.9 424345 7 0.00 0.00 1.00 | the host mineral
strong CO2 peaks,
BV-352.60 Circle 2 FL5 Trail of itis in equilibrium
Rectangular 2-phase Fluid with the host
35 | FLINC(Vapour-phase) 2phase,carbonic inclusins 0 624729 34035 647419 0.00 0.00 1.00 | mineral
Medium water
BV-352.60 Circle 2 FL5 Trail of band, itisin
Rectangular 2-phase Fluid HEHH #DIVIO | equilibrium with
35 | FLINC(Liquid-phase) 2phase,H20 inclusins 0 0 0 0 # bidizisid ! the host mineral
strong CO2 peaks,
BV-352.60 Circle 2 FL6 itis in equilibrium
two_bubble-phase 2phase,two cluster of HittHH #DIV/O | with the host
36 | FLINC(Vapour-phase) bubbles,carbonic FLINCS 0 # it ! mineral
BV-352.60 Circle2 FL6 It is in equilibrium
two_bubble-phase FLINC(Liquid- cluster of HittHH #DIV/O | with the host
36 | phase) 2phase,two bubbles FLINCS 0 # it ! mineral
Strong Methane
peakit is
BV-352.60 Circle 2 FL7 irregular cluster of 854.597333 equilibrium with
37 | 2-phase FLINC(Vapour-phase) 2phase,CH4 FLINCS 6409.48 0 0 3 1.00 0.00 0.00 | the host mineral
It is in equilibrium
BV-352.60 Circle 2 FL7 irregular cluster of HEHH #DIV/0 | with the host
37 | 2-phase FLINC(Liquid-phase) 2phase,no gas FLINCS 0 0 0 0 # bidizisid ! mineral
strong fluorescence,
itis in equilibrium
BV-352.60 Circle 2 FL8 multiple- HEHH #DIV/0 | with the host
38 | phase FLINC(Liguid-phase) 2phase,H20 Isolated 0 0 0 0 # it ! mineral
BV-352.60 Circle 2 FL8 multiple- HEHH #DIV/O | very strong
38 | phase FLINC(Solid-phase) 2phase, Isolated 0 0 0 0 # it ! fluorescence
BV-352.60 Circle 2 FL8 multiple- it #DIV/0
38 | phase FLINC(Vapour-phase) 2phase, Isolated 0 0 0 0 # bidizisid ! weak fluorescence
strong fluorescence,
BV-352.60 Circle 2_FL9 3-phase Trail of itis in equilibrium
FLINC(moving bubble)_Liquid- 3phase,moving Fluid HEHH #DIV/0 | with the host
39 | phase bubble inclusins 0 0 0 0 # it ! mineral
Strong peaks of
BV-352.60 Circle 2_FL9 3-phase Trail of carbon dioxide, it is
FLINC(moving bubble)_Vapour- 3phase,moving Fluid 1.16E+0 | 1.16E+0 in equilibrium with
39 | phase bubble, carbonic inclusins 0 6 6 1938700 0.00 0.00 1.00 | the host mineral
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Strong Carbon
dioxide peaks, it is

Trail of in equilibrium with
BV-1046,50 Circle 1 FL1 Dark 1phase, Fluid 1235591.33 the host mineral,
40 | Irregular Dark one-phase FLINC Carbonic inclusins 712434 784736 3 0 0 1 | strong fluorescence
strong fluorescence,
itis in equilibrium
with the host
BV-1046,50 Circle 1 FL2 mineral, strong
Irregular Dark 2-phase FLINC Isolated HHHHH #DIV/0 | Raman peak at
41 | (Liquid-phase) Dark 2phase FLINC 0 0 0 # it ! 1088
strong fluorescence,
itis in equilibrium
with the host
BV-1046,50 Circle 1 FL2 mineral, strong
Irregular Dark 2-phase FLINC Isolated HHHHH #DIV/0 | Raman peak at
41 | (Solid-phase) Dark 2phase FLINC 0 0 0 # bidizisid ! 1089
Medium CO2
peaks, with a strong
trace of water band,
BV-1046,50 Circle 1 FL3 2phase,carbonic&H2 itis in equilibrium
Elongated 2-phase FLINC(Liquid- | O, with a moving cluster of 1696.38666 with the host
42 | phase) bubble FLINCS 897.36 | 1198.54 7 0 0 1 | mineral
Strong Carbon
dioxide peaks,it is
BV-1046,50 Circle 1 FL3 2phase,carbonic&H2 equilibrium with
Elongated 2-phase O, with a moving cluster of 23776.1333 the host mineral,
42 | FLINC(Vapour-phase) bubble FLINCS 15630.6 | 12218.3 3 0 0 1 | lacks trace of water
Shows a trace of
BV-1046,50 Circle 2 FL1 irregular water band, It is
Light 2-phase FLINC(Liquid- cluster of HittHH #DIV/O | equilibrium with
43 | phase) 2phase,H20 FLINCS 0 0 0 # bidizisid ! the host mineral
Weak Carbon
dioxide peaks,it is
BV-1046,50 Circle 2 FL1 irregular equilibrium with
Light 2-phase FLINC(Vapour- cluster of 2231.28666 the host mineral,
43 | phase) 2phase, Carbonic FLINCS 1313.04 | 1377.37 7 0 0 1 | lacks trace of water
Shows a weak trace
BV-1046.50 Circle2 FL2 of water, it is in
Triangular Dark 2-phase cluster of HEHH #DIV/0 | equlibrium with the
44 | FLINC(Liquid-phase) 2phase,H20 FLINCS 0 0 0 # bidizisid ! host mineral
Lacks any trace of
BV-1046.50 Circle 2 FL2 gaseous peaks, it is
Triangular Dark 2-phase cluster of HEHH #DIV/0 | in equilibrium with
44 | FLINC(Vapour-phase) 2phase, no H20 FLINCS 0 0 0 # it ! the host mineral
BV-1046.50 Circle2 FL3 Cubic cluster of HEHH #DIVIO | Strong
45 | phase FLINC(Vapour-Phase) FLINCS 0 0 0 # it ! fluorescence,

167



Shows a strong
band of water

Strong
fluorescence,

BV-1046.50 Circle2 FL3 Cubic cluster of HHHHH #DIVIO | Shows a strong
45 | phase FLINC(Liquid-Phase) FLINCS 0 0 0 0 0 # bidizisid ! band of water
Weak trace of
water band, Itis in
BV-1046.50 Circle 2 FL4 Dark- cluster of HEHH #DIVIO | equilibrium with
46 | one phase FLINC Dark 1phase, H20 FLINCS 0 0 0 0 0 # it ! the host mineral,
strong water band, It
BV-1046.50 Circle 2 FL5 is in equilibrium
Elongated irregularly 2-phase cluster of HHHHH #DIV/0 | with the host
47 | FLINC(Liquid-phase) 2PHASE, H20 FLINCS 0 0 0 0 0 # HitHH ! mineral
strong water band, It
BV-1046.50 Circle 2 FL5 is in equilibrium
Elongated irregularly 2-phase cluster of HEHH #DIV/0 | with the host
47 | FLINC(Vapour-phase) 2PHASE, H20 FLINCS 0 0 0 0 0 # it ! mineral
medium sized water
BV-1046.50 Circle 2 FL6 band, it is
Rectangular 2-phase FLINC cluster of HittHH #DIV/O | equilibrium with
48 | (Liquid-phase) 2PHASE, H20 FLINCS 0 0 0 0 0 # it ! the host mineral
Strong Carbon
dioxide peaks,it is
BV-1046.50 Circle 2 FL6 equilibrium with
Rectangular 2-phase FLINC cluster of 26662.2666 the host mineral,
48 | (Vapour-phase) 2phase, carbonic FLINCS 0 0 | 14100.8 | 18842.2 7 0 0 1 | lacks trace of water
Shows a trace of
water band, It is
BV-1046.50 Circle 2 FL7 Round cluster of HittHH #DIV/O | equilibrium with
49 | 2-phase FLINC (Liquid-phase) 2phase, H20 FLINCS 0 0 0 0 0 # bidizisid ! the host mineral
Strong Carbon
dioxide peaks,it is
equilibrium with
BV-1046.50 Circle 2 FL7 Round cluster of 17746.1733 the host mineral,
49 | 2-phase FLINC (Vapour-phase) 2phase, carbonic FLINCS 0 0 | 11730.3 | 9023.81 3 0 0 1 | lacks trace of water
Strong Methane
peak, and medium
sized carbon
Trail of dioxide peaks, trace
BV-1046.50 Circle 4 FL1 Dark- Dark 1phase, Fluid 1828.0 11926.5533 of N2, lacks water
50 | one phase FLINC_Al Carbonic inclusins 52105.7 7 | 1798.99 2028.1 3 | 0.5825 0.15 | 0.2642 | band
Trail of
BV-1046.50 Circle 4 FL1 Dark- Dark 1phase, Fluid 537704.836
51 | one phase FLINC Al Carbonic, LARGE inclusins 0 0 | 2456.17 802873 7 0 0 1
Trail of
BV-1046.50 Circle 4 FL2 Dark- Dark 1phase, Fluid HittHH #DIVIO
52 | one phase FLINC_A2 Carbonic inclusins 0 # bidizisid !
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Trail of

BV-1046.50 Circle 4 FL3 Dark- Dark 1phase, Eye, Fluid 237.746666 Shows two CH4
53 | one phase FLINC_A3 CH4 inclusins 1783.1 0 0 7 1 0 0 | peaks
Shows a stronfg
methane peak, with
some resonable
carbon dioxide
peaks, itis in
equilibrium with
Trail of trhe host mineral,
BV-1046.50 Circle 4 FL4 Dark- Dark irregular one- Fluid 89343.5133 appears to lack
54 | one phase FLINC_A2 phase,Carbonic inclusins 653032 1303.72 | 1453.29 3 | 0.9746 0 | 0.0254 | trace of water
Shows a weak trace
BV-1046.50 Circle 4 FL5 Light of water, it is in
two-phase HEHH #DIV/0 | equlibrium with the
55 | FLINC_FL4(VAPOUR-phase) ligth 2phase, H20 Isolated 0 0 0 0 # it ! host mineral
Lacks trace of
BV-1046.50 Circle 4 FL5 Light water band, it is in
two-phase FLINC_FL4(Liquid- HittHH #DIV/O | equilibrium with
55 | phase) light 2phase Isolated 0 0 0 0 # bidizisid ! the host mineral
strong water band, It
BV-1046.50 Circle 4 FL5 Light is in equilibrium
two-phase FLINC_FL4(Solid- Multiple phase, HEHH #DIV/0 | with the host
55 | phase) H20-rich Isolated 0 0 0 0 # it ! mineral
strong water band, It
is in equilibrium
BV-1046.50 Circle 4 FL6 Two- Trail of it #DIV/0 | with the host
56 | phase FLINC (VAPOUR-PHASE) | 2PHASE, H20 FLINCS 0 0 0 0 # idiaisid ! mineral
Lacks any trace of
gaseous peaks, it is
BV-1046.50 Circle 4 Two-phase Trail of HittHH #DIV/0 | in equilibrium with
56 | FLINC_(VAPOUR-PHASE) No gaseous peaks FLINCS 0 0 0 0 # bidizisid ! the host mineral
strong water band, It
is in equilibrium
BV-1046.50 Circle 4 Two-phase Trail of HEHH #DIV/0 | with the host
57 | FLINC_FL6 (VAPOUR-PHASE) | 2PHASE, H20 FLINCS 0 0 0 0 # idiaisid ! mineral
weak water band, it
is in equilibrium
BV-1046.50 Circle 4 Two-phase Trail of HittHH #DIV/O | with the host
57 | FLINC_FL6 (Liquid-PHASE) 2PHASE, H20 FLINCS 0 0 0 0 # HitHH ! mineral
strong water band, It
is in equilibrium
BV-1045.60 Circle 3 Dark one- Trail of HEHH #DIV/0 | with the host
58 | phase FLINC_FL1 2PHASE, H20 FLINCS 0 0 0 0 # idiaisid ! mineral
strong CO2 peaks,
itis in equilibrium
BV-1045.60 Circle 3 Dark one- Dark 1phase, Trail of HittHH #DIV/O | with the host
59 | phase FLINC FL2 Carbonic FLINCS 0 0 # it ! mineral
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strong water band, It
is in equilibrium

BV-1046.50 Circle 3 Two-phase HEHH #DIV/0 | with the host
60 | FLINC FL3 (Vapour-phase) 2PHASE, H20 Isolated 0 0 # it ! mineral
Lacks any trace of
gaseous peaks, it is
BV-1046.50 Circle 3 Two-phase HittHH #DIV/0 | in equilibrium with
60 | FLINC FL3 (Liquid-phase) 2phase, no H20 Isolated 0 0 # it ! the host mineral
Strong methane
BV-1045.60 Circle 3 Dark one- peak, trace of N2,
61 | phase FLINC FL4 Dark one-phase, CH4 | Isolated 90932.7 12124.36 1 0 0 | lacks water band
strong water band, It
is in equilibrium
BV-1046.50 Circle 3 Two-phase cluster of HEHH #DIV/0 | with the host
62 | FLINC _FL5 (Vapour-phase) 2PHASE, H20 FLINCS 0 0 # bidizisid ! mineral
Lacks any trace of
gaseous peaks, it is
BV-1046.50 Circle 3 Two-phase cluster of HittHH #DIV/0 | in equilibrium with
62 | FLINC FL5 (Liquid-phase) 2PHASE, H20 FLINCS 0 0 # it ! the host mineral
strong water band, It
is in equilibrium
BV-1046.50 Circle 3 Two-phase cluster of HittHH #DIV/O | with the host
63 | FLINC _FL6 (Vapour-phase) 2PHASE, H20 FLINCS 0 0 # bidizisid ! mineral
Lacks any trace of
gaseous peaks, it is
BV-1046.50 Circle 3 Two-phase cluster of HEHH #DIV/0 | in equilibrium with
63 | FLINC FL6 (Liquid-phase) 2phase, no H20 FLINCS 0 0 # it ! the host mineral
Shows a a trace of
water; It is
BV-910.10 (1) Circle 1 Dark one- Trail of HHHHH #DIV/O | equilibrium with
64 | phase FLINC 1 1 Phase, H20 FLINCS 0 0 # bidizisid ! the host mineral
BV-910.10 (1) Circle 1 Cubic
two-phase FLINC_1 (Liquid- Trail of HHHHH #DIVIO | Shows a strong
65 | phase) 2Phase, FLINCS 0 0 # bidizisid ! fluorescence
Shows a strong a
methane peak
BV-910.10 (1) Circle 1 Cubic (2912.0 cm_1), it is
two-phase FLINC_1 (Vapor- Trail of 1.23E+0 163501.333 in equilibrium with | GRAPHIT
65 | phase) 2 Phase, CH4 FLINCS 6 3 1 0 0 | the host mineral E
Shows a strong a
methane peak
(2912.0 cm_1),
strong fluorescence,
itisin equilibrium
BV-910.10 (1) Circle 1 Dark one- Trail of HHHHH #DIV/0 | with the host
66 | phase FLINC 2 Dark, 1Phase, CH4 FLINCS 0 # bidizisid ! mineral
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lack of water band;

BV-910.10 (1) Circle 1 Oval two- Trail of HHHHH #DIV/0 | Raman peaks for GRAPHIT
67 | phase FLINC (4) Liquid-phase 2 Phase, aqueous FLINCS 0 0 0 0 # bidizisid ! Graphite E
BV-910.10 (1) Circle 1 Oval two- Trail of HHHHH #DIV/0
67 | phase FLINC (4) Vapor-phase 2 Phase, aqueous FLINCS 0 0 0 0 # it ! lack of water band
BV-910.10 (1) Circle 1 Square
two-phase FLINC (2)_Liquid- Trail of HHHHH #DIV/0
68 | phase 2 Phase, aqueous FLINCS 0 0 0 0 # bidizisid ! lack of water band
BV-910.10 (1) Circle 1 Square
two-phase FLINC (2)_Vapor- Trail of HHHHH #DIV/0
68 | phase 2 Phase, aqueous FLINCS 0 0 0 0 # bidizisid ! lack of water band
BV-910.10 (1) Circle 1 Triangle
two-phase FLINC (3)_Liquid- Trail of HHHHH #DIV/0
69 | phase 2 Phase, aqueous FLINCS 0 0 0 # bidizisid ! lack of water band
BV-910.10 (1) Circle 1 Triangle
two-phase FLINC (3)_Vapor- Trail of HHHHH #DIV/0
69 | phase 2 Phase, aqueous FLINCS 0 0 0 0 # bidizisid ! lack of water band
strong water band,
weak CH4 peak, It
BV-910.10 (1) Circle 2_ is in equilibrium
Rectangle two-phase FLINC (2) Trail of with the host
70 | Liquid-phase 2 Phase, H20 & CH4 | FLINCS 693.681 92.4908 1 0 0 | mineral
weak water band, It
BV-910.10 (1) Circle 2_ is in equilibrium
Rectangle two-phase FLINC (2) Trail of HEHH #DIV/0 | with the host
70 | Vapor-phase 2 phase, H20 FLINCS 0 0 0 0 # bidizisid ! mineral
BV-910.10 (1) Circle 2_ v-rich,
cubic, 2-phase FLINC (1)_Vapor- Trail of HEHH #DIVI/O GRAPHIT
71 | phase 2 phase FLINCS 0 0 0 0 # bidizisid ! lack of water band E
BV-910.10 (1) Circle 2_ v-rich, Weak CH4, It is
cubic, 2-phase FLINC (1) Liquid- Trail of 105.284133 inequilibrium with
71 | phase 2 phase, CH4 FLINCS 789.631 0 0 3 1 0 0 | the host mineral
Strong CO peaks, it
BV-910.10 (1) Circle 2_ v-rich, is in equilibroum
cubic, 2-phase FLINC (2) Vpaor- Trail of 2834.31666 with the host
72 | phase 2 phase, CO2 FLINCS 0 1642.35 | 1787.95 7 0 0 1 | mineral
Srong CO peaks;
BV-910.10 (1) Circle 2_ v-rich, Weak CH4 peak, it
cubic, 2-phase FLINC (2) Liquid- Trail of 3011.42466 is equilibrium with
72 | phase 2 phase, CH4, CO2 FLINCS 1036.41 1556.87 | 1974.55 7 | 0.0459 0 | 0.9541 | the host mineral
BV-83.69 (1) Circle 3 Elongated Trail of HHHHH #DIV/0
73 | 2-phase FLINC (1) Vapor-phase 2 Phase, aqueous FLINCS 0 0 0 0 # bidizisid ! lack of water band
BV-83.69 (1) Circle 3 Elongated Trail of HHHHH #DIV/0
73 | 2-phase FLINC (1) Liquid-phase 3 Phase, aqueous FLINCS 0 0 0 0 # it ! lack of water band
strong water band, It
BV_83 69(1)_CIRCLE 3_LIGHT is in equilibrium
IREGGULAR_one-phase Trail of HittHH #DIV/O | with the host
74 | FLINC(1) 1 Phase, H20 FLINCS 0 0 0 0 # i ! mineral
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BV_83_69 (1) Circle

strong water band, It
is in equilibrium
with the host

1 CUBIC_2_PHASE Trail of HHHHH #DIV/O | mineral; weak
75 | FLINC(3)_LIQUID-PHASE 2 phase, H20 FLINCS # it ! fluorescence
Weak water band, It
is in equilibrium
BV_83 69 (1) Circle with the host
1 CUBIC_2_PHASE Trail of HEHH #DIV/O | mineral; weak
75 | FLINC(3) VAPOR-PHASE 2 Phase, H20 FLINCS # it ! fluorescence
strong water band, It
is in equilibrium
with the host
BV_83_69_Circle 1_Dark Trail of HEHH #DIV/O | mineral; weak
76 | FLINC(1) Area 1 1 Phase, H20 FLINCS # bidizisid ! fluorescence
Weak water band, It
is in equilibrium
with the host
BV_83_69 Circle 1_Dark Trail of HHHHH #DIV/O | mineral; weak
76 | FLINC(1) Area 2 1 Phase, H20 FLINCS # bidizisid ! fluorescence
Weak water band, It
is in equilibrium
with the host
BV_83_69 Circle 1_Dark FONE- Trail of HHHHH #DIV/O | mineral; strong
77 | PHASE FLINC(2) 1 Phase, H20 FLINCS # it ! fluorescence
Weak water band, It
is in equilibrium
with the host
BV_83_69_Circle 1_light 2-phase Trail of HEHH #DIV/O | mineral; strong
78 | FLINC(1)_Liquid-phase 2 Phase, H20 FLINCS # it ! fluorescence
Weak water band, It
is in equilibrium
with the host
BV_83 69 _Circle 1_light 2-phase Trail of HHHHH #DIV/O | mineral; strong
78 | FLINC(1)_Vapor-phase 2 Phase, H20 FLINCS # bidizisid ! fluorescence
strong water band, It
is in equilibrium
BV_83_69 Circle 2 Light, with the host
CUBIC, two-phase FLINC Trail of HittHH #DIV/O | mineral; weak
79 | (2)_Liquid-phase 2 Phase, H20 FLINCS # bidizisid ! fluorescence
lack of water band,
BV_83_69 Circle 2 Light, strong peak at 609
CUBIC, two-phase FLINC Trail of HEHH #DIVIO | possible evidence
79 | (2)_Vapor-phase 2 Phase, Rutile FLINCS # bidizisid ! for Rutile
BV_83_69 Circle 2 Light, strong water band, It
CUBIC, two-phase FLINC Trail of HEHH #DIV/O | is in equilibrium
80 | (5) Liquid-phase 2 Phase, H20 FLINCS # it ! with the host
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mineral; weak
fluorescence

BV_83_69 Circle 2 Light,

weak water band, It
is in equilibrium

CUBIC, two-phase FLINC Trail of HittHH #DIV/0 | with the host
80 | (5)_Vapor-phase 2 Phase, H20 FLINCS 0 0 0 0 # bidizisid ! mineral
strong water band, It
is in equilibrium
BV_83_69 Circle 2 Light, two- cluster of HEHH #DIV/0 | with the host
81 | phase FLINC (1) LIQUID-phase 2 Phase, H20 FLINCS 0 0 0 0 # it ! mineral
Strong water band;
weak CO2 peaks, it
is in equilibrium
BV_83_69 Circle 2 Light, two- cluster of with the host
81 | phase FLINC (1) Vapor-phase 2 Phase, H20, CO2 FLINCS 0 308.49 | 323.976 524.474 0 0 1 | mineral
Weak water band;
weak CO2 peaks, it
is in equilibrium
BV_83_69 Circle 2 OVAL two- Trail of 90654.3066 with the host
82 | phase FLINC (3) Liquid-phase 2 Phase, H20, CO2 FLINCS 0 85734.3 | 7380.01 7 0 0 1 | mineral
lack of water band,
no gaseous peak, it
is in equilibrium
BV_83_69 Circle 2 OVAL two- Trail of HHHHH #DIV/0 | with the host
82 | phase FLINC (3) Vapor-phase 2 Phase FLINCS 0 0 0 0 # it ! mineral
lack of water band,
no gaseous peak, it
is in equilibrium
BV_83_69 Circle 2 OVAL two- Trail of HEHH #DIV/0 | with the host
83 | phase FLINC (6) Liquid-phase 2 Phase FLINCS 0 0 0 0 # it ! mineral
Strong water band;
weak CO2 peaks, it
is in equilibrium
BV_83_69 Circle 2 OVAL two- Trail of 843.280666 with the host
83 | phase FLINC (6) Vapor-phase 2 Phase, H20, CO2 FLINCS 0 468.338 | 562.414 7 0 0 1 | mineral
Strong water band;
Strong CO2 peaks,
itis in equilibrium
with the host
BV_83_69 Circle 2 three-phase three Phase, H20- Isolated mineral, Strong
84 | FLINC (1) AREA 2 liquid, CO2 FLINC 0 66240 | 11700.6 74040.4 0 0 1 | fluorescence
Strong vapor-phase
BV_83_69 Circle 2 three-phase three Phase, H20- Isolated 1099.99133 water band, Peaks
84 | FLINC (1) AREA1 Vapor, CO2, CH4 FLINC 399.785 590.156 | 684.796 3 | 0.0485 0 | 0.9515 | for CO2 and CH4
Strong water band;
Strong CO2 peaks,
BV_83_69 Circle 2 three-phase three Phase, H20- Isolated 442245.666 itis in equilibrium
84 | FLINC (1)_LIQUID-PHASE LIQUID phase, CO2 | FLINC 0 136903 458014 7 0 0 1 | with the host
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mineral, Strong
fluorescence

BV_83_69 Circle 2_DARK, VAL

Weak water-liquid
band, weak CH4
peak, Strong CO2
peaks, it is in

two-phase FLINC (4)_Liquid- 2 Phase, H20, CO2; Trail of 104149.382 equilibrium with
85 | phase CH4 FLINCS 223.371 102618 22524 8 | 0.0003 0 | 0.9997 | the host mineral
lack of water band,
no gaseous peak, it
BV_83_69 Circle 2_DARK, VAL is in equilibrium
two-phase FLINC (4)_Vapor- Trail of HEHH #DIV/0 | with the host
85 | phase 2 Phase FLINCS 0 0 0 0 # it ! mineral
BV_1413_80 (1) Circle 1_
CUBIC, LIGHT ONE-PHASE Trail of HiHHH #DIVI/O
86 | FLINC (2) 1 phase FLINCS 0 0 0 0 # it ! Lack of water band | Calcite
strong water band, It
is in equilibrium
BV_1413 80 (1) Circle 1_ with the host
CUBIC, TWO-PHASE FLINC cluster of HEHH #DIV/O | mineral; weak
87 | (1) LIQUID-PHASE 2 Phase, H20 FLINCS 0 0 0 0 # it ! fluorescence
Weak water band, It
is in equilibrium
BV_1413 80 (1) Circle 1_ with the host
CUBIC, TWO-PHASE FLINC cluster of HittHH #DIV/O | mineral; weak
87 | (1) VAPOR-PHASE 2 Phase, H20 FLINCS 0 0 0 0 # HitHH ! fluorescence
strong CO2 peaks,
itis in equilibrium
BV_1413 80 (1) Circle 1_ DARK cluster of 650106.666 with the host
88 | ONE-PHASE FLINC (1) 1 Phase, CO2 FLINCS 0 369532 420862 7 0 0 1 | mineral
strong water band, It
is in equilibrium
BV_1413 80 (1) Circle 1_ with the host
THREE-PHASE FLINC cluster of HEHH #DIV/O | mineral; weak
89 | (1) _LIQUID-PHASE 3 Phase, aqueous FLINCS 0 0 0 0 # bidizisid ! fluorescence
strong water band, It
is in equilibrium
BV_1413 80 (1) Circle 1_ with the host
THREE-PHASE FLINC 3 Phase, aqueous, cluster of HittHH #DIV/O | mineral; weak
89 | (1) _SOLID-PHASE Calcite FLINCS 0 0 0 0 # bidizisid ! fluorescence Clcite
strong water band, It
is in equilibrium
BV_1413 80 (1) Circle 1_ with the host
THREE-PHASE FLINC cluster of HittHH #DIV/O | mineral; weak
89 | (1) VAPOR-PHASE 3 Phase, aqueous FLINCS 0 0 0 0 # it ! fluorescence
BV_1413 80(1) CIRCLE water band
4 _DARK CUBIC ONE-PHASE cluster of HHHHH #DIV/O | characteristic of
90 | FLINC (3) Aqueous 1-phase FLINCS 0 0 0 0 # idiaisid ! OH-
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BV_1413 80(1) CIRCLE

Weak water band, It
is in equilibrium
with the host

4 _DARK OVAL ONE-PHASE cluster of HHHHH #DIV/O | mineral; weak
91 | FLINC (2) Aqueous 1-phase FLINCS # it ! fluorescence
Weak water band, It
is in equilibrium
BV_1413 80(1) CIRCLE with the host
4_IRREGULAR LIGHT 2- Trail of HEHH #DIV/O | mineral; weak
92 | PHASE FLINC (1) Liquid-phase Aqueous 2-phase FLINCS # it ! fluorescence
Lacks trace of
BV_1413_80(1) CIRCLE water band; strong
4 _IRREGULAR LIGHT 2- fluorescence; it's in
PHASE FLINC (1)_VAPOR- Trail of ittt #DIV/0 | equilibrium with
92 | PHASE Aqueous 2-phase FLINCS # bidizisid ! the host mineral
Lacks trace of
water band; strong
fluorescence; it's in
BV_1413 80(1)_CIRCLE 2_Dark HittHH #DIV/O | equilibrium with
93 | solid one-phase FLINC 1 phase isolated # bidizisid ! the host mineral
Weak water band, It
is in equilibrium
with the host
BV_1413 80(1)_CIRCLE cluster of HHHHH #DIV/O | mineral; weak
94 | 3_LIGHT one-phase FLINC(6) Aqueous 1-phase FLINCS # it ! fluorescence
Weak water band, It
is in equilibrium
BV_1413 80(1)_CIRCLE_3 CU with the host
BIC 2-PHASE cluster of HEHH #DIV/O | mineral; weak
95 | FLINC(3)_LIQUID-PHASE Aqueous 2-phase FLINCS # it ! fluorescence
Lacks water band, It
is in equilibrium
BV_1413 80(1)_CIRCLE_3 CU with the host
BIC 2-PHASE cluster of HittHH #DIV/O | mineral; weak
95 | FLINC(3) _VAPOR-PHASE Aqueous 2-phase FLINCS # bidizisid ! fluorescence
Weak water band, It
is in equilibrium
BV_1413 80(1)_CIRCLE_3 DA with the host
RK 2-PHASE HittHH #DIV/O | mineral; weak
96 | FLINC(4)_LIQUID-PHASE Aqueous 2-phase isolated # bidizisid ! fluorescence
Lacks water band, It
is in equilibrium
BV_1413 80(1)_CIRCLE_3 DA with the host
RK 2-PHASE HEHH #DIV/O | mineral; weak
96 | FLINC(4) VAPOR-PHASE Aqueous 2-phase isolated # it ! fluorescence
BV_1413 80(1)_CIRCLE_3 LIG Weak water band, It
HT CUBIC 2-PHASE Trail of HittHH #DIV/0 | isin equilibrium
97 | FLINC(5)_LIQUID-PHASE Aqueous 2-phase FLINCS # idiaiiid ! with the host
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mineral; weak
fluorescence

BV_1413_80(1)_CIRCLE_3_LIG

strong water band, It
is in equilibrium
with the host

HT CUBIC 2-PHASE Trail of HEHH #DIV/O | mineral; Strong
97 | FLINC(5)_VAPOR-PHASE Aqueous 2-phase FLINCS # it ! fluorescence
strong water band, It
is in equilibrium
BV_1413_80(1)_CIRCLE_3_OV with the host
AL 2-PHASE Aqueous 2-phase, cluster of HEHH #DIV/O | mineral; weak
98 | FLINC(1) LIQUID-PHASE H20 FLINCS # i ! fluorescence
Lacks trace of
water band; strong
BV_1413 80(1)_CIRCLE_3 OV fluorescence; it's in
AL 2-PHASE cluster of HHHHH #DIVIO | equilibrium with
98 | FLINC(1) VAPOR-PHASE Aqueous 2-phase FLINCS # bidizisid ! the host mineral
Weak water band, It
is in equilibrium
BV_1413_80(1)_CIRCLE_3 OV with the host
AL 2-PHASE Aqueous 2-phase, cluster of HittHH #DIV/O | mineral; weak
99 | FLINC(2) LIQUID-PHASE H20 FLINCS # idiaisid ! fluorescence
Lacks trace of
water band; weak
BV_1413 80(1)_CIRCLE_3 OV fluorescence; it's in
AL 2-PHASE cluster of HEHH #DIVIO | equilibrium with
99 | FLINC(2) VAPOR-PHASE Aqueous 2-phase FLINCS # it ! the host mineral
Weak water band, It
is in equilibrium
BV_1413_80(1)_CIRCLE_4_CU with the host
10 | BIC 2-PHASE Aqueous 2-phase, Trail of HittHH #DIV/O | mineral; weak
0 | FLINC(4) LIQUID-PHASE H20 FLINCS # i ! fluorescence
Lacks trace of
water band; weak
BV_1413 80(1)_CIRCLE_4 CU fluorescence; it's in
10 | BIC 2-PHASE Trail of HHHHH #DIVIO | equilibrium with
0 | FLINC(4) VAPOR-PHASE Aqueous 2-phase FLINCS # bidizisid ! the host mineral
Lacks trace of
water band; weak
BV_1413 80(1)_CIRCLE_4 CU fluorescence; it's in
10 | BIC 2-PHASE cluster of HEHH #DIVIO | equilibrium with
1 | FLINC(5) LIQUID-PHASE Aqueous 2-phase FLINCS # it ! the host mineral
strong water band, It
is in equilibrium
BV_1413_80(1)_CIRCLE_4_CU with the host
10 | BIC 2-PHASE Aqueous 2-phase, cluster of HEHH #DIV/O | mineral; weak
1 | FLINC(5)_VAPOR-PHASE H20 FLINCS # idiaisid ! fluorescence
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10 | BV_1413_80(1)_CIRCLE_4_DA Aqueous 2-phase, cluster of HittHH #DIVIO | WEAK PEAK AT
2 | RK ONE-PHASE FLINC (6) PEAK AT 3477.39 FLINCS # idiaiiid ! 3477.39
Strong water
band,Itisin
equilibrium with
the host mineral;
weak fluorescence
10 | BV_893 90 (2)_(CIRCLE Aqueous 1-phase, HHHHH #DIV/0 | and strong peak @
3 | 2) FL1 One-phase H20 Isolated # bidizisid ! 1158
Weak water band, It
is in equilibrium
with the host
mineral; weak
10 | BV_893 90 _(2)_(CIRCLE Aqueous 1-phase, cluster of HEHH #DIV/0 | fluorescence and a
4 | 2) FL2 One-phase H20 FLINCS # bidizisid ! weak peak @ 1158
Weak water band, It
is in equilibrium
with the host
mineral; weak
fluorescence and a
weak peak @ 1159,
10 | BV_893 90 (2)_(CIRCLE cluster of HHHHH #DIV/0 | Small band @
5 | 2) FL3 One-phase Aqueous 1-phase FLINCS # bidizisid ! ~2950
Strong Peaks at
2247,09 & 2941,47,
Lacks water band,
BV_893 90 _(2)_ (CIRCLE itis in equilibrium
10 | 2)_FL4 Cubic, TWO- cluster of HHHHH #DIV/0 | with the host
6 | phase Vapour-Phase 2-Phase, C=N & C-H | FLINCS # bidizisid ! mineral
Strong Peaks at
2247,09 & 2941,47,
has a weak water
band, Strong
BV_893 90 (2)_(CIRCLE methane peak, it is
10 | 2)_FL4_Cubic, TWO- cluster of HEHH #DIV/0 | in equilibrium with
6 | phase_Liquid-Phase 2 Phase, H20 FLINCS # it ! the host mineral
Trace of Liquid-
BV_893 90 (2)_ (CIRCLE H20, itisin
10 | 2)_FL5_TWO-phase_Vapour- Isolated HHHHH #DIV/O | equilibrium with
7 | Phase Weak band @ ~2900 | FLINC # idiaisid ! the host mineral
BV_893 90 _(2)_ (CIRCLE Weird Peaks around Water band
10 | 2)_FL5_TWO-phase_Liquid- 3400-3650 (H20- Isolated HHHHH #DIV/O | characteristic of
7 | Phase Vapour) Flinc # bidizisid ! OH-Vapour
Strong
Cyclopropane
BV_893 90 _(2)_ (CIRCLE 2-Phase, peaks, strong C=N
10 | 2)_FL6_TWO-phase_Vapour- C3H6(Cyclopropane) | Trail of HEHH #DIV/O | bond, lacks water
8 | Phase & C=N FLINCS # idiaisid ! band, itisin
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equilibrium with
the host mineral

Strong
Cyclopropane
peaks, strong C=N
bond, lacks water

BV_893 90 (2)_(CIRCLE 2-Phase, band, itis in
10 | 2)_FL6_TWO-phase_Liquid- C3H6(Cyclopropane) | Trail of HHHHH #DIVIO | equilibrium with
8 | Phase & C=N FLINCS 0 0 # bidizisid ! the host mineral
strong water band, It
is in equilibrium
BV_893 90 (2)_ (CIRCLE with the host
10 | 2)_FL7_TWO-phase_Vapour- Aqueous 2-phase, cluster of HHHHH #DIV/O | mineral; Strong
9 | Phase H20 FLINCS 0 0 # bidizisid ! fluorescence
strong water band, It
is in equilibrium
BV_893 90_(2)_ (CIRCLE with the host
10 | 2)_FL7_TWO-phase_Liquid- Aqueous 2-phase, cluster of HEHH #DIV/O | mineral; Moderate
9 | Phase H20 FLINCS 0 0 # idiaiiid ! fluorescence
Strong Methane
peak, lacks water
band, itisin
equilibrium with
11 | BV_893 90 (2)_(CIRCLE cluster of the host mineral,
0 | 3) Dark, One-phase FL1 Dark, 1Phase, CH4 FLINCS 176751 23566.8 1 0 0 | strong fluorescence
Strong Methane
Peak, around
Strong H20 band,
BV_893 90 _(2)_ (CIRCLE It is in equilibrium
11 | 3)_FL2_TWO-phase_Vapour- 2Phase, CH4 & H20, | cluster of 273.905333 with the host
1 | Phase @2247 FLINCS 2054.29 3 1 0 0 | mineral
Medium methane
peak,around Strong
BV_893 90 (2)_ (CIRCLE H20, itisin
11 | 3)_FL2_TWO-phase_Liquid- 2Phase, CH4 & H20, | cluster of quilibrium with the
1 | Phase @2248 FLINCS 1472.88 196.384 1 0 0 | host mineral
Weak water band, it
is in equilibrium
11 | BV_893 90 (2)_(CIRCLE cluster of HHHHH #DIV/0 | with the host
2 | 1) FL3 One-Phase Aqueous 1-phase FLINCS 0 0 # bidizisid ! mineral
Weak water band, it
is in equilibrium
11 | BV_893 90_(2)_(CIRCLE cluster of HEHH #DIV/0 | with the host
3 | 1) FL5 One-Phase Aqueous 1-phase FLINCS 0 0 # bidizisid ! mineral
Weak water band, it
BV_893 90_(2)_(CIRCLE is in equilibrium
11 | 1) OVAL ONE-PHASE cluster of HHHHH #DIV/0 | with the host
4 | FLINC FL2 Aqueous 1-phase FLINCS 0 0 # it ! mineral
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BV_893_90_(2)_(CIRCLE

Strong Methane
Peak, itisin

11 | 1)_Round, Dark One-phase cluster of equilibrium with
5 | FLINC_FL4 Dark, 1Phase, CH4 FLINCS 8327.16 0 0 1110.288 1 0 0 | the host mineral
Strong CH4 peak,
weak CO2 peaks,
Lacks water band,
BV_893 90 (2)_(CIRCLE itisin equilibrium
11 | 1)_Vapour-rich 2-phase cluster of 2941.83133 with the host
6 | FLINC_FL1_Liquid-phase 2-Phase, CH4, CO2 FLINCS 8673.16 1050.37 | 1102.56 3 | 0.3931 0 | 0.6069 | mineral
Strong CH4 peak,
weak CO2 peaks,
Weak water band, it
BV_893 90_(2)_(CIRCLE is in equilibrium
11 | 1)_Vapour-rich 2-phase 2-Phase, CH4, CO2 cluster of 2656.53866 with the host
6 | FLINC_FL1_Vapour-phase & H20 FLINCS 7109.69 1007.66 | 1051.38 7 | 0.3568 0 | 0.6432 | mineral
Weak water band, it
is in equilibrium
11 | BV_893_90_(2)_(Circle 3)_Light Cluster of HHHHH #DIV/0 | with the host
7 | One-Phase FL3 Aqueous 1-phase FLINC 0 0 0 0 # bidizisid ! mineral
Lacks water band
or any other
gaseous peaks, It is
11 | BV_1454 35 _(B)_CIRCLE 1_3- cluster of HHHHH #DIVIO | in equilibrium with
8 | Phase FLINC FL4 B1 3-phase FLINCS 0 0 0 0 # it ! the host mineral
Lacks water band
or any other
gaseous peaks, It is
11 | BV_1454 35_(B)_CIRCLE 1_3- cluster of HEHH #DIV/0 | in equilibrium with
8 | Phase FLINC FL4 B2 3-phase FLINCS 0 0 0 0 # it ! the host mineral
Medium water
band, itis in
11 | BV_1454_35_(B)_CIRCLE 1_3- cluster of it #DIV/O0 | equilibrium with
8 | Phase FLINC FL4 Liquid-phase 3-phase, H20 FLINCS 0 0 0 0 # it ! the host mineral
Strong water band,
BV_1454 35 (B)_CIRCLE itis in equilibrium
11 | 1_Cubic, 2-Phase cluster of HEHH #DIV/0 | with the host
9 | FLINC_FL3_Liquid-phase 2-Phase, H20 FLINCS 0 0 0 0 # bidizisid ! mineral
Lacks water band
or any other
BV_1454 35 (B)_CIRCLE gaseous peaks, It is
11 | 1_Cubic, 2-Phase cluster of HHHHH #DIVIO | in equilibrium with
9 | FLINC_FL3 Vapour-phase 2-phase FLINCS 0 0 0 0 # bidizisid ! the host mineral
Strong water band,
itis in equilibrium
12 | BV_1454 35_(B)_CIRCLE Trail of i #DIV/0 | with the host
0 | 1 Dark, One-Phase FL2 Aqueous 1-phase FLINCS 0 0 0 0 # it ! mineral
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BV_1454 35 (B) CIRCLE 1 L-

Lacks water band
or any other
gaseous peaks, It is

12 | RICH, 2-Phase_Liquid- Cluster of HHHHH #DIVIO | in equilibrium with
1 | Phase FL1 Aqueous 2-phase FLINC # it ! the host mineral
Strong water band,
BV_1454 35 (B)_CIRCLE1_L- itis in equilibrium
12 | RICH, 2-Phase_Vapour- Cluster of HittHH #DIV/O | with the host
1 | Phase FL1 2-Phase, H20 FLINC # bidizisid ! mineral
Strong water band,
BV_1454 35 (B)_CIRCLE itis in equilibrium
12 | 1_CUBIC, 2-Phase_Vapour- Cluster of HEHH #DIV/0 | with the host
2 | Phase FL2 2-Phase, H20 FLINC # idiaiiid ! mineral
Lacks water band
or any other
BV_1454 35 (B)_CIRCLE gaseous peaks, It is
12 | 1_CUBIC, 2-Phase_LIQUID- Cluster of HEHH #DIV/0 | in equilibrium with
2 | Phase FL2 Aqueous 2-phase FLINC # bidizisid ! the host mineral
Strong water band,
BV_1454 35 (B)_CIRCLE itis in equilibrium
12 | 4_CUBIC, 2-Phase_FL 3_Liquid- Cluster of HHHHH #DIV/0 | with the host
3 | Phase 2-Phase, H20 FLINC # idiaiiid ! mineral
Medium water
BV_1454 35_(B)_CIRCLE band, itisin
12 | 4_CUBIC, 2-Phase_FL 3_Vapour- Cluster of HHHHH #DIV/O | equilibrium with
3 | Phase 2-Phase, H20 FLINC # bidizisid ! the host mineral
Medium water
band, itisin
12 | BV_1454_35 (B) CIRCLE ittt #DIV/0 | equilibrium with
4 | 4 Dark, 1-Phase FL1 1-phase, H20 Isolated # it ! the host mineral
Strong water band,
itis in equilibrium
12 | BV_1454_35_(B)_CIRCLE HittHH #DIV/O | with the host
5 | 4 Dark, 1-Phase FL4 1-phase, H20 Isolated # bidizisid ! mineral
Strong water band,
BV_1454 35 _(B)_CIRCLE 4_V- itis in equilibrium
12 | RICH, 2-Phase_Liquid- Cluster of HEHH #DIV/0 | with the host
6 | Phase FL5 2-Phase, H20 FLINC # bidizisid ! mineral
Strong water band,
BV_1454 35 (B)_CIRCLE 4_V- itis in equilibrium
12 | RICH, 2-Phase_Vapour- Cluster of HittHH #DIV/O | with the host
6 | Phase FL5 2-Phase, H20 FLINC # idiaiiid ! mineral

180



Appendix 2.2: Gas Ratios calculations in fluid inclusions, Stoffberg samples

No | Flinc name Flinc type FIA CH, \3 CO; CO; Comments Solids
(area (area | (area (area
peak) peak) | 1286 1388
cm-1 cm-1
peak) peak)
1 RGC 22__P1_FI1_fi -Liquid- 3phase, cluster of 0 0 0 0 Shows a strong water band, it is in equilibrium with the host -
phase FLINCS mineral
1 RGC 22__P1_FI1_fi--Solid- 3phase, cluster of 0 0 0 0 Shows a strong water band, it is in equilibrium with the host -
phase FLINCS mineral
1 RGC 22__P1_FI1_fi -Vapour- 3phase, cluster of 0 0 0 0 Shows a strong water band, it is in equilibrium with the host -
phase FLINCS mineral
2 RGC 22_P1_FI2_fi_Dark 1phase, dark cluster of 0 0 0 0 Shows a strong water band, it is in equilibrium with the host Quartz
FLINCS mineral
3 RGC 22_P1_FI3_fi_Vapour- 2phase, cluster of 0 0 0 0 Shows a strong water band, it is in equilibrium with the host -
phase inclusions mineral
3 RGC 22_P1_FI3_fi_Liquid- 2phase, cluster of 0 0 0 0 Shows a strong water band, it is in equilibrium with the host -
phase inclusions mineral
4 RGC 22_P3_FI1_fi_Vapour- 2phase, cluster of 0 0 0 0 Shows a strong water band, it is in equilibrium with the host -
phase inclusions mineral
4 RGC 22_P3_FI1_fi_Liquid- 2phase, individual 0 0 0 0 Shows a strong water band, it is in equilibrium with the host CALCITE
phase mineral
5 RGC 22_P3_FI2_fi_Dark 1phase, dark individual 0 0 0 0 Shows a strong water band, it is in equilibrium with the host -
mineral
6 RGC 22_P3_FI2_fi_Dark 1phase, dark individual 0 0 0 0 Shows a strong water band, it is in equilibrium with the host -
mineral
7 RGC 24_P1_FI1_Liquid-phase 2phase, individual 0 0 0 0 Shows a MEDIUM water band, it is in equilibrium with the host -
mineral
7 RGC 24_P1_FI1_Vapour-phase | 2phase, individual Lack of water band, it is in equilibrium with the host mineral -
8 RGC 24_P1_FI2_Dark, one- 1phase, dark individual Small trace of water band, conatins small solids of Alkaline Alkaline
phase feldspars, it is in equilibrium with the host mineral fds
9 RGC 24_P1_FI3_Dark, one- 1phase, dark cluster of 0 0 0 0 Lack of water band, it is in equilibrium with the host mineral
phase inclusions
10 | RGC 24__P1_Fl4_fi -Liquid- 3phase, H20 Trail of 0 0 0 0 Shows a MEDIUM water band, it is in equilibrium with the host -
phase FLINCS mineral
10 | RGC 24__P1_Fl4_fi--Solid- 3phase, H20 Trail of 0 0 0 0 Shows a strong water band, it is in equilibrium with the host Quartz
phase FLINCS mineral
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10 | RGC24__P1_Fl4_fi-Vapour- 3phase, H20 Trail of 0 Weak water band, it is in equilibrium with the host mineral
phase FLINCS
11 | RGC 16_P1_FI1_Dark, one- 1phase, dark individual 0 Lack of trace of water band, it is in equilibrium with the host -
phase mineral
12 | RGC 16_P1_FI2_Liquid-phase 2phase, cluster of 0 Lack of trace of water band, it is in equilibrium with the host
FLINCS mineral
12 | RGC 16_P1_FI2_Vapour_phase | 2phase, H20 cluster of 0 Shows a MEDIUM water band, it is in equilibrium with the host
FLINCS mineral
13 | RGC 16_P2_FI1_TWO-phase 2phase, H20 Trail of 0 Shows a strong water band, it is in equilibrium with the host
Flinc_LIQUID-PHASE FLINCS mineral
13 | RGC 16_P2_FI1_TWO-phase 2phase, H20 Trail of 0 Shows a MEDIUM water band, it is in equilibrium with the host
Flinc_ VAPOUR-PHASE FLINCS mineral
14 | RGC 16_P3_FI1_Dark, One- 1phase, dark, H20 cluster of 0 Weak water band, it is in equilibrium with the host mineral
phase Flinc FLINCS
15 | RGC 16_P3_FI2_LTWO-phase | 2phase, cluster of 0 Lack of trace of water band, it is in equilibrium with the host
Flinc_LIQUID-PHASE FLINCS mineral
15 | RGC 16_P3_FI2_TWO-phase 2phase, H20 cluster of 0 Shows a strong water band, it is in equilibrium with the host
Flinc_ VAPOUR-PHASE FLINCS mineral
16 | RGC 16_P6_FI1_Dark, One- 1phase, dark, H20 individual 0 Small trace of water band, conatins small solids of Alkaline Alkaline
phase Flinc feldspars, it is in equilibrium with the host mineral fds
17 | RGC 20_P2_FI1_Dark, One- 1phase, dark individual 0 Lack of trace of water band, it is in equilibrium with the host
phase Flinc mineral
18 | RGC 20_P2_FI2_LTWO-phase | 2phase, Trail of 0 Lack of trace of water band, it is in equilibrium with the host
Flinc_Liquid-phase FLINCS mineral
18 | RGC 20_P2_FI2_LTWO-phase | 2phase, Trail of 0 Lack of trace of water band, it is not in equilibrium with the host
Flinc_Liquid-phase FLINCS mineral
19 | RGC 20_P3_FI1_Dark, One- 1phase, dark, H20 cluster of 0 Weak water band, it is in equilibrium with the host mineral
phase Flinc FLINCS
20 | RGC 20_P3_FI2_LTWO-phase | 2phase, H20 cluster of 0 Shows a strong water band, it is in equilibrium with the host
Flinc_LIQUID-PHASE FLINCS mineral
20 | RGC 20_P3_FI2_LTWO-phase | 2phase, H20 cluster of 0 Shows a MEDIUM water band, it is in equilibrium with the host
Flinc_ VAPOUR-PHASE FLINCS mineral
21 | RGC_12 P2 FL1 LIQUID- 2phase, H20 cluster of 0 Shows a MEDIUM water band, it is in equilibrium with the host
phase FLINCS mineral
21 | RGC_12 P2 _FL1 vapour- 2phase, H20, CH4 cluster of 1222.26 Shows a strong water band and medium sized CH4 Peak, it is in
phase FLINCS equilibrium with the host mineral
22 | RGC_12 P2 FL2_LIQUID- 3phase, H20 cluster of 0 Shows a strong water band, it is in equilibrium with the host -
PHASE FLINCS mineral
22 | RGC_12 P2 FL2_SOLID- 3phase, H20 & Calcite | cluster of 0 Shows a strong water band, it is in equilibrium with the host Callcite
PHASE FLINCS mineral
22 | RGC_12_P2_FL2_vapour- 3phase, H20 cluster of 0 Shows a strong water band, it is in equilibrium with the host -
PHASE FLINCS mineral
23 | RGC_12 P3 FL1 Dark_ 1phase, dark CH4 cluster of 24083.5 Shows a strong CH4 Peka and lacks a water band, it is in -
FLINCS equilibrium with the host mineral
24 | RGC_12 P4 FL1 LIQUID 2phase, H20 Trail of 0 Shows a strong water band, it is in equilibrium with the host -
FLINCS mineral

182



24 | RGC_12 P4 FL1_VAPOUR 2phase, H20 Trail of Shows a strong water band, it is in equilibrium with the host -
FLINCS mineral
25 | RGC_12 P4 FL2_LIQUID 2phase, Trail of Lack of trace of water band, it is in equilibrium with the host -
FLINCS mineral
25 | RGC_12 P4 FL2_SOLID 2phase, PEAK AT Trail of Shows a weak peak at ~3495 c¢m, It is in equilibrium with the host -
~3450 FLINCS mineral
26 | RGC_12 P4 FL3 LIQUID 2phase, H20 cluster of Shows a medium water band, it is in equilibrium with the host -
FLINCS mineral
26 | RGC_12_P4 FL3_Vapour 2phase, H20 cluster of Shows a strong water band, it is in equilibrium with the host -
FLINCS mineral
27 | RGC_12 P4 FL4_Dark 1phase, dark, PEAKS individual Shows a strong Peaks at ~3550, it is in equilibrium with the host -
AROUND ~3550 mineral
28 | RGC_12 P4 FL5_ Dark 1phase, H20 & Calcite Shows a strong water band, it is in equilibrium with the host Callcite

mineral
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Appendix 3.1.1: H20-NaCl spreadsheed for calculations (for the BV-1 Samples)

Inputs: Outputs: Inputs: Outputs:
Salinity T @ homog. P @ homog. BuLK dP/dT Calculate a P correction? Trapping Conditions
Tm phase They wt% NaCl (°C) (bar) (g/cms) (bar/°C) Based on: TorP | T(°C) P (bar)

-19 ice 347.2 21.68 347.2 134 0.882 11.4 pressure estimate 3000 598 3000
-6.3 ice 217 9.60 217.0 20 0.921 15.8 pressure estimate 3000 405 3000
-1.3 ice 306.1 2.24 306.1 92 0.717 9.6 pressure estimate 3000 609 3000
-3.2 ice 279.6 5.26 279.6 62 0.799 11.7 pressure estimate 3000 532 3000
-6.5 ice 217.6 9.86 217.6 21 0.922 15.8 pressure estimate 3000 406 3000
-3.8 ice 268.2 6.16 268.2 51 0.825 12.4 pressure estimate 3000 506 3000
-1.8 ice 298.2 3.06 298.2 82 0.743 10.3 pressure estimate 3000 583 3000
-2.5 ice 286.7 4.18 286.7 69 0.776 11.1 pressure estimate 3000 551 3000
-2 ice 157.9 3.39 157.9 0.937 17.6 pressure estimate 3000 328 3000

-6 ice 152.1 9.21 152.1 0.982 19.7 pressure estimate 3000 305 3000
-4.9 ice 155.2 7.73 155.2 0.969 18.9 pressure estimate 3000 313 3000
-5.3 ice 153.7 8.28 153.7 0.974 19.2 pressure estimate 3000 310 3000
-2.8 ice 332.7 4.65 332.7 130 0.699 8.6 pressure estimate 3000 667 3000
-0.4 ice 245 0.70 245.0 36 0.808 13.3 pressure estimate 3000 468 3000
-2.6 ice 304.3 4.34 304.3 89 0.747 10.1 pressure estimate 3000 592 3000
-20.8 ice 159.7 22.91 159.7 5 1.081 22.2 pressure estimate 3000 295 3000
-2.9 ice 304.2 4.80 304.2 88 0.753 10.2 pressure estimate 3000 589 3000
-1.8 ice 339.8 3.06 339.8 143 0.661 7.6 pressure estimate 3000 714 3000
-2.1 ice 317.8 3.55 317.8 107 0.712 9.2 pressure estimate 3000 633 3000
-2.2 ice 246.6 3.71 246.6 36 0.833 13.3 pressure estimate 3000 470 3000
-4.4 ice 159.6 7.02 159.6 6 0.960 18.5 pressure estimate 3000 322 3000
-5.4 ice 299.5 8.41 299.5 81 0.803 11.1 pressure estimate 3000 562 3000
-7.8 ice 309.8 11.46 309.8 91 0.821 11.2 pressure estimate 3000 570 3000
-2.4 ice 162.9 4.03 162.9 0.936 17.5 pressure estimate 3000 334 3000
-10.9 ice 162.4 14.87 162.4 1.015 20.8 pressure estimate 3000 306 3000




-1.7 ice 140.1 2.90 140.1 4 0.950 18.2 pressure estimate 3000 305 3000
-4.8 ice 302.8 7.59 302.8 85 0.788 10.8 pressure estimate 3000 572 3000
-5 ice 335.9 7.86 335.9 132 0.738 9.2 pressure estimate 3000 647 3000
-2.9 ice 266.6 4.80 266.6 50 0.814 12.3 pressure estimate 3000 507 3000
-3.5 ice 249.8 5.71 249.8 38 0.847 13.3 pressure estimate 3000 472 3000
-11.4 ice 346.8 15.37 346.8 142 0.814 10.2 pressure estimate 3000 628 3000
-2.9 ice 184.1 4.80 184.1 11 0.920 16.6 pressure estimate 3000 364 3000
-1.8 ice 365.1 3.06 365.1 194 0.605 5.9 pressure estimate 3000 839 3000
-2.3 ice 250.8 3.87 250.8 39 0.829 13.1 pressure estimate 3000 478 3000
-3.5 ice 249.2 5.71 249.2 38 0.848 13.3 pressure estimate 3000 471 3000
-4.9 ice 325.1 7.73 325.1 115 0.754 9.7 pressure estimate 3000 622 3000
-6.5 ice 298 9.86 298.0 78 0.821 115 pressure estimate 3000 553 3000
-6.2 ice 313.6 9.47 313.6 98 0.793 10.6 pressure estimate 3000 587 3000
-5.9 ice 302.9 9.08 302.9 84 0.805 11.1 pressure estimate 3000 566 3000
-6.1 ice 309.7 9.34 309.7 93 0.798 10.8 pressure estimate 3000 579 3000
-11.8 ice 148.2 15.76 148.2 1.034 22.1 pressure estimate 3000 284 3000
-11.2 ice 139.5 15.17 139.5 1.037 22.6 pressure estimate 3000 272 3000
-13.8 ice 129.8 17.61 129.8 1.063 23.9 pressure estimate 3000 255 3000
-5.5 ice 339.6 8.55 339.6 138 0.741 9.2 pressure estimate 3000 651 3000
-2 ice 365 3.39 365.0 193 0.611 6.1 pressure estimate 3000 826 3000
-2.9 ice 353.1 4.80 353.1 166 0.661 7.4 pressure estimate 3000 734 3000
-2.6 ice 360.8 4.34 360.8 183 0.637 6.8 pressure estimate 3000 775 3000
-3.6 ice 334.7 5.86 334.7 132 0.713 8.8 pressure estimate 3000 661 3000
-14.9 ice 335.6 18.55 335.6 120 0.863 11.3 pressure estimate 3000 591 3000
-2.3 ice 284 3.87 284.0 66 0.777 11.2 pressure estimate 3000 546 3000
-2.3 ice 301 3.87 301.0 85 0.747 10.2 pressure estimate 3000 586 3000
-1.6 ice 374.1 2.74 374.1 215 0.578 5.1 pressure estimate 3000 922 3000
-11.2 ice 172.7 15.17 172.7 8 1.008 20.1 pressure estimate 3000 321 3000
-10.5 ice 187.5 14.46 187.5 11 0.989 18.9 pressure estimate 3000 346 3000
-3.2 ice 251 5.26 251.0 39 0.841 13.2 pressure estimate 3000 476 3000
-4.9 ice 225.3 7.73 225.3 24 0.896 14.9 pressure estimate 3000 424 3000
-3.3 ice 248.9 5.41 248.9 37 0.846 13.3 pressure estimate 3000 471 3000
-3.7 ice 243.5 6.01 243.5 34 0.858 13.7 pressure estimate 3000 460 3000
-3.5 ice 245.7 5.71 245.7 35 0.853 13.5 pressure estimate 3000 465 3000
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-9.7 ice 148.8 13.62 148.8 4 1.017 21.4 pressure estimate 3000 289 3000
-14.6 ice 144.1 18.30 144.1 1.057 22.9 pressure estimate 3000 275 3000
-5.8 ice 195.3 8.95 195.3 13 0.939 16.9 pressure estimate 3000 372 3000
-8.8 ice 286 12.62 286.0 64 0.865 12.6 pressure estimate 3000 519 3000
-2.1 ice 159.4 3.55 159.4 6 0.936 17.5 pressure estimate 3000 330 3000
-3.8 ice 131 6.16 131.0 3 0.979 19.7 pressure estimate 3000 283 3000
-3.1 ice 148.3 5.11 148.3 4 0.957 18.5 pressure estimate 3000 311 3000
-8.8 ice 89.5 12.62 89.5 1 1.054 25.6 pressure estimate 3000 207 3000
-2.4 ice 104.2 4.03 104.2 1 0.984 20.1 pressure estimate 3000 254 3000
-6.9 ice 164.4 10.36 164.4 6 0.980 19.3 pressure estimate 3000 320 3000
-5.7 ice 145.2 8.81 145.2 4 0.985 19.9 pressure estimate 3000 295 3000
-6.2 ice 159.1 9.47 159.1 6 0.978 19.3 pressure estimate 3000 314 3000
Appendix 3.1.2: H20-NaCl spreadsheed for calculations (for the Stoffberg Samples)
Inputs: Outputs: Inputs: Outputs:
Salinity T @ homog. P @ homog. IBULK dP/dT Trapping Conditions
TmH,0 phase Th.v wt% NaCl (°C) (bar) (g/cmy) (bar/°C) Based on: TorP T (°C) P (bar)

-3.9 ice 2479 6.30 2479 37 0.855 135 pressure estimate 3000 468 3000

-8.2 ice 185.9 11.93 185.9 11 0.971 18.3 pressure estimate 3000 349 3000

-1.9 ice 362.3 3.23 362.3 187 0.615 6.2 pressure estimate 3000 817 3000

-2.4 ice 256.3 4.03 256.3 43 0.822 12.8 pressure estimate 3000 488 3000

-9.2 ice 184.7 13.07 184.7 10 0.981 18.7 pressure estimate 3000 344 3000

-8.3 ice 183.3 12.05 183.3 10 0.974 185 pressure estimate 3000 345 3000

-3.5 ice 249.5 5.71 249.5 38 0.847 13.3 pressure estimate 3000 472 3000

-8 ice 186.9 11.70 186.9 11 0.968 18.2 pressure estimate 3000 351 3000

-7.4 ice 187.9 10.98 187.9 11 0.962 17.9 pressure estimate 3000 355 3000

-14.1 ice 130.7 17.87 130.7 2 1.064 23.9 pressure estimate 3000 256 3000
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-6.6 ice 156.6 9.98 156.6 5 0.984 19.6 pressure estimate 3000 309 3000
-7.4 ice 189.7 10.98 189.7 12 0.960 17.8 pressure estimate 3000 357 3000
-7.9 ice 187.2 11.58 187.2 11 0.967 18.1 pressure estimate 3000 352 3000

-8 ice 186.2 11.70 186.2 11 0.969 18.2 pressure estimate 3000 350 3000
-7.1 ice 191.2 10.61 191.2 12 0.956 17.6 pressure estimate 3000 361 3000
-7.4 ice 189.1 10.98 189.1 11 0.961 17.9 pressure estimate 3000 356 3000
-4.2 ice 361.1 6.74 361.1 180 0.676 7.7 pressure estimate 3000 729 3000
-5.6 ice 373.9 8.68 373.9 205 0.682 7.6 pressure estimate 3000 740 3000
-4.6 ice 286.7 7.31 286.7 68 0.810 11.6 pressure estimate 3000 540 3000
-5.7 ice 356.8 8.81 356.8 169 0.715 8.5 pressure estimate 3000 692 3000
-4.3 ice 359.8 6.88 359.8 177 0.681 7.8 pressure estimate 3000 723 3000
-4.1 ice 363.5 6.59 363.5 185 0.669 75 pressure estimate 3000 739 3000
-4.2 ice 361.8 6.74 361.8 181 0.674 7.6 pressure estimate 3000 731 3000
-4.3 ice 358.8 6.88 358.8 175 0.682 7.8 pressure estimate 3000 719 3000
-3.6 ice 359.8 5.86 359.8 179 0.664 74 pressure estimate 3000 739 3000
-0.2 ice 194.2 0.35 194.2 14 0.877 15.9 pressure estimate 3000 382 3000
-4.1 ice 204.5 6.59 204.5 16 0.911 15.9 pressure estimate 3000 393 3000
-0.9 ice 269.7 157 269.7 54 0.776 11.8 pressure estimate 3000 519 3000
-2.3 ice 3134 3.87 3134 101 0.725 9.5 pressure estimate 3000 618 3000
-0.8 ice 193.7 1.40 193.7 13 0.885 15.9 pressure estimate 3000 382 3000
-3.1 ice 354.8 5.11 354.8 169 0.662 75 pressure estimate 3000 734 3000
-0.3 ice 191 0.53 191.0 13 0.882 16.0 pressure estimate 3000 377 3000
-2.6 ice 321.2 4.34 321.2 112 0.717 9.2 pressure estimate 3000 636 3000
-3.5 ice 332.9 5.71 332.9 129 0.714 8.9 pressure estimate 3000 657 3000
-0.8 ice 195.8 1.40 195.8 14 0.882 15.8 pressure estimate 3000 385 3000
-2.4 ice 308.5 4.03 308.5 94 0.736 9.8 pressure estimate 3000 604 3000
-3.6 ice 328.7 5.86 328.7 122 0.724 9.1 pressure estimate 3000 644 3000
-4.5 ice 189.9 7.17 189.9 12 0.931 16.8 pressure estimate 3000 368 3000
-3.7 ice 195.7 6.01 195.7 14 0.916 16.2 pressure estimate 3000 380 3000
-4.8 ice 236.6 7.59 236.6 30 0.881 14.3 pressure estimate 3000 444 3000
-4.7 ice 208.7 7.45 208.7 18 0.913 15.8 pressure estimate 3000 397 3000
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-5.6 ice 182.8 8.68 182.8 10 0.950 17.6 pressure estimate 3000 353 3000
-3.2 ice 216.8 5.26 216.8 21 0.886 15.0 pressure estimate 3000 416 3000
-9.2 ice 171.2 13.07 171.2 7 0.994 19.7 pressure estimate 3000 323 3000
-7.5 ice 179.6 11.10 179.6 9 0.971 18.5 pressure estimate 3000 341 3000
-9.2 ice 173.9 13.07 173.9 8 0.991 195 pressure estimate 3000 328 3000
-8.5 ice 188.6 12.28 188.6 11 0.971 18.3 pressure estimate 3000 352 3000
-8.8 ice 182.6 12.62 182.6 10 0.979 18.7 pressure estimate 3000 342 3000
-8.4 ice 196.7 12.16 196.7 13 0.962 17.7 pressure estimate 3000 365 3000
-4.2 ice 214.3 6.74 214.3 20 0.901 154 pressure estimate 3000 408 3000
-14.3 ice 389.5 18.04 389.5 221 0.789 9.0 pressure estimate 3000 699 3000
-5.3 ice 280.5 8.28 280.5 61 0.829 12.1 pressure estimate 3000 524 3000
-0.9 ice 369.3 1.57 369.3 206 0.567 4.7 pressure estimate 3000 965 3000
-2.4 ice 3315 4.03 3315 128 0.692 8.5 pressure estimate 3000 671 3000
-4.8 ice 169 7.59 169.0 7 0.955 18.1 pressure estimate 3000 334 3000
-3.5 ice 328.9 5.71 328.9 123 0.721 9.1 pressure estimate 3000 646 3000
-4.3 ice 282.2 6.88 282.2 63 0.812 11.8 pressure estimate 3000 532 3000
-3.2 ice 334 5.26 334.0 131 0.705 8.7 pressure estimate 3000 665 3000
-4.5 ice 280.9 7.17 280.9 62 0.817 11.9 pressure estimate 3000 528 3000
-4 ice 288.9 6.45 288.9 70 0.797 11.3 pressure estimate 3000 547 3000
-3.2 ice 336.8 5.26 336.8 136 0.700 8.5 pressure estimate 3000 673 3000
-3.4 ice 325.9 5.56 325.9 118 0.725 9.2 pressure estimate 3000 639 3000
-3.5 ice 329.5 5.71 329.5 124 0.720 9.0 pressure estimate 3000 648 3000
-4.4 ice 285.7 7.02 285.7 67 0.808 11.6 pressure estimate 3000 539 3000
-3.9 ice 278.9 6.30 278.9 61 0.811 11.8 pressure estimate 3000 527 3000
-7.6 ice 174.8 11.22 174.8 8 0.976 18.9 pressure estimate 3000 334 3000
-9.5 ice 208.8 13.40 208.8 17 0.960 17.2 pressure estimate 3000 382 3000
-10.3 ice 194.3 14.25 194.3 12 0.981 184 pressure estimate 3000 357 3000
-9.3 ice 195.3 13.18 195.3 13 0.972 18.1 pressure estimate 3000 361 3000
-8.5 ice 209.8 12.28 209.8 17 0.950 16.9 pressure estimate 3000 386 3000
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Appendix 3.2.1:

Table a: Microthermometric data for olivine ferrodiorite of the Bellevue drillcore

Sample number Erl-rgl(c)g TmH20 | TmCO2 -(I;TATH ThH20 ThCO2 Fluid System Density Salinity
BV-83.81 Circle 1 FL1 -59.3 -0.5 27.3 | H20-CO2+CH4 0.633

BV-83.81 Circle 2 two very Dark 2-phase FLINC -56.8 29.8 | CH4-CO2 0.602

BV-83.81 Circle 3 FL1 -59.7 -0.7 29.9 | H20-CO2+CH4 0.598

BV-83.81 Circle 2 FL4 -57.8 11 27.1 | H20-CO2+CH4 0.674

BV-83.81 Circle 2 FL5 -58.1 4 26.8 | H20-CO2+CH4 0.674

BV-83.81 Circle 2 FL6 -56.9 29.3 | CH4-CO2 0.620

BV-83.81 Circle 3 FL1 -59.7 12 29.9 | H20-CO2+CH4 0.598

BV-83.81 Circle 2 Dark 2-phase FLINC -19.9 -2.9 347.2 H20-CO2-NaCl 0.882 21.68
BV-83.81 Circle 2 2-phase FLINC(A) -23.2 -6.3 217 H20-CO2-NaCl 0.921 9.60
BV-83.81 Circle 3 FL2 -20.1 -1.3 306.1 H20-CO2-NaCl 0.717 2.24
BV-83.81 Circle 3 FL3 -22.8 -3.2 279.6 H20-CO2-NaCl 0.799 5.26
BV-83.81 Circle 3 FL4 -23.9 -6.5 217.6 H20-CO2-NaCl 0.922 9.86
BV-83.81 Circle 3 FL5 -23.1 -3.8 268.2 H20-CO2-NaCl 0.825 6.16
BV-83.81 Circle 3 FL6 -21.2 -1.8 298.2 H20-C0O2-NaCl 0.743 3.06
BV-83.81 Circle 3FL7 -21.7 -2.5 286.7 H20-C0O2-NaCl 0.776 4.18
BV-106.90 Circle 1 vapour-rich 2-phase FLINC -56.8 30.8 | CH4-CO2 0.538

BV-106.90 Circle 1 2-phase FLINC(A) -57.3 6 24.9 | H20-CH4-CO2 0.712

BV-106.90 Circle 1 2-phase FLINC(B) -57.6 -0.9 23.2 | H20-CH4-CO2 0.736

BV-106.90 Circle 1 2-phase FLINC© -56.9 30.1 | CH4-CO2 0.581

BV-106.90 Circle 1 2-phase FLINC(D) -57.1 24.9 | CH4-CO2 0.712

BV-106.90 Circle 1 2-phase FLINC € -56.9 30.5 | CH4-CO2 0.566

BV-106.90 Circle 2 VAPOUR-RICH 2-phase FLINC -56.8 23.8 | CH4-CO2 0.728

BV-106.90 Circle 2 2-phase FLINC(A) -57.3 5 24.2 | H20-CH4-CO2 0.722
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BV-106.90 Circle 2 2-phase FLINC(B) -56.9 30.2 | CH4-CO2 0.584

BV-106.90 Circle 2 2-phase FLINC© -57.8 12 23.4 | H20-CH4-C0O2 0.733

BV-106.90 Circle 2 2-phase FLINC(D) -57.4 11 23.9 | H20-CH4-C0O2 0.726

BV-106.90 Circle 3 (Trail) Diamond 2-phase FLINC -19.9 -2 157.9 H20-C0O2-NaCl 0.937 3.39

BV-106.90 Circle 3 (Trail) FL2 2-phase FLINC -24.1 -6 152.1 H20-C0O2-NaCl 0.982 9.21

BV-106.90 Circle 3 (Trail) FL3 2-phase FLINC -23.8 -4.9 155.2 H20-C0O2-NaCl 0.969 7.73

BV-106.90 Circle 3 (Trail) FL4 2-phase FLINC -23.1 -5.3 153.7 H20-C0O2-NaCl 0.974 8.28

BV-83.69 (1) Circle 5 Oval, V-rich, 2-phase FLINC (1) -22.9 -4.9 325.1 H20-C0O2-NaCl 7.73

BV-83.69 (1) Circle 5, 2-phase FLINC (2) -24.3 -6.5 298 H20-C0O2-NaCl 9.86

BV-83.69 (1) Circle 5, 2-phase FLINC (3) -24.1 -6.2 313.6 H20-C0O2-NaCl 9.47

BV-83.69 (1) Circle 5, 2-phase FLINC (4) -23.8 -5.9 302.9 H20-CO2-NaCl 9.08

BV-83.69 (1) Circle 5, 2-phase FLINC (5) -23.9 -6.1 309.7 H20-CO2-NaCl 9.34

BV-83.69 (1) Circle 3 2-phase FLINC (2) -24.5 -9.8 148.2 H20-CO2-NaCl 15.76

BV-83.69 (1) Circle 3 2-phase FLINC (3) -24.1 -9.2 139.5 H20-C0O2-NaCl 15.17

BV-83.69 (1) Circle 3 2-phase FLINC (4) -24.7 -10.8 129.8 H20-C0O2-NaCl 17.61
Table b: Microthermometric data for quartz anorthosite of the Bellevue drillcore

Sample number Tmice Tm Tm Tm ThH20 | ThCO2 | Td | Fluid System Density Salinity

(H20) H20 | CO2 | CLATH

BV-352.60 Circle 2 cluster of FLINCs 2-ring FLINC -56.8 30.1 - CH4-C0O2 0.589

BV-352.60 Circle 2 3-phase FLINC (2-BUBBLES) -57.4 -0.5 28.9 - H20-C0O2+CH4 0.632

BV-352.60 Circle 2 Cubic 2-phase FLINC -57.2 -0.7 30.4 - H20-C0O2+CH4 0.365

BV-352.60 Circle 2 Rectangular 2-phase FLINC(Trail) -57.2 1 28.6 - H20-CO2+CH4 0.641
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BV-352.60 Spherical Light 2-phase FLINC -57.5 6 29.5 H20-CO2+CH4 0.614
BV-352.60 Triangle-shaped (cluster) -57.1 9 30.1 H20-CO2+CH4 0.349
BV-352.60 Circle 4 vapour-rich FLINC -57.1 12 30.2 H20-CO2+CH4 0.584
BV-417.90(1) P1 FL5 2-phase FLINC -57.3 45 29.7 H20-CO2+CH4 0.606
BV-417.90(1) P1 FL6 2-phase FLINC -57.1 5.3 28.5 H20-CO2+CH4 0.643
BV-417.90(1) P2 FL1 2-phase FLINC(Moving bubble) -56.9 28.3 CH4-CO2 0.648
BV-417.90(1) P3 FL1 2-phase FLINC -56.8 28.8 CH4-C0O2 0.635
BV-417.90(2) Circle 5 2-phase cubic FLINC -57.1 30 CH4-C0O2 0.594
BV-1046.50 (1) Circle 1 FL1 -57.1 30.2 CH4-CO2 0.584
BV-1046.50 (1) Circle 1 FL2 -56.9 30.8 CH4-C02 0.538
BV-1046.50 (1) Circle 1 FL3 -57.5 10 294 H20-CH4-CO2 0.617
BV-1046.50 (1) Circle 3 Light two-phase FLINC (5) -56.9 29.4 CH4-C02 0.617
BV-1046.50 (1) Circle 3 Light two-phase FLINC (6) -57 4 28.6 H20-CH4-CO2 0.641
BV-1046.50 (1) Circle 3 Light two-phase FLINC (7) -58.4 6 29.2 H20-CH4-CO2 0.623
BV-1046.50(1) Circle 3 Dark two-phase FLINC (8) -57.1 -0.7 28.4 H20-CH4-CO2 0.646
BV-1046.50 (1) Circle 3 Oval light two-phase FLINC -56.9 30.2 CH4-C0O2 0.584

9)
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BV-1046.50 (1) Circle 2 Dark,Cubic two-phase FLINC -56.9 30.3 - CH4-C02 0.578

@

BV-352.60 Circle 2 OVAL shaped 2-phase FLINC -48.5 -2.8 332.7 - 4.65

BV-352.60 Circle 4 Large 2-phase FLINC -19.2 -0.4 245 480 | H20-CO2-NaClz other 0.70
cations (Ca and K)

BV-352.60 Circle 4Medium sized 2-phase FLINC (A) -49.1 -2.6 304.3 - H20-CO2-NaCl+ other 4.34
cations (Ca and K)

BV-352.60(1) CIRCLE 1_2-PHASE FLINC_F1 -48.6 -2.9 304.2 H20-C0O2-NaCl+ other 4.80
cations (Ca and K)

BV-352.60(1) CIRCLE 1_2-PHASE FLINC_F2 -33.9 -1.8 339.8 535 | H20-CO2-NaCl+ other 3.06
cations (Ca and K)

BV-352.60(1) CIRCLE 1_2-PHASE FLINC_F3 -48.1 2.1 317.8 - H20-CO2-NaCl+ other 3.55
cations (Ca and K)

BV-417.90(1) P1 FL2 2-phase FLINC -48.3 -2.2 246.6 - H20-CO2-NaCl+ other 3.71
cations (Ca and K)

BV-417.90(1) P1 FL3 2-phase FLINC -32.9 -4.4 159.6 - H20-CO2-NaCl+ other 7.02

cations (Ca and K)
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BV-417.90(1) P1 FL4 2-phase FLINC -37.9 -5.4 299.5 - H20-CO2-NaCl+ other 8.41
cations (Ca and K)

BV-417.90(1) P1 FL7 2-phase FLINC -23.6 -7.8 309.8 - H20-CO2-NaCl+ other 11.46
cations (Ca and K)

BV-417.90(1) P3 FL2 2-phase FLINC -48.3 -2.4 162.9 - H20-CO2-NaCl+ other 4.03
cations (Ca and K)

BV-417.90(2) Circle 2 2-phase FLINC -27.8 -10.9 162.4 - H20-CO2-NaCl+ other 14.87
cations (Ca and K)

BV-417.90(2) Circle 2 Oval 2-phase FLINC -48.2 -1.7 140.1 - H20-CO2-NaCl+ other 2.90
cations (Ca and K)

BV-417.90(2) Circle 2 Large cube 2-phase FLINC -34.8 -4.8 302.8 - H20-CO2-NaCl+ other 7.59
cations (Ca and K)

BV-417.90(2) Circle 2 Small cube 2-phase FLINC -24.8 -5 335.9 550 | H20-CO2-NaCl+ other 7.86
cations (Ca and K)

BV-417.70(2) Circle 3 FL1 (cluster) 2-phase FLINC -48.5 -2.9 266.6 - H20-CO2-NaCl+ other 4.80

cations (Ca and K)
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BV-1046.50 (1) Circle 3 Dark, Cubic two-phase FLINC | -39.8 -3.5 249.8 H20-CO2-NaCl+ other 5.71

(10) cations (Ca and K)

BV-1046.50 (1) Circle 4 Oval two-phase FLINC (1) -20.1 -11.4 346.8 H20-CO2-NaCl+ other 15.37
cations (Ca and K)

BV-1046.50 (1) Circle 4 Cubic two-phase FLINC (2) -35.8 -2.9 184.1 H20-CO2-NaCl+ other 4.80
cations (Ca and K)

BV-1046.50 (1) Circle 4 Cubic two-phase FLINC (3) -40.5 -1.8 365.1 H20-CO2-NaCl+ other 3.06
cations (Ca and K)

BV-1046.50 (1) Circle 2 Irregular two-phase FLINC (3) | -44.9 -2.3 250.8 H20-CO2-NaCl+ other 3.87
cations (Ca and K)

BV-1046.50 (1) Circle 2, two-phase FLINC (2) -39.6 -3.5 249.2 H20-CO2-NaCl+ other 5.71

cations (Ca and K)
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Table c: Microthermometric data for anorthosite of the Bellevue drillcore

Sample number Z-ITZI(C)E; TmH20 Tm CO2 -I(;TATH ThH20 ThCO2 Fluid System Density Salinity
BV_893.90(2) Circle 1 FL3 L-Rich, 2-Phase FLINC -25.3 -11.2 172.7 H20-NaCl 1.008 15.17
BV_893.90(2) Circle 1 _FL4, 2-Phase FLINC -25.2 -10.5 1875 H20-NaCl 0.989 14.46
BV_893.90(2) Circle 3 FL3_V-Rich, 2-Phase FLINC -21.8 -3.2 251 H20-NaCl 0.841 5.26
BV_893.90(2) Circle 3 FL3, 2-Phase FLINC -20.7 -4.9 225.3 H20-NaCl 0.896 7.73
BV_893.90(2) Circle 3_FL4, 2-Phase FLINC -24.5 -3.3 248.9 H20-NaCl 0.846 5.41
BV_893.90(2) Circle 3_FL5, 2-Phase FLINC -19.1 -3.7 243.5 H20-NaCl 0.858 6.01
BV_893.90(2) Circle 3 FL6, 2-Phase FLINC -19.6 -3.5 245.7 H20-NaCl 0.853 5.71
BV-1413.80 (B) CIRCLE 3 FL1, two-Phase FLINC -16.9 -9.7 148.8 H20-NaCl 1.017 13.62
BV-1413.80 (B) CIRCLE 3 FL2, two-Phase FLINC -16.6 -9.9 144.1 H20-NaCl 1.057 18.30
BV-1413.80 (B) CIRCLE 3 FL3, two-Phase FLINC -17.3 -5.8 195.3 H20-NaCl 0.939 8.95
BV-1413.80 (B) CIRCLE 3 FL4, two-Phase FLINC -21.9 -8.8 286 H20-NaCl 0.865 12.62
BV-1413.80 (B) CIRCLE 2 FL1, two-Phase FLINC -22.9 -2.1 159.4 H20-NaCl 0.936 3.55
BV-1413.80 (B) CIRCLE 2 FL2, two-Phase FLINC -23.7 -3.8 131 H20-NaCl 0.979 6.16
BV-1413.80 (B) CIRCLE 2 FL3, two-Phase FLINC -17.3 -3.1 148.3 H20-NaCl 0.957 5.11
BV-1413.80 (B) CIRCLE 5 FL1, two-Phase FLINC -25.1 -8.8 89.5 H20-NaCl 1.054 12.62
BV-1413.80 (B) CIRCLE 5 FL2, two-Phase FLINC -18.4 -2.4 104.2 H20-NaCl 0.984 4.03
BV-1413.80 (B) CIRCLE 5 FL3, two-Phase FLINC -17.5 -6.9 164.4 H20-NaCl 0.980 10.36
BV-1413.80 (B) CIRCLE 5 FL4, two-Phase FLINC -19.2 -5.7 145.2 H20-NaCl 0.985 8.81
BV-1413.80 (B) CIRCLE 5 FL5, two-Phase FLINC -21.9 -6.2 159.1 H20-NaCl 0.978 9.47
BV_893.90(2) Circle 1 FL1_V-Rich, 2-Phase FLINC -58.9 -0.5 28.9 | H20-CO2+CH4 0.309
BV_893.90(2) Circle 1_FL2, 2-Phase FLINC -59.6 4 27.9 | H20-CO2+CH4 0.658
BV_893.90(2) Circle 1 _FL4, 2-Phase FLINC -58.1 -0.9 29.1 | H20-CO2+CH4 0.627
BV_893.90(2) Circle 1 _FL5, 2-Phase FLINC -58.5 2 29.4 | H20-CO2+CH4 0.617
BV_893.90(2) Circle 2_FL1_L-Rich, 2-Phase FLINC -59.6 7 27.2 | H20-CO2+CH4 0.673
BV_893.90(2) Circle 2_FL2, 2-Phase FLINC -57.8 -04 25.3 | H20-CO2+CH4 0.706
BV_893.90(2) Circle 2_FL3, 2-Phase FLINC -58.9 -0.7 28.9 | H20-CO2+CH4 0.632
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BV_893.90(2) Circle 2_FL4, 2-Phase FLINC -59.2 13 27.1 | H20-CO2+CH4 0.675
BV _893.90(2) Circle 2_FL5, 2-Phase FLINC -58.2 8 28.2 | H20-CO2+CH4 0.651
Table d: Microthermometric data for leucogabbronorite of the Bellevue drillcore
Tmice m

Sample number (H20) Tm | TmCO2 | ThH20 | CLATH ThCO2 | Fluid System Density | Salinity
BV 910 (10) 1 Circle 2_FL4 Oval 2-phase FLINC -58.4 -0.9 18.1 | H20-CO2+CH4 0.793

BV 910 (10) 1 Circle2 FL9 2-phase FLINC -59.2 0.6 27.5 | H20-CO2+CH4 0.658

BV 910 (10) 1 Circle 2 FL1 Irregular 2-phase FLINC -438 | -6 339.6 H20-NaCl-MgCI2 8.55
BV 910 (10) 1 Circle2 FL2 2-phase FLINC -33.9 -2 365 H20-NaCl-MgCI2 3.39
BV 910 (10) 1 Circle2 FL5 2-phase FLINC -41.9 -3 353.1 H20-NaCl-MgCI2 4.80
BV 910 (10) 1 Circle2 FL6 2-phase FLINC -40.8 -3 360.8 H20-NaCl-MgCI2 4.34
BV 910 (10) 1 Circle2 FL7 2-phase FLINC -33.8 | -4 334.7 H20-NaCIl-MgCI2 5.86
BV 910 (10) 1 Circle2 FL8 2-phase FLINC 317 -7 335.6 H20-NaCIl-MgCI2 18.55
BV 910 (10) 1 Circle2 FL10 2-phase FLINC -359 | -2 284 H20-NaCIl-MgCI2 3.87
BV 910 (10) 1 Circle2 FL11 2-phase FLINC 371 -2 301 H20-NaCIl-MgCI2 3.87
BV 910 (10) 1 Circle2 FL12 2-phase FLINC -349 | -2 374.1 H20-NaCIl-MgCI2 2.74
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Appendix 3.2.2:

FLUIDS, package of computer programs for fluid inclusion studies
Program 2: ISOC, version 01/03
Product development Ronald J. Bakker
Included components:

1. Fluids: H20-CO2-CH4-N2-C2H6-H2S-NH3-H2-02-CO

2. Salts: NaCl-KCI-CaCl2-MgCI2
Isochore calculation in complex fluid systems
Calculation is based on bulk fluid properties (density and composition)
Compressibility and expansion of host mineral are included
Reference:

Bakker RJ (2003) Chemical Geology, vol.194, 3-23.

Selection of fluid system
(1) amount-of-substance fractions of all components
(2) molalities-mass% of salts and amount-of-substance fractions of gases
(3) molalities-mass% (always relative to H20)
choose number: 1
Composition of fluid, in amount-of-substance fraction (0 to 1),

salts are introduced as dissociated ions (like Na+ and Cl-)

x(H20) =0
x(CO2) =0.86
x(CH4) =0.14
x(N2) =0
x(C2H6) = 0
x(H2S) =0
x(NH3) =0

x(H2) =0



x(02) =0
x(CO) =0
x(Na+) =0
x(K+) =0
x(Ca++) =0
x(Mg++) = 0

X(Cl-) =0 (calculated)

Bulk fluid density:
(1) value in cc/mol
(2) value in g/cc
choose number: 2
Density (g/cc) = 0.632

Molar volume = 63.4405 cc/mol

Equation of state for isochore calculation
(1) Redlich & Kwong (1949) : any gas-mixture
(2) Holloway (1977), Flowers (1979) : any gas-mixture
(3) Jacobs & Kerrick (1981), Kerrick & Jacobs (1981) : H20-CO2-CH4
(4) Bakker (1999) : any gas-mixture + NaCl
(5) Duan et al. (1992a, 1992b) : H20-C0O2-CH4
(6) Duan et al. (1992, 1996) : H20-CO2-CH4-N2-CO-H2-02-H2S
choose number : 5
Details Reference:
Duan et al. (1992a), Geochim.Cosmochim.Acta, 56:2605-2617.
Duan et al. (1992b), Geochim.Cosmochim.Acta, 56:2619-2631.
Composition : H20-CO2-CH4
Limits : pure gas species 273-1273 K and 0-800 MPa
mixtures 323-1273 K and 0-100 MPa (less accurate to 300 MPa)

Describes both vapour- and liquid-like materials
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Would you like to CONTINUE with this equation of state? (y/n) : y

VOLUMETRIC DATA of HOST MINERAL (Compressibility, Expansion)
Quartz : Hosieni et al. (1985)
other minerals : Berman (1988)
In which mineral group is the fluid trapped:
(0) not specified
(1) Quartz
(2) Carbonate
(3) Olivine
(4) Al2SiO5
(5) Garnet
(6) Feldspar
(7) Pyroxene
(8) Amphibole
(9) Oxides
(10) Cyclo-silicate
(11) Sphene
choose number: 1
Further specification of mineral:
alpha-beta transition is included in calculations
Isochore corrections starting point:
(1) Default (25 °C and 1 bar)
(2) Other temperature/pressure

choose number: 1

TEMPERATURE RANGE

Automatical correction:

1. if lower limit is below homogenisation conditions
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2. if calculation results in negative pressures

Lower T (°C) = 600

Upper T (°C) = 1000

Amount of steps (integer) : 25

Write results in file (drive+filename): |

Results of the calculations

T(K)
873.15
889.15
905.15
921.15
937.15
953.15
969.15
985.15
1001.15
1017.15
1033.15
1049.15
1065.15
1081.15
1097.15
1113.15
1129.15
1145.15
1161.15
1177.15

1193.15

P(MPa)

191.638

194.498

196.361

200.871

205.367

209.849

214.317

218.774

223.218

227.651

232.074

236.486

240.889

245.282

249.667

254.043

258.411

262.771

267.123

271.469

275.808

V(cc/mol)

65.4002

65.696

66.1486

66.1467

66.1451

66.1437

66.1425

66.1415

66.1406

66.1397

66.139

66.1383

66.1377

66.1371

66.1366

66.136

66.1355

66.135

66.1345

66.134

66.1335
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1209.15 280.139 66.133

1225.15 284.465 66.1325
1241.15 288.784 66.1319
1257.15 293.098 66.1314

1273.15 297.405 66.1309

Appendix 3.3.1:

FLUIDS, package of computer programs for fluid inclusion studies
Program 2: ISOC, version 01/03
Product development Ronald J. Bakker
Included components:

1. Fluids: H20-CO2-CH4-N2-C2H6-H2S-NH3-H2-02-CO

2. Salts: NaCl-KCI-CaCl2-MgCI2
Isochore calculation in complex fluid systems
Calculation is based on bulk fluid properties (density and composition)
Compressibility and expansion of host mineral are included
Reference:

Bakker RJ (2003) Chemical Geology, vol.194, 3-23.

Selection of fluid system
(1) amount-of-substance fractions of all components
(2) molalities-mass% of salts and amount-of-substance fractions of gases
(3) molalities-mass% (always relative to H20)
choose number: 1
Composition of fluid, in amount-of-substance fraction (0 to 1),

salts are introduced as dissociated ions (like Na+ and Cl-)

x(H20) =1
x(CO2) =0
x(CH4) =0
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x(N2) =0
x(C2H6) =0
x(H2S) =0
x(NH3) =0
x(H2) =0
x(02) =0
x(CO) =0
x(Na+) =0
x(K+) =0
x(Ca++) = 0
x(Mg++) = 0

X(Cl-) =0 (calculated)

Bulk fluid density:
(1) value in cc/mol
(2) value in g/cc
choose number: 2
Density (g/cc) = 1.00

Molar volume = 18.0153 cc/mol

Equation of state for isochore calculation
(1) Redlich & Kwong (1949) : any gas-mixture
(2) Kell (1967), Kell & Whalley (1965) : pure H20
(3) Holloway (1977), Flowers (1979) : any gas-mixture
(4) Jacobs & Kerrick (1981), Kerrick & Jacobs (1981) : H20-CO2-CH4
(5) Bakker (1999), Bowers & Helgeson (1983) : any gas-mixture + NaCl
(6) Haar et al. (1984) : pure H20
(7) Zhang & Frantz (1987) : H20-NaCl-KCI-CaCl2
(8) Belonoshko & Saxena (1991a) : pure H20

(9) Sterner & Bodnar (1991) : H20-CO2
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(10) Duan et al. (199243, 1992b) : H20-CO2-CH4

(11) Anderko & Pitzer (1993) : H20-NaCl-KCl

(12) Bodnar & Vityk (1994) Knight & Bodnar (1989) : H20-NaCl
(13) Duan et al. (1992, 1996) : H20-C0O2-CH4-N2-CO-H2-02-H2S

choose number : 7

Details Reference:
Zhang & Frantz (1987), Chem.Geol., 64:335-350.
Composition : binary H20-NaCl, H20-KCl, H20-CaCl2
ideal mixture for H20-NaCl-KCI-CaClI2 fluids.
Limits : 453-973 K and 0.1-300 MPa, liquid-like fluids.
Based on fluid inclusion research.
Isochore construction is based on Th values (lig).
Homogenisation Temperature (°C) = 172.7
Molar Volume at homogenisation = 20.0085 cc/mol
Density at homogenisation = 0.900379 g/cc

Would you like to CONTINUE with this equation of state? (y/n) : y

VOLUMETRIC DATA of HOST MINERAL (Compressibility, Expansion)
Quartz : Hosieni et al. (1985)
other minerals : Berman (1988)
In which mineral group is the fluid trapped:
(0) not specified
(1) Quartz
(2) Carbonate
(3) Olivine
(4) AI2SiO5
(5) Garnet
(6) Feldspar

(7) Pyroxene
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(8) Amphibole

(9) Oxides

(10) Cyclo-silicate

(11) Sphene

choose number : 1

Further specification of mineral:

alpha-beta transition is included in calculations
Isochore corrections starting point:

(1) Default (25 °C and 1 bar)

(2) Other temperature/pressure

choose number: 1

TEMPERATURE RANGE
Automatical correction:
1. if lower limit is below homogenisation conditions
2. if calculation results in negative pressures
Lower T (°C) =300
Upper T (°C) = 1000

Amount of steps (integer) : 25

Write results in file (drive+filename): e

Results of the calculations

T(K) P(MPa)  V(cc/mol)
573.15 225.049 20.1137
601.15 274.396 20.1115
629.15 323.743 20.11

657.15 373.09 20.1093
685.15 422.437 20.1096

713.15 471.784 20.1111
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741.15

769.15

797.15

825.15

853.15

881.15

909.15

937.15

965.15

993.15

1021.15

1049.15

1077.15

1105.15

1133.15

1161.15

1189.15

1217.15

1245.15

1273.15

521.13

570.477

619.824

669.171

718.518

767.865

817.211

866.558

915.905

965.252

1014.6

1063.95

1113.29

1162.64

1211.99

1261.33

1310.68

1360.03

1409.37

1458.72

20.114

20.1181

20.1238

20.1311

20.1402

20.1511

20.1642

20.1797

20.1979

20.219

20.2436

20.2719

20.35

20.396

20.465

20.6164

20.6106

20.6047

20.5989

20.593
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Appendix 3.3.2:

Table a: Microthermometric data for quartz monzodiorite of the Stoffberg area

Tmice

Sample Name Q) TmH20 (°C) | TH (°C) Tdeo Form of Homogenization | wt% equiv.NaCl Density of content | Fluid system

RGC 16 P1 FL1 | -43.7 -4.5 189.9 | L+V>L 7.17 0.93 | H20-NaCl-MgCI2
RGC 16 P1 FL2 | -40.9 -3.7 195.7 | - L+V>L 6.01 0.92 | H20-NaCl-MgCI2
RGC 16 P1 FL3 | -43.6 -4.8 236.6 | 940°C | 4S5 7.59 0.88 | H20-NaCl-MgCI2
RGC 16 P1 FL4 | -43.2 -4.7 208.7 | - L+V>L 7.45 0.91 | H20-NaCl-MgCI2
RGC 16 P1 FL5 | -39.6 -5.6 182.8 | - L+V>L 8.68 0.95 | H20-NaCl-MgCI2
RGC 16 P1 FL6 | -41.7 -3.2 216.8 | - L+V>L 5.26 0.89 | H20-NaCl-MgCI2
RGC 16 P2 FL1 | -31.9 -9.2 1712 | - L+V>L 13.07 0.99 | H20-NaCl-MgCI2
RGC 16 P2 FL2 | -33.9 -7.5 1796 | - L+V>L 11.10 0.97 | H20-NaCl-MgCI2
RGC 16 P2 FL3 | -31.8 -9.2 173.9 | - L+V>L 13.07 0.99 | H20-NaCl-MgCI2
RGC 16 P2 FL4 | -38.7 -8.5 188.6 | - L+V>L 12.28 0.97 | H20-NaCl-MgCI2
RGC 16 P2 FL5 | -33.8 -8.8 1826 | - L+V>L 12.62 0.98 | H20-NaCl-MgCI2
RGC 16 P7 FL1 | -34.1 -8.4 196.7 | - L+V>L 12.16 0.96 | H20-NaCl-MgCI2
RGC 16 P7 FL2 | -42.9 -4.2 214.3 | - L+V>L 6.74 0.90 | H20-NaCl-MgCI2
RGC 16 P7 FL3 | -32.8 -14.3 389.5 | 960°C | | 4+55L 18.04 0.79 | H20-NaCl-MgCI2
RGC 16 P7 FL4 | -37.9 -5.3 2805 | - L+V>L 8.28 0.83 | H20-NaCl-MgCI2
RGC 16 P7 FL5 | -43.1 -0.9 369.3 | - L+V>L 1.57 0.57 | H20-NaCl-MgCI2
RGC 16 P7 FL6 | -36.9 -2.4 3315 | - L+V>L 4.03 0.69 | H20-NaCl-MgCI2




Table b: Microthermometric data for granodiorite of the Stoffberg area

Sample Name T mice TmH0 | TH Form of Homogenization wt% equiv.NaCl Density of content Fluid system

RGC 22 P2 FL1 -54.3 -3.9 | 2479 | L+V>L 6.30 0.86 | H20-NaCl-CaCl2
RGC 22 P2 FL2 -55.2 -8.2 | 1859 | L+V>L 11.93 0.97 | H20-NaClI-CaCl2
RGC 22 P2 FL3 -49.8 -1.9 | 362.3 | L+V>L 3.23 0.61 | H20-NaCl-CaCl2
RGC 22 P2 FL4 -48.1 24| 256.3 | L+V>L 4.03 0.82 | H20-NaClI-CaCl2
RGC 22 P2 FL5 -54.9 -9.2 | 184.7 | L+V>L 13.07 0.98 | H20-NaClI-CaCl2
RGC 22 P2 FL6 -50.7 -8.3 | 183.3 | L+V>L 12.05 0.97 | H20-NaCl-CaCl2
RGC 22 P2 FL7 -54.9 -3.5 | 2495 | L+V>L 571 0.85 | H20-NaCl-CaCl2
RGC 22 P2 FL8 -53.9 -8 | 186.9 | L+V>L 11.70 0.97 | H20-NaCl-CaCl2
RGC 22 P2 FL9 -48.9 -7.4 | 1879 | L+V>L 10.98 0.96 | H20-NaCl-CaCl2
RGC 22 P3 FL1 -55.5 | -14.1 130.7 | L+V>L 17.87 1.06 | H20-NaCl-CaCl2
RGC 22 P3 FL2 -47.9 -6.6 | 156.6 | L+V>L 9.98 0.98 | H20-NaCl-CaCl2
RGC 22 P3 FL3 -48.5 -7.4 | 189.7 | L+V>L 10.98 0.96 | H20-NaCl-CaCl2
RGC 22 P3 FL4 -49.6 -7.9 | 187.2 | L+V>L 11.58 0.97 | H20-NaClI-CaCl2
RGC 22 P3 FL5 -52.9 -8 | 186.2 | L+V>L 11.70 0.97 | H20-NaClI-CaCl2
RGC 22 P3 FL6 -53.6 -7.1 | 191.2 | L+V>L 10.61 0.96 | H20-NaClI-CaCl2
RGC 22 P3 FL7 -50.6 -7.4 | 189.1 | L+V>L 10.98 0.96 | H20-NaClI-CaCl2
RGC 22 P4 FL1 -52.9 -4.2 | 361.1 | L+V>L 6.74 0.68 | H20-NaCl-CaCl2
RGC 22 P4 FL2 -54.3 -5.6 | 373.9 | L+V>L 8.68 0.68 | H20-NaCl-CaCl2
RGC 22 P4 FL3 -53.9 -4.6 | 286.7 | L+V>L 7.31 0.81 | H20-NaCl-CaCl2
RGC 22 P4 FL4 -53.8 -5.7 | 356.8 | L+V>L 8.81 0.71 | H20-NaCl-CaCl2
RGC 22 P4 FL5 -49.7 -4.3 | 359.8 | L+V>L 6.88 0.68 | H20-NaCl-CaCl2
RGC 22 P4 FL6 -48.4 -4.1 | 363.5 | L+V>L 6.59 0.67 | H20-NaCl-CaCl2
RGC 22 P4 FL7 -47.8 -4.2 | 361.8 | L+V>L 6.74 0.67 | H20-NaCl-CaCl2
RGC 22 P4 FL8 -50.6 -4.3 | 358.8 | L+V>L 6.88 0.68 | H20-NaCl-CaCl2




RGC 22 P4 FL9 -53.9 -3.6 | 359.8 | L+V>L 5.86 0.66 | H20-NaCl-CaCl2
RGC 24 P1 FL1 -46.7 -0.2 | 194.2 | L+V>L 0.35 0.88 | H20-NaCl-CaCl2
RGC 24 P1 FL2 -52.9 -4.1 | 204.5 | L+V>L 6.59 0.91 | H20-NaCl-CaCl2
RGC_24 P1 FL3 -46.9 -0.9 | 269.7 | L+V>L 1.57 0.78 | H20-NaCl-CaCl2
RGC_24 P1_FL4 -47.8 -2.3 | 3134 | L+V>L 3.87 0.72 | H20-NaCl-CaCl2
RGC_24 P1 FL5 -47.1 -0.8 | 193.7 | L+V>L 1.40 0.88 | H20-NaCl-CaCl2
RGC_24 P1 FL6 -50.7 -3.1 | 354.8 | L+V>L 5.11 0.66 | H20-NaCl-CaCl2
RGC_24 P1 FL7 -51.9 -0.3 191 | L+V>L 0.53 0.88 | H20-NaCl-CaCl2
RGC_24 P1 FL8 -54.9 -2.6 | 321.2 | L+V>L 4.34 0.72 | H20-NaCl-CaCl2
RGC 24 P1 FL9 -55.1 -3.5 | 3329 | L+V>L 5.71 0.71 | H20-NaCl-CacCl2
RGC 24 P1 FL10 -53.9 -0.8 | 195.8 | L+V>L 1.40 0.88 | H20-NaCl-CaCl2
RGC 24 P1 FL11 -54.8 -2.4 | 3085 | L+V>L 4.03 0.74 | H20-NaCl-CaCl2
RGC 24 P1 FL12 -55.2 -3.6 | 328.7 | L+V>L 5.86 0.72 | H20-NaCl-CacCl2

Table c: Microthermometric data for monzodiorite of the Stoffberg area

Sample Name T mice TmH:O | TH T4 Form of Homogenization | wt% equiv.NaCl | Density of content | Fluid system
RGC 12 P2 FL2 -23.1 -4.8 169.00 | 450°C L+V+S>L+S, L+S>L 7.59 0.96 | H20-NaCl
RGC 12 P2 FL3 -22.9 -3.5 3289 | L+V>L 571 0.72 | H20-NaCl
RGC 12 P2 FL4 -20.4 -4.3 282.2 | - L+V>L 6.88 0.81 | H20-NaCl
RGC 12 P2 FL5 -21.9 -3.2 334 | - L+V>L 5.26 0.71 | H20-NaCl
RGC 12 P2 FL6 -23.1 -4.5 280.9 | - L+V>L 7.17 0.82 | H20-NaCl
RGC 12 P2 FL7 -23.8 -4 288.9 | - L+V>L 6.45 0.80 | H20-NaCl
RGC 12 P2 FL8 -21.9 -3.2 336.8 | - L+V>L 5.26 0.70 | H20-NaCl
RGC 12 P2 FL9 -21.2 -3.4 3259 | - L+V>L 5.56 0.72 | H20-NaCl
RGC 12 P2 FL10 -20.8 -3.5 3295 | - L+V>L 5.71 0.72 | H20-NaCl
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RGC 12 P2 FL11 -18.9 -4.4 285.7 L+V>L 7.02 0.81 | H20-NaCl
RGC 12 P2 FL12 -19.2 -3.9 278.9 L+V>L 6.30 0.81 | H20-NaCl
RGC 12 P3 FL1 -19.8 -7.6 174.8 L+V>L 11.22 0.98 | H20-NaCl
RGC_12_P3 FL2 -20.8 -95 208.8 L+V>L 13.40 0.96 | H20-NaCl
RGC_12_P3 FL3 -23.1 -10.3 1943 L+V>L 14.25 0.98 | H20-NaCl
RGC_12_P3 FL4 -22.6 -9.3 195.3 L+V>L 13.18 0.97 | H20-NaCl
RGC_12_P3 FL5 -21.8 -85 209.8 L+V>L 12.28 0.95 | H20-NaCl
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Appendix 4.2.1: A: Reporting Ti concentrations and corresponding temperatures for

individual spot analyses in sample RGC 24. Calculated temperatures are tabulated for several

calibrations of the Ti-in-quartz thermometer, as discussed in the text.

Spot Ti in Qtz (ppm) T°C Wark and | T°C Huang | T°C Huang | position

Watson (2006) | and and
analyses at 10 kbar Audétat (2012) | Audétat (2012)

at 3 kbar at 10 kbar

number
1/2. 188 + 22 829 £ 16 844 + 17 994 £ 19 RIM
2 /2. 99 £ 22 746 £ 27 758 £ 28 898 +31 CORE
3/2. 87122 731+£30 743 £31 880 £ 35 CORE
4/2. 147 + 22 796 £ 20 809 + 20 955 +23 RIM
5/2. 115+ 22 764 + 24 777 +25 919 £35 RIM
6/2. 87 +22 731 +£30 743 £ 31 880 + 28 CORE
712. 112 £ 22 761 +24 774 + 25 915 + 35 RIM
8/2. 65+ 22 698 + 38 709 £ 39 842 + 28 CORE
9/2. 96 + 22 742 + 28 755 + 28 893 £ 44 CORE
10 /2. 81+22 723 +£32 734 £32 870 £ 32 RIM
11 /2. 148 + 22 797 £ 20 810+ 20 956 + 37 RIM
12 /2. 31+22 624 £ 77 633+ 79 756 £ 23 RIM
13 /2. 161 + 22 808 £ 18 822 +19 969 + 89 RIM
14 /2. 110 £ 22 759 £ 25 77121 912 £ 29 RIM
15 /2. 156 £ 22 804 £ 19 817 +21 965 + 22 CORE
16 /2. 141 £ 22 790 £ 20 804 £ 19 949 24 CORE
17 /2. 139+ 22 788 £ 21 802 £ 21 947 £ 24 CORE
18 /2. 133+ 22 783 £ 21 796 £ 21 940 £ 25 RIM
19 /2. 161+22 808 + 18 822 £ 22 969 + 22 RIM
20/2. 165+ 22 811+18 825+ 19 973+21 RIM
22 /2. 96 + 22 742 + 28 755+ 19 893 £ 32 RIM
23/2. 96 £ 22 742 £ 28 755+ 28 893 £ 32 RIM
24 /2. 121 £ 22 771 £23 784 + 28 926 + 27 CORE
25 /2. 139+ 22 788 £ 21 802 £ 21 947 £ 24 CORE
26 /2. 124 + 22 774 £ 23 787 £ 23 930 £ 26 CORE
27 12. 92 + 22 737 £ 29 749 + 29 887 £ 33 CORE
28 /2. 60 £ 22 689 £ 41 700 £ 41 832 £ 47 RIM
29 /2. 114 + 22 763 £24 776 £ 25 918 + 28 RIM
307/2. 111+£22 760 £ 25 773125 914 £ 29 RIM




Appendix 4.2.2: Ti concentrations and corresponding temperatures for individual spot

analyses in sample RGC 20. Calculated temperatures are tabulated for several calibrations of

the Ti-in-quartz thermometer, as discussed in the text.

Spot analyses | Ti in Qtz | T°C Warkand | T°C Huang | T°C Huang | position
number (ppm) Watson (2006) | and and

at 10 kbar Audétat (2012) | Audétat (2012)

at 3 kbar at 10 kbar

31/2. 101 +£22 749 £ 27 761 £ 27 900 +£31 Rim
33/2. 121+£22 77123 784 £ 24 926 £ 27 Rim
34 /2. 175+ 22 819 £ 17 833+ 18 983+ 20 CORE
35/2. 158 £ 22 805+ 19 819+19 967 £ 22 CORE
36 /2. 119+£22 769 £ 23 781+ 24 924 £ 27 CORE
3712 117+£22 76724 779+ 24 921 £ 27 Rim
38 /2. 142 £ 22 791+£20 805+21 950 £ 24 Rim
39 /2. 174 £ 22 818 £ 17 832+ 18 982+ 20 Rim
40 /2. 79+£22 720 £ 32 731£33 867 £ 37 Rim

Appendix 4.2.3: Ti concentrations and corresponding temperatures for individual spot

analyses in sample RGC 22. Calculated temperatures are tabulated for several calibrations of

the Ti-in-quartz thermometer, as discussed in the text.

Spot analyses | Ti in Qtz | T°CWarkand | T°C Huang | T°C  Huang | position
number (ppm) Watson (2006) | and and
at 10 kbar Audétat Audétat
(2012) (2012)
at 3 kbar at 10 kbar

1/1. 174 £ 22 818 + 17 832+ 18 982 £ 20 RIM
2 /1. 110+ 22 759 £ 25 771+£25 912+ 29 RIM
3/1. 146 + 22 795+ 20 808 + 20 954 + 23 RIM
4/1. 133+22 783+21 796 £ 22 940 £ 25 CORE
5/1. 157 +22 805+ 19 818+ 19 966 + 22 CORE
6/1. 173+22 818+ 18 832+18 981 +20 CORE
7/1. 140 + 22 789 £ 21 803 +21 948 £ 24 CORE
8/1. 153+22 801+19 815+ 20 962 + 22 CORE
9/1. 157 +22 805+ 19 818+ 19 966 + 22 CORE
10/1. 101 +22 749 £ 27 761 + 27 900 + 31 CORE
11/1. 118 +22 768 £ 23 780+ 24 923 + 27 RIM
12 /1. 119+22 769 £ 23 781124 924 + 27 INTERMEDIATE

RIM
13 /1. 159 +22 806 + 19 820+ 19 968 + 22 CORE
14 /1. 105+22 753+ 26 766 £ 26 906 + 30 RIM
15/1. 120+ 22 770+ 23 782+ 24 925 + 27 INTERMEDIATE

RIM
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Appendix 4.2.4: Ti concentrations and corresponding temperatures for individual spot

analyses in sample RGC 16. Calculated temperatures are tabulated for several calibrations of

the Ti-in-quartz thermometer, as discussed in the text.

Spot analyses | Ti in Qtz | T°C Warkand | T°C Huang | T°C Huang | position
number (ppm) Watson (2006) | and and
at 10 kbar Audétat (2012) | Audétat
at 3 kbar (2012)
at 10 kbar

16 /1. 75+22 714 £ 34 832+ 18 982 £ 20 RIM
17 /1. 101 +22 749 £ 27 771+£25 912+ 29 RIM
18 /1. 105+22 753 £ 26 808 £ 20 954 + 23 RIM
19/1. 93+22 739+ 28 796 £ 22 940+ 25 CORE
20 /1. 76+ 22 715+ 33 818 £ 19 966 + 22 CORE
21 /1. 120+ 22 770 £ 23 832+ 18 981 +20 CORE
22 /1. 87 +22 731+£30 803 +21 948 £ 24 CORE
24 /1. 136 +22 786 £ 21 818 £ 19 966 + 22 CORE
25/1. 83+22 725+31 761 £ 27 900 + 31 CORE
26 /1. 177 +£22 821 + 17 780 £ 24 923 + 27 RIM
27 /1. 124 +22 774 £23 781+ 24 924 + 27 INTERMEDIATE

RIM
28 /1. 137 +£22 787 £21 820 £ 19 968 + 22 CORE
29 /1. 95+ 22 741+ 28 766 £ 26 906 + 30 RIM
30/1. 62 +22 693 £ 39 782 £ 24 925 + 27 INTERMEDIATE

RIM

Appendix 4.2.5: Ti concentrations and corresponding temperatures for individual spot

analyses in sample RGC 12. Calculated temperatures are tabulated for several calibrations of

the Ti-in-quartz thermometer, as discussed in the text.

Spot analyses | Ti in Qtz | T°C Wark and | T°C Huang | T°C  Huang | position
number (ppm) Watson (2006) | and and
at 10 kbar Audétat (2012) | Audétat (2012)
at 3 kbar at 10 kbar

31/1. 58 +22 686 + 42 697 £ 43 828 + 48 Upper RIM

32/1. 76 +£22 715+ 33 727+ 34 862 + 39 INTERMIADE
RIM

33/1. 49 £ 22 668 + 48 679 £49 807 £ 56 CORE

34 /1. 35+22 635 £ 67 645 £ 69 769 £ 78 CORE

35/1. 83+22 725+31 737+£32 874 £ 36 CORE

36 /1. 49 £ 22 668 + 48 679 £49 807 £ 56 CORE

37/1. 133+22 783 +£21 796 £ 22 940 £ 25 INTERMIADE
RIM

38/1. 91+22 736 £29 748 £29 886 £ 33 Lower RIM

39/1. 34+£22 632 £ 69 642 £71 766 £ 80 RIM

40 /1. 83+22 725+31 737+£32 874 £ 36 RIM

41 /1. 84 +22 727 +£31 739+31 875+ 36 RIM

42 /1. 133+22 78321 796 £ 22 940 £ 25 RIM
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43 /1. 93 +22 739 + 28 751+ 29 889 + 33 INTERMIADE
RIM

44 /1. 131+ 22 781 + 22 794 + 22 938 £ 25 INTERMIADE
RIM

45 /1. 105 + 22 753 + 26 766 + 26 906 + 30 CORE

46 /1. 101 + 22 749 + 27 761 + 27 900 + 31 CORE

47 /1. 102 + 22 750 + 26 762 + 27 902 + 31 INTERMIADE
RIM

48 /1. 131 £ 22 781 +22 794 22 938 + 25 INTERMIADE
RIM

49 /1. 70 £ 22 706 + 36 71736 851 +41 RIM

50 /1. 133 £ 22 783 +21 796 + 22 940 + 25 RIM

Appendix 4.2.6: Ti concentrations and corresponding temperatures for individual spot

analyses in sample RGC 19. Calculated temperatures are tabulated for several calibrations of

the Ti-in-quartz thermometer, as discussed in the text.

Spot analyses | Ti in Qtz | T°C Warkand | T°C Huang | T°C Huang | position
number (ppm) Watson (2006) | and and
at 10 kbar Audétat (2012) | Audétat (2012)
at 3 kbar at 10 kbar

51/1. 95+ 22 741+ 28 753 £ 28 892 £ 32 RIM

52 /1. 58 £ 22 686 £ 42 697 £43 828 + 48 CORE

56 /1. 88 £ 22 732+ 30 744 £ 30 881+34 RIM

57 /1. 102 £ 22 750 £ 26 762 £ 27 902 £31 CORE

58 /1. 91+£22 736 £29 748 £29 886 + 33 RIM

59 /1. 141 +£22 790 £ 20 804 £21 949+ 24 RIM

60 /1. 32+£22 627 £ 74 636 £ 76 759 £ 86 RIM

61/1. 41 £22 650 £ 57 660 £ 58 786 £ 66 RIM

62 /1. 117+ 22 767 £24 779 £ 24 921 £ 27 Intermediate
RIM

63 /1. 98 £ 22 745 £ 27 757 £ 28 896 £ 32 CORE

64 /1. 142 £ 22 791+£20 805+21 950+ 24 CORE

65 /1. 146 £ 22 795+ 20 808 £ 20 954 +24 CORE

66 /1. 138 £ 22 788 £ 21 801+21 946 + 23 CORE

67 /1. 130 £ 22 780 £ 22 793 £ 22 937 +£25 Intermediate
RIM

68 /1. 81+22 723 +£32 734 £32 870 £ 37 RIM

69 /1. 86 + 22 730+ 30 741 +31 878 +35 RIM

70 /1. 50 + 22 670 + 47 681 + 49 810 +55 RIM

71 /1. 78 +£22 718 +33 730 + 33 865 + 38 RIM

72 /1. 117 +£22 767 +24 779124 921 +27 RIM

73 /1. 101 +£22 749 +27 761 + 27 900 +31 RIM

74 /1. 167 +£22 813 +18 827 +18 975+ 21 Intermediate
RIM

75 /1. 43+22 655 + 55 665 + 56 792 + 63 CORE

76 /1. 148 £ 22 797 +£20 810+ 20 956 + 32 CORE

77 /1. 97 +22 744 +27 756 + 28 895 + 37 CORE

79 /1. 81+22 723 +£32 734 £32 870 RIM

80 /1. 88 £ 22 732+ 30 744 £ 30 881+34 RIM
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