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Abstract

Volatiles can have a substantial influence on the constrains and genesis of ore deposit, but
are not generally stored in the system afterwards. Small pockets of fluid can however be
stored as fluid inclusions. Therefore the study of fluid inclusions has contributed to the
extensive understanding of the behaviour of volatiles in different geological settings, and to

the conditions during the formation of the mineral that entrapped the fluid inclusion.

The intent of this research is to study the late-magmatic aqueous fluids in the Skaergaard
layered gabbro. Both the gabbroic pegmatites and the granophyre masses in the intrusion
coexisted with an aqueous solution with the same chemical composition. By using
microthermometry it is possible to measure the temperatures at which phase changes
happen within a fluid inclusion, which consequently enables the evaluation of the chemical
composition and the evolution of the system. Additionally, a geochemical analysis was
performed to further assess the magma chamber processes during the crystallization of the
intrusion. Samples collected during previous expeditions to Skaergaard were used, and
fieldwork was conducted at Vestrahorn to obtain a better understanding of the granophyre

and gabbroic pegmatite.

The Skaergaard intrusion drove its own meteoric-hydrothermal circulation system during
subsolidus cooling. This resulted in an alteration of the mineral assemblage and possible re-
equilibration of the fluid inclusions, without any considerable changes in the chemical
composition of the aqueous volatiles stored within the fluid inclusions. The better preserved
fluid inclusions correlates with the previous research of the LS, which indicate increased
pressure during crystallization as the Skaergaard intrusion was progressively buried by flood
basalt. It is suggested that the re-equilibration of fluid inclusion occurred while the system

was dominated by hydrostatic pressure, at a sub-solidus conditions.
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1 Introduction

Late-magmatic aqueous solutions coexisted with the gabbroic pegmatites and granophyre
masses during their formation in the Skaergaard layered gabbro, East Greenland. Volatiles
can have a substantial influence on the constrains and genesis of the petrogenesis processes,
e.g. trace element distribution, the formation of economic ore deposit, or late magmatic
metasomatism. The fluids are not generally stored in the system afterwards, however small
pockets of fluids can be stored as fluid inclusions (Fl). These store samples of the volatile
phase that dominated the system, and are therefore the only means by which the volatiles
can be characterized. A study of FI makes it possible to analyse these fluids, and to form an
extensive understanding of the behaviour of volatiles in different geological settings, and the

conditions during the formation of the mineral that entrapped the Fl.

Fl have been shown to record the pressure under which the Skaergaard intrusion crystallised
(Larsen and Tegner, 2006). Therefore the Fl in the Layered Series (LS) correlate with
progressive burial during flood basalt emplacement, which puts constrains on the duration
of the volcanism. This research estimates the pressure conditions of the Upper Border Series
(UBS) and the Sandwich Horizon (SH) during crystallization, in order to assess the evolution

of system during and after crystallization of the system in the UBS.

1.1 Background

The main purpose of this study is to investigate volatiles in Fl in granophyre masses in the
UBS of the Skaergaard intrusion, and to compare it to the volatile evolution observed in the
LS. Moreover the chemical composition of possible granophyre accumulates from the SH will

be examined and compared to samples that are perhaps an iron-rich, intercumulus liquid.

As fieldwork in East Greenland was not feasible due to high costs, it was decided to focus
instead on the Vestrahorn layered gabbroic ring-complex in Iceland. Preliminary studies of
this location implied that it comprises of granophyres and gabbroic pegmatites which are
comparable to the Skaergaard intrusion. Fieldwork at Vestrahorn primarily aimed to provide
a deeper understanding of the setting and relationship of volatile-rich granophyre and
gabbroic pegmatite during the formation and solidification of gabbroic magma-chambers. It

was not the aim to use the results from Vestrahorn to make a systematic comparison with



the Skaergaard Intrusion, but to decide if the field appearance of granophyre and gabbroic
pegmatite at Vestrahorn could be analogous to what is known from the Skaergaard
Intrusion. The studies consisted of fieldwork, preparation of samples and measurements and
interpretation of results. The field work was completed during the summer of 2014, while

laboratory work was conducted from spring 2014 to spring of 2015.

1.2 Aim and objective

The principal aim of the study is to gain a more complete understanding of the volatile
history of the Skaergaard intrusion, and to determine if late-magmatic aqueous volatiles’
pressure conditions in the UBS mimics the previously known evolution of volatile fluids in
the LS. Additionally it is attempted to further understand possible silicate liquid immiscibility
in the intrusion. Increased insight into these aims might result in advancing knowledge of the
magma chamber processes. The most important method used is microthermometric analysis

on Fl in interstitial granophyric masses situated throughout the entire stratigraphy of UBS.

Therefore the project was separated into the following topics:

e Microthermometric analysis of fluid inclusions to decide whether late-magmatic
aqueous volatiles in the UBS mimics the previously known evolution of volatile fluids
in the LS and if these fluids were involved in the genesis or modification of the

Platinum Group Elements (PGE)-Au deposits found in the Skaergaard intrusion.

e Evaluation of the field appearance of gabbroic pegmatite, granophyric aggregations
and other late-magmatic structures at Vestrahorn in light of those found in the

Skaergaard intrusion.

e Geochemical analysis of samples from the SH that, being the largest volume of
granophyre in the Skaergaard intrusion, may provide additional data on the volatile
history and the fluid-melt interaction history. In addition samples that might have
formed from an iron-rich, intercumulus liquid were analysed and compared to the SH

samples.



2 Regional geology

Mantle plumes originate at the base of the mantle, in the so-called “D” layer (Best, 2013),
where they rise to the earth crust and form a mantle “hot-spot” or plume due to the rising of
hot lighter melts (Bjarnason, 2008, Morgan, 1972). The mantle plume starts at the mantle-
core boundary with a thin tail, which flattens out and expands when it meets the
lithosphere, forming the head of the plume. The buoyance force of the mantle plume causes
an increased tension in the crust, along with regional uplift and increased regional
temperature of about 100-200°C (White and McKenzie, 1989). This can be associated with
voluminous basalt eruptions, forming flood basalts and aseismic ridges. Flood basalts
eruptions can last for 1-5 Myr and produce enough lava to form Large Igneous Provinces

(LIP) (areas larger than 100.000 km?) (Campbell, 2005).

The Icelandic mantle plume was located under the east coast of Greenland about 55 Ma
(Vink, 1984), which resulted in the rifting of the North Atlantic Ocean and the formation of
the North Atlantic Igneous province (NAIP). The NAIP consists of about 10 million km? of
igneous rocks, which erupted over 2-3 Ma (White and McKenzie, 1989). The basalt can be
found in West and East Greenland, the northern half of the British Isles and in the Faroe

Islands.

About 25-30 Ma the mantle plume began to influence the area where Iceland is located
today, leading to the formation of Iceland about 15-20 Ma (Gudmundsson et al., 2003).
Today the mantle plume is located underneath central Iceland, causing Iceland to rise 2-4 km

above the Mid-Atlantic ridge (Bjarnason, 2008).

2.1 The geological setting of Skaergaard

While underneath Greenland the mantle plume induced uplift and rifting in a triple point
where the Kangerdlugssuaq comprises an aulacogen, and the two other arms opened up to
form the North Atlantic Ocean. Rifting together with the mantle plume activity resulted in a
massive outpouring of several kilometres of regional flood basalts, along with the
emplacement of several layered igneous intrusions and alkaline as well as granitic rocks.

(Wager and Brown, 1967).



One of the earlier intrusions in the Kangerdlugssuaq area is the Skaergaard intrusion (figure
2-1), which was emplaced 56.02 Ma (Wotzlaw et al., 2012) when it was intruded horizontally
between the gneiss basement and the above flood basalt (Wager and Brown, 1967), before
being tilted 20° towards south. Its location controlled by faults and bedding planes in the
host rock (Nielsen, 2004). It has been modeled as an irregular box, with a volume of
approximately 280 + 23 km? (Nielsen, 2004). Due to uplift and erosion about 70 km? can be

seen in a outcrop with 3 km of vertical profile (Brooks, 2005).
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Figure 2-1: Geology map of the Skaergaard intrusion, showing the location of the rock series and the main geography
locations.

Source: (Salmonsen and Tegner, 2013).

The intrusion formed from a single pulse of evolved tholeiitic magma, which had a chemical
composition similar to the tholeiitic plateau basalts in East Greenland (Nielsen, 2004). The
system is considered to have been closed during crystallization (Wager and Mitchell, 1951),
as it crystallized slowly from the margins adjacent to the country rock, forming a layered
gabbro with cryptic layering and so-called “onion-skin” structure (Nielsen, 2004), which can
be seen in figure 2-2. As it crystallized from the margins, inwards towards the center it
formed three series; the LS, which crystallized from the floor, the UBS, which crystallized
from the roof, and the Marginal Border Series (MBS), which crystallized from the walls.
These series met in the center to form a thin discontinuous layer, called the SH, from the last
liquid fraction. Additionally the unexposed part at the base of the LS has been classified as

the Hidden Zone (HZ), which contains the earliest forming cumulates (Wager and Brown,



1967). The volume of these series has been estimated, and of the 280 + 23 km?, the UBS is
estimated to be 13.7%, the MBS 16.4%, and the LS, which is the most voluminous due to
crystal settling, 69.9% (Nielsen, 2004). Each series shows a distinctive evolution trend
towards lower temperature mineralogy inwards, towards the center of the intrusion, as
plagioclase, olivine and pyroxene, respectively, becomes more albite-, fayalite-, and

hedenbergite-rich (Wager and Brown, 1967).
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Figure 2-2: The figure shows the onion-skin structure as proposed by Nielsen (2004), which formed due to crystallization
from the margins inwards. Additionally the layers in each series are shown.

Source: (Nielsen, 2004)

The cryptic layering forms horizontal layers, which are consistent with crystal fractionation
and settling in a cooling magma chamber, as the crystallization front moved inwards towards
the center (Winter, 2010). The crystallization sequence is used to divide the intrusion into
series and sub-zones. The zones in the LS have been split into the Lower Zone (LZ), which
constitutes 66.8% of the LS, a Middle Zone (MZ) constituting 13.5%, and Upper Zone (UZ),

which constitutes 19.7% of the intrusion (Nielsen, 2004).

Cumulus olivine and plagioclase mark the LZa, the addition of augite marks the LZb, and the
LZc starts where magnetite and ilmenite appear as a cumulus phase. Disappearance of
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olivine marks the beginning of the MZ. The UZ starts where olivine reappears (UZa), cumulus
apatite marks the UZb, and ferrobustamite (which has been inverted to hedenbergite) marks
the beginning of the UZc (Wager and Brown, 1967). The same subdivision has been
suggested for the UBS, with added apostrophes (Salmonsen and Tegner, 2013), which will be

used here. The SH is located in the center of the intrusion, where the LS, UBS and MBS meet.

Although the UBS and the MBS contain the same layers as the LS, there are still considerable
variations between the series. Most noticeable is how the UBS contains larger amounts of
interstitial granophyric material, in addition to being significantly richer in SiO,, K,0, P,0s,
H,O and incompatible trace elements, while being poorer in FeO, TiO,, MgO and CaO.
Moreover intrusive dikes make up c. 15% of the outcrop in the UBS, while being rare in the

LS (Naslund, 1984).

During the crystallization of the Skaergaard intrusion, two separate phases, one iron-rich and
another silica-rich, formed due to immiscibility in the magma. These phases coincide with
magma saturation in Fe-Ti oxides, which happened in the LZc. Immiscibility in the intrusion
caused the redistribution of both major and trace elements. The iron-rich phase contains
30.9 + 4.2 wt% FeO and 40.7 + 3.6 wt% SiO, while the silica-rich phase contains 8.6 + 5.9 wt%
and 65.6 + 7.3 wt%, respectively, resulting in these liquids having different densities. The
separation into phases with different densities has been used to explain the formation of
silicic layers and pods, melano-granophyres and segregated granophyres, and distribution of

elements (Jakobsen et al., 2005).

2.1.1 Rock structures

Located within ferrodiorites are pods, lenses, patches and streaks of melano-granophyre,
which are richer in quartz and micropegmatites i.e. granophyre, and poorer in olivine,
pyroxene and magnetite than the surrounding host rock. The melano-granophyre are
believed to have formed due to liquid-liquid exsolution of the immiscible silica-rich end
member (Brown and Peckett, 1977, Holness et al., 2011, Naslund, 1984). The different
geometry forms are thought to be the result of a different fluid pressure gradient as the fluid
was pressed through porous crystalline matrix, in a high temperature process that followed
the initial crystallization of the magma closely (Larsen and Brooks, 1994, Larsen et al., 1992,

Larsen and Tegner, 2006, McBirney and Sonnenthal, 1990). They constitute about 15% of the



UZc in the LS and are probably even more common in the UBS. This has been attributed to

differential compaction between the LS and the UBS (Jakobsen et al., 2011).

Granophyre pockets are found both in granites and gabbros, bound by primocryst grains,
which are in equilibrium with the granophyre. The granophyre are considered to have been
the last liquid to crystallize during solidification of the intrusion (Holness et al., 2011, Larsen

and Brooks, 1994, Larsen and Tegner, 2006).

Gabbroic pegmatites have been found throughout the LS. Podiform pegmatites dominate
the LZ and the lower part of the MZ, while the upper part of the MZ and the UZ are
dominated by semi-conformable sheets, parallel to the layering (Larsen and Brooks, 1994).
The pegmatites consist of mafic margins with laths of plagioclase that grade into a gabbroic
zone, with a granophyre center (Larsen and Brooks, 1994, Larsen et al., 1992). These
pegmatites are thought to have formed due to intercumulus liquid migrating upwards before
being trapped. They contained high amounts of H,0 and probably also retained P,0s, K;O
and rare earth elements (REEs) as they moved higher up in the LS (Larsen and Brooks, 1994).
They contain the same 50 signature as the surrounding gabbro (Taylor and Forester, 1979)
which indicates that they formed by igneous differentiation, at a low temperature (Larsen
and Brooks, 1994), but not external derived volatiles as proposed by McBirney and

Sonnenthal (1990).

Irregular anorthositic gabbro is found cutting layered rocks in the LZ, which have been
altered to more felsic composition (McBirney and Sonnenthal, 1990). These structures
formed by aqueous volatiles that escaped from melano-granophyre (Larsen and Brooks,

1994).

Dendritic anorthosites are found in the LS. They consist of white anorthosite in a mafic host
rock, which forms a branching tree structure that are only a few centimeters thick, but can
reach up to a few meters in length. Pegmatite pipes were found in the same area, and in the
LZb gabbroic pegmatites can be found within anorthosite structures (Larsen and Brooks,

1994).

Mafic segregation surrounded by felsic gabbro are found in the MBS. These segregations are
elongated, 15 cm — 1 m thick, and oriented parallel to the walls and the layers in the MBS

(McBirney and Sonnenthal, 1990). The mineral properties indicate that the segregation



formed due to mobilization of an Fe-rich melt from the gabbro, into pipes associated with

high-temperature fluid (Sonnenthal, 1992).

2.1.2 Volatiles and metasomatism in Skaergaard

Generally Skaergaard is considered to have formed from a rather dry magma due to the
absence of primary hydrous silicates. However the intrusion does contain primary apatite,
along with secondary biotite and amphibole, which are hydrous minerals that contain water,
as well as fluorine and chlorine, which contradicts that idea. The primary apatite is fluorine-
and hydroxyl-rich right from the beginning, and as the melt evolves it becomes progressively
enriched in fluorine (Larsen and Brooks, 1994). The CI rich fluid is believed to have exsolved
from the evolving magma, while being enriched in trace elements derived from the residual
melt. The metasomatising fluid is thought to have caused enrichment of trace elements in

the anorthosite rock structures (Sonnenthal, 1992).

The Skaergaard intrusion had an original value of 5.5-5.6 50, a very common value for a
primary tholeiitic basalt. The 60 values found in plagioclase decrease upwards in the
intrusion, from normal values (6.0-6.4) in the LS to -2.4 in the UBS. Because the system was
impermeable the depletion must have happened under subsolidus conditions by a
hydrothermal circulating system, which the intrusion drove during crystallization and
cooling. After crystallization and fracturing the hydrothermal system collapsed inwards,
allowing meteoric water to infiltrate the intrusion. This resulted in diverse §'®0 and 6D
values that did not affect the magma, as it was only after crystallization where the
hydrothermal system collapsed inwards to interact with the already crystallized gabbro

(Bindeman et al., 2008, Taylor and Forester, 1979, Wotzlaw et al., 2012).

Most of the influx of H,0 into the intrusion happened at high temperatures (>400-500°C) as
evident in the low temperature, hydrous alteration minerals. Meteoric water percolated
down through the jointed plateau basalt, which had a higher permeability than the
basement gneiss, resulting in major 60 depletion and a high water/rock ratio. This ratio is
only prominent above the gneiss-basalt unconformity, even though the 60 exchange
happened throughout the intrusion. As the meteoric water percolated downwards through
the basalt country rock, the fluids exchanged with the similar mineral assemblage, explaining
the limited chemical alteration of the gabbro. The chemical alteration can however been

seen on the rims of zircon crystals, which have re-equilibrated with the low 50



surroundings, even though they are known to be resistant to a secondary alteration by
meteoric-hydrothermal alteration, and that did thoroughly affect the plagioclase (Bindeman

et al., 2008, Taylor and Forester, 1979, Wotzlaw et al., 2012).

In addition to the meteoric-hydrothermal cycle, which caused the SH to become even more
depleted in 6'®0 values compared to the original magma, it has been suggested that the SH
partially re-melted by heat from the Basistoppen Sill intrusion. The re-melted melt migrated
upwards, resulting in the formation of a horizon rich in incompatible trace elements about

100 m above the SH (Wotzlaw et al., 2012).

2.1.3 Petrography of the UBS

The appearance and disappearance of cumulus minerals is used to subdivide the Skaergaard
intrusion into layers, therefore petrography is of great importance. The appearance of
cumulus phases is the same in all three series (Salmonsen and Tegner, 2013). The following
is a short summary of the main minerals found in the Skaergaard intrusion by previous
researchers. An overview of the layers and the appearance of the cumulus minerals in the

UBS can be seen in figure 2-3.

Olivine

The disappearance of olivine is used to identify the MZ', and its re-appearance is used to
mark the beginning of the UZa'. It is the first mineral to start to crystallize along with
plagioclase in the LZa'. It is both the first and last cumulus phase, but it is generally less

abundant and highly altered in the UBS compared to the LS and the MBS, which gives olivine

a sporadic occurrence in the UBS (Naslund, 1984, Salmonsen and Tegner, 2013).
Plagioclase

Plagioclase occurs as a primocryst throughout the UBS, where it makes up 40-60% of most
samples. The plagioclase is a cumulus mineral, where it forms an interlocking framework,
which crystallized in-situ. The crystals are zoned and show the chemical evolution of the

system (Naslund, 1984).
Augite

Augite mainly grew subsequent to olivine and plagioclase, and therefore seems to have

formed from an interstitial liquid. The amount of augite oikocrysts increase downwards from



the roof before forming a cumulus phase in the LZb' (Naslund, 1984, Salmonsen and Tegner,

2013).
Magnetite and ilmenite

Oxides are found throughout the UBS, but there is a marked increase in the amount of
oxides in the LZc', which marks the onset of cumulus oxides. The oxide grain consist of
anhedral aggregates that forms skeletal and dendritic texture (Naslund, 1984, Salmonsen

and Tegner, 2013).
Apatite

Apatite is common throughout the UBS, but there is a marked increase in the UZb'. There
apatite is found both in the cores and overgrowths rims of plagioclase and pyroxene, which
has been interpreted as the beginning of apatite cumulus phase. Throughout the UBS it is
found as inclusions in olivine, augite and oxides (Naslund, 1984, Salmonsen and Tegner,

2013).
Ferrobustamite

Aggregates of ferrohedenbergite are found in the UZc' and are considered to have inverted
from ferrobustamite (Naslund, 1984). Increase in MnO is taken as an evidence for
abundance of ferrobustamite in the UZc', where it forms a cumulus phase (Salmonsen and

Tegner, 2013).
Accessory minerals

Sulphur saturation was reached when about 70% of the melt had crystallized (Wager et al.,
1957), which happened in the MZ. This resulted in the accumulation of sulphides that did not

form a cumulate phase (Naslund, 1984, Salmonsen and Tegner, 2013).

Quarts occur as anhedral grains, granophyre intergrowths or tridymite pseudomorphs. Its
abundance increases downward from the roof to the SH. In addition titanite and zircon are

found as common postcumulus minerals and biotite as uncommon postcumulus mineral.

10



Flood basalt

plagioclase,
olivine
LZa’
o + augite
o
-—
LZb’
o
o
(9 |
E LZ , . _rlnagn_etite.
(4}] c iimenite
o
@4
E ™ +magnelite
o Mz’
o
8 g_ ———————— UZa’  +olvine
. < + apatite
-—
Q
™ ©
38 37 uzb’
o
8 N + bustamite
uzc’
S
~ | Sandwich Horizon
o UZc
o
(<o

Figure 2-3: Section of the layers in the UBS along with
the cumulus minerals which are used to define the
beginning of each layer.

Source: (Salmonsen and Tegner, 2013).

2.1.4 The Platinova reef

Near the top of the MZ in the LS is the so-called Triple group, which consists of conformable
felsic layers. Associated with them are four leucocratic, macrorhythmic units rich in
plagioclase, along with the PGE-Au bearing horizon, which is only 10-50 cm thick and
estimated to have formed as a result of orthomagmatic processes. There is no mineralogical

or textural difference between the gold-bearing horizon and the layers around it, therefore
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the only way to distinguish it is with knowledge of the stratigraphy (Brooks, 2005, Naldrett,
2004). The horizon consists of at least eight layers (about 40 m vertically), where the lowest
and the most extensive one of the precious metal layer lies about 21 m below the lowest
leucocratic layer, but moving upwards the size of the precious metal layers decreases. The
reefs seem to form bowls, which intersect the stratigraphy of the intrusion at a low angle.
The gold appears to have concentrated around the rim of those bowls, and where it is

richest it can reach concentrations of up to 3.3 g/t (Brooks, 2005).

The economic minerals collected into layers due to fractionation of the magma, causing
sulphide immiscibility that formed droplets of sulphides, which scavenged the melt for
platinum group (PGE) and Au minerals, and forming the Platinova reef. Due to the magma
being stripped of these elements the layers above the reef are totally depleted of economic

minerals (Brooks, 2005, Naldrett, 2004, Robb, 2009).
Mineralogy of the Platinova reef

The Platinova reef is a gabbroic rock that has a typical mineral composition. It consists of
olivine, plagioclase, pyroxene and iron oxides, along with small amount of sulphides (Brooks,
2005). The copper sulfides formed as immiscible sulphide droplets in the silicate melt during
the crystallization of the intrusion at around 0.16-0.3 wt.% sulphur (Robb, 2009), which then
fell to the bottom of the intrusion along with oxide minerals and precipitated silicates due to

density differences (Wager et al., 1957).

The reef is a low grade deposit, but contains a high volume of material (Brooks, 2005). It has
been estimated to be 202.2 MT and contain 0.88 g/t of gold, 1.33 g/t of palladium and 0.11

g/t of platinum (PlatinaResources, 2015).
Prospecting at Skaergaard

In 1986 the company Platinova became interested in prospecting for precious metals in the
Kangerdlugssuaq area, due to it being an aulacogen, which was at that time thought to be a
likely area for deposits. Skaergaard was not thought to be a likely deposit as it was quite
evolved (and iron-rich). Therefore another gabbroic complex was the main focus of their

search, and it was only due to coincidence that the Skaergaard intrusion was also sampled.
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Therefore it was quite unexpected at that time to find that the Skaergaard intrusion

contained the most gold in the area (Brooks, 2005).

Over the following years more excursions were undertaken, which resulted in the knowledge
to estimate that there is a gold-rich horizon extending over most of the intrusion. But as the
deposit does not contain enough gold or titanium (a possible by-product) it wasn’t a certain
profit and was therefore not mined. This resulted in Platinova Resources Limited
withdrawing from the area in 1992. At the end of the 1990’s the increase in palladium prices
resulted in other metals being considered as a by-product, making the reef a more feasible
mining option. Production was estimated to start in 2009, but so far the reef has not been

mined (Brooks, 2005).

2.2 The geological setting of Vestrahorn

Vestrahorn, or Vesturhorn like many people want to call it, has not been studied to the same

extend as Skaergaard, so its formation history is not as thoroughly known.

The country rock in southeastern Iceland mostly consists of layers of basalt from the late
Tertiary. The basalt was later intruded multiple time; these intrusions crystallized deep
under the surface forming gabbro and granophyre (Sigurdsson, 1969) during the
differentiation of the rock bodies. Study of zeolites has revealed that the basalt cover above
the intrusions was about 1.7 km thick, which had then been removed by glacial erosion
exposing the underlying gabbro and granophyric intrusions (Blake, 1966). Furthermore,
these intrusions seem to have developed in an immature axial extensional environment
(Furman et al.,, 1992). The acid and intermediate intrusions in SE Iceland are generally
related to volcanic centres (Walker, 1964) and range in size from 1 — 19 km?, in which
Vestrahorn is the largest one (19 km?) (Klausen, 2006, Thorarinsson and Tegner, 2009) and
900 m thick, consisting of at least 72 separate injections of acid and basic magma (Roobol,
1972). It has a 7° dip to NW, while the surrounding host rock has a 30° dip in the same
direction (Roobol, 1974). It is also estimated to have formed at about 6.6 + 0.3 Ma (Gale et
al., 1966, Moorbath et al., 1968, Sigurdsson, 1969), due to increased plume activity 7.5 Ma
(Hanan and Schilling, 1997), and consists of evolved transitional tholeiite (Furman et al.,

1992).
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Vestrahorn is composed of a central core of granite intrusion between two mafic intrusions,
where the granite intruded first and was still partly molten when the gabbro intruded. The
granite consists of a horizontal sheet structures surrounded by transitional granite that
contains agglomerates and net-veined complexes (Gudmundsson, 2009, Roobol, 1974). A

geological map of the Vestrahorn area can be found in figure 2-4.

Figure 2-4: Geological map of the Vestrahorn ring complex and the surrounding area.
Source: (Roobol, 1974).

A ring complex is generally comprised of ring dykes and circular intrusions (Best, 2013),
which may be all that is left of the underwork of a volcano after erosion (Gudmundsson,
2009). The ring complex is interpreted as being younger than the surrounding country rock,

and being superimposed on earlier intrusions and country rock basalts (Roobol, 1974).

The ring complex consists of 60% granophyre-patched gabbro (labradorite zoned to
microperthite, ferroaugite rimmed with amphibole, enstatite pseudomorphs, iron-titanium
oxides, and patches of quartz and alkali feldspar), 30% bytownite gabbro (bytownite zoned

to labradorite, augite-ferroaugite, enstatite, iron-titanium oxides, and scarce olivine) and
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10% gabbro (labradorite, augite-ferroaugite, enstatite, and iron-titanium oxides). The
complex is composed of a core of metabasalt agglomerate that marginally contains

fragments of the surrounding granophyre-patched gabbro (Roobol, 1974).

The granophyres at Vestrahorn are found in the bytownite gabbro, with both granitic and
felsic textures, and there is an increase in granophyre content upwards in the intrusion. The
granophyres exist as both dykes and small bodies within the host rock. The dykes are found
with fine-grained margins, without fine-grained margins, and ragged margins and have
granodioritic composition. Each granophyre body has a dioritic composition, with coarse-
grained rim (feldspar, pyroxene rimmed with amphibole, and skeletal iron-titanium oxide
crystals), which extends into the granophyre centre. These rock structures have been

suggested to be the result of an intrusive magma (Roobol, 1974).

Samples from Vestrahorn are actually rhyolitic, although they do not quite follow the
tholeiitic magma series when comparing the amounts of TiO, and Mg. This is probably the
result of differentiation during crystallization. Additionally changes in the concentration of
olivine and iron-titanium oxides resulted in chemical composition changes in the remaining
melt, thus suggesting that the rocks found in the area formed by fractional crystallization
(Gudmundsson, 2009). Gudmundsson (2009) also assumed that the system must have been
volatile-rich during the last stages of crystallization, based on the texture of iron-titanium
oxides (skeletal texture) and plagioclase and geochemical analysis. This increased volatile
content was found as early as 1928, when Cargill et al. (1928) concluded that the failure of
graphic structure in the last product of crystallization was the result of increased volatile

content and reduced viscosity.

2.3 Previous work at Skaergaard

Between 1898 and 1900 Georg Carl Amdrup undertook the Carlsbergfondet expedition,
where the unexplored east coast of Greenland was mapped for the first time. However, the
first plutonic intrusions were not located before 1930 (Wager et al.,, 1937), during the
Watkins expedition in 1930-1931. This expedition produced the first preliminary description
of the geology in the area in 1932 (Wager, 1932), followed by more expeditions and papers
with detailed descriptions from the excursions (e.g. (Deer and Wager, 1938, Wager et al.,

1937)).
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The first paper to focus on minerals found in the Skaergaard intrusion was written in1938
(Deer and Wager, 1938) and followed by both mineralogical and petrographical articles (e.g.
(Nwe, 1976, Wager et al., 1939)), describing the chemistry of the intrusion and distribution
of immobile elements (e.g. (Lundegardh, 1945)). These studies resulted in the identification
of zones or layers in the Skaergaard intrusion and possible ways that they might have
formed (e.g. (Wager and Brown, 1953, Wager and Mitchell, 1951)). In 1987 the Platinova
reef was discovered (Brooks, 2005), resulting in increased interest by deposit geologists and

further research (e.g. (Andersen et al., 1998, Brooks, 1989, Nielsen and Schgnwandt, 1990)).

Since it was initially discovered, the Skaergaard intrusion has been of a great importance for
geologists (i.e. mineralogists, igneous petrologists and deposit geologist) which have led to

its continuous research and a large amount of published literature on the area.

2.3.1 Previous fluid inclusions studies

Microthermometry is the most common method to study Fl as it can give clues to the
thermal history of the rock, pressures during formation or chemical composition of the
system during crystallisation. Depending on the focus of each study other methods are also
used. These include Transmission Electron Microscopy (TEM) to identify objects that would
otherwise be too small for identification (Bakker and Jansen, 1994), Cathodoluminescence
(CL) or Scanning Electron Microscope - Cathodoluminescence (SEM-CL) for studying textures
(Marshall and Mariano, 1988), or Raman spectrometry to identify the chemical properties of

the Fl (e.g. (Burke, 2001, Dubessy et al., 1992, Rosasco and Roedder, 1979)).

In order to understand the thermodynamic properties of various fluid-salt systems within Fl,
a comprehensive model was developed specifically for the interpretations of the H,0-NaCl
system (e.g. (Bodnar and Vityk, 1994)) and various other components. Bakker has compiled
FI results from several systems and used programs to easily calculate parameters like

salinity, density, and isochores (e.g. (Bakker, 2009, Bakker, 2003, Bakker, 2012)).

The improvement of Equations of State (EoS) is a particularly important element of Fl
studies, as they are used to analyse phase transitions, and have therefore been the subject

of continuous re-evaluation and refinement (e.g. (Bodnar, 1993, Duan et al., 1995)).

FI can leak and decrepitate, or even re-equilibrate, which would affect the result of any

measurements that are done. These changes can describe changes in their host rock, and
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therefore work has been put into identifying these changes (e.g. (Bakker and Jansen, 1994,

Bodnar et al., 1989, Voznyak and Kalyuzhniy, 1976)).

2.3.2 Previous fluid inclusions studies at Skaergaard

Larsen et al. (1992) studied FI in quartz (Qtz), apatite and feldspars in the Skaergaard
intrusion. They were found to be liquid-vapour inclusions where solids were normally
absent. The salinity is 17.5-22.8 wt.% NaCl with the chemical composition H,O0-NaCl-CH4
where CH; makes up 2-6 mol% of the Fl. They are usually homogenised in the liquid phase.
From the results it was estimated that they were trapped at 655-770°C and 1.5-2.0 log units

below the QFM (quartz-fayalite-magnetite) oxygen buffer, during the emplacement of 5.3-
6.3+2.7 km of flood basalt (Larsen and Tegner, 2006).
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3 Theory

3.1 Mafic magmatic systems

Mid-ocean ridges associated with the impingement of mantle plumes are the largest
producers of basaltic magma in the oceanic lithosphere. Due to mantle plume activity,
basaltic magma can also intrude into fractures and cause rifting in the continental

lithosphere, and can therefore be found in the crust (Robb, 2009).

Basalts are formed by the partial melting of the mantle which has a mostly peridotitic
composition, potentially because of a pressure decrease, an addition of volatiles, or an

increase in local heat (Robb, 2009).

During crystallization, elements are selectively removed from the melt as they enter the
atomic lattice of minerals. Figure 3-1 shows two different evolutionary trends for basalts
that form due to the removal of elements to a various degree. The tholeiite trend, or
alternatively the Fenner trend, is the typical evolution trend for basaltic intrusions and
islands arcs (the Skaergaard intrusion plots with an even higher Fe content). It is
characterised by FeO increases as MgO is removed from the melt in the beginning, and then
decreases with respect to MgO and alkalis. The calk-alkaline trend is characteristic of

continental margins arc and shows an increased alkalis content with evolution (Best, 2013).

FeO

Tholeiite Trend

Basalt

Andesite

Dacite
Rhyolite

Na,0 + K;0 Calc-Alkaline Trend MgO

Figure 3-1: An AFM diagram for the evolution of basalt during
crystallization showing the tholeiite and calc-alkaline trend.
Source: (Imperial-College, 2007).
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Many ore deposits found in igneous settings originate from the concentration of metals by
partial melting or fractional crystallization. During crystallization, the elements may partition
into either solid phases (compatible elements) or remain in the silicate (incompatible

elements) (Robb, 2009).

During crystallization the minerals are denser and consequently sink downwards due to
gravitational settling. A temperature gradient and magma density variations may result in a
density stratification of the magma chamber (Robb, 2009). Figure 3-2 depicts a cross section
through the Skaergaard intrusion that has developed layers during fractional crystallization.
The layers of the LS are marked, in addition to the HZ and the MBS. The PGE-Au reef is

shown in relation to the layers in the LS.

Skaergaard p,
infrusion

Platinova

"reefs"”
Au, Pd ore

km
Figure 3-2: A cross section of the Skaergaard intrusion, which developed chemically distinctive layers during

crystallization.
Source: (Robb, 2009).

Layered mafic intrusions like the Skaergaard intrusion appears to have formed by a simple
gravitational settling process, but it is usually much more complicated. Thermal and
chemical diffusion, convection flow of magma and the shape of the magma chamber
normally affect the layers. The already crystallized minerals are also sensitive to changes in
the magma, for example by the injection of chemically different magma or the magma
reacting with the surrounding host rock. All of these processes are important to form the
sub-horizontal layers of a mafic intrusion and to possibly form concentrated layers of

economic metals (Robb, 2009).

If the crystallized minerals are removed from the melt by gravitational settling, the Rayleigh

fractionation model can describe the trace element distribution between the residual liquid
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and the crystallized solid. Rayleigh fractionation occurs when crystals are removed from
their formation site with a limited equilibrium between the solid and the liquid (figure 3-3).
Figure 3-3A depicts where the incompatible trace elements become enriched in the melt
during crystallization while the concentration of compatible elements decreases in the melt.
When most of the melt has crystallized (~¥90%) the melt is mostly composed of incompatible
elements. In figure 3-3B the first crystals to form and accumulate at the bottom of the
magma chamber consist mostly of compatible elements, which gradually contain an

increased amount of incompatible elements as more of the melt crystallizes (Robb, 2009).

A) 400~ B) 100 —

Figure 3-3: Concentration of trace elements in a magma chamber: A shows the concentration of incompatible elements
in the residual magma compared to the original melt, and B shows the concentration of incompatible elements in the
already crystallized minerals, which accumulate at the bottom of the magma chamber.

Source: (Robb, 2009).

Gravitational settling is not the only process to change the composition of melt. Other
processes that may facilitate the formation of layering are for instance filter pressing
(magma within accumulated crystals is pressed into areas with lower pressure) and liquid

immiscibility (the segregation of two liquids from a previously homogenous magma) (Robb,

2009).
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3.2 Formation of an ore deposits — Immiscibility
Most of the earth’s ore deposits are the result of fortunate geological events, however these
processes are often very similar to the processes that form normal rocks. The formation of a

viable ore deposit in intrusions relies on one or more of the following (Robb, 2009):

e Crystal fractionation with gravity induced crystal settling

e Stratification of the magma chamber based on density as the magma undergoes
changes in density as a result of fractional crystallization

e Recharge of the magma chamber by injection of magma

e Mixing of new magma with magma already present in the magma chamber

e A transitional phase while only one phase crystallizes

e Formation of sulphide droplets as the magma becomes sulphide saturated

e High partition coefficient for chalcophile elements

Liquid immiscibility is a process that can facilitate the selective concentration of metals. It is
the separation of two phases from an originally homogeneous magma; these two liquids can
be mineralogically almost identical or very different, e.g. two silicate liquids or silicate and
sulphide liquid. Immiscibility is a very important ore forming process in mafic magma bodies,
with the most important products forming silicate and oxide liquids or silicate and sulphide
liquids. This particular process can lead to the formation of large and economically

important deposits (Robb, 2009).

3.2.1 Silica-rich and iron-rich immiscibility

Immiscible liquids are present in so many volcanic rocks that magma unmixing is a common
differentiation method during late fractionation. Two separate liquids, formed by liquid
immiscibility can be preserved as chemically separate silica-rich and iron-rich phases in
tholeiitic basalts or alkaline system, where it is then possible to observe them. The silica-rich
phase is typically rich in silica, alumina, and alkalis with approximately 73% composed of
silica, while the iron-rich phase is rich in iron and other mafic cations with about 43% silica

(Philpotts, 1982).

These two phases are the production of a stable phase separation, which needs to happen at
an early stage of the fractionation to enable the separation and segregation of a significant

amount of magma. Based on the coexisting minerals’ composition of the immiscibility

22



phases, the immiscibility phases generally form during the later stages of differentiation of
tholeiitic magma (Philpotts, 1982). Whether silica-rich and iron-rich immiscibility can form a
viable economic deposit is still debated, although their existence has been proven
experimentally (Robb, 2009). The first silicate liquid immiscibility in a naturally crystallised
pluton was reported from the Skaergaard intrusion. There it is possible to find primary melt
inclusions preserved in apatite crystals as iron- or silica-rich inclusions (Jakobsen et al.,

2005).

Figure 3-4 shows the immiscibility field for silica-rich and iron-rich liquid in tholeiitic basalt,
where the tholeiitic rocks are marked, along with their iron-rich and silica-rich constituents
that plot at each end of the immiscibility field. The iron-rich end member is enriched in FeO,
MnO, TiO,, CaO and P,0s, while Na,0, K,0, Al,03 and MgO preferably enter the silica-rich

phase.
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Figure 3-4: The immiscibility field for the silica-rich and iron-rich liquid for tholeiitic rocks. Tholeiitic rocks are
plotted as triangles, along with their iron-rich (filled circles) and silica-rich (open circles) components.
Source: (Philpotts, 1982).

3.2.2 Silicate — sulphide immiscibility and sulphur solubility

If a homogenous magma contains considerable amounts of sulphur the magma can separate
into two liquids, one being silicate-rich while the other consists of sulphides. These two
liquids may coexist over a wide chemical range, as seen in figure 3-5, as long as there is
enough sulphur in the system. Magma at point A would crystallize fayalite until it intersects
the two-liquid field, where sulphide melt would then separate from the melt and coexist

with the silicate melt (Robb, 2009).
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Figure 3-5: The 2-liquids field in the diagram marks immiscibility field for the silicate-sulphides liquid.

Source: (Robb, 2009).
During magma solidification, the amount of sulphides slowly increases in the melt. When
sulphide immiscibility is attained, small droplets of sulphides are temporarily suspended in
the magma. By forming this new phase, elements with strong affinities for sulphides will
partition into the sulphide melts. This has the possibility of forming a concentration of
economic minerals and even a deposit if all conditions for its formation are met (Naldrett,

2004, Robb, 2009).

To form a deposit by sulphide immiscibility a sufficient amount of immiscible sulphide melt is
required and the sulphide droplets need to be able to react with a large part of the melt

while at the same time crystallize to form a single layer (Robb, 2009).

Chalcophile and siderophile elements have a strong affinity for sulphide phases, which
results in their dissolution in the sulphide phase. Many of these elements normally stay in

the melt during crystallization until sulphide saturation is reached, when they partition
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strongly into the sulphide phase and sink to the bottom of the magma chamber. There they
may form a thin layer of economically important elements, a so-called “Reef Deposit”. These
layers can be followed throughout the whole magma system, as they contain concentrated
economic elements that are thousand times the amount that was originally distributed in
the magma. If, however, a sulphide-rich face does not form these elements end up
substituting for other elements in mineral crystal lattices and do not form a concentrated

layer (Robb, 2009).

Whether sulphur forms an immiscible phase depends on the amount of sulphur and FeO in
the magma, along with temperature and oxygen fugacity, according to the following

equation:
1 1
FeO(me|t)+Esz@ FeS(melt)*'EOz

This shows that the sulphide solubility increases with decreasing oxygen content and/or
increasing FeO content in the magma. It increases with increasing temperature, but
decreases with increasing pressure and SiO, content (during evolution of magma) (Li and

Ripley, 2005, Naldrett, 2004, Robb, 2009).

This principle was used to constrain the sulphide solubility curve (figure 3-6) for the Bushveld
igneous complex. The sulphide solubility decreases during crystallization of olivine and
orthopyroxene due to the removal of FeO and decrease in temperature, but when
plagioclase begins to crystallize, it levels off again as the FeO starts to increase in the melt. If
a melt is undersaturated in sulphides at emplacement, the crystallization of olivine and
orthopyroxene results in the melt shifting towards the solubility curve. Thus the sulphide
content increases in the magma as the FeO goes into olivine and is removed from the melt,
until it reaches the curve and droplets of sulphides start to form in the magma causing its
saturation. Although the amount of sulphide droplets would then start to decrease in the
melt as the sulphides are removed from the liquid, as the sulphide solubility curve shows.
The sulphides could either end up located within cumulus rocks or they might form a
separate sulphide layer as they accumulate at the bottom of the magma chamber (Robb,

2009).
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Figure 3-6: An example of a sulphide immiscibility curve from the Bushveld Complex during
crystallization.
Source: (Robb, 2009).

Sulphide immiscibility may also be attained with the addition of externally derived sulphur,

an injection of new magma which mixes with the pre-existing magma or magma

contamination (Robb, 2009).
Oxygen fugacity

In a melt where the silicate melt is in equilibrium with the sulphide-rich liquid, the oxygen
fugacity increases as the sulphide solubility decreases. The ability to form an ore deposit
with sulphides is strongly dependant on the fO,, and the less O, that is in the melt, the more
likely the melt is to form a sulphide deposit (Naldrett, 2004, Robb, 2009). Figure 3-7

demonstrates the decreasing sulphur solubility with increasing oxygen fugacity.

FeO content

Sulphur content is strongly dependant on FeO concentration in the magma, and to a lesser

extent on TiO, content. The sulphur content in the melt at sulphide saturation increases with
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increasing FeO contents because the FeO increases sulphur solubility, as depicted in figures

3-7 and 3-8. Additionally, increased fO, results in decreased sulphide solubility in the melt.

During olivine crystallization FeO is removed from the melt, consequently the sulphide
solubility decreases (that is also due to lowering of temperature). When plagioclase begins
to crystallize the FeO content will increase relative to other elements in the melt, so the
sulphide solubility increases. Usually both olivine and plagioclase are removed with the ratio
1:3, which results in the melt going alongside the sulphide saturation curve, without forming

a separate phase (Naldrett, 2004).
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Figure 3-7: Solubility of sulphur as a function of FeO and TiO,,
demonstrating the effect of varying oxygen fugacity. Increasing FeO
and TiO, content, and decreasing oxygen fugacity increases the
sulphur solubility in the melt.

Source: (Naldrett, 2004).
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Temperature

Research on the effects of temperature on sulphide saturation is lacking but sulphide
saturation has been show to increase with temperature. At a constant fO, and fS, the
sulphur increases with a factor of 8.5 at 1000°C per 100°C, while at 1400°C the factor
increases only by 3 times, but this is also dependant on the melt composition (Naldrett,

2004).

Pressure

Increasing pressure reduces the solubility of sulphur, as shown in figure 3-8. This means that
the magma moves steadily away from the sulphur saturation curve as the melt moves
upwards in the crust. If a magma forming at a great depth is transferred to the surface, the
decrease in pressure results in the melt increasing its ability to dissolve sulphur, so it reduces

or loses its ability to form a sulphide ore deposit. (Naldrett, 2004).
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Figure 3-8: Solubility of sulphur in basaltic melt with different FeO content
as a function of pressure. An increasing pressure reduces the sulphur
solubility in melt, while the increased FeO content decreases the sulphur
solubility.

Source: (Naldrett, 2004), which based is it on (Wendlandt, 1982) and

(Mavrogenes and O’Neill, 1999).

3.2.3 Partition of chalcophile elements into the melt

Igneous systems contain diverse ore deposits with different metal associations. This can be
seen for instance on mixture of chalcophile and siderophile elements normally being
associated with mafic system, while lithophile elements are commonly associated with felsic

or alkaline systems (Robb, 2009).
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Therefore, the melt that forms may be enriched or depleted in certain elements depending
on the source rock. Mafic magma is enriched in chalcophile and siderophile elements,
meaning that that the source of the magma, the mantle, must also be enriched in the same
elements. However the chalcophile and siderophile elements are scarce and cannot form
their own mineral phase, so generally they rather substitute for other elements in mineral’s
crystal lattices, or in crystal lattice defects. These elements are incompatible as they are not
the preferred choice for the minerals, therefore they are typically the last elements to leave

the melt and go into mineral’s crystal lattice during crystallization (Robb, 2009).

The transition metals — Fe, Co, Ni, Pd, Pt, Rh, Ru, Ir, Os, Cu and Au — comprises the metals
that partition most strongly into the sulphide liquid (Naldrett, 2004). The ability of an
immiscible sulphide liquid in a silicate melt to concentrate trace elements depends on the
partition coefficient of the elements and whether they partition into the sulphide or silicate
phase (Robb, 2009). The Nernst partition coefficient for a metal with a low concentration in

a melt where there is equilibrium between sulphide and silicate melt is:
K[i)_j — (Wt% l-)Sul.m * (Wt% j)Sil.m/(Wt% j)Sul.m % (Wt% l-)Sil.m

Where i is the metal which becomes concentrated, and j is the metal (e.g. sulphur) that

concentrates the metal (Naldrett, 2004).

Chalcophile elements partition strongly into the sulphide phase; these elements are thought
to bond with oxygen in the silicate magma, and when a separate sulphide phase forms they
rather bond to sulphur ions (Naldrett, 2004). Different chalcophile elements also partition
with varying efficiency into the sulphide phase. This is visible in figure 3-9 where the
partition coefficient of some chalcophile elements is shown. The more common elements,
Ni, Cu, and Co, partition not nearly as strongly into the sulphide phase as the PGE elements,
Pt, and Pd due to the difference in partition coefficients (Robb, 2009). Due to the strong
partition coefficient, sulphides can be highly enriched in PGE and Au compared to the

original concentration in the melt (Naldrett, 2004).
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Figure 3-9: An example of the partition coefficients of few chalcophile elements in basalt.
Source: Modified from (Robb, 2009).

Accordingly, PGE’s partition easily into the sulphide melts. But even if the PGE partition very
efficiently into the sulphide melt, finding a viab