crystallization of the granophyric melt. That means that the Fl in the UBS were more saline

than the Flin the LS, or about a difference of 2-7 mass% NaCl (Larsen et al., 1992).

If the salinity was calculated based on hydro-halite melting for each and every layer in the
LS, the average salinity was 26.14 mass% NaCl, which was even higher than calculated from
the ice melting temperature. There was a 3-9.5 mass% NaCl difference from what has been

previously observed in the LS (Larsen et al., 1992).

Both salinity results have been plotted in figure 5-39. There, it was evident that both
salinities were close to the salinity of the peritectic point in the H,O-NaCl binary phase
diagram, which was in accordance if the hydro-halite melting of the Fl occurred just a few

degrees away from the peritectic point.

Figure 5-39: Phase relations in the H20-NaCl system along with the calculated salinity of the FI.

Source: (Samson et al., 2003).

The results from the salinity calculations can be seen in table 5.1. The gradual increase in
fluid density was observed in the LS but not in the UBS.
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Table 5.1: The salinity in each layer in the UBS. Tmice are the results from the melting temperature of ice. TmHydrate are
the result from the hydro-halite melting.

Layer Salinity from Tmj.. in mass% Salinity from Tmpyygrate in mass%
LZb' - 26.14
LZc' 23.68 26.20
mz' - 26.24
Uza' - 26.15
Uzb' 22.69 26.14
uzc' 25.01 26.09
SH - 26.05

Homogenization of the FI happened in the liquid phase for the majority of the fluid

inclusions, although few had homogenized in the gas phase. The homogenization

temperature was the lowest possible formation temperature for the Fl. The homogenization

temperature for the Fl can be seen in table 5.2. As seen there the lowest homogenization

temperature was at 178.8°C while the highest was at 305°C, which was quite a big

temperature gap. Even bigger temperature gap was found within each layer, but the

temperature appeared to correlate to the size of the vapour bubble, as Fl with bigger vapour

bubble generally homogenized at a higher temperature than Fl with smaller vapour bubble.

In total 8 FI did not homogenize before 400°C, and these normally had vapour bubble

volume above average. The FI that did not become homogeneous before 400°C were not

included in the following results as the exact homogeneous temperature was not known.
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Table 5.2: The median homogenization temperature at each layer in the UBS.

Layer Homogenization temperature (°C)
LZb' 246.95

LZc' 226.55

Mmz' 178.8

Uza' 305

Uzb' 232.1

uzc' 255.3

SH 258.5

The isochores for both salinities were steep, but had a similar slope to the isochores in the
H,0O-NaCl system at 25 wt.% NaCl (Bodnar and Vityk, 1994). Figure 5-40 shows the isochores
calculated from the melting point of ice, while figure 5-41 shows the isochores calculated

from the melting point of hydro-halites.
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Figure 5-40: Isochores for the Fl in the UBS calculated from the melting temperature of ice. The granitic minimum melt
field is shown for quartz-albite-orthoclase system at H,0 saturation conditions and with 0-5 mol% CH,. The granitic
minimum melt lines are based on solidus and liquidus experiments.

Source: Granitic minimum melt from (Johannes and Holtz, 1996).
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Figure 5-41: Isochores for the Fl in the UBS calculated from the melting of hydro-halite. The granitic minimum melt field is
shown for quartz-albite-orthoclase system at H,0 saturation conditions and with 0-5 mol% CH,. The granitic minimum
melt lines are based on solidus and liquidus experiments.

Source: Granitic minimum melt from (Johannes and Holtz, 1996).
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The crystallization of granophyre masses was estimated to have occurred between 655 and
770°C with thermodynamic consideration of mineral composition (Larsen et al.,, 1992),
whereas the minimum crystallization temperature was estimated to be 770°C by using the
mineral thermometric of pegmatites (Hirschmann et al., 1997). If the isochores in figure 5-40
and 5-41 were compared to these temperatures the pressure during the formation of these
FI would be above 5 kbars, which is the equivalent of >16,5 km depth in the earth with a

pressure gradient of 1 kbar/3.3 km. This is an unrealistically high pressure.

Following are the results and the normal curve for each layer.
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LZb' (SK08-200)

Table 5.3: The parameters and statistics for the Fl from LZb'.

LZb' (SK08-200) Min. value Max. value Average Median Std. dev.
TMinitial -48.3 -41.6 -45.35 -45.15 1.98
TMuydrate -4.9 1.7 -1.97 -1.8 1.36
TMuomogenization 111 369.8 248.48 246.95 73.15
Vol.% vapour 5 40 20.57 20 9.11

Number of FI
o = N w H v (o)} ~N

Figure 5-42: The normal curve for Tminitial in the LZb'.
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Figure 5-43: The normal curve for TmHydrate in the LZb'.
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Figure 5-44: The normal curve for Th-total in the LZb'.
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Figure 5-45: The normal curve for vapour volume % in the LZb'.

LZc' (SK08-197)

Table 5.4: The parameters and statistics for the Fl from LZc'.

45

LZc' (SK08-197) Min. value Max. value Average Median Std. dev.
TMinitial -46.7 -41 -44.23 -45 2.92
Tmice -22 -22 -22 -22 0
TMuydrate -4.5 13.4 -0.44 -0.7 2.84
TMuomogenization 129.6 387.7 236.95 226.55 75.54
Vol.% vapour 10 45 18.17 15 7.82
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Figure 5-46: The normal curve for Tminitial in the LZc'.
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Figure 5-47: The normal curve for Tmice in the LZc'.
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Figure 5-49: The normal curve for Th-total in the LZc'.
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Figure 5-50: The normal curve for vapour volume % in the LZc'.
MZ' (SK08-162)
Table 5.5: The parameters and statistics for the Fl from MZ'.
MZ' (SK08-162) Min. value Max. value Average Median Std. dev.
TMinitial -49 -37 -43.4 -44 4.62
TMuydrate -3.7 3.8 -0.92 -0.3 1.78
TMuomogenization 120.8 383.9 218.34 178.8 81.42
Vol.% vapour 5 35 17.97 15 6.82
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Figure 5-51: The normal curve for Tminitial in the MZ'.
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Figure 5-52: The normal curve for TmHydrate in the MZ'.
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Figure 5-53: The normal curve for Th-total in the MZ'.
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Figure 5-54: The normal curve for vapour volume % in the MZ'.
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UZa' (SK08-158)

Table 5.6: The parameters and statistics for the Fl from UZa'.

UZa' (SK08-158) Min. value Max. value Average Median Std. dev.
Tminitm -44 -42 -43 -43 0.82
TmHydrate ‘4,8 ‘0.2 '1.27 '0.95 1,17

TmHomogenization 162.7 378.6 294.22 305 61-26
Vol.% vapour 10 80 24.06 20 13.04
3
ol
o
3
E
31
O T T T T
Q S o ~ Q
LN < [92] [o\] -
5 5 5 5 ¥
o o o o o
wn < o ()] —
v ¥ 5 5 b

Figure 5-55: The normal curve for Tminitial in the Uza'.
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Figure 5-56: The normal curve for TmHydrate in the UZa'.
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Figure 5-57: The normal curve for Th-total in the UZa'.
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Figure 5-58: The normal curve for vapour volume % in the Uza'.

UZb' (SK08-156)

Table 5.7: The parameters and statistics for the Fl from Uzb'.

UZb' (SK08-156) Min. value Max. value Average Median Std. dev.
TMinitial -48 -43 -45.8 -47 2.17
Tmice -23 -18 -20.5 -20.5 3.54
TMuydrate -4.8 19.1 -0.90 -14 3.89
TMuomogenization 155.4 378.8 246.33 232.1 56.49
Vol.% vapour 10 40 19.55 20 6.66
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Figure 5-60: The normal curve for Tmice in the Uzb'.
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Figure 5-61: The normal curve for TmHydrate in the UZb'.
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Figure 5-62: The normal curve for Th-total in the UZb'.
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Figure 5-63: The normal curve for vapour volume % in the UZb'.
UZc' (SK08-105)
Table 5.8: The parameters and statistics for the Fl from UZc'.
UZc' (SK08-105) Min. value Max. value Average Median Std. dev.
TMiitial -44.7 -26 -37.16 -41.4 8.10
Tmice -26.7 -23.6 -24.65 -24.2 1.20
TMuydrate -9.3 0.2 -2.63 -1.3 2.98
TMuomogenization 160.3 354.2 246.65 255.3 41.59
Vol.% vapour 5 45 18.89 15 8.24
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Figure 5-68: The normal curve for vapour volume % in the UZc'.
SH' (SK08-110)
Table 5.9: The parameters and statistics for the Fl from SH.
SH (SK08-110) Min. value Max. value Average Median Std. dev.
TMiitial -52.2 26.5 -42.30 -46.4 8.01
TMuydrate -4.7 -0.2 -1.49 -1.6 0.81
TmHomogenization 166.5 356.9 258.83 258.5 29.70
Vol.% vapour 5 40 17.86 20 6.40
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Figure 5-69: The normal curve for Tminitial in the SH.
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Figure 5-70:The normal curve for TmHydrate in the SH.
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Figure 5-72: The normal curve for vapour volume % in the SH.
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6 Discussion

6.1 Fieldwork

6.1.1 Austurhorn

The magma enclaves at Austurhorn seem to have formed due to incomplete magma mixing,
when the intrusion was only partially crystallized mush. The mush was felsic and much
colder than the mafic and felsic melts that intruded the mush. Due to the heat difference the
intrusive mafic melts quenched and formed pillow-like structures with a chilled margin, and
also caused angular fragmentation and partial resorption of some of the pillows. The same
phenomena are not present in the felsic enclaves, which had rounder edges, as the heat
difference was probably not as severe between them and the mush, and thus did not lead to
as prominent separation between the enclaves and the mush it intruded into. This
corresponds with previous research in the area, which had indicated that the rock structures
to be the result of incomplete magma mixing (de Jesus Padilla, 2011); this happened in a
dynamic magma chamber that was repeatedly recharged and tapped during a constant

fractionated of the magma in the chamber (Thorarinsson and Tegner, 2009).

6.1.2 Vestrahorn

De Jesus Padilla (2011) describes Vestrahorn to have formed by magma mixing, although this
notion is not from field observations. Moreover Roobol (1974) considered the granophyres
to have an intrusive nature. The rock structures observed in the field are however estimated
to be similar to the rock structures described by Larsen and Brooks (1994) from the
Skaergaard intrusion because of the relationship between layered gabbro, gabbro

pegmatites and melano-granophyres.
Order of gabbro formation

The coarse-grained gabbro was found underlying and intruding into the dominating partially-
layered gabbro. Therefore, the coarse-grained gabbro is considered to have formed after the
layered gabbro. However, the fact that the coarse-grained gabbro intrudes into the normal
gabbro, the irregular contact between the rock types, and there is no visible quenching
between these two rock types, supports the concept that the emplacement of the coarse-
grained gabbro occurred while the normal gabbro was still at least partially molten and that

there was not a significant temperature difference between them. As the normal gabbro was
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still partially molten, the system must have contained some heat before the coarse-grained
gabbro intruded into the system, having a longer time to crystallize and becoming even
more coarser grained. The coarser grain size might also indicate that this gabbro is more
evolved, with a lower crystallization temperature, which again resulted in it having a longer

time to crystallize.
Pegmatites

Roobol (1974) found the various granophyre sheets at Vestrahorn to have invaded into the
gabbroic magma, which consisted of a rigid, interlocking framework of crystals. The
description of these granophyre structures corresponds with the field observations made,

described as pegmatite columns, veins and batches.

Larsen and Brooks (1994) concluded that the pegmatite structures in the Skaergaard
intrusion to have formed from intercumulus liquid derived from the parental melts of the
intrusion. They are late-magmatic products, forming at the last stages of crystallization of
the layered gabbro. Additionally late magmatic fluids in granophyre were similar to those
found in pegmatite and anorthosite structures. Due to density differences between the melt
and the already crystallised cumulates, the pegmatite melts were able to rise upward in a

diapiric flow and/or through syn-magmatic weakness zones and fractures.

The structures at Vestrahorn are not considered to have an intrusive nature like Roobol
(1974) described, but instead correlate with the field description from Larsen and Brooks
(1994) where they assumed to have formed from intercumulus melt. The magma that
formed the host rock is thought to have contained enough crystals to form a rigid,
interlocking framework that was incapable of flowing. It has been assumed that the late-
stage melt at Vestrahorn must have been volatile-rich, which would have resulted in a
density contrast between the melt and the interlocking crystals (Cargill et al., 1928,
Gudmundsson, 2009). The volatile-rich melt would be less dense, correlating with Larsen and
Brooks’s (1994) observations in the Skaergaard intrusion where the pegmatite structures
formed due to buoyant force of the less dense melt. Furthermore, the pegmatite structures
at Vestrahorn have well-defined boundaries towards the host rock, with a diapiric shape,
which indicates that they rose up due to being less dense than the cumulus minerals with a
diapiric flow. Afterwards both the host rock and the pegmatite structures were cross-cut by

later intrusions.
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The pegmatite structures at Vestrahorn have coarse-grained, mafic margins, which grade
into a felsic centre. Larsen and Brooks (1994) identified three separate zonation in the
pegmatites from the margins inwards with the margins composed of plagioclase laths, the
gabbroic zone dominated by plagioclase, pyroxene, olivine and iron-titanium oxides and the
granophyric zone in the centre composed of quartz, orthoclase and plagioclase. These zones
correlate with the zonation seen at Vestrahorn, although the marginal zone composed of
plagioclase was not identified, possibly either due to how thin it is or that it does not exist

with the pegmatites at Vestrahorn.

The pegmatite structures at both Skaergaard and Vestrahorn also contain the same main
mineral composition, that is feldspars, pyroxene and iron-titanium oxides (Larsen et al.,
1992, Roobol, 1974), although there are some variations in the mineral composition of the

pegmatites at Skaergaard based on their location (Larsen et al., 1992).

The pegmatite structures have a different geometry in Skaergaard, which is related to their
location. Although there existed different geometric shapes in the pegmatite structures at
Vestrahorn, there was no correlation between their locations and geometry. The variety of
pegmatite structures is assumed to be related to the amount of interstitial melt that was
able to separate from the cumulates and collect while rising upwards. If only a small amount
of pegmatitic melt separates it forms isolated pegmatite batches, while more material forms
pegmatite columns. If huge amounts separate they form larger pegmatite bodies. As the
pegmatite bodies generally seem to intrude horizontally, it is assumed that they are either
denser than the pegmatite batches and columns because the melt was poorly separated
from the cumulates and had a neutral buoyancy, or the pegmatite melt was running into an

obstacle while rising upwards.

The vein structure at location 4 is considered to have the same origin as the other pegmatite
structures. However instead of rising up through a mostly crystalline material like the
pegmatite structures, it followed structural weaknesses in the layered gabbro. As the host
rock was colder than the host rock of the pegmatites, the vein did not have the time to form
the same zonation as is typical of the pegmatites, that is coarse-grained margins and a felsic

centre.

Although the one XRD analysis that was completed did not reveal ferrobustamite it is not

possible to exclude that the pegmatite bodies do contain ferrobustamite, as only a small
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sample was analysed. The thin section did not contain granophyre masses, but the quartz
formed masses similar to the underdeveloped granophyre masses found in the LZc' of the
Skaergaard intrusion, and the masses have been found to vary between samples in the

Skaergaard intrusion.

The discontinuous anorthosite structures described by Larsen and Brooks (1994) resemble
the vein structures found in the mine (location 5), which they assumed had risen upward
due to buoyant forces like the pegmatite structures, as they formed by aqueous volatiles
that escaped from melano-granophyre. At Vestrahorn these structures did not form the
same zonation as the pegmatite structures, probably because of their chemical composition,
as they were simply lacking the mafic elements to form these mafic minerals, which supports
the observations at Skaergaard where the mafic minerals would crystallise first. No chemical
analysis was however performed on these structures at Vestrahorn to confirm this.
Conversely the amount of sulphide surrounding these structures was unexpected, especially
as the same sulphide enrichment was not found in relation to the pegmatite structures. This
might be the result of the magma that formed these structures to be more evolved and

having concentrated sulphides.

The formation of the rock structures observed at Vestrahorn are thought to have formed
with the migration of the intercumulus melt to an area where it collected and grew, before
being arrested and crystallised, creating the structures that can be seen today. Therefore,
although chemical analyses were not performed, it is assumed, based on visual observations,
that these structures have similar properties and formed in the same way as the pegmatite

structures in the Skaergaard intrusion.

6.2 Petrography study, the UBS of the Skaergaard intrusion

Most of the samples analysed were from the Kilen profile, and the samples that were
analysed cover the stratigraphy of the UBS, from the SH up to the LZb'. Additionally one
sample from the Hammer Pas profile was analysed and four samples from the Brgdretoppen
profile. No clear visible difference was found between the profiles in neither the mineral

assemblage, nor the alteration.

The samples used for geochemical analyses were also analysed petrographically. They

contained the same minerals as the rest of the Skaergaard intrusion, however in different
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concentrations. The iron-rich phase was mostly composed of igneous lamination of iron-
titanium oxides, along with plagioclase and augite. Meanwhile the samples from the SH were

mostly composed of plagioclase and granophyre masses, in addition to being highly altered.

All the samples had sustained considerable alteration by hydrothermal fluids, which resulted
in complications during the identification of some minerals. Naslund (1984) had already
reported that the UBS to contains more altered rocks than the LS, so this was expected. This
alteration however indicates that there might have been a hydrothermal circulation system
that strongly influenced the mineral assemblage after crystallization. These alteration
minerals included a mineral, identified as ilvaite, which had been previously only mentioned
by Naslund et al. (1983) in the Skaergaard intrusion, but which is not commonly mentioned

in relation to the intrusion.

The crystallization sequence is mostly similar to previous research by Salmonsen and Tegner
(2013), with the same cumulus phases observed. These are olivine and plagioclase that first
crystallise together, followed by augite, iron-titanium oxides, sulphides, apatite, and
ferrobustamite. Plagioclase was found throughout the layered gabbro, commonly
constituting 50-60% model of the samples, but it varied between 40-75%. Olivine was not
always found as a cumulus phase in the LZ', as it is generally not very abundant, and is highly
altered where it occurs. Naslund (1984) identified less than 5% pigeonite, which was not

found during this study.
Granophyre masses

The granophyre masses were found interstitially between cumulus phases in the UBS, which
implies that the granophyric masses crystallized from the last melt in each layer. This implies
that the fluid in the Fl coexisted with the intercumulus magma, which enables the evaluation
of the system’s properties during the crystallization of the last melt in each layer.
Additionally the amount of granophyre in each layer could influence the distribution of
elements and volatiles, as the last melt to crystallize can have higher concentrations of
volatiles and incompatible elements than the original melt. Therefore the minimum and
maximum volume of granophyre was estimated for each layer in the UBS and listed in table

6.1, however as there was no sample from the LZa', no estimate was calculated.

The volume of the UBS is approximately 35.21-41.52 km?> (Nielsen, 2004), from which the

estimated volume of granophyre masses in the UBS is about 0.793-2.286 km®. This volume
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would probably be slightly higher if data for the volume of granophyre masses in the LZa'

was available.

Table 6.1: An estimate of the minimum and maximum volumes of granophyre for each layer of the UBS.

Layer Minimum volume in km> Maximum volume in km?
Lza' - -
LZb' 0.084 0.497
LZc' 0 0.030
mz' 0.048 0.280
uza' 0.104 0.409
uzb' 0.281 0.663
uzc' 0.276 0.407
Total volume in the UBS 0.793 2.286

6.3 Geochemical analyses

There was an obvious chemical difference between samples from the SH and the iron-rich
gabbroic pegmatite, which was visible in both main and trace elements. The iron-rich phase
samples were rich in Fe,03, TiO, and MgO, while the SH was rich in SiO,, Al,O3 and alkalis. In
addition there was also a noticeable difference between the two iron-rich samples, as the
sample that was collected in 2009 was richer in iron and titanium. The concentration of SiO,

in the samples from the SH indicates that they have a granitic or granodioritic composition.

As the SH consists of the last melt to crystallize, and granophyre is generally the last melt to
crystallize, the SH should contain a significant amount of granophyric masses. The samples
from the SH have a typical chemical composition for granophyre masses (Best, 2013)

indicating that this is the first identified major accumulation of granophyre masses in the SH.

The Skaergaard evolution trend typically plots with a progressively higher Fe content than
the tholeiitic trend in an AFM diagram. The samples from the SH plot on the typical
Skaergaard evolution trend, while the samples from the iron-rich phase were too alkali-poor
to plot on it, and instead corresponds with previous research by Veksler (2009) who focused

on rocks from the LS.
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The immiscibility of a silica-rich and iron-rich silicate liquids in the Skaergaard intrusion has
been demonstrated (Holness et al., 2011, Jakobsen et al., 2005), but only in melt inclusions
and microstructures. One of the liquids was granophyric and the other should have been
mafic, although this has not been documented so far (Larsen and Brooks, 1994). The samples

analysed in this study make up a considerably larger volume than in previous research.

The samples from the SH plot within the immiscible field, as the intermediate silica-rich
samples by (McBirney and Nakamura, 1974), but they are not chemically identical. However
all the iron-rich samples plot outside of the immiscibly field, with two of the iron-rich
samples being substantially more iron-rich. It is possible that the melt in the system simply
did not contain enough SiO, to be able to plot on the separate ends of the immiscibility plot,
as both samples are poor in SiO, compared to the typical chemical composition during silica-
liquid immiscibility (Philpotts, 1982). Moreover all the iron-rich samples contain more
titanium than previous studies (e.g. (Dixon and Rutherford, 1979, Jakobsen et al., 2005,
McBirney and Nakamura, 1974, Philpotts, 1982)).

In an immiscible silicate liquid pair the iron-rich phase should contain greater amounts of
P,0s, TiO,, MgO, MnO, Zr and rare earth elements (REE), while the silicate-rich phase have
higher concentrations of K,0, Na,0O, Al,03; and Rb (Best, 2013, Jakobsen et al., 2011). This is
not in total agreement with the geochemical results, although the samples do plot
comparably in a Harker diagram for FeO and SiO, as the immiscible silicate liquid did in the
study by Jakobsen et al. (2005). Additionally the iron-rich sample phase plots at the iron-rich
end of the immiscible liquid field, while the samples from the SH plot inside of the
immiscibility field. This suggests that the iron-rich phase is essentially an immiscible phase,
which separated from the melt and crystallized. It is uncertain whether the samples from the
SH also formed due to liquid immiscibility as they plot within the immiscibility field and do
not completely follow the chemical distribution generally assumed to form during silicate
liquid immiscibility. However the samples from the SH contain higher concentration of Al,O3
than the iron-rich phase, and generally amount of Al,O3 should decrease during evolution of
melt, but during silicate-liquid immiscibility the Al,O3 is concentrated in the silicate liquid,
which indicates that this might be the result of a silicate-liquid immiscibility.Silicate liquid

immiscibility would have had great effects on the magma, as it would have redistributed
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both the major and trace elements. Immiscibility would also result in the sinking of the

denser phase and the rise of the less dense phase.

Moreover the chemical composition contrast between the two immiscible silicate melts
usually increases with decreasing temperature (Jakobsen et al., 2011), not identifiable here,
but could explain the geochemical difference between the two separate group of iron-rich

samples.

Elements that are typically included strongly in mafic minerals (e.g. Co, Ni, Sc, Cu, Sr) are
more common in the iron-rich phase than in the SH samples, except for Sr, which was more
common in the SH samples as expected. In addition highly water-soluble elements (e.g. Rb
and Ba) partition strongly into the SH samples, which correlates with increasing H,O during
magma crystallisation, and the SH being the end product of the differentiation of the

Skaergaard parental melt.

The Zr content in the samples was quite high in the samples from the SH. This is in
agreement with previous research by Brooks (Brooks, 1969), where the Zr increase with the
differentiation of the melt, and reached a value of 1300 ppm in the SH, which is a bit lower
than this study’s highest value. This is due to Zr being immobile and an incompatible

element and so ends up in the final, most evolved melt.

Phosphorus was also incompatible until apatite formed as a primocryst, however contrary to
the main layered series, apatite began to form quite early in the UBS as demonstrated by the

presence of primocryst apatite throughout the UBS.

6.4 Fluid Inclusions

The fluid inclusions in each zone homogenized over a wider temperature range than the one
found by previous research in the LS (Larsen et al., 1992), where the narrowest temperature
range is £24°C for all FI from the same rock type (Larsen et al., 1992). The wide temperature
range for homogenization surveyed here substantially influences the isochores, as the EoS is
heavily dependent on the density, i.e. the homogenisation temperature of the Fl. Three

possible reasons for this wide temperature range are considered:

1. Inaccurate measurements, either due to instrument or human error
2. The fluid inclusions were not all primary fluid inclusions

3. The fluid inclusions re-equilibrated after formation
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Inaccurate measurements could explain some of the deviations between the measured
temperature and the real homogenisation temperature. However the instruments used
allow for the very slow heating of the sample and are closely monitored. In addition,
standards were used to correct for possible deviations caused by the instruments. As the
instruments are automatic they also reduce the possibility of a human error during heating,
and allow for a gradual and constant heat or cooling rate. Nevertheless the ability to notice
the phase changes at the correct temperature is influenced by the researcher. By heating the
sample gradually it is possible to minimise that error, therefore this is not a likely

explanation for a temperature difference of over +80°C for each zone.

It was tried to the utmost to only measure primary fluid inclusions based on textural
evidence and avoid structures that might facilitate the formation of secondary fluid
inclusions. The fluid inclusions that were measured were, based on visual observations,
concluded to have been primary. However, the wide temperature gap indicates that these Fl
did not form during one specific event, yet they are all found in granophyre masses that are
petrographically identical. In addition they all have very similar salinities, which indicate that
they formed from one homogenous fluid that existed at a similar time throughout the

system. Hence these Fl likely formed at the same time during the same general event.

Constant fluid density and composition are the main requirements for using Fl as an
indicator for system conditions during entrapment. Quartz generally conserves Fl relatively
well as it is quite resistance to changes by external sources, and is therefore generally the
preferred host mineral when it comes to microthermometry. But even though quartz is
resistant to changes, both the quartz and the Fl can be affected by external events, which
may influence their properties. Re-equilibration of Fl can result in volume changes, or

components being added or removed from the inclusions (Samson et al., 2003).

The FlI used here are all found in granophyre masses that crystallized at comparable
conditions, and should consequently have a narrow range of homogenisation temperature,
only influenced by changes in the pressure. Therefore this wide difference in
homogenisation temperatures might suggest that the FlI have been subjected to post
entrapment modification as a result of full or partial re-equilibration. If that is correct, the FI
with the highest homogenisation temperature should have the most original fluid properties

from the crystallization of the granophyric masses, while the FI with the lowest
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homogenisation temperature would have had the most intensive re-equilibration.
Conversely the volume of FlI can also be affected by re-equilibration, which would be
noticeable in changes to the vapour bubble volume, as long as nothing was added or
removed from the Fl during re-equilibration. If both the homogenisation temperature and
the volume of the vapour bubble were influenced by alteration and re-equilibration, trends
between these two factors should become apparent, thus the homogenisation temperature
versus the estimated volume of the vapour bubble is shown in figure 6-1. To note is that the
volume of the vapour bubble was based on visual estimate and can contain some error
(estimated 5 %). All of the figures demonstrate a trend between homogenisation

temperature and volume of the vapour bubble.
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Figure 6-1: Homogenisation temperature versus the estimated vapour bubble volume for the zones

analysed. There was some positive correlation between homogenisation temperature and vapour

bubble volume. The points marked with red are the most preserved and are used to calculate the

isochores shown in figure 6-2. The green points have undergone the most re-equilibration and are

shown in figure 6-5.
The Fl marked with red in figure 6-1 are considered to be the FI witch has been subjected to
the least amount of re-equilibrium as they generally have the highest homogenisation
temperature and a considerably larger vapour bubble. On the other end are the Fl with the
lowest homogenisation temperature and smaller vapour bubble marked with green. These Fl

are used to calculate new isochores, which are shown in figures 6-2 and 6-4.
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Figure 6-2: Isochores for each layer, plotted from the Fl in each layer with the highest homogenisation temperature, and
voluminous vapour bubble. The granitic minimum melt field is shown for quartz-albite-orthoclase system at H,0
saturation conditions and with 0-5 mol% CH,. The granitic minimum melt lines are based on solidus and liquidus
experiments. A close up of where the granitic melt intersects the isochores can be seen in figure 6-3.

Source: Granitic minimum melt from (Johannes and Holtz, 1996).

A better distinction between the isochores where they intersect the granitic minimum melt
field can be seen in figure 6-4. The top and bottom layers plot closely together (LZb', UZc'
and SH) at a higher pressure than the layers in the centre of the UBS, (MZ', UZa', UZb' and
uzc').

The order of isochores (MZ', UZa', UZb' and UZc') correlate with the sequence of isochores
and pressures found in previous research of the LS (Larsen and Tegner, 2006), where the
pressure increased during crystallization of the LS. As the UBS sequence crystallized from the
roof, the pressure grows from the roof downwards, opposite to the LS where the pressure
grew from the floor upwards. However the Fl in the UBS formed at a higher pressure than
the Fl in the same layers in the LS (3,15-3,34 kbar compared to about 2,8 kbar), and
additionally the Fl in the LS existed over a wider pressure range than the Fl in the UBS.
However Larsen and Tegner (2006) did not include results from the UZ, which would have

formed at a higher pressure.

Other possible causes for the differences between the pressures in the UBS and the LS can

be from differences between the two researches, either due to error from analytical
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instruments, human error, chemical differences during the crystallisation of the intrusion, or
that all Fl in the UBS possibly had experienced some re-equilibration, thereby the Fl used in

figure 6-2 have experienced the least re-equilibration and store the most original properties.

However the pressures for the LZb', UZc' and SH, 3760-3860 bar, do not correlate with prior
studies of the LS (Larsen and Tegner, 2006). This probably caused by these layers having
been affected by more alteration and re-equilibration than the layers in the centre of the
UBS, leaving no Fl with its original properties. Previous research found a wide pressure gap
in the SH, of about 1.3 kbar, which did not exist in the LS (Larsen et al., 1992) and is in

accordance with these results.

Earlier research has a significantly higher homogenisation temperature (Larsen and Tegner,
2006) than this study, as can be seen in figure 6-3. The samples used are from separate
sampling profiles and have been subjected to different level of alteration, in this research
they are from Kilen, while the samples used by Larsen and Tegner (2006) are from
Basistoppen. The latter area has lower §'20 values than Kilen (Taylor and Forester, 1979),
indicating that it has been subjected to more alteration by the meteoric-hydrothermal
system. The hydrothermal circulation system is fault- and fracture-controlled. The NE part of
the intrusion, which is closer to where Kilen is located, contains a high abundance of fault
and fractures, in addition to be shallow dipping, with the gneiss boundaries underlying the
intrusion. Additionally the Kilen profile is closer to the margins of the intrusion which might

have facilitated intense hydrothermal alteration.
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Figure 6-3: The homogenisation temperature in SH. A) The results from this research. B) The results from Larsen and
Tegner (2006).

Furthermore Larsen and Tegner (2006) performed Raman spectroscopy, and found that the

SH was the only sample that contained CH,4 below the detection limit of the machine. As the
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salinities in all zones are similar this denotes that there has been some minor disturbance of

the chemical composition of the FI, which did not influence the salinities.

Previous work (Bindeman et al., 2008, Taylor and Forester, 1979, Wotzlaw et al., 2012) has
shown that the Skaergaard intrusion drove its own hydrothermal circulating system. The
580 values in plagioclase demonstrate that the hydrothermal system heavily influenced UBS
as water could easily percolate downwards through the basalt into the roof section, but the
hydrothermal system did not seriously impact the LS. The hydrothermal system probably
collapsed inwards as the intrusion crystallized, overprinting the 60 values of the rock
assemblage at subsolidus conditions. In addition the Basistoppen Sill later intruded into the
Skaergaard intrusion where it perhaps partially re-melted the SH, increasing the thermal
energy around the SH, thus causing increased alteration (Wotzlaw et al.,, 2012) and re-
equilibration of the Fl. The alteration by the hydrothermal circulation system resulted in

inconsistent thermometric behaviour of the FI.
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Figure 6-4: Closer view of the isochores from figure 6-2. The granitic minimum melt field is shown for quartz-albite-
orthoclase system at H20 saturation conditions and with 0-5 mol% CH4. The granitic minimum melt lines are based on
solidus and liquidus experiments.

Source: Granitic minimum melt from (Johannes and Holtz, 1996).

The isochores in figure 6-5 were calculated from one fluid inclusion from each zone. The FI
with the lowest homogenisation temperature and small vapour bubble was used in each

case. The Fl were found to have similar salinities to the Fl used to calculate the isochores in
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figure 6-2, so the alteration and re-equilibrium by the hydrothermal circulation system had
not influenced the chemical composition of the Fl. The isochores illustrate the pressure to
have been 9-13 kbar at the granitic minimum melt, which is considerably higher pressure

than calculated in figure 6-2 where the highest homogenisation temperature was used.

However if the Fl re-equilibrated due to hydrothermal circulation, they would have done so
at a lower temperature. Previous research has estimated that to have happened at around
400-500°C (Taylor and Forester, 1979) or 400-600°C (Wotzlaw et al., 2012) (figure 6-6).
Figures 6-5 and 6-6 have an ambiguous stratigraphic correlation, where the layers at the top
of the intrusion plot with the highest pressure, and the bottom of the UBS plots with the
lowest pressure. The fact that the isochores do not plot in reverse order, as the isochores in
figure 6-2, implies that the pressure was related to the collapsing hydrothermal circulation
system, which started outside of the intrusion, and then worked its way toward the centre of

the intrusion.

The isochores do not plot completely in the same order as their stratigraphic height. This is
probably the result of the Fl in the system not reaching equilibrium during the hydrothermal

circulation of fluids through the intrusion.
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Figure 6-5: Isochores for each layer, plotted from one Fl in each layer with a combination of low homogenisation
temperature, and small vapour bubble. The granitic minimum melt field is shown for quartz-albite-orthoclase system at
H20 saturation conditions and with 0-5 mol% CH,. The granitic minimum melt lines are based on solidus and liquidus
experiments.

Source: Granitic minimum melt from (Johannes and Holtz, 1996).

The Fl used to calculate the isochores in figure 6-5 could have formed at considerably lower
pressure if they re-equilibrated at a lower temperature, than if they would have formed at
the granitic minimum melt line, or 4.5-12.5 kbar. They however still formed at a substantially

higher pressure than earlier studies have shown.
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Figure 6-6: Closer view of the isochores from figure 6-4 and the alteration gap from previous research. The isochores plot
at 4,5-12,5 kbar. Without further study it is not possible to constrain accurate pressures for the isochores. The granitic
minimum melt fiel is shown for quartz-albite-orthoclase system at H,0 saturation conditions and with 0-5 mol% CH,. The
granitic minimum melt lines are based on solidus and liquidus experiments.

Source: Granitic minimum melt from (Johannes and Holtz, 1996).

It is questionable whether the Fl show the pressure of the system during alteration, which
would have been post crystallisation of the Skaergaard intrusion. During a continuous flood
basalt eruption the pressure should have increased in the intrusion, which would result in a
higher pressure during alteration than during crystallisation of the intrusion. Yet at 400°C,
which is the lowest identified influx temperature of H,0, the pressure is 4.4-7.6 kbar for the
intrusion and thus considerably higher than realistic pressure in an extensional continental

rift during flood basalt volcanism.

This is however based on lithostatic pressure. An extensional regime is a favourable setting
for the development of faults and fractures, which facilitated permeability and fluid
circulation of meteoric water from the surface. This would in turn mean that the pressure in
the system would be hydrostatic, not lithostatic. The hydrostatic pressure is caused by a
column of water above the intrusion, in the flood basalt, which based on earlier research has
been estimated to be approximately 5-10 km thick, resulting in 490-980 bar pressure (figure
6-7). This might indicate that the hydrothermal circulation system caused the re-
equilibration of FlI at a temperature down to 110-230°C, although the hydrothermal

circulation system might have existed at an even lower temperature.
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As the meteoric water had travelled down through the overlaying flood basalt, which is
chemically similar to the Skaergaard intrusion, it reacted with it and attained chemical
equilibrium. Therefore there is not a noticeable chemical alteration in the Skaergaard
intrusion, although it caused changes in the 60 and 8D isotopes (Taylor and Forester,

1979).
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Figure 6-7: Hydrostatic pressure would result in a considerably lower pressure than lithostatic

pressure. The hydrostatic pressure would have been dominant during hydrothermal circulation

of fluids.
When the Fl were viewed in microscope there was generally a trend for the Fl in the same
areas to have similar homogenisation temperatures, but this was not ubiquitous. No
connection was found between how close the FI were to the margins of the FI, and the
homogenisation temperature. In some areas small cracks close to the FI might have made FI
in the crystal more susceptible to re-equilibration by volatiles, but there was no general

explanation for the different homogenisation temperature in the crystals.

Larsen and Tegner (2006) found a steady decrease from the LZa up to the SH in the size of
the vapour bubble within the FI, which was not noticed here. Instead the vapour bubbles

had relatively stable volume size throughout the UBS.

The content of the Fl is not considered to have been influenced as the Fl that seem to have
sustained various re-equilibration have similar salinities, which are comparable with
previous study by Larsen et al. (1992). Larsen et al. (1992) found the salinity of the Fl to be

lower than what is found here, but partial leakage of water from the Fl would have increased
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the salinity, but decreased the pressure estimate of the Fl. Therefore partial leakage of

water from the Fl is not considered likely.

If the volume of the FI was influenced and reduced by the alteration caused by the
hydrothermal circulation system, without it influencing the content of the Fl, it would have
resulted in increased pressure. It is however considered to have affected each quartz grain
differently, which might be influenced by permeability in the intrusion and the surrounding

host rock.
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7 Conclusions

The pegmatite structures at Vestrahorn are considered to have formed by the same process
as the pegmatite structures in the Skaergaard intrusion, that is as late-magmatic structures
during the late stages of crystallisation. Both the pegmatite structures and the granophyre
masses were associated with an aqueous solution of the same chemical composition in the
Skaergaard intrusion, which probably also applies to the structures at Vestrahorn. The
pegmatite structure formed when the intercumulus melt separated from the already
crystallized cumulates, and due to density difference rose upwards before crystallizing. The

melt either rose with diapiric flow, or through structurally weaknesses or fractures.

Significant sections of the Skaergaard intrusion have already crystallized from iron- and
silica-rich immiscible melts. Therefore it was reasonable that the samples geochemically
analysed in this study might have been cumulates, or the most extreme end members, of the
phases that formed as a result of immiscibility in the melt. The iron-rich phase probably
formed as one end member of a silica liquid immiscibility, while the samples from the SH

were granophyre accumulates, with not as clear immiscibility relations.

The petrography study correlates with previous research of the UBS, with the same order of
cumulate minerals. Granophyre masses crystallized from intercumulus liquid, which was the
last fraction of melt to crystallize in each layer. The alteration minerals found also supports
earlier research, in addition to ilvaite, which is not commonly mentioned in petrography
studies on the Skaergaard intrusion. The alteration minerals indicate that the intrusion
sustained substantial hydrothermal alteration by meteoric-hydrothermal fluid, post-
crystallization of the intrusion during subsolidus cooling; this caused alteration of the

mineral assemblage and re-equilibration of fluid inclusions.

The fluid inclusions did not all sustain the same level of re-equilibration, but they all seem to
contain about the original salinity concentrations. The Fl with the highest homogenisation
temperature and the biggest vapour bubble volume are probably the most preserved, and
correlate with previous research from the LS, which suggests increasing pressure during
crystallization due to the progressive burial by flood basalt. The hydrothermal-meteoric
circulation system however may have caused considerable re-equilibrium on some of the FI.

These Fl instead correlate to their stratigraphy location in the intrusion, which is possibly the
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result of a hydrostatic pressure dominating the system instead of lithostatic pressure post-

crystallization.

7.1 Recommendations for future research

As with many research projects, time was a limiting factor. In order to obtain a better
understanding of the overall meteoric-hydrothermal circulation system that dominated the
volatile system post-crystallization of the intrusion, an in-depth overview over the Fl in the
UBS would be of great interest. This would e.g. include a larger dataset with a higher
sampling density throughout the series, to identify differences between profiles in the
Skaergaard intrusion, and to make sure that Fl that have sustained the least amount of re-

equilibration and the most intensive re-equilibration are documented during measurements.

A detailed study of the types and distribution of alteration minerals could be used to
establish whether mineral alteration is consistent throughout the UBS and whether it
correlates with the re-equilibration of Fl. This could also serve as an indicator for possible
chemical variations due to hydrothermal alteration in the intrusion. As ilvaite has only been
mentioned in one previous study (Naslund et al., 1983), future research should consider this

during petrography studies, as its location in the intrusion is not well documented.

Methods could include further analyses of mineral alteration and locations in the intrusion,
along with an SEM-CL analysis of the FI. The latter would help assess whether the quartz has
recrystallized, re-equilibrated or suffered other changes due to alteration, and to identify
how much alteration each Fl had sustained. Additionally the distance from margins and
cracks in the quartz grains to the Fl could be measured, to evaluate whether these factors

influence the amount of re-equilibration of the FI.

Hydrothermal solutions can contribute to the dissolution and redistribution of elements, and
therefore the influences of the meteoric-hydrothermal system might be of an importance

for the distribution of elements in the Skaergaard intrusion.
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Appendix A — Samples from Vestrahorn
Samples collected at Vestrahorn, along with their location and rock type. The coordinates

are in hddd’mm.mmm’ format.

Sample number Latitude Longitude Description and location
MT14-01 N 64°14.380° | W014°58.958" Felsic dyke
MT14-02 N 64°14.352° | W014°58.834" Felsic dyke
MT14-03 N 64°14.319° | W014°58.889" Melano-granophyric, location 1
MT14-04 N 64°14.319° | W014°58.889° Pegmatite, location 1
MT14-05 N 64°14.319° | W014°58.889° Pegmatite, location 1
MT14-06 N 64°14.317° | W014°58.863° Coarse gabbro
MT14-07 N 64°14.319° | W014°58.458" | Fine grained centre of pegmatite, location 2
MT14-08 N 64°14.319° | W014°58.458° Fine gabbro, location 2
MT14-09 N 64°14.362° | W014°58.365° Felsic dyke
MT14-10 N 64°14.366° | W014°58.360° Coarse gabbro, location 4
MT14-11 N 64°14.366" | W014°58.334° | Melano-granophyric, pegmatite, fine gabbro
MT14-12 N 64°14.380° | W014°58.197° Melano-granophyric dyke, location 5
MT14-13 N 64°14.380° | W014°58.197° | Melano-granophyric center and pegmatitic

margins, location 5
MT14-14 N 64°15.303° | W014°59.379° Melano-granophyric dyke, location 6
MT14-15 N 64°15.303" | W014°59.379° Coarse gabbro, location 6
MT14-16 N 64°14.380° | W014°58.197° | Melano-granophyric center and pegmatitic
margins, location 5

MT14-17 N 64°14.315" | W014°58.588" Fine gabbro
MT14-18 N 64°14.306° | W014°58.605° Pegmatite
MT14-19 N 64°14.301° | W014°58.632° Fine gabbro
MT14-20 N 64°14.317° | W014°58.683° Fine gabbro
MT14-21 N 64°14.298° | W014°58.767° Removed and not used
MT14-22 N 64°14.305" | W014°58.845" Coarse gabbro
MT14-23 N 64°14.304° | W014°58.890° Coarse gabbro
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Appendix B — Petrography study
Short overview of each sample that was studied.

Sample name Location Layer Main minerals Texture Grain size Comments
SK08-1 UBS, LZb' Plag, augite, qtz, Poikilitic texture, <7 mm Skeletal to dendritic oxide
Brgdretoppen apatite, oxides. ophitic texture, growth.
spinifex texture.
SK08-2 UBS, LZb' Plag, augite, qtz, Poikilitic texture, <13 mm Skeletal to dendritic oxide
Brgdretoppen apatite, oxides. ophitic texture, growth.
spinifex texture.
SK08-12 UBS, LZb' Plag, augite, qtz, Poikilitic texture, >10 mm Skeletal to dendritic oxide
Brgdretoppen apatite, oxides, ophitic texture, growth.
sulphide. granophyre texture.
SK08-58 UBS, LZb' Plag, augite, qtz, Poikilitic texture, <7 mm Skeletal to dendritic oxide
Brgdretoppen apatite, oxides, ophitic texture, growth.
sulphide. granophyre texture.
SK08-104 UBS, Kilen uzc' Plag, gtz, olivine, Granophyre texture. <4 mm >90% are plag and qtz (or
oxides. altered plag). The oxides
form small aggregates.
SK08-105 UBS, Kilen uzc' Plag, augite, gtz, Poikilitic texture, <4 mm Highly altered. Skeletal to

olivine, apatite,

oxides, sulphide

granophyre texture.

dendritic oxide growth.
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SK08-106 UBS, Kilen uzc' Plag, augite, qtz, Poikilitic texture, <4 mm Highly altered. Skeletal to
olivine, apatite, granophyre texture. dendritic oxide growth.
oxides, sulphide

SK08-110 UBS, Kilen SH Plag, augite, qtz, Poikilitic texture, <4 mm >80% are plag and gtz (or
olivine, oxides, granophyre texture. altered plag). Highly altered.

sulphide Skeletal to dendritic oxide
growth.

SK08-142 UBS, Hammer uza' Plag, augite, qtz, Poikilitic texture, <6 mm Skeletal to dendritic oxide

Pas olivine, apatite, ophitic texture, growth.
oxides, sulphide granophyre texture.

SK08-148 UBS, Kilen Uzb' Plag, qtz, olivine, Granophyre texture. <7 mm Mostly composed of
apatite, oxides, granophyre masses.

sulphide.

SK08-150 UBS, Kilen Uzb' Plag, augite, qtz, Poikilitic texture, <6 mm Highly altered. Skeletal to
olivine, apatite, granophyre texture. dendritic oxide growth.
calcite, chlorite,
oxides, sulphide.

SK08-154 UBS, Kilen Uzb' Plag, augite, gtz, Poikilitic texture, <6 mm Highly altered. Skeletal to
olivine, apatite, granophyre texture. dendritic oxide growth.
calcite, oxides,

sulphide.
SK08-155 UBS, Kilen Uzb' Plag, augite, qtz, Poikilitic texture, <7 mm Highly altered. Skeletal to
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olivine, apatite,

oxides, sulphide.

granophyre texture.

dendritic oxide growth.

SK08-156 UBS, Kilen uzb' Plag, augite, qtz, Poikilitic texture, <3 mm Highly altered. Skeletal to
olivine, apatite, granophyre texture. dendritic oxide growth.
oxides, sulphide. livaite.

SK08-158 UBS, Kilen uUza' Plag, augite, qtz, Poikilitic texture, <5 mm Skeletal to dendritic oxide
olivine, apatite, ophitic texture, growth.
chlorite, oxides, granophyre texture.

sulphide.

SK08-159 UBS, Kilen mz' Plag, augite, qtz, Poikilitic texture, <7,5mm Skeletal to dendritic oxide
olivine, apatite, ophitic texture, growth.

oxides. granophyre texture.

SK08-162 UBS, Kilen mz' Plag, augite, qtz, Poikilitic texture, <5 mm Skeletal to dendritic oxide
apatite, oxides, ophitic texture, growth.

sulphide. granophyre texture.

SK08-164 UBS, Kilen Uzb' Plag, augite, qtz, Poikilitic texture, <9 mm Highly altered. Skeletal to
olivine, apatite, granophyre texture. dendritic oxide growth.

oxides. llvaite.

SK08-165 UBS, Kilen Uzb' Plag, augite, qtz, Poikilitic texture, <10 mm Highly altered. Skeletal to

olivine, apatite,

oxides, sulphide.

ophitic texture,

granophyre texture.

dendritic oxide growth.

Contains abnormally much
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of sulphides. llvaite.

SK08-197 UBS, Kilen LZc' Plag, augite, qtz, Poikilitic texture, <6 mm The granophyre texture is
olivine, apatite, ophitic texture, underdeveloped. Skeletal to
oxides. granophyre texture. dendritic oxide growth.
SK08-198 UBS, Kilen LZc' Plag, augite, qtz, Poikilitic texture, <8 mm The granophyre texture is
olivine, apatite, ophitic texture, underdeveloped. Skeletal to
oxides, sulphide. granophyre texture. dendritic oxide growth.
SK08-199 UBS, Kilen LZb' Plag, augite, qtz, Poikilitic texture, <12 mm Skeletal to dendritic oxide
apatite, oxides, ophitic texture, growth.
sulphide. granophyre texture.
SK08-200 UBS, Kilen LZb' Plag, augite, qtz, Poikilitic texture, <7 mm Skeletal to dendritic oxide
oxides, sulphide. ophitic texture, growth.
granophyre texture.
SK08-201 UBS, Kilen LZb' Plag, augite, qtz, Poikilitic texture, <7 mm Skeletal to dendritic oxide
apatite, oxides, ophitic texture, growth.
sulphide. granophyre texture.
SK11-50 UBS SH Plag, augite, qtz, Poikilitic texture, <4 mm Highly altered. Oxide
olivine, oxides, granophyre texture, needles, >80% plag and qtz.
sulphide. spinifex texture. llvaite.
SK11-51 UBS SH Plag, augite, qtz, Poikilitic texture, <3,5mm Highly altered. Oxide

olivine, oxides,

granophyre texture,

needles, >80% plag and qtz.
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sulphide.

spinifex texture.

llvaite.

SK11-52 UBS SH Plag, augite, qtz, Poikilitic texture, <7 mm Highly altered. Oxide
olivine, oxides, spinifex texture. needles, >80% plag and qtz.
sulphide. llvaite.
SK11-55 UBS SH Plag, augite, qtz, Poikilitic texture, <6,5 mm Highly altered. Oxide
olivine, oxides, spinifex texture. needles, >80% plag and qtz.
sulphide. llvaite.
458291 UBS Iron rich phase Plag, augite, qtz, Poikilitic texture, >40 cm 70-90% skeletal to
olivine, oxides, cumulative oxides. dendritic oxide growth.
sulphide.
SK-5A LS Iron rich phase Plag, augite, qtz, Poikilitic texture, <11 mm Skeletal to dendritic oxide
olivine, oxides, cumulative oxides. growth.
sulphide.
SK-5B LS Iron rich phase Plag, augite, qtz, Poikilitic texture, <10 mm Skeletal to dendritic oxide

olivine, oxides,

sulphide.

cumulative oxides.

growth.
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Appendix C — Geochemical analysis
XRF analysis for major elements in wt. %.

SK11- | SK11- | SK11- | SK11- | SK11- | SK11- | SK11- | SK11- | SK-5-A | SK-5-B | SK-5-C | SK-5-D | 458291- | 458291-

50-A 50-B 51-A 51-B 52-A 52-B 55-A 55-B A B
SiO, 61.39 61.46 60.89 60.58 60.55 61.22 60.99 61.50 33.95 34.04 33.14 32.91 15.85 15.35
TiO, 1.33 1.27 1.25 1.35 1.41 1.32 1.41 131 10.11 10.13 11.07 11.07 17.55 17.27
Al,03 10.54 10.65 10.38 10.34 10.50 10.51 11.09 11.1 4.08 4.9 4.46 4.06 3.39 4.51
Fe,O3 14.35 14.67 15.10 15.56 15.21 14.60 15.27 14.36 38.18 38.28 37.47 38.63 55.37 51.11
MnO 0.29 0.28 0.23 0.23 0.23 0.21 0.26 0.24 0.40 0.39 0.39 0.40 0.43 0.37
MgO 0.32 0.30 0.31 0.32 0.31 0.28 0.29 0.28 6.16 6.09 5.90 6.14 2.69 2.73
CaO 4.61 4.26 4.45 4.51 4.52 4.42 4.16 4.00 8.20 7.85 7.93 8.01 4.05 2.42
Na,O 3.97 4.01 3.83 3.74 3.78 3.79 4.00 4.03 0.82 0.94 1.06 0.89 0.69 1.02
K,O 1.85 1.84 2.02 1.94 2.12 2.11 2.21 2.20 0.14 0.13 0.15 0.12 0.13 0.14
P,05 0.24 0.25 0.26 0.26 0.27 0.26 0.25 0.24 0.31 0.16 0.23 0.26 1.12 0.12
Sum 98.88 98.99 98.72 98.83 98.90 98.71 99.93 99.26 | 102.35 | 102.91 | 101.80 | 102.49 | 101.27 95.04
LOI 0.14 0.22 0.23 0.34 0.15 0.26 0.37 0.36 -1.70 -1.76 -1.69 -1.70 -3.26 -3.61
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XRF analysis for trace elements in ppm.

SK11- | SK11- SK11- SK11- | SK11- SK11- SK11- | SK11- | SK-5-A | SK-5-B | SK-5-C | SK-5-D | 458291- | 458291-

50-A 50-B 51-A 51-B 52-A 52-B 55-A 55-B A B
Sc 15 12 15 18 13 17 14 16 69 66 68 71 43 47
Vv 5 4 3 2 5 5 4 5 839 864 830 855 1819 2471
Cr 13 20
Co 1 1 3 2 110 111 112 113 142 169
Ni 30 27 27 27 25 27 29 26 102 100 101 109 212 236
Cu 169 159 119 124 168 151 170 163 1411 1303 997 1017 3054 1116
Zn 252 254 258 258 237 196 242 232 271 277 271 276 487 511
Ga 41 42 41 40 41 40 39 39 33 32 32 32 51 55
As 7 7 8 12 5 7 6 6 8 5 7 9 20 24
Rb 42 43 51 53 54 53 50 50 19 17 18 18 23 24
Sr 262 260 253 257 231 223 215 217 83 92 95 83 65 65
Y 143 138 141 140 128 117 131 131 34 28 27 30 44 21
Zr 1032 950 1191 1364 688 905 962 952 137 125 136 128 191 158
Nb 69 66 65 68 59 58 66 62 15 14 17 15 29 21
Mo 1 2 2 1 4 2
Sn 1 2 3 4 1
Sb 1 1 2
Cs 10 5 6 11 2 6 6 8 5 12 20 14 25 30
Ba 459 444 467 474 431 433 459 473
La 74 71 81 81 69 71 77 71 21 18 18 13 11 4
Ce 167 169 184 181 173 156 167 172 28 20 29 27 67 28
Pb 5 3 4 5 6 5 6 6
Th 5 5 6 7 7 6 6 7 2 1 3 2 1 1
U 2 2 1 1 2 2 1 2 4 1 3 3 5 6
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Appendix D — Microthermometry results
Table D.1: Results from LZb' (SK08-200).

Tmi TmHydrate | Vol.% | Th-total Th phase
-45.2 -1.4 35 328 Liquid
-47.3 -1.6 40 Liquid
-41.6 -1.4 15 Vapor

-1.4 10 171.5 Liquid

-44.4 25 369.8 Liquid
10 317.9 Liquid

-47 -0.7 15 314.9 Liquid
-0.7 40 357.5 Liquid

-46.5 35 277.6 Liquid
-43.4 -3.2 15 300.2 Liquid
-3.2 20 297.4 Liquid

-42.1 0.6 25 >400 Liquid
-45.1 -0.7 25 361.9 Liquid
-1.1 25 Liquid

-0.7 25 Liquid

-47.7 -2.6 20 Liquid
-2.4 20 267.9 Liquid

-1.7 5 166.3 Liquid

-0.9 10 158 Liquid

1.1 10 127.1 Liquid

-1.9 10 131.3 Liquid

1.7 15 152.6 Liquid

-44.7 -1.6 10 111 Liquid
-44.7 -4.4 15 162.1 Liquid
-4.2 20 171.3 Liquid

-46.3 -2 20 253.8 Liquid
-43.4 -2 15 292.9 Liquid
-2.1 15 225 Liquid

-1.8 10 224.5 Liquid

-2.4 15 188.1 Liquid

-2.1 10 180.9 Liquid

2.1 10 171.6 Liquid

-2.1 15 158 Liquid

-44.5 -1.2 15 245.1 Liquid
-1.2 25 323.6 Liquid

-46.2 -1.2 20 248.8 Liquid
-3 35 337.9 Liquid

-1.7 30 239.8 Liquid

-1.4 20 324.2 Liquid
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-1.4 20 233.5 Liquid

-41.8 -3.9 20 328.8 Liquid
-44 -3.9 25 352.4 Liquid
-44.9 -1.3 30 189.8 Liquid
-47.5 -2.9 15 Liquid
-4.2 40 >400 Liquid

-46.6 -3.9 30 319.2 Liquid
-4.9 15 241 Liquid

-3.1 20 260 Liquid

-48.3 -1.4 35 293.2 Liquid
-47.2 -3.4 35 309 Liquid
-48 -1 15 217.8 Liquid
-2.7 20 230.1 Liquid

Table D.2: Results from LZc' (SK08-197).

Tmi Tmice | TmHydrate | Vol.% | Th-total | Th-phase
-0.7 15 153.7 Liquid
2.4 15 129.6 Liquid
-0.6 15 150.5 Liquid
-1.2 20 220.7 Liquid
-04 20
-0.5 15 258.8 Liquid
-0.5 15 286.7 Liquid
-46.7 -0.6 20 319.3 Liquid
-0.5 30 170.6 Liquid
-22 13.4 10 154.2 Liquid
-0.3 45 358.2 Liquid
-1 20 352.5 Liquid
-0.7 15 191.8 Liquid
-4.5 15 303.8 Liquid
-45 -1.4 15 298.4 Liquid
-1.4 15 160.4 Liquid
-0.6 10 164.9 Liquid
-1.4 10 171.1 Liquid
-41 -0.8 20 230.2 Liquid
-0.8 20 256.8 Liquid
-0.4 15 253.7 Liquid
-0.6 15 2229 Liquid
-0.8 10 177.7 Liquid
-0.7 20 234.3 Liquid
-0.6 20 200.2 Liquid
-0.6 15
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-0.5 15
-1 15
-3.2 40 387.7 Liquid
-0.7 20 >400 Liquid
-0.5 30 353.8 Liquid
-2.6 20 352.1 Liquid
-0.7 10 >400 Liquid
Table D.3: Results from MZ' (SK08-162).
Tmi TmHydrate | Vol.% | Th-total Th phase
-46 -0.2 20 173.2 Liquid
-0.2 20 169.4 Liquid
-41 -0.2 20 207.1 Liquid
2.4 15 120.8 Liquid
0 15 163.9 Liquid
-1.2 15 134.8 Liquid
-37 -0.3 35
0 15 170.6 Liquid
-0.3 10 315 Vapor
-0.3 10 159.3 Liquid
-0.2 15 161.5 Liquid
-0.2 15 158.2 Liquid
3.8 15 156.4 Liquid
-0.2 25 383.9 Liquid
-1.5 20 Vapor
0.9 5 295.5 Liquid
-1.8 15 297.1 Liquid
-44 -0.2 25 345.9 Liquid
2.2 10 247.9 Liquid
-49 -0.1 20 198.1 Liquid
-0.3 30 329 Liquid
-0.3 20 382.3 Liquid
-0.3 20 214.6 Liquid
-0.3 35 359.6 Liquid
-0.3 30 380.5 Liquid
-2.9 10
-2.9 20 168.4 Liquid
-2.9 15 186.4 Liquid
-3.1 15 173.9 Liquid
-3.1 15 179.3 Liquid
-3.3 15 164.9 Liquid
-3.3 15 199.2 Liquid
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-3.7 20 178.3 Liquid
-3.7 25 189.7 Liquid
-3.2 15 166.4 Liquid
-2.9 15 164.9 Vapor
-0.1 10 127.5 Liquid
Table D.4: Results from UZa' (SK08-158).

Tmi TmHydrate | Vol.% | Th-total Th phase

-43 -0.6 25 368.2 Liquid
-0.6 20 307.1 Liquid
-0.6 20

-42 -0.6 30 310.1 Liquid
-0.3 15 358.1 Liquid
-0.3 15 Liquid

-43 -0.8 25 298.5 Liquid
-1.3 10 193.5 Liquid
-2.4 25 294.2 Liquid
-1.6 25 289.2 Liquid
-14 20
-1.4 25 310.8 Liquid
-1.2 30 Vapor
-14 30 358.2 Liquid
-1.7 35

-44 -1.2 25 286.3 Liquid
-1.4 15 232 Liquid
-3.1 25 337 Liquid
-3.7 40 378.6 Liquid
-1.1 10 172.6 Vapor
-0.6 15 162.7 Liquid
-2.7 20 252.7 Liquid
-3.5 20 302.9 Liquid
-4.8 20 331.2 Liquid
-0.3 15 334.2 Liquid
-0.3 35 344.9 Liquid
-0.3 15 Vapor
-0.2 40 Vapor
-0.2 10 Vapor
-0.3 15 Vapor
-0.3 20 249.9 Liquid
-0.3 80 >400 Liquid
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Table D.5: Results from UZb' (SK08-156).

Tmi Tmice | TmHydrate | Vol.% Th-total Th phase

-1.3 20 Liquid

-1.4 20 253.6 Liquid

-1.4 15 189.1 Liquid

-0.9 15 165.4 Liquid

4 10 Liquid

-2.1 40 378.8 Liquid

-48 -2.2 30 >400 Liquid

-23 -0.1 15 155.4 Liquid

-2 15 230.6 Liquid

-2 25 222.4 Liquid

-2.4 10 226 Liquid

-2 15 260 Liquid

-4.5 20 304.3 Liquid

-1.3 20 227.8 Liquid

-1.7 35 307.2 Liquid

-44 -1.4 15 269.6 Liquid

-2.6 20 252.2 Liquid

-47 -0.5 15 172.3 Liquid

19.1 10 326 Liquid

-0.5 15 276.9 Liquid

-1 20 194 Liquid

-3.9 15 226.3 Liquid

-1.1 20 355.5 Liquid

-0.7 20 Liquid

-0.7 20 >400 Liquid

-1.4 20 300.4 Liquid

-0.7 30 292.2 Liquid

-47 -1 20 256.5 Liquid

-18 -4.8 15 209.3 Liquid

-3.7 20 183.1 Liquid

-1 20 198.1 Liquid

-43 -1 20 231.2 Liquid

-1.6 25 233 Liquid

Table D.6: Results from UZc' (SK08-105).

Tmi Tmice | TmHydrate | Vol.% | Th-total Th phase

-26.7 5 208.2 Liquid

-6.9 20 >230 Liquid

10 193.3 Liquid
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-44.7 -24.5 -7.6 20 220.5 Liquid
-40.8 -23.9 15 170.3 Liquid
-0.3 25 280.8 Liquid
-26 -25.4 -8.3 15 253.5 Liquid
-31 -23.8 -9.3 20 268.4 Liquid
-23.6 -8.1 15 254.7 Liquid
10 160.3 Liquid
-1.5 20 Liquid
-2.4 30 273.4 Liquid
-26 -0.7 45 354.2 Liquid
-0.7 25 298.4 Liquid
-0.2 15 261.3 Liquid
-42 0.2 15 255.9 Liquid
-1.3 10 190.8 Liquid
-1.3 30 263.8 Liquid
-1.3 20 241.9 Liquid
-1.3 10 257.2 Liquid
-43 -1.3 25 267 Liquid
-1.3 15 255.9 Liquid
-1.3 25 260.9 Liquid
-43.8 -1.6 15 234.4 Liquid
-1.3 15 Liquid
-1.3 25 253.2 Liquid
-1.5 15 241.4 Liquid
Table D.7: Results from SH (SK08-110).
Tmi TmHydrate | Vol.% | Th-total Th phase
-28.7 -0.2 20 270 Liquid
-0.2 25 280 Liquid
-0.2 15 315 Liquid
-0.6 15
-0.6 20
-0.6
-1 20 258 Liquid
-1 15 267 Liquid
-1 25 261 Liquid
-1 15 267 Liquid
-1 20
-32.3 -2.1 10 240 Liquid
2.1 10 244.9 Liquid
-2.1 10
-30.2 -2.1 15 260 Liquid
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-2.1 10 253 Liquid
-0.4 15 230 Liquid
-0.4 25 256 Liquid
-0.4 20
-0.4 25 250 Liquid
-35 -1.5 20 266 Liquid
-1.5 10 266 Liquid
-1.6 10 261 Liquid
-1.6 20 270 Liquid
-1.6 10 265 Liquid
-1.6 15 266 Liquid
-26.5 -1.2 20 253 Liquid
-27 -0.4 10 265.5 Liquid
-0.4 10 221.6 Liquid
-1.2 15 252 Liquid
-37 -1.7 25 247 Liquid
-36 -1.7 25 252 Liquid
-38 -1.7 20 261.8 Liquid
-1.7 10 254.7 Liquid
-36 -1.5 30 272.4 Liquid
-34 -1.6 20 264 Liquid
-1.6 15 269 Liquid
-1.9 10 255 Liquid
-52.2 -1.6 5 222.2 Liquid
-46.4 -1.4 5 246.7 Liquid
-1.3 15 259 Liquid
-1.6 20 245 Liquid
-49.5 -2.2 15 250.6 Liquid
-2.2 15 227 Liquid
-47.6 -1.6 20 259.3 Liquid
-2.1 20 283 Liquid
-1.1 25 316.7 Liquid
-38 -2 20 254.5 Liquid
-47.2 -1.6 30 254 Liquid
-41.3 -1.6 30 353.9 Liquid
-1.2 15 222 Liquid
-48 -0.8 25 356.9 Liquid
-47.3 -0.7 40 >400 Liquid
-47 -2.1 20 238 Liquid
-1.8 20 234 Liquid
-0.8 20
-46 -2.7 20 234.4 Liquid
-2.2 15 223.6 Liquid
-51 -4.7 20 277.2 Liquid
-4.4 15 252.7 Liquid
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-48.7 -1.7 20 255.9 Liquid
-48.1 -1.6 15 269.7 Liquid
-46.6 -1.7 15 261 Liquid
-51.6 -1.3 10 191.2 Liquid
-14 20 246 Liquid
-1.7 15 166.5 Liquid
-2.6 30
-46 -0.9 15 282.8 Liquid
-48 -2 20 294.4 Liquid
-48 -2.2 15 284.6 Liquid
-52.2 -1.7 20 271 Liquid
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