


2. Basalt Geochemisiry

2.1. Sample collection

In September 2012, the team visited Prof P.-M. Holm at the University of Copenhagen, who
kindly donated 60 samples from his collection. The team visited the Faroe Islands (June 9™ —
20", 2011) to collect complimentary samples, bridging any gaps in the set sub-sampled in
Copenhagen the year before. Over 80 unaltered, amygdale free samples including a set of

intrusive rocks (dykes and sills) were collected in 2011.
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Figure 2.1. (a) EDS elemental map of a representative plagioclase crystal from a dyke sample. This
2x4mm crystal is compositionally homogenous in the centre (Angs.7;), with a thin albitic rim (50-100 pum
rim, Anyy.s;). (b) Histogram of all plagioclase compositions analysed by microprobe for this study (n=321).
The vast majority of the crystals belong to one of two compositional groups: Ang;z and Angg.gp
respectively. Furthermore, most intermediate compositions recorded have been analysed in the thin outer
rim regions of crystals, meaning that they are not representative of the bulk of the plagioclase chemistry.

2.2. Textural analysis and petrography

Thin section petrography allowed us to gauge the mineralogy and freshness of the samples so

only the most pristine samples were used for geochemistry, ensuring that any chemical
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variations are reflecting magma chamber processes, such as fractional crystallisation and
crustal contamination, rather than secondary alteration. Electron microprobe analyses of
plagioclase feldspar crystals were used to characterise samples suitable for microdrilling, as
well as forming the basis of the thermobarometric models. The majority of feldspars lack
complex zoning, meaning multiple contamination signatures are unlikely to be found within

individual crystals (Figure 2.1a).

2.3. Thermobarometry

Thermobarometry is being performed on both whole rock and mineral chemistry, using an
array of available methods (Thompson 1982; Yang et al. 1996; Geldmacher et al. 1998;
Putirka et al. 1996 2003, 2005; Kelley and Barton 2008; Putirka 2008). The whole rock
thermobarometry point towards a system dominated by relatively shallow magma storage
(<10 km, Figure 2.2). This increases the likelihood that the magmas interacted with the upper
parts of the continental crust prior to eruption. The plagioclase crystals are separated into two
distinct compositional groups - Angs72 and Angp.go (Figure 2.1b), which is an important
consideration for the plagioclase-melt thermobarometry. Indeed, the preliminary results of
plagioclase-melt thermobarometry (Putirka et al 2005; Putirka 2008) tells us the plagioclase
crystals formed at two main depths, 7 to 11 km and 20 km, in the crust beneath the Faroes
(Figures 2.2, 2.3 and 2.4).

Diopside Figure 2.2, The first
geobarometric approach tested is
the whole rock geobarometry (c.f.
Kelley & Barton 2008). This is a
useful approach, also recently
employed on Icelandic rocks and
is designed to establish the final
residence depth of a magma. In
this model, the majority of rocks
indicate shallow processes. This
approach cannot show pressures
before the Ilast fractionation,
meaning that continuous
fractionation of a magma batch
would have overwritten any
earlier record. Therefore, this
approach is not suitable for
advanced differentiation models.
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thermobarometry (Putirka et al.
20 | 2008), in turn, indicates two main
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of 7-11 and 20 km, respectively.
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Figure 2.4. The results of thermobarometric
modelling superimposed on the seismic
section of Richardson 1998. The main
magma storage depths proposed by the
models correspond to the area just below the
basalts, as well as to a storage region in the
mid- to lower part of the underlying
continental crust.

2.4. Isotope geochemistry

2.4.1. Microdrilling

Microdrilling of selected plagioclase phenocrysts was performed in November 2011 at
Durham University, UK. Some samples show Sr signatures of about 0.7035, close to the
MORB-range and likely forms a baseline for uncontaminated magma. There is, however,
significant variation in the Sr isotopes of the full suite, clearly recording distinct
contamination events (Figure 2.5). In particular, our results show that, irrespective of texture,
high anorthite plagioclases are generally more radiogenic. Of those, the cores are the most

radiogenic (Figure 2.6).
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Figure 2.5. Examples of two microdrilled plagioclase crystals. Both crystals record a significantly more
radiogenic ¥Sr/*Sr signature in the core than in the outer rims. This means that individual zones of the
minerals could have progressively interacted with different crustal lithologies during the ascent of the
magma. Alternatively, all the radiogenic Sr released into the magma via partial melting of a single crustal
composition was incorporated into the minerals during the first stages of crystal growth, accounting for
radiogenic cores and more MORB-like rims (c.f. Duffield and Ruiz, 1998).
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Figure 2.6. Integration of results from thermobarometry and microdrilling. Our results show that,
irrespective of texture, high anorthite plagioclases are more radiogenic. In turn, the cores are more
radiogenic than the rims. The high anorthite plagioclase record deeper levels of magma storage, as
expected. Combined, this indicates that the crust at ~ 20km depth below the basalts is either more
radiogenic, or more fertile (easily fused), than the crust at ~10 km depth.
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2.4.2, Laser ablation

In April 2012, we visited the laser ablation facilities at University College Dublin, to analyse
Pb isotopes in-siti in plagioclase crystals. This approach unfortunately failed due to the very
low concentrations of lead in the plagioclase, and we were forced to abandon this avenue. We
did, however, manage to produce very successful analyses of Pb isotopes in the experimental

melting products (See section 4.7).

2.4.3. Oxygen isotopes

Twelve whole rock powders have been analysed for 9'°0 at the University of Cape Town.
The resulting oxygen isotope data for the whole rock lavas is +5.8 to +9.8 %0 9'°0, they range
from a mantle value of +5.7+0.3 %o to elevated compositions, suggesting interaction with a
high 9'0 contaminant or are influenced by low-temperature hydrothermal alteration. This
will provide a basis for future analyses of 9'%0 in mineral separates, as it is important to
establish which samples are affected by hydrothermal alteration and which are giving pristine

magmatic signals.

2.4.4. Helium isotopes

Helium was sampled from mineral separates of olivine and analysed at the Scripps
Oceanographic Institute, San Diego, USA. Olivine separates show a range of helium isotopic
ratios of +0.23 to +7.51 Rc/Ra (n=5), extending from close to mantle values of +8 Rc/Ra
towards a low He’’He" crustal contaminant. These results indicate that variable degrees of
melting of the continental crust took place during basalt petrogenesis. This, together with
olivine-melt thermometry, will help elucidate crustal-melting and magma-crust interaction

processes.

2.4.5. Sr Pb and Nd isotope analyses

Analysis of 26 whole rock and plagioclase separates commenced in January 2012, and was
completed in June 2012 at the University of Copenhagen by TIMS. Note that data reduction is
not yet completed and that the data presented in Figure 2.7 is preliminary. These whole-rock
data provide a geochemical context for our in-sif mineral data and show the combined

effects of all crustal contaminants. They also provide average liquid data for our aphyric
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samples. The analyses performed on mineral separates provide better resolution than whole
rock powders. Once integrated, the range of available data will allow us to investigate the
different results obtained for e.g. Sr isotopes using three levels of resolution ~ whole rock,
plagioclase separates and zones within individual crystals.

The Sr, Pb and Nd isotopic signatures obtained here are relatively homogenous, with a
small number of samples recording moderately elevated crustal signatures. This highlights the
need for more detailed in-situ isotope analytical approaches in order to fully discern the

signatures often obscured by the whole rock analyses.
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Figure 2.7. Results of Sr, Pb and Nd isotope analyses performed on whole rock powders (filled circles) and
plagioclase separates (empty circles). Note that these data are measured values.

2.4.6. Isotopic evidence for late stage hydrothermal alteration.

During the isotope analyses on whole rock and plagioclase separates in Copenhagen, we
leached each sample with HCl(aq) prior to dissolution. This eliminates the influence of e.g.
clay minerals and zeolites that are present in these rocks to varying degrees. Four leachates
were saved and later analysed for Sr isotopes. All four of these samples display markedly
more radiogenic 863147 sr signatures than their respective residue (Figure 2.8). Unleached

whole rock analyses would therefore be highly questionable.
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2.5. Discussion

Using a combined approach of isotope geochemistry and mineral-melt geobarometry, we have
been able to begin constructing a chemical lithostratigraphy of the sub-basaltic crust. The
emerging picture indicates that the high-anorthite plagioclase record deep levels of magma
storage (~20 km) and radiogenic *°Sr/*’Sr signatures, indicating assimilation of crustal
material. Conversely, the low-anorthite plagioclase record significantly shallower depths of
crystallization (~7 to 11km), while at the same time showing lower, MORB-like *°Sr/*’Sr
signatures. Also, plagioclase cores are usually more radiogenic than the rims, indicating that
assimilation of radiogenic crust was an early and/or deep process in this magmatic system.
Figure 2.9 illustrates the proposed lithostratigraphy. Further integration with the basement
studies (section 3) and experimental petrology (section 4) will help us to further refine this

model over the duration of B. Dahrén’s PhD (Sept. 2010- Sept. 2014).

Continental crust

- High 87Sr/86Sr Figure 2.9 Schematic
illustration of the likely magma
plumbing system beneath the

) ) Faroe Island Basalt Group
e Mafic intrusives (FIBG) during the opening of
7";‘(;‘;‘\';‘;‘:1”;‘:’."" O MOHO the north Atlantic, inferred

from integrated
thermobarometry and isotope
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3. Lithology and composition of the basement offshore Faroe
Islands

The sub-basalt basement is investigated through samples from boreholes (n =13) southeast of
the Faroe Islands and exposures of crust on the Shetland Islands, Scotland, Ireland and East
Greenland. We characterise the lithologies and composition of these basement samples, in
order to provide an understanding of the crustal compositions of the offshore Faroese
basement. Petrographic descriptions of basement samples are presented, along with major and
trace element geochemistry and preliminary Pb isotope data to characterise the crustal
samples and identify geochemical tools for discrimination between the various basement
types.

This study investigates 13 boreholes from the Faorese and UK sectors including 17
samples from boreholes 202, 204, 205, 206, 207, 209, 220 and 8 samples from BGS boreholes
56, 58, 59, 88, 90. Additionally, 12 samples from the Shetland islands, 6 samples from East
Greenland (courtesy of GEUS) and 17 samples from Scotland and Ireland are presented.

3.1. Petrography

The petrographic studies have been carried out in collaboration with Andy Morten and Clare
Warren, to whom we have also provided all major and trace element data for the basement
samples. The drill core samples can be categorised into metasedimentary, metamorphic
basement and igneous rocks (Figure 3.1). The metasedimentary rocks comprise three end-
members; 1) arkosic metasandstones composed of formerly detrital quartz and feldspar with
muscovite, biotite and chlorite, 2) calcite marble with quartz, feldspar, muscovite, chlorite and
Fe-oxides, and 3) calc-silicate metasediments composed of quartz, carbonate and clay
minerals. The metasedimetary rocks are associated with sandstone, limestone and calc-silicate
protoliths respectively.

The metamorphic basement rocks also fall into three groups; 1) gneiss containing
plagioclase, quartz, chlorite, biotite, muscovite and relicts of garnet, 2) schists of quaitz,
chlorite, muscovite, epidote and apatite, and 3) a single amphibolite sample composed of an
assemblage of amphibole, quartz and epidote. The metamorphic assemblages represent
pelagic, felsic and mafic igneous protoliths and metamorphic grades of greenshcist to

amphibolite facies.
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The igneous samples are granodiorites to granites composed of quartz, plagioclase, alkali
feldspar, +amphibole, +epidote, Fe-oxides. These granitoids have A/CNK = 0.9 to 1.2,

making them peraluminous to metaluminous, I-type granites.

Figure 3.1 Photomicrographs of representative basement samples from boreholes. Basement samples
range widely from metasedimentary and metamorphic basement to igneous rock types. The
metamorphosed lithologies have a wide range of protoliths highlighting the diversity of sediment and
crust available. Metasedimentary rocks; a) arkosic metasandstone, b) marble, and ¢) calc-silicate.
Metamorphic basement rocks; d) gneiss, e) schist and f) amphibolite. Igneous rocks; g) grandiorite, h)
granite and i) plagiogranite. Field of view between 3 and 5 mm.

3.2. Geochemistry

The crustal assemblages from the boreholes south of the Faroes Islands, those from Scotland
and those from E Greenland display highly heterogeneous trace element compositions (Figure
3.2). The metasedimentary samples have very variable trace elements showing significant Nb-
Ta and Sr, P, Zr depletions. The gneisses and schists share more uniform trace element
compositions with high LILE’s, Nb-Ta depletions and additional Sr, P depletions in the

schists. Some of the gneisses from Scotland and East Greenland have low LILE. The
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amphibolite also has low LILE but distinctively high CaO content. The granites and

granodiorites are highly heterogeneous especially in LILE compositions.
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Figure 3.2. Trace element variation diagrams for the sub-basalt basement samples. Metasedimentary
samples (yellow, top left), schists (blue, top right), granites (red, bottom left), amphibolite (green,
bottom left) and gneisses from the boreholes (orange; bottom right), Scotland pale yellow) and East
Greenland (pale orange).

Despite the differences in lithology there are few compositional differences that can be
used to discriminate between the crustal lithologies. The amphibolites are rich in Ca. Trace >
element compositions of metasedimentary rocks, schists and gneisses cluster, e.g. Ba/La and
Sr/La vs La/Th (Figure 3.3). Granites and granodiorites are distinctive in their high La/Th,
extending to higher Sr/La and Ba/La than the other basement lithologies. Gneisses from )
onshore Scotland and East Greenland extend the compositional variations to higher La/Th

than the borehole samples.
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La/Th

Figure 3.3. Ba/La and Sr/La vs La/Th for metasediments (yellow diamonds), schists (blue squares),
granites (red triangles), amphibolite (green triangle) and gneisses from boreholes (orange circles), East
Greenland (pale orange) and Scotland (pale yellow).

Preliminary Pb isotopes for granites from East Greenland have 206pp2%pp of 14.2 to 15.7,
27pp/2MPh of 14.9 to 15.4 and **Pb/”**Pb of 34.1 to 35.6 (n=3, Figure 3). The granites exhibit
a range in “"Pb/***Pb at positive A8/4, similar to diorites and granulites from NE Greenland
and average Lewisian granulite from Scotland. The gneisses, in contrast, have 206pp/2*Ph of
14.7 to 17.1, *Pb/*™Pb of 15.0 to 15.2, *®Pb/™Pb of 35.9 to 43.0 (n=2). The positive A8/4 is
similar to the NE Greenland gneisses and average Lewisian amphibolite from Scotland
(Palacz, 1985, Thompson et al., 1986, Taylor et al., 1992). Further analysis of radiogenic

isotopes for the complete sample suite is currently in progress.
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Figure 3.4. Preliminary Pb isotope data for granites (large red triangles) and gneisses (large orange

circles) from East Greenland. Data for the Faroe Basalt Series (Holm et al., 2001) and other crustal

lithologies from Scotland and East Greenland and shown for comparison (Palacz, 1985, Thompson et

al., 1986, Taylor et al., 1992). Data symbols as for Figure 3.3 with Moine schist shown in blue squares.
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3.3. Evaluation of the sub-basalt basement

The basement samples available from boreholes have been compared with samples collected
from crustal exposures in Scotland and East Greenland. The crustal lithologies are diverse.
This lithological diversity is reflected in the heterogeneous geochemistry, although there is
also significant heterogeneity within individual lithological groupings. The geochemical
heterogeneity provides few distinct geochemical indicators which can be used to trace crustal
lithology. Among these are the high CaO content of amphibolite and high La/Th of the
granites.

The lithologies and compositions provide clues as to the origin of the crustal samples. The
granitoids, for instance, arc from an I-type source. The gneisses and granites are similar to
counter-parts in East Greenland and Scotland are their exact geographical source is hence
difficult to constrain. Detailed examination of the borehole stratigraphy revealed random
depth and spatial distribution of the various crustal lithologies. This data can feed into our
crustal databases for contamination models, as well as geochemical studies of the regional
geology and sediment sources, using mineralogy and chemistry for provenance studies.
Geochemical mapping of the sub-basalt crust will facilitate calibration of end-member
compositions that are involved in magma-crust interaction, which will facilitate connection

between the magmatic records and distinct basement lithologies.
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4. Experimenial Petrology: Modelling North Atlaniic crustal
contamination precisely

4.1. Summary

Understanding partial melting of ancient gneiss terranes is crucial when considering crustal
contamination in volcanic systems, as these rocks are unlikely to melt completely at magmatic
temperatures (1000-1200 °C) and crustal pressures (<500 MPa). Variations in the bulk
composition of the gneiss, magma temperature, pressure and the composition and abundance
of any fluids present will produce a variety of melt compositions, from partial melts enriched
in incompatible elements to more complete melts, nearing the bulk chemistry of the parent
gneiss. We have used piston cylinder experiments to simulate partial melting in a suite of 10
gneisses from NW Scotland and Eastern Greenland at magma chamber temperatures and
pressures (P= 200 MPa, T=975 °C). These gneisses form the basement to much of the North
Atlantic Igneous Province, where crustal contamination was commonplace but the
composition of the crustal partial melts are poorly constrained. The experiments produced
partial melts in all 12 samples. The textures and composition of the melts were analysed using
EDS element mapping and back scatter imaging. Electron microprobe spot analyses of the
glasses indicate they are compositionally heterogeneous and are significantly different from
the whole rock chemistry of the parent gneisses. The melts are typically trachy-dacitic to
thyolitic in composition. The textures match those seen in natural crustal melts in the
province. This integrated petrological, experimental and in-situ geochemical approach allows
quantification of the processes of partial melting of TTG (Tonalite-Trondheimite-
Granodiorite) gneiss in a volcanic context, providing accurate geochemical end members for

modelling crustal contamination.

4.2. Background

In open magmatic systems magma constantly interacts with the surrounding crust; melting
and chemically assimilating it. This process is called crustal contamination. Crustal
contamination can be recognised isotopically in the resulting igneous rocks (e.g. using
strontium and lead isotope ratios) because the crust and the mantle have significantly different
isotopic signatures. The only way to change the mantle isotope signature of a magma is to add
material with a different chemical composition to the system. The isotopic signature of the

crust varies with age, rock type, source and geological history; meaning we can not only
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identify that crustal contamination has occurred, but also identify the crustal end member with
which the magma has interacted. Typically these studies are based on whole rock isotope
data, whereby the chemistry of the igneous rocks is compared to the bulk isotope signature of
the potential contaminants. This technique assumes the contaminants are consumed in their
entirety by the host magma. While this may be the case for easily fusible sedimentary rocks or
low grade metamorphic rocks, high grade metamorphic rocks, which form the majority of the
continental crust, do not melt so easily.

TTG gneisses form much of the continental crust, in particular the ancient cratons which
form the cores of all the major continents. Therefore it is probable that most magmas in a
continental setting will meet such rocks on their traverse through the crust. Gneisses are very
unlikely to melt completely when in contact with magma, either as magma chamber walls,
large stoped blocks, or xenoliths. This is because many high grade metamorphic minerals,
such as pyroxene, will not melt completely at magmatic temperatures (800-1000 °C) and mid-
crustal pressures (200 MPa, 7-10km depth). This means that only crustal parfial melts are
assimilated into the surrounding magma, often representing a melt of just micas (biotite,
muscovite) and other hydrous minerals (chlorite, amphibole). At higher temperatures, quartz
and feldspar can also contribute to these partial melts.

Strontium and lead isotopes (and their parent isotopes) are not distributed evenly
throughout a rock and are preferentially contained in particular minerals, minerals with
differing melting temperatures. This means partial melts will not only have a different bulk
composition to the parent crust, but could also have significantly different isotopic signatures
(Duffield and Ruiz, 1998). Therefore crustal contamination models based on whole rock data
may not be as accurate. For example, a biotite gneiss typically contains biotite, quartz,
feldspar and accessory minerals. Strontium (Sr) can be found in both biotite and feldspar,
however rubidium (Rb) is the parent isotope of Sr, and it is mostly contained in biotite.
Therefore as Rb decays, it produces more and more radiogenic strontium (*’S1), meaning
overall biotite will have a much more radiogenic isotope ratio than the low-Rb feldspar. A
whole-rock isotope value for the rock gives an average of all the minerals present. However a
partial melt would mostly contain the easily melted biotite — producing a melt with a much
more radiogenic signature than the whole rock. The converse is true for lead (Pb) isotopes.
Uranium (U) and thorium (Th), the parent isotopes for radiogenic Pb are often contained in
accessory minerals such as zircon or monazite. These minerals do not melt easily, meaning

that during partial melting much of the radiogenic lead budget of the rock is held back in the
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unmelted portion of the rock (the resite). In this case, the partial melts will have a less

radiogenic signature compared to that of the average whole rock.

4.3. Experimental Petrology

We have used piston cylinder experiments to simulate partial melting in a suite of 10
crustal samples from NW Scotland and Eastern Greenland with the aim of generating our own
partial melts at magmatic temperatures and mid-crustal pressures. New in-sifu chemical
techniques, including electron microprobe (imaging, major elements) and laser ablation
ICPMS (Pb isotope ratios) allowed us T ® Liverpool

to chemically characterise these Land

Greenland

partial melts, a novel approach to the
Scotland

problem of partial melting in

magmatic systems. These data can Ammassalik {
%

then be used for more accurate 8

models of crustal contamination,
using realistic end members. These

. Map afler Meyers, 1987, Geol. Soc. Spec. Pub. 27
new models will allow us to better and Le Pichon, 1977, Teclonophysics.

Constrain Crastal Contaminatlon Figure 4.1. Map Sho“"ing regiﬂl‘lal distribution of gneiss

processes in  the Faroe Islands throughout the North Atlantic region. The Scottish and

Greenland gneisses are part of the same block, split by the

magmatic systern. . .
opening of the N. Atlantic Ocean.

4.4. Samples

The continental crust beneath the Faroe Islands is hypothesised to be largely constructed of
Archean gneiss, similar to the Lewisian Gneiss in Scotland and the gneisses of eastern
Greenland (Figure 4.1). These gneisses form the Atlantic margins which would have been
attached to the Faroe crustal block. Samples from Ammassalik and Liverpool Land in
Greenland (GG samples) were provided by L. Larsen at GEUS (Copenhagen) and a N-S
traverse through the Lewisian gneiss complex of NW Scotland (LG samples) was completed
by V.R. Troll (Table 4.1).
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Table 4.1. Details of samples used in experimental petrology.

Lab number | Sample name | Rock Type Location Name Grid Reference/ Location
LG-2 LGn-2 Amphibolite facies Grey Gneiss | Loch na Fiacail, Scotland NC 2328 4955

LG-6 LGn-6 Granulite Facies Gneiss Scourie Mor, Scotland NC 1436 4470

LG-7 LGn-7 Granitic Gneiss Gairloch, Scotland NG 80652 74996

LG-8 LGn-8 Semi-pelite, Loch Maree Group | Gairloch, Scotland NG 81078 74948

LGl11 LGn-11 Foliated Gneiss N. Loch Torridon, Scotland NG 83359 59775

LG-13 LGn-13 Granitic Gneiss N. Loch Torridon, Scotland NG 82947 59374

GG-1 GGU 147999 | Biotite Gneiss Liverpool Land, Greenland 70°50.9° N 21°49.0° W
GG-2 GGU 525243 | Granulite Facies Gneiss Ammassalik, Greenland 66.299615 -37.15280667
GG-3 GGU 525249 | Blokken Gneiss (Archean) Ammassalik, Greenland 65.86075667 -36.77619333
GG-4 GGU 525220 | Diorite/Norite Ammassalik intrusive complex, Greenland | 65.61470833 -37.62757

4.5. Experiments

Samples were prepared at the University of Uppsala and representative lcm long rods (3mm

diameter) were sent to the Istituto Nazionale di Geofisica e Vulcanologia (INGV) in Rome

where C. Freda and M. Masotta performed a series of experiments using a Quickpress piston

cylinder (Figure 4.2). Samples were placed in platinum capsules and heated to 975 °C at a

pressure of 200 MPa to simulate the temperature and pressure conditions of an upper crustal

magma chamber. Experiments were held for 24 hours and melts quenched to form glass.

32mm

: 12.7 mm

Solid borosilicate glass

Powdered borosilicate
glass

Graphite furnace

and lid

Powdered pyrophillite

Alumina TC housing
D Crushable MgO

Capsule

Stainless steel
base plug

Figure 4.2 a) Piston cylinder at INGV Rome. b) Cross section of piston cylinder assembly.
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4.6. Results

Partial melts were generated in all 10 samples. Proportions of melt depended on the original

mineralogy of the rocks, with mica-rich rocks showing the highest degree of melting (e.g. LG

8, Figure 4.3) and pyroxene gneisses showing the least (e.g. LG 6, Figure 4.4).

— 100p= JEZOL 9/1/2011
- 100pm JEOL 9/7/2011 15.0KV COMPO HOR KD 10.Bcm 16:35:58
100R= JEOL #/1/2012 40 15.0KV COMPO HOR WD 10.7mm 16:34:18

Figure 4.3. Composite back scatter (BSE) image of sample LG8, a mica rich semi-pelite. This sample
shows significant amounts of melting and all that remains is some embayed quartz (black) and some
recrystallised Fe oxides (white patches). All the pale grey material is melt. The bright white area is the
platinum capsule containing the sample. The sample is ~1cm long.

—-— 100pm JE
15.0xV COMPO NOR K|

100p=m JEOL 9/7/2011
WD 10.9rm 09:48:17

Figure 4.4. Composite back scatter (BSE) image of sample LG6, a pyroxene gneiss. Only small amounts of
melting have occurred, particularly in areas where the pyroxene has retrogressed to (hydrous) amphibole.
These areas are highlighted in red. Light grey = pyroxene, mid grey = feldspar, dark grey = quartz. White
regions within the rock are Fe oxides and apatite.
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4.7. In-Situ imaging and geochemistry

4.7.1. Electron microprobe major element chemistry

The experimental products were mounted

: == Mg0 e==FeQ ===ALO, w===Cal
in resin and sectioned. They were imaged
using the JXA-8530F JEOL Hyperprobe at

the University of Uppsala. Back-scattered

»n

5 =

electron (BSE) images (eg Figures 4.3 and

Wt % oxide

4.4), quantitative point analyses (Figure

o

4.5) and qualitative EDS element maps

(Figure 4.6) were collected to characterise

Feldspar Amphibole

partial melting. Element maps allowed
qualitative ~ comparison  of  element
concentrations across both minerals and
melt zones. It is clear that all melt
generated was heterogeneous and very
much dependant on the locally melting
minerals. See Figure 4.5, where the

composition of the melt zone is strongly

affected by the breakdown of amphibole.

This zone is also shown as an EDS map in  Figure 4.5. EMP traverse of melt zone in GG4
showing variations in major element composition

Figure 4.6, where the spatial gradation in G 1o 40 main.

chemical composition is clear.

Figure 4.6.
EDS map
images for
areas of
experimental
sample GG4
and LG7. Hot
colours =
relative
enrichment in
the element
(e.g. Si, Al,
Mg), Cold
colours =
relative
depletion. The
melt regions
show clear
chemical
heterogeneity.

Sample GG47
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4.7.2. Laser ablation multi-collector inductively coupled plasma mass
spectrometry (LA-ICPMS) for lead isotopes

Samples were taken to the LA-ICPMS facility at University College Dublin for Pb isotope
analysis in collaboration with S. Tyrrell. This in-sifu technique allows Pb isotope ratios to be
determined for individual minerals and melt zones. The data was compared to whole rock
isotope values, measured at the Scottish Universities Environmental Research Centre.
Analysis of LG11 and LG revealed individual mineral types to have separate Pb isotope
values, leading to heterogeneous melt Pb isotope values — once again depending on local
melting of mineral phases, Sample LG2 had been homogenised and glass showed similar
values to the whole rock isotope ratio. Pb isotope plots for sample LG13 are shown in Figure
4.7. In general, melts seem to lie on a mixing line between two isotopic reservoirs, biotite and

feldspar, the two most fusible minerals in the sampled gneisses.

41 A 14,8 -

:g , 14,7 - | A&

38 1 14,6 -
& 37 - a I
§ 36 g 14,5 -
s ¥ ’ = 14,4 - .
g % 8 s
S 33 ; . . S 143 . . )
13 14 15 16 13 14 15 16
206Pb/204Pb 206Pb/204Pb

Figure 4.7. a and b. Lead isotope plots for sample LG13. Whole rock value = orange triangle, glass = blue
diamonds, biotite = green circles, feldspar = red squares. Errors bars are shown, but are often smaller
than the symbols used.

4.8. Discussion

Experimental petrology has successfully generated partial melts from typical TTG gneiss
samples. These experimental products have been shown to be suitable for in-situ
microanalysis and have produced meaningful data. The textures generated within the
experimental samples are typical of those seen in natural metamorphic aureoles and provide

convincing evidence that we have simulated natural partial melting processes (Figure 4.8).

Final Report C46-48-01 21



Figure 4.8. Comparison of natural textures in partial melted Lewisian gneiss from the aureole of the Rum
layered intrusion, NW Scotland (top row), compared to textures generated during experimental petrology
(bottom row). Similar textures include (from left to right), melted amphibole, showing oxide growth;
feldspar core resorbtion and growth of new blocky rims; and development of melt haloes around quartz
crystals.

Major element data (section 4.1) has shown major heterogeneities within melt zones within
individual samples. These heterogeneities can be traced using EMP point analysis, as well as
chemical traverses, however, EDS mapping shows the spatial variations in chemistry
spectacularly (e.g. Figure 4.6). These heterogeneities are a function of local melting of
individual minerals and are something that has been identified in naturally occurring partial
melts (e.g. McLeod et al., 2012). In rocks where individual mineral phases have strongly
differing isotope ratios (e.g. LG 11 and LG 13), the isotopic signature of the melt has been
shown to be a mix of the contributing phases, mainly biotite and feldspar. The whole rock
values tend to be more radiogenic than the glasses, indication that a source of radiogenic Pb is
being held back in the unmelted portion of the rock. Figure 4.7b indicates the whole rock to

be richer in 207Pb, meaning this Pb reservoir is likely to be rich in thorium, the 2

Pb parent.
This indicates accessory minerals such as zircon and monazite to be significant Pb sinks
within TTG gneiss, and that they are not contributing to partial melts.

These new partial melt isotope values can be used as accurate end-members during crustal
contamination modelling and provide key information for interpretation of crustal

contamination signatures in ancient terranes.
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5. Scientific Summary

This project applies a combination of traditional and recently established methodologies such
as a) petrography and textural analyses, b) mineral chemical analysis, ¢) thermobarometric
calculations, d) in-situ isotopic methods (drilling and laser) and e) experimental petrology, to
quantify differentiation processes for magmas from the Faroe Islands and to gain
compositional information on the underlying continental crust,

On a region-specific scale, volcanic rifted margins like Vgring and the Faroe-Shetland
basin are major tectonic features of northern Europe and Scandinavia. However, these
margins are submarine, and covered by a blanket of recent sediments. Our knowledge of these
areas is therefore restricted to seismic studies, and the only real petrological information
comes from drill cores of limited depth. In the Faroes, the influence of crustal rocks can be
studied by detailed petrology and geochemistry, within the context of well-constrained field
relationships (Larsen et al., 1999; Waagstein, 1988). Crustal contamination has previously
been identified in Faroese basaltic rocks (Gariépy et al., 1983; Hald and Waagstein, 1983,
1991; Holm et al., 2001) but was mainly considered an obstacle in elucidatig mantle melting
processes (e.g. Gariepy et al., 1983; Holm et al., 2001). This study provides targeted
information on crustal interaction that can be tied back to field relations but also to deeper
crustal features identified in seismic sections (e.g. Bott et al.,, 1974; Pilmason, 1965;
Richardson et al., 1998; Richardson et al., 1999).

This work complements deep seismic profiling with compositional information that will
help subsequent modelling for research and exploration. Our preliminary proposed
lithostratigraphy (Figure 2.8.), derived using the spatial and geochemical constraints provided
by geobarometry plus in-situ Sr isotope analyses, has so far identified two distinct crustal
domains in the sub-basaltic crust. With a steadily growing dataset, this model will be
gradually refined, enabling us to offer further constraints on the sub-basaltic lithostratigraphy.

This work also contributes to the development of a detailed dataset for both magmatic and
sedimentary/metamorphic feldspars. This dataset will thus add greatly to the crustal data used
to characterise sediment sources and drainage patterns within the hydrocarbon rich basins of
the region (e.g. Tyrrell et al., 2007; Tyrrell et al., 2006). Indeed, the volcanic centres have
provided large amounts of primary sediment to these basins, both as pyroclastic deposits and
the products of rapid erosion of these edifices and the data generated in this study can be used

to help identify these.
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6. Publication and dissemination

6.1 Conference presentations

Barker AK, Meade FM, Troll VR, Warren CJ, Dahren B, Morton A, (2012), Lithology and
composition of the basement offshore Faroe Islands. Faroe Islands Exploration Conference

(FIEC) abstract volume. [Térshavn, Faroe Islands]

Dahren B, Troll VR, Barker A, Meade FM, Freda CM, Holm PM, Soager N., (2012), Isotopic
and geobarometric constraints on the composition of sub-basalt basement Faroe Islands
Basalt Group. Faroe Islands Exploration Conference (FIEC) abstract volume. [T¢rshavn,

Faroe Islands]

Dahren B, Troll VR, Barker A, Meade FM, Freda CM, Holm PM, Soager N, (2012),
Plagioclase as recorder of magma-crust interaction beneath the Faroe Islands. European

Mineralogical Conference (EMC2012) [Frankfurt, Germany].

Meade, F.C., Masotta, M., Troll, V.R, Freda, C., Johnson, T.E., Dahrén, B. (2011) Partial
melting of TTG Gneisses: crustal contamination and the production of granitic melts.

American Geophysical Union (AGU) Fall Meeting Abstracts, 2514. {San Francisco, USA]

Meade, F.C., Masotta, M., Troll, V.R, Freda, C., Johnson, T.E., Dahrén, B. (2012) Partial
melting of TTG Gneisses: crustal contamination and the production of granitic melts.

Volcanic and Magmatic Stadies Group (VMSG) conference abstract volume. [Durham,
UK]

Meade, F.C., Masotta, M., Troll, V.R, Freda, C., Dalrén, B. (2012) In-situ geochemical
characterization of experimentally generated partial melts: modelling crustal contamination
precisely. European Geosciences Union (EGU) meeting abstract volume EGU2012-
11586. [Vienna, Austria]

Meade, F.C., Masotta, M., Troll, V.R, Freda, C., Dahrén, B., Ellam, R. (2012) n-situ

geochemical characterization of experimental partial melts. Goldschmidt (Geochemical

Conference abstract volume. [Montreal, Canada]
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S

Meade, F.C., Troll, V.R, Masotta, M., Freda, C., Dahrén, B. (2012} In-situ geochemical
characterization of experimentally generated partial melts: modelling crustal contamination
beneath the Faroe Islands. Faroe Islands Exploration Conference (FIEC) abstract

volume, [Torshavn, Faroe Islands]

6.2 Planned peer-reviewed publications in preparation

Barker AK, Meade FM, Troll VR, Warren CJ, Dahren B, Morton A. (in prep) Lithology and

composition of the basement offshore Faroe Isiands. Intended for Proceedings of the 4" FIEC

Barker AK, Meade FM, Troll VR, Dahren B, Warren CJ, Morton A. (in prep)} Lithology and
composition of the basement offshore Faroe Islands, evidence from borehole samples.

Intended for Geological Society of London.

Dahren B, Troll VR, Barker A, Meade FM, Freda CM, Holm PM, Soager N. (in prep)
Thermobarometric constraints on the plumbing system supplying parts of the Faroe Islands

Basalt Group. Tntended for Proceedings of the 4 FIEC,

Dahren B, Troll VR, Barker A, Meade FM, Freda CM, Holm PM, Soager N. (in prep) Magma
plumbing in the sub-basalt crust recorded by plagioclase in the Faroe Islands Basalt Group.

Intended for Contributions to Mineralogy and Petrology.

Dahren B, Troll VR, Barker A, Meade FM, Freda CM, Holm PM, Soager N. (in prep) Sub-
basalt crustal composition revealed by magma-crust interaction recorded by the Faroe

Islands Basalt Group. Intended for Journal of Petrology.
Meade, F.C., Masotta, M., Troll, V.R, Freda, C., Ellam, R., Tyrrell, S., Dahrén, B. (in prep)
In-situ geochemical characterization of experimental partial melts from TTg gneisses with

application to magmatic systems. Intended for Journal of Petrology.

Final data collection is still in progress and will be followed by further integration of the

basalt, basement and experimental geochemistry. This will be supported by Uppsala
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University’s continued support of Dahren’s PhD position until september 2014 and extension
to Meade’s post-doctoral contract (50% for one year 2012/2013). Uppsala University’s
commitment to this project will ensure the continuation of the project to facilitate the above

plans for publication.
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