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The Lewisian Gneiss Complex of NW Scotland represents the eastern margin of the North Atlantic Craton.
It comprises mid-late Archaean tonalite-trondhjemite-granodiorite gneisses that were metamorphosed
and deformed during the Late-Archaean and Palaeoproterozoic. A major swarm of mafic-ultramafic dykes,
the Scourie Dyke Swarm, was intruded at ca. 2.4-2.3 Ga during a period of extension that can be correlated
across the North Atlantic Craton. The majority of dykes are doleritic, with volumetrically minor picrite
and olivine gabbro suites.

?gg :’l"r‘i)gd];;’ke New major and trace element geochemical data and Re-Os isotopes indicate that the Scourie Dyke
Lewisian Swarm was not solely derived from a ‘typical’ asthenospheric mantle source region. The geochemical

signatures of the dykes show significant negative Nb, Ta and Ti anomalies, coupled with enrichment in Th,
Mantle xenoliths Light Rare Earth Elements and other large ion lithophile elements. These features cannot be reproduced
Metasomatism by simple contamination of asthenospheric sources with Lewisian granulite-facies crust. Instead they are
PGE a feature of the mantle source that produced the Scourie Dykes and may have developed during Archaean
subduction episodes.

Spinel lherzolite mantle xenoliths from the Isle of Lewis offer direct insight into the lithospheric mantle
below this region. They display similar geochemical ‘enrichments’ and ‘depletions’ observed in the Scourie
Dykes and the magma source is thus considered to reside primarily in the sub-continental lithospheric
mantle (SCLM), with some potential contribution from asthenospheric melts. Platinum Group Element
geochemistry and trace element modelling indicate that the dolerite dykes were formed by moderate
(<15%) partial melting of the source, whilst higher degrees of partial melting led to the formation of
picritic and olivine gabbro suites. Magma production was triggered by significant crustal and lithospheric
extension, causing both asthenospheric and substantial lithospheric melting.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).

Lithospheric mantle

1. Introduction tonalite-trondhjemite-granodiorite (TTG) gneisses, with minor
mafic-ultramafic and metasedimentary components, that have
been reworked by several Late Archaean and Palaeoproterozoic
tectonic events. The Complex contains an extensive swarm of
early Palaeoproterozoic mafic to ultramafic dykes (the Scourie
Dykes) which can be correlated with dykes across the wider North

Atlantic Craton (Bridgwater et al., 1995). The Scourie Dykes were

The Lewisian Gneiss Complex crops out in NW Scotland and
the Outer Hebridean Islands. It comprises mid-late Archaean

Abbreviations: SCLM, subcontinental lithospheric mantle; TTG, tonalite trond-

hjemite granodiorite; PGE, platinum group elements; IPGE, Ir-group PGE; PPGE,
Pd-group PGE; LILE, large ion lithophile elements; LREE, light rare earth elements;
MREE, middle rare earth elements; HREE, heavy rare earth elements; HFSE, high field
strength elements; NAC, North Atlantic Craton; MSS, Monosulphide solid solution.
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first mapped by Peach et al. (1907) and were recognised as an
important time marker by Sutton and Watson (1951). Distinctions
were made between the dykes according to their relict igneous
mineralogy and bulk geochemical properties (Weaver and Tarney,
1981b; Tarney and Weaver, 1987). Initial dating suggested that the
dykes were intruded in two episodes, at ca. 2.4 and 2.0 Ga (Heaman

0301-9268/© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/3.0/).


dx.doi.org/10.1016/j.precamres.2014.05.026
http://www.sciencedirect.com/science/journal/03019268
http://www.elsevier.com/locate/precamres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.precamres.2014.05.026&domain=pdf
http://creativecommons.org/licenses/by/3.0/
mailto:hughesH6@cf.ac.uk
mailto:hhughes2000@gmail.com
dx.doi.org/10.1016/j.precamres.2014.05.026
http://creativecommons.org/licenses/by/3.0/

98 H.S.R. Hughes et al. / Precambrian Research 250 (2014) 97-126

and Tarney, 1989) but only one dyke recorded the younger age. The
majority of the dykes are now considered to have been emplaced
in one magmatic event at ca. 2.418-2.375 Ga (Davies and Heaman,
2014).

The Lewisian Gneiss Complex is divided into a number of
regions or terranes separated by major shear zones (Kinny et al.,
2005; Fig. 1) with Scourie Dykes present in all terranes. Substan-
tial work has focused on the Assynt Terrane, which comprises
Archaean granulite-facies TTG gneisses locally reworked by post-
Scourie Dyke amphibolite-facies metamorphism and deformation.
To the north and south respectively, the Rhiconich and Gruinard
Terranes were more thoroughly reworked at amphibolite-facies.
Thus, igneous textures and mineralogy of the Scourie Dykes are
best preserved in the Assynt Terrane (Tarney and Weaver, 1987).
Scourie and ‘Scourie-like’ dykes have also been studied from the
Rhiconich (Northern) Lewisian Terrane, the Isles of Coll and Tiree,
and the Outer Hebrides (Fettes and Mendum, 1987; Muir et al.,
1993; Mason and Brewer, 2004; Goodenough et al., 2010). In
total this data set comprises ~50 Scourie Dyke analyses, span-
ning almost 30 years of varying analytical methods and differing
element suites, for dykes found across the entire Lewisian Gneiss
Complex.

In this paper, we present an updated data set of whole-rock geo-
chemical analyses, including the platinum group elements (PGE),
for the Scourie Dykes based on new sampling carried out across
the three mainland Lewisian Terranes (Rhiconich, Assynt and Gru-
inard) using modern and consistent analytical techniques. These
new data are used to re-assess the potential magma sources and
provide insights into the geochemistry of Archaean subcontinental
lithospheric mantle (SCLM) and melting regimes. In addition, we
present whole-rock geochemical analyses and PGE concentrations
of upper mantle (lithospheric) spinel lherzolite xenoliths from the
[sle of Lewis, to directly investigate the geochemistry of the SCLM
that underlies the Lewisian Gneiss Complex.

2. Regional geology

The Lewisian Gneiss Complex is a small fragment of the much
larger North Atlantic Craton (NAC; Fig. 1c) that includes Greenland,
Labrador and parts of Canada and which consists of Archaean pro-
toliths with zones of Palaeoproterozoic reworking. Tectonic events
within the Lewisian fragment were as follows: (1) 3.0-2.8Ga -
magmatic protolith formation, (2) 2.8-2.5 Ga high-grade meta-
morphism and deformation including initiation of shear zones,
(3) 2.4-2.0Ga - intrusion of mafic and ultramafic dyke swarms
(the Scourie Dykes), (4) 2.0-1.8 Ga - formation and accretion of
arc terranes, marked by calc-alkaline granitoid emplacement and
related volcanics, and formation of localised high-grade Laxfordian
metamorphic belts in the Lewisian portion of the NAC, (5) 1.8-1.5
Ga - continued calc-alkaline igneous activity, amphibolite-facies
metamorphism and deformation, and crustal anatexis during the
Laxfordian event (Park, 1994, 1995; Kinny et al., 2005; Goodenough
et al., 2013; Vernon et al.,, 2014).

The mainland Lewisian Gneiss Complex has traditionally been
sub-divided into three districts (Peach et al., 1907; Sutton and
Watson, 1951): the Central granulite-facies district, which was only
partially affected by Laxfordian-age reworking, and the North and
South amphibolite-facies districts that were extensively reworked
in the Laxfordian (Fig. 1a). Recent geochronological data have
shown that these crustal blocks also have different protolith ages,
and they are now considered to represent separate terranes divided
by major shear zones (Friend and Kinny, 2001; Love et al., 2003;
Kinny et al., 2005; Park et al., 2005; Goodenough et al., 2010; Love
et al., 2010). The number of terranes or ‘blocks’ and the details of
this model are still contentious, and timing and composition of the

Scourie Dykes are important (Goodenough et al.,, 2010). The terrane
nomenclature of Kinny et al. (2005) has been adopted here (Fig. 1)
with the Rhiconich, Assynt and Gruinard Terranes being broadly
comparable to the North, Central, and South districts, respectively.

The Assynt and Rhiconich Terranes are separated by the Lax-
ford Shear Zone, inferred to be a boundary between two crustal
blocks (Goodenough et al., 2010). The Assynt Terrane consists of
banded felsic gneisses of classic TTG composition, with mafic-
ultramafic pods and lenses on scales from 1cm to 10m across.
The typical granulite-facies gneisses are coarse-grained rocks con-
taining clino- and ortho-pyroxene, hornblende, plagioclase and
occasionally retrograde biotite (Johnstone and Mykura, 1989).
However, unretrogressed granulite-facies lithologies are relatively
rare; the majority of the Assynt gneisses display some degree
of amphibolite-facies reworking, typically in discrete Laxfordian
shear zones (Kinny et al., 2005). The Assynt gneisses are charac-
terised by a marked depletion in U, Th, and the LILE (Sheraton et
al., 1973).

The amphibolite-facies Rhiconich Terrane consists of more
homogeneous biotite-hornblende gneisses of granodioritic com-
position (Goodenough et al., 2010). Lenses, sheets, and veins of
Laxfordian pegmatite and granite are also present. In comparison
with the Assynt Terrane, the Rhiconich amphibolite gneisses are
richer in U, Th and the LILE (Frick et al., 1994; Holland and Lambert,
1973; Sheraton et al., 1973).

The Gruinard Terrane comprises hornblende-biotite-feldspar-
quartz gneisses (amphibolite-facies) with a variety of mafic to
ultramafic bodies on a range of scales (Fowler, 1986; Rollinson and
Fowler, 1987). Geochemically, the Gruinard Terrane gneisses are
more similar to those of the Rhiconich Terrane than the Assynt
Terrane, and lack the strong U, Th and LILE depletion found in the
latter.

2.1. Geology of the Scourie Dyke Swarm and previous work

The approximately NW-SE trend of the Scourie Dyke Swarm is
thought to have been controlled by pre-existing shear zones that
were exploited during crustal extension (Tarney, 1973). Many of
the Scourie Dykes have been deformed and metamorphosed by
Laxfordian shearing, but their igneous mineralogy and textures
are still preserved at some localities in the Assynt Terrane. Sim-
ilar dykes (the ‘Older Basics’) have also been described from the
Outer Hebrides (Fettes and Mendum, 1987) but were not sampled
during this study. The Scourie Dyke Swarm forms part of a wider
Palaeoproterozoic group of basic dyke swarms extending through-
out Labrador, Western and Eastern Greenland, and Baltica. These
include the Kangdmiut, Graedefjord and Avayalik mafic dykes in W
Greenland (Kalsbeek et al., 1987; Bridgwater et al., 1995; van Gool
et al., 2002; Nilsson et al., 2013); high-Mg dyke swarms in Karelia
and Kola (Fennoscandia); and Eqaluk, Kangeq, and Aornit high-Mg
dykes in SW Greenland (Bridgwater et al., 1995, and references
therein).

In the Assynt Terrane, two generations of Scourie dykes are
apparent: a mafic suite trending NW-SE, and an ultramafic E-W
trending suite (Weaver and Tarney, 1981b; Tarney and Weaver,
1987). Both suites are steep-sided, ranging in width from 30 to
100 m, and some dykes can be traced along strike for up to 15 km,
often with tapering offshoots (Weaver and Tarney, 1981b). They
display sharp contacts with the host gneisses, and cross-cut pre-
existing structures.

Petrological and geochemical features of the Scourie Dyke
Swarm in the Assynt Terrane were reported by Tarney (1963, 1973),
Weaver and Tarney (1981b), and Tarney and Weaver (1987) who
grouped the dykes according to their original igneous mineral-
ogy and composition. Four suites of dyke were identified: a main
‘quartz-dolerite’ or ‘dolerite’ suite (comprising 90-95% of all dykes
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Fig. 1. (a) Simplified map of NW Scotland, showing main geological units and the Scourie Dykes and location of Loch Roag mantle xenolith site (b). MTZ is Moine Thrust Zone,
delineating the Caledonian Foreland. Numbered localities indicate approximate dyke sampling locations. Terrane nomenclature based on Kinny et al. (2005). (c) Larger scale
simplified map showing the early Palaeoproterozoic relationship between the Lewisian of Scotland and the North Altantic Craton, as part of Laurentia and Baltica, based on

Buchan et al. (2000).

in the Assynt Terrane), and comparatively minor ‘bronzite-picrites’
(here referred to as ‘picrites’), ‘olivine-gabbro’, and rare ‘norite’
suites which were not collected during this study (Tarney, 1973;
Weaver and Tarney, 1981b; Tarney and Weaver, 1987). Field evi-
dence suggests that the main dolerite suite was the first dyke group
to be intruded, with subsequent picrite and olivine gabbro dykes
cross-cutting them (Tarney, 1973). Due to limited exposure, and
the general scarcity of ultramafic relative to mafic dykes, there are
only a few places where this relationship can be observed. Recent
geochronological work on the Scourie Dyke Swarm reveals that
the main pulse of dolerite dyke intrusion occurred between 2.418
and 2.375Ga (Davies and Heaman, 2014). However subtleties of
the timing within this event have also been identified. For exam-
ple some of the ultramafic dykes are in fact older than the mafic
dykes (Davies and Heaman, 2014) so that within this ‘main’ event
the Scourie Dykes were intruded in the following order; (1) an older
minor suite (2418-2408 Ma) of ultramafic dykes, (2) the major suite
of mostly mafic dykes with some ultramafics (2395-2390 Ma), and
(3) a late suite of mafic dykes (2385-2375 Ma). The very late event
at ~2000 Ma, identified by Heaman and Tarney (1989) has not been
recognised again in recent studies, suggesting that it was a compar-
atively minor component of magmatism.
The dyke grouping criteria, maps and sampling locations for
the Assynt Terrane from Weaver and Tarney (1981b), Tarney and
Weaver (1987) were used during this study, in an attempt to ensure

that all dyke suites were characterised. Dykes were also sampled
from the Rhiconich and Gruinard Terranes. Geochemically, these
are all basaltic dykes, rather than picrite or olivine gabbro.

The mineralogy and petrology of the three analysed dyke suites
are as follows (Weaver and Tarney, 1981b; Tarney and Weaver,

1987):

(1) Dolerite dykes — These are texturally and mineralogically uni-
form with chilled margins. Almost complete amphibolitisation
is common, with acicular networks of tremolite-actinolite (or
‘uralisation’). Reliable estimates of primary mineral modal
abundances are difficult, but overall they consist of (par-
tially) amphibolitised clinopyroxene, (partially) amphibolitised
minor orthopyroxene, plagioclase, hornblende, quartz, and
biotite. Accessory magnetite, ilmenite, pyrite, pyrrhotite and
apatite are present.

(2) Picrite dykes comprise up to 55% olivine, 5-80% orthopyroxene,
7-30% clinopyroxene, interstitial plagioclase (7-25%), minor
phlogopite (1-4%), accessory chromite, Fe-Ti oxides and pyrite.

Each dyke has a distinctive texture and olivine size range (uni-
form per dyke) and plagioclase is interstitial to pyroxenes. No
chilled margins are observed in these dykes, which instead have
coarse pyroxene-rich margins.
(3) Olivine gabbro dykes are composed of 3-6% orthopyroxene,
20-38% clinopyroxene, 12-20% olivine, 20-35% plagioclase,
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8-16% hornblende and minor phlogopite (3-8%). Accessory
magnetite, ilmenite, pyrite and pyrrhotite are present, and
spherulitic clinopyroxene is generally concentrated at dyke
margins.

Primary hydrous phases such as hornblende, phlogopite or
biotite indicate a deep intrusion level of dykes (O’Hara, 1961;
Tarney, 1963, 1973), where magmatic volatile components were
retained, and could be suggestive of a hydrated magma source.
Where undeformed, dyke chilled margins are composed of horn-
blende, plagioclase, and sometimes garnet, implying a high ambient
temperature of the crust during emplacement (300-500°C). This
could also suggest a deep level of intrusion (O’Hara, 1961; Tarney,
1973)and is consistent with the mineralogy and the coarse-grained
gabbroic textures observed at dyke centres. Dyke margins are sharp
and well defined with rare examples of marginal xenoliths (e.g.,
at Upper Badcall, dyke samples X40, 41 and 42) but little other
observable evidence of contamination.

Laxfordian amphibolite-facies metamorphism of the dykes is
common as shown by variable amounts of ‘amphibolisation’ to
tremolite and actinolite (Tarney, 1963). Garnet occurs in some
Assynt Terrane dolerite dykes, sometimes as coarse stringers (e.g.,
‘the Graveyard dyke’, Scourie Bay). Garnet is also prevalent in
dykes around Gairloch (Gruinard Terrane) as patches or lenses.
These dykes have compositions distinct from other members of
the Scourie Dyke Swarm (Park, 2002 - Shieldaig dykes) and this
may have facilitated the growth of garnet during metamorphism.
Although primary igneous mineralogy is retained to some degree
at localities in the Assynt Terrane, an amphibolite-facies overprint
is often present. This is particularly the case for earlier mafic dykes,
with primary mafic silicates almost entirely replaced by horn-
blende. Amphibolitisation increases from the dyke centres to their
margins (Tarney, 1973) and is particularly common in the dolerite
suite. However, some Assynt dykes sampled during this study were
almost entirely fresh (particularly the picrite suite), displaying a
primary igneous mineralogy. In the Rhiconich Terrane, the dykes
have been pervasively deformed and amphibolitised during the
Laxfordian, with the development of a strong and pervasive mineral
foliation defined by aligned hornblendes. A similar mineral foli-
ation can be observed in Laxfordian-age shear zones within the
Assynt Terrane, and samples were collected from outside shear
zones where possible.

The complex tectonometamorphic history of the area post-
Scourie Dyke emplacement means that the effects of post-intrusion
alteration must be considered. The chief controls on trace ele-
ment mobility are the availability of fluid phases, the composition
of the fluids (e.g., CO, or halogen-bearing fluids) and the type of
alteration. Geochemical interpretations in this study are predomi-
nantly based on the elements generally regarded to be ‘immobile’
at low to moderate degrees of alteration and metamorphism, such
as Th, Ti, P, Zr, Y, Nb and other high field strength elements
(HFSE) (e.g., Jenner, 1996; Pearce, 1996). Early investigations of
the Scourie Dykes (Weaver and Tarney, 1981a) suggested that
element mobility only become significant after considerable recrys-
tallisation, during which the large ion lithophile elements (LILE)
were particularly mobile. In the absence of significant fluid-based
alteration and circulation, rare earth elements (REE) appear to be
stable up to granulite-facies metamorphism (Weaver and Tarney,
1981a; Jenner, 1996) and REE abundances in the Scourie Dyke
Swarm are therefore unlikely to have been significantly affected by
post-intrusion metamorphism. LILE such as Ba, K, Rb and Sr have
also been tentatively used in geochemical interpretations of the
dykes, despite their apparent mobility during metamorphism.
These data are particularly relevant in light of the lack of LILE-rich
host rocks in the Assynt Terrane, suggesting that any enrichment in
these elements was a primary feature of the Scourie Dyke magma.

However, these mobile elements have not been used for mod-
elling of magma fractionation. Finally, Platinum Group Elements
(PGE) are effectively immobile in the absence of fluid-rich alteration
(Gammons and Bloom, 1993; Crocket, 2000), so they are regarded in
this study as relatively immobile. However Au is significantly more
mobile during metamorphism and fluid-based alteration (Crocket,
2000), but is not directly used in interpretations in this study.

2.2. The Loch Roag mantle xenolith locality

Direct evidence about the lithospheric mantle beneath NW Scot-
land is limited to a few xenolith localities. One of these is a Tertiary
monchiquite dyke (45.2 Ma; Faithfull et al,, 2012) that intrudes
the Lewisian Gneiss Complex near Loch Roag on the Isle of Lewis
(Fig. 1b). This dyke contains numerous xenoliths, xenocrysts and
megacrysts from the lower crust and lithospheric upper mantle
(Faithfull et al., 2012). Previous detailed work has highlighted the
metasomatised state of this region of lithospheric upper mantle
(Upton et al,, 1983, 2011; Menzies et al., 1987; Long et al., 1991).
Sr, Nd and Pb isotopic analyses of the spinel lherzolite and pyrox-
enite xenoliths suggest the presence of an old, stable keel below the
Lewisian Gneiss Complex, which has been enriched over a period
of 1000-1500 Myr in incompatible elements, particularly Ba, Rb,
Sr, P and the LREE (Menzies et al., 1987; Long et al., 1991). Time-
integrated Nd and Sr isotope systematics indicate a geochemical
enrichment event at ca. 2.5-2 Ga, involving interaction with car-
bonatite (Long et al,, 1991). The only magmatic event known to
have occurred within this time period is the intrusion of the Scourie
Dykes, and thus the Loch Roag xenoliths may provide information
about the source of these dykes.

3. Sampling and analytical methods

Samples were collected to include the picrite, olivine gabbro,
and dolerite dyke varieties. In all, 50 samples were collected from
40 individual dykes for analysis of major and trace elements, and a
representative selection of 25 samples were assayed for bulk rock
PGE and gold (Appendix A). Most samples were collected from
dyke centres to minimise effects of local crustal contamination, but
some were also collected from dyke margins for comparison. The
most common dolerite dykes were sampled from each of the three
Lewisian Terranes (39 samples from the Assynt Terrane, 9 from
the Gruinard Terrane, and 6 from the Rhiconich Terrane (Fig. 1)).
The samples have been assigned to the dolerite, olivine gabbro, and
picrite suites based on their petrology, mineralogy and geochem-
istry. The suite includes 4 olivine gabbro dyke samples, 6 picrites
and 40 dolerite dykes.

Spinel lherzolite mantle xenolith samples from Loch Roag were
provided by the British Geological Survey, including 4 rounded
xenoliths approximately 3-6 cm in diameter. When cut, the peri-
dotite xenoliths show mostly green alteration halos, with visible
replacement-reaction textures in these areas. In some samples
(e.g., LR80) a grey-black, relatively ‘unaltered’ central zone in the
xenolith was cut out and analysed separately to its green halo.
Overall these peridotite xenoliths are medium- to coarse-grained
(crystals ranging 0.5-2 mm). Samples weighed at least 25-50g
(maximum available), to ensure that as large a sample as possible
was homogenised for whole-rock geochemical analyses.

For the dyke samples, weathered material was removed from
each sample before being crushed, split, and milled to a fine pow-
der in an agate planetary ball mill at Cardiff University. Major
and trace elements were analysed by inductively coupled plasma
optical emission spectrometry (ICP-OES) and inductively coupled
plasma mass spectrometry (ICP-MS), respectively, at Cardiff Uni-
versity using methods and instrumentation described by McDonald
and Viljoen (2006). Samples were analysed for PGE and Au by Ni
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sulphide fire assay followed by tellurium co-precipitation and ICP-
MS (Huber et al., 2000; McDonald and Viljoen, 2006). Accuracy
was constrained by analysis of the certified international reference
materials TDB1 and WMGT for PGE + Au, and JB1a for all other trace
and major elements (see Appendix B). Precision was estimated by
repeat analysis of a sub-set of samples (Appendix B). Representa-
tive data for each dyke suite are listed in Table 1. A full table of
results is available in Appendix A.

For determination of rhenium-osmium abundances and isotopic
composition, analyses were carried out at the TOTAL Laboratory at
Durham University and follow the analytical procedures of Selby
et al. (2009). Whole-rock powders were weighed and loaded into
carius tubes with a known amount of spike solution (18>Re + 1990s)
together with 9 mL of inverse aqua regia. Tubes were sealed and
heated to 220°C for 48 h. CHCl3 solvent extraction and micro-
distillation isolated Os, and Re was separated using an anion
exchange column and single-bead chromatography. Resulting Re
and Os were loaded onto Ni and Pt filaments for isotopic analy-
sis using negative-ion mass spectrometry on a Thermo Electron
TRITON mass spectrometer. Results and uncertainties (20’) are pre-
sented in Table 3, and model age equations in Appendix C.

4. Scourie Dyke geochemistry

4.1. Major elements

All the analysed dykes contain <53 wt.% SiO, and on an AFM
diagram (Fig. 2a - anhydrous data plotted for all major element
diagrams) they display an Fe-enriched tholeiitic trend. The total
alkalis vs. silica (TAS) classification shows that most dykes fall
within the basaltic field (Le Maitre et al., 2002), with some over-
lap into the picrobasalt, trachybasalt and basaltic andesite fields
(Fig. 2b) and unusually high SiO, contents in the picrites. Major
element binary diagrams (anhydrous) plotted against MgO con-
tent (Fig. 2c—f) highlight clear separation between the dyke groups.
These diagrams display considerable major element variability in
the dolerites, particularly notable for Fe;03r, CaO and TiO,, due
to fractional crystallisation of minerals such as olivine, pyroxenes,
spinel and magnetite/ilmenite. The clustered Al,03 composition
(Fig. 2¢) of the dolerites indicates little or no plagioclase fractiona-
tion took place in the magma, therefore the variation of CaO in the
dolerites is a response to clinopyroxene fractionation. Variable K, O
content of dolerites, with no clear corresponding variation for Na, O
(Appendix A), is likely due to the mobility of these elements during
metamorphism and alteration. The picrite and olivine gabbro suites
have low TiO, (<0.7 wt.% and <2 wt.% in picrites and olivine gabbros,
respectively), and low Al,03, Na, 0, Ca0, Fe; O3t and P,05 concen-
trations in comparison to the dolerite suite, but substantially higher
MgO contents. Picrite dykes contain >17 wt.% MgO, while olivine
gabbro dykes contain 11-17 wt.% MgO (hydrous). While evidence
of a fractional crystallisation trend is observed for the dolerites, the
variability of major elements such as Fe;037, CaO and TiO, with
MgO for picrites and olivine gabbros is less clearly related to frac-
tionation, with the exception of Al,03 for olivine gabbros, where
plagioclase may have fractionated.

Despite some degree of mobility of K;O and Nap,O during
amphibolite facies metamorphism, picrites have <3wt.% total
alkalis (Na,O +K50), whilst the olivine gabbro and dolerite suites
are considerably more variable with up to 5.2 wt.% Na, 0 + K, O. Loss
on ignition (LOI wt.%) values do not vary systematically between
dyke suites (see Table 1 and Appendix A) with most samples
ranging from 0.25 to 3 wt.%. Finally, no systematic variation can be
observed for the dolerite dyke group throughout the three Lewisian
Terranes. Whole rock major element geochemical compositions
of these samples do not vary according to the terrane in to which
they were intruded.

4.2. Trace elements

All dyke suites are depleted in high field strength elements
(HFSE). Mantle-normalised multi-element patterns (Fig. 3a-c)
show a negative Nb-Ta anomaly, and the picrite suite also dis-
plays a trough at Ti (corresponding to TiO, < 1 wt.%). Most dolerite
dykes have a positive Ti anomaly and show Th enrichment, but a
small sub-group of dolerite dykes display negative Ti anomalies,
and more pronounced negative Nb-Ta anomalies (Fig. 3c). Most
of the olivine gabbro dykes do not display a trough for Ti in the
multi-element diagram (Fig. 3b) corresponding to TiO, = 1-2 wt.%,
but still show significant negative anomalies for Nb and Ta-a
feature that could be reconciled by inferring Ti-magnetite accu-
mulation. Rare dolerite dyke samples (e.g., X39 and X71) display
very flat multi-element patterns. These samples have low to mid-
range K0 and Rb concentrations in comparison to other dolerite
dykes, and coupled with their flat multi-element patterns (i.e., no
Th enrichment, Nb-Ta-Ti trough) these may represent rare ‘uncon-
taminated’ asthenospheric magmas. However these dykes are also
located in Laxfordian shear zones and show evidence of alteration
textures as well as an increase in serpentine, talc or mica, indicat-
ing that they have been altered by fluids circulating in the shear
zones.

All dyke suites are enriched in Th, LREE and LILE (Figs. 3 and
4) and have slight positive Zr-Hf anomalies (Fig. 3). The Th and
some LILE enrichment of Scourie Dykes (e.g., Rb and K) is in stark
contrast to the whole-rock geochemistry of the Lewisian granulite-
facies TTG of the Assynt terrane, which is notably depleted in these
elements. However, the amphibolite-facies gneisses of terranes to
the north and south are less depleted in these elements (Fig. 3d and
Fig. 4a and b). Both amphibolite- and granulite-facies gneisses are
more enriched in Ba (Fig. 4c) and Sr than the dykes (Table 1 and
Appendix A).

All dyke suites display chondrite-normalised rare earth element
(REE) patterns that are enriched in the light REE (LREE) (Fig. 3e-g),
but the dolerite dykes are most enriched with concentrations of La
up to 100x chondrite values (Fig. 3g). The dolerite dykes have flatter
middle REE (MREE) patterns, with no fractionation of the heavy REE
(HREE), unlike that shown by the picrite and olivine gabbro suites.
Overall, dolerites have the highest total REE concentrations. Picrites
have the highest La/Sm ratio, while the olivine gabbro suite has the
highest Gd/Yb. Variability in LREE of the olivine gabbros (Fig. 3f)
could indicate fractionation of clinopyroxene. Picrites and olivine
gabbros also have the highest Th/Yb ratios and olivine gabbros have
the highest TiO, /YD ratios. Picrite dykes have the highest La/Nb and
Ce/Sm ratios of all the dyke suites (Fig. 4d), but the olivine gabbro
and dolerite suite are not distinguishable using these trace element
ratios.

The different suites also have distinctive Co concentrations (up
to 157 ppm and 72 ppm in picrites and dolerites, respectively).
MgO and Ni concentrations are positively correlated between
the three dyke groups (Fig. 4e) reflecting the observed olivine
content of these dykes. Similarly this is the case for Ni and Co
(Fig. 4f). However on close inspection, the dolerites tend to cluster
(particularly for Co; Fig. 4f close-up) with no clear fractionation
trend, suggesting little or no olivine fractionation within this suite.
Further, there is a poor positive correlation (RZ2=0.61) between
Ni and Co for the olivine gabbro and picrite suites together. It is
possible that the broad positive Ni-MgO and Ni-Co trends for the
Scourie Dykes indicate control by olivine crystallisation (particu-
larly in the picrites). Overall, the geochemical compositions of the
three dyke suites signal that they are not cogenetic and cannot be
related to one another by a simple fractionation trend from the
same magma source. Instead these indicate at least two, magma
sources (dolerites vs. picrites, while olivine gabbros may be related
by fractionation to the dolerites). No systematic variation can
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Table 1
Scourie Dyke major and trace element whole-rock analyses for a representative selection of picrite, olivine gabbro, and dolerite dykes suites. Sample code: P (picrite), OG
(olivine gabbro), D (dolerite), ¢ (dyke centre) and m (dyke margin). Numbers 1-10 correspond to approximate locations marked on Fig. 1.

Sample X23 X25 X26 X27 X68 X10 X36 X37 X52 X8 X12
P4.c PA4.c PA4.c P4.m P.10.c 0G.1.c 0G.5.¢ 0G.6.c 0G.7.c D.1.c D.3.c
Grid ref. NC NC NC NC NC NC NC NC NG NC NC
1447 1451 1448 1487 0498 1548 1197 0741 9602 1473 1637
2256 2283 2283 2395 2710 4474 1590 2105 9276 4488 4872
(wt.%)
SiO; 49.63 47.43 50.25 52.50 50.46 47.64 47.97 45.27 48.10 43.43 48.55
Al,03 10.61 7.23 6.19 7.39 6.21 7.26 11.86 8.62 10.14 12.12 10.57
Fe,05* 11.21 11.10 11.07 12.23 11.55 14.54 14.98 19.00 13.37 21.21 20.00
MgO 17.36 19.81 21.52 16.34 20.38 16.51 11.07 13.82 12.25 5.85 6.07
Cao 6.37 5.16 5.64 7.32 7.07 9.08 7.96 8.96 9.71 10.01 8.41
Na,O0 2.22 0.47 1.22 137 0.76 1.56 3.32 2.34 2.52 243 2.02
K;0 0.69 1.03 0.46 0.76 0.00 0.12 0.77 0.52 0.28 0.40 0.77
TiO, 0.67 0.47 0.36 0.68 0.43 1.41 1.62 1.96 1.34 3.14 2.25
MnO 0.16 0.15 0.17 0.19 0.19 0.22 0.20 0.23 0.21 0.28 0.35
P,05 0.11 0.07 0.05 0.10 0.05 0.12 0.21 0.11 0.12 0.22 0.24
LOI 2.06 6.88 2.54 1.18 2.07 0.62 0.36 0.25 1.44 0.31 1.00
Total 101.09 99.80 99.46 100.04 99.18 99.09 100.32 101.07 99.49 99.41 100.23
Mg# 0.79 0.81 0.82 0.76 0.81 0.74 0.65 0.64 0.70 0.41 0.42
(ppm)
Sc 19 18 19 25 23 28 25 30 25 50 50
\% 176 146 132 218 162 255 304 435 297 566 559
Cr 1918 3891 4432 2823 2949 1689 910 1294 965 33 106
Co 114 142 157 93 87 129 85 142 69 59 59
Ni 1261 1474 1587 909 1209 1213 709 844 801 70 115
Cu 112 167 54 42 66 139 122 131 90 88 57
Rb 22 31 12 22 1 1 18 12 4 10 25
Sr 258 109 155 78 12 135 332 200 199 149 169
Y 14 10 9 15 10 15 23 20 17 35 45
Zr 73 70 55 81 53 80 182 109 93 115 151
Nb 3.1 29 1.6 3.7 1.4 6.3 7.7 5.0 2.7 7.6 11.7
Ba 366 174 315 239 1 73 266 175 92 123 190
La 13.87 10.78 8.43 14.02 7.34 9.34 15.93 9.79 4.43 9.23 11.76
Ce 28.58 21.75 17.27 30.45 15.36 23.66 35.62 23.22 12.79 22.63 27.77
Pr 3.76 2.84 2.23 3.97 2.12 3.64 5.12 3.53 2.13 3.58 4.44
Nd 14.11 10.30 8.42 14.65 8.27 15.40 21.81 15.76 10.54 16.16 19.80
Sm 2.80 2.00 1.68 2.88 2.00 3.74 5.63 4.19 3.43 4.62 5.39
Eu 0.80 0.62 0.52 0.75 0.45 1.08 1.50 1.19 1.04 1.52 1.68
Gd 241 1.83 1.54 2.62 1.69 3.21 4.59 3.63 2.93 4.72 5.73
Tb 0.38 0.27 0.24 0.42 0.27 0.51 0.73 0.61 0.51 0.87 1.04
Dy 2.15 1.60 137 2.44 1.65 2.79 412 3.50 2.97 5.54 6.79
Ho 0.42 0.31 0.27 0.48 0.33 0.52 0.76 0.64 0.56 1.14 1.42
Er 1.20 0.91 0.81 1.38 0.95 141 2.04 1.75 1.49 3.38 4.29
Tm 0.18 0.13 0.11 0.20 0.13 0.19 0.26 0.23 0.20 0.49 0.61
Yb 1.15 0.88 0.75 1.23 0.88 1.15 1.59 1.44 1.27 3.08 4.08
Lu 0.17 0.13 0.11 0.19 0.14 0.17 0.27 0.23 0.18 0.50 0.66
Hf 1.66 1.85 1.18 1.89 1.21 2.40 4.45 3.31 2.71 3.10 4.02
Ta 0.21 0.21 0.09 0.19 0.11 0.46 0.49 0.28 0.21 0.41 1.05
Th 1.66 1.42 1.22 2.58 1.20 1.25 2.90 1.15 1.08 1.09 1.34
U 0.35 0.28 0.21 0.60 0.29 0.31 0.37 0.24 0.18 0.26 1.25
(ppb)
Os 0.59 0.95 1.26 0.36 0.43 0.42 1.44 1.53 0.96 0.06 0.06
Ir 0.71 1.12 1.23 0.68 1.01 1.40 1.75 2.53 1.36 0.22 0.07
Ru 1.95 3.33 3.46 2.01 2.56 2.13 2.39 3.47 213 0.43 0.14
Rh 0.59 0.88 1.38 0.62 0.97 0.92 0.81 1.09 0.67 0.36 0.11
Pt 1.89 2.78 4.17 5.61 5.59 8.38 6.91 9.20 9.81 2.11 0.70
Pd 2.65 1.83 3.13 2.86 4.92 8.31 5.85 7.90 6.24 1.33 0.57
Au 1.23 12.31 1.17 1.43 0.82 3.26 1.50 2.17 1.70 1.20 1.75
Cu/Pd 424 90.9 174 14.7 13.5 16.7 20.9 16.6 14.4 66.4 100.0

Pd/Ir 3.7 1.6 25 4.2 4.9 59 33 3.1 4.6 59 7.7
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Table 1 (Continued )

X28 X31 X33 X34 X35 X39 X40 X44 X50 X53 X58 X69 X71
D.4.c D.4.c D.5.c D.5.c D.5.c D.6.c D.2.m D.7.c D.7.c D.8.c D.9.c D.10.c D.10.c
NC NC NC NC NC NC NG NG NC NC NC NC
1698 1717 1197 1197 1201 0820 1455 9867 9552 2481 2409 0498 0593
2581 2602 1605 1605 1606 2057 4161 9240 9044 4691 4979 2712 2510
51.12 51.07 50.59 50.30 50.41 47.92 51.13 50.05 51.94 50.67 52.05 49.38 48.01
15.13 12.86 12.83 12.88 12.94 12.31 13.13 9.57 12.56 13.06 12.76 13.23 13.43
10.17 17.19 15.63 16.51 16.84 18.61 15.83 14.60 14.02 14.05 16.04 15.26 14.70
6.37 4.89 5.27 5.10 5.28 6.64 5.39 10.00 6.30 5.09 4.72 6.64 7.08
10.60 8.23 9.17 8.50 9.23 7.60 8.86 9.57 11.45 8.10 7.52 11.10 11.21
3.07 3.00 2.40 2.57 2.54 3.16 243 2.39 1.80 3.42 2.74 1.69 1.80
0.65 0.66 0.66 0.73 0.70 0.71 0.69 0.72 0.40 1.71 1.03 0.78 0.42
0.71 1.63 1.70 1.82 1.90 1.79 1.75 1.49 1.52 1.75 2.01 1.77 1.18
0.18 0.27 0.24 0.24 0.24 0.28 0.23 0.22 0.22 0.25 0.23 0.23 0.22
0.07 0.18 0.17 0.17 0.20 0.11 0.29 0.18 0.13 0.16 0.22 0.14 0.08
0.99 0.77 0.31 0.43 0.31 1.96 0.70 1.46 0.89 1.00 2.04 0.66 0.93
99.06 100.73 98.97 99.25 100.58 101.09 100.44 100.26 101.23 99.27 101.37 100.89 99.07
0.61 0.41 0.46 0.43 0.44 0.46 0.46 0.63 0.53 0.48 0.43 0.52 0.54
32 38 42 40 42 48 37 24 42 38 36 41 41
250 410 450 388 429 556 341 234 444 325 460 353 326
320 56 160 126 151 186 61 837 58 24 19 62 129
48 60 59 51 54 68 48 73 57 45 45 49 53
161 99 93 77 89 93 261 323 85 55 23 83 129
56 164 196 149 185 1055 125 143 314 103 45 127 119
6 15 19 19 21 15 7 19 5 61 26 9 3
339 218 173 175 166 132 262 271 141 316 148 199 169
20 37 41 39 43 31 34 32 31 31 37 22 24
65 153 174 131 188 93 183 256 96 161 161 91 68
3.5 7.8 7.9 7.8 8.6 4.4 8.3 16.5 5.8 12.8 6.6 8.9 3.7
261 159 227 249 255 168 240 322 79 302 147 253 115
12.92 12.00 15.15 14.42 17.03 5.34 22.67 24.38 9.10 13.71 12.06 9.84 3.65
29.31 27.41 34.16 32.67 38.35 13.83 49.13 54.09 20.77 31.58 26.48 23.18 9.60
4.08 4.04 4.95 4.83 5.65 231 6.85 7.67 3.12 4.52 3.70 3.46 1.61
15.72 17.66 21.07 20.53 23.54 11.13 27.50 30.69 13.26 18.82 15.41 14.82 7.81
3.29 4.83 5.27 5.60 6.07 3.62 6.34 7.16 3.95 4.82 4.40 3.91 2.71
1.13 1.52 1.49 1.49 1.56 1.10 1.60 1.62 1.06 1.27 1.23 1.17 0.85
3.10 4.74 5.42 5.24 5.81 3.74 5.36 6.26 3.76 412 4.36 3.32 2.64
0.51 0.87 0.96 0.92 1.03 0.72 0.86 0.96 0.67 0.72 0.84 0.56 0.52
3.15 5.67 6.10 6.19 6.67 4.86 5.19 5.53 4.39 4.45 5.45 3.47 3.64
0.64 1.15 1.28 1.25 1.34 1.02 1.04 1.06 0.91 0.93 1.14 0.68 0.77
1.85 3.44 3.80 3.72 4.03 2.92 3.06 2.99 2.74 2.76 3.49 1.97 2.33
0.27 0.48 0.57 0.54 0.58 0.43 0.43 0.41 0.39 0.40 0.51 0.28 0.34
1.84 3.38 3.87 3.58 3.92 2.84 2.89 2.62 2.63 2.69 3.48 1.81 2.31
0.28 0.51 0.59 0.59 0.64 0.49 0.47 0.41 0.43 0.42 0.53 0.28 0.36
1.53 3.79 4.15 3.60 4.82 2.49 4.49 6.12 2.95 3.71 4.09 2.62 1.72
0.22 0.49 0.44 0.37 0.44 0.27 0.44 0.85 0.33 0.71 0.38 0.53 0.19
0.39 1.79 2.12 1.96 231 0.82 293 3.81 1.24 2.00 249 1.14 0.38
0.12 0.35 0.52 0.56 0.60 0.25 0.67 1.27 0.34 0.70 1.84 0.30 0.09
0.07 0.05 0.09 0.05 0.04 0.05 0.05 0.07 0.06 0.09 0.10 0.06 0.04
0.14 0.07 0.08 0.08 0.05 0.07 0.06 0.27 0.08 0.09 0.09 0.11 0.06
0.57 0.11 0.18 0.13 0.27 0.16 0.13 0.64 0.29 0.25 0.27 0.28 0.17
0.24 0.10 0.23 0.28 0.22 0.41 0.15 0.18 0.57 0.26 0.13 0.57 0.58
2.99 0.92 3.58 5.42 3.30 2.30 1.90 231 5.73 7.61 245 11.55 8.58
3.56 0.78 2.73 4.96 3.31 3.27 1.48 2.21 5.94 9.31 1.64 10.98 12.18
2.12 0.70 1.06 1.42 1.01 1.45 1.45 0.61 3.48 1.06 0.68 3.70 6.02
15.6 209.7 71.9 30.1 55.7 3229 84.4 64.6 52.9 111 27.7 11.5 9.8
24.9 115 34.6 63.1 73.5 44.0 26.9 8.3 74.7 105.7 183 96.3 221.3

be identified in the trace element abundances of dolerite dykes
intruded into the three mainland Lewisian terranes.

Total PGE+Au concentrations range from 38.3 ppb (olivine
gabbro) to 2.7 ppb (dolerite). All dyke suites display fraction-
ated chondrite-normalised PGE profiles (Fig. 5a-d) enriched in
palladium-group PGE (PPGE) and the dolerite suite has notable
iridium-group PGE (IPGE) depletion. The picrite and olivine gab-
bro dykes have relatively flat PGE + Au patterns, although these
are still slightly fractionated. The picrite and olivine gabbro suites
have significantly higher concentrations of Ni, Cr and Co than
the dolerites, whilst Cu concentration varies widely across and
within the dyke suites. This variation in Cu is predominantly
due to its fractionation as an incompatible element in silicate
magma.

Chalcophile element ratios, such as Cu/Pd, are typically higher
than primitive mantle ratios. There is little consistent variation
in Cu/Pd between dyke suites, although olivine gabbros tend to
have the most primitive values (Fig. 5e). [Pd/Ir]y ratios from all the
dyke suites are higher than typical mantle values (PRIMA (primi-
tive mantle) ~0.97) and those from dolerite dykes are significantly
higher than those in both picrites and olivine gabbro dykes (Fig. 5f).
There is no correlation between dyke alteration (using Alteration
Index =(K;0+MgO)/(Nay0+K,0+CaO+Mg0)*100 (Ishikawa et
al., 1976), LOl wt.%, and extent of amphibolitisation as a qualitative
proxy) and PGE concentrations, suggesting that PGE were immo-
bile during alteration and metamorphism and that variation in PGE
geochemistry between dykes is a primary feature (Appendix B -
Figs. (a) and (b)).
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Fig. 2. Major element plots (anhydrous). (a) AFM classification of Scourie Dyke Suite. Fe, O3t where 1 denotes total iron. FeOr in AFM diagram was converted from analysed Fe, Osr (total iron). FeO for use in calculating Mg-number
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Fig. 3. (a)-(c) Multi-element normalised diagrams for each dyke suite. Plots are primitive mantle normalised (McDonough and Sun, 1995). (d) Comparison plot with Rollinson
(2012) average granulite- and amphibolite-facies gneiss. (e)-(g) Chondrite-normalised (McDonough and Sun, 1995) rare earth element multi-element diagrams per dyke

suite.

5. Mantle xenolith petrology and geochemistry

The Loch Roag spinel lherzolite mantle xenoliths consist of
olivine, clinopyroxene, orthopyroxene and spinel, with accessory
sulphides (mostly chalcopyrite, with some pentlandite). A Pt-
sulphide grain (~3 wm diameter) has been observed at the margin
of a chalcopyrite droplet in LR80. Major silicate mineral phases
are equigranular, with minor interstitial Fe-Ni-Cu sulphides (gen-
erally up to 150 wm diameter). Samples are generally fresh, with
fresh olivine throughout (particularly in the grey centres - e.g.,
sample LR80). On the outer rims of the xenoliths, a green rim of
partial alteration is observed (generally 2-5 mm in width), in which

replacement reaction textures are more prevalent, and sulphides
tend to be absent, but there are rounded barite-filled vugs. In sam-
ple LR8O, this outer green material was easily removed, and thus
the powdered sample was the most pristine (thus used for trace ele-
ment geochemical modelling later in the paper). For more detailed
descriptions of these samples, and their mineral chemistry, see
Upton et al. (2011) and references therein.

Table 2 shows the first whole-rock geochemical analyses of the
Loch Roag peridotite xenoliths. Their MgO contents (anhydrous)
vary from 36.7 to 39.4 wt.% (comparable to primitive mantle com-
position (McDonough and Sun, 1995)). Fe,Osr is slightly elevated
in comparison to primitive mantle, ranging from 10.3 to 11.9wt.%
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(anhydrous), but Al,03 (1.1-2.5wt.%) and CaO (2.3-2.7 wt.%) are
lower than primitive mantle and Ti is significantly depleted, (only
13 to 30% of Ti in primitive mantle). This depletion in CaO and Al, 03
may indicate partial melting and depletion of the mantle (by initial
melting of clinopyroxene), which was subsequently re-enriched.
But this would have caused an increase in MgO above primitive
mantle levels which is not observed in these xenoliths, and cou-
pled with their abundant clinopyroxene, makes this an unlikely
scenario.

Nb and Ta, Zr and Hf, and Ti show negative anomalies (Fig. 6a)
when normalised to primitive mantle, however Nb and Ta are not
depleted below primitive mantle concentrations (i.e., not <1 when
normalised). HREE are not depleted either, but show flat trends
similar to primitive mantle concentrations. Zr, Hf and Ti are how-
ever <1 on Fig. 6a. In contrast, Th and the LREE and MREE are
markedly enriched to levels many tens of times more abundant
than in primitive mantle (Fig. 6a). Chondrite normalised REE pat-
terns (Fig. 6b) show a consistent negative Eu anomaly, or positive
Gd anomaly. PGE and Au analyses indicate that the lithospheric
mantle below this region of NW Scotland is fertile for these ele-
ments. Primitive mantle estimates for Au and Pd are 1 and 3.9 ppb,
respectively (McDonough and Sun, 1995), but the Loch Roag xeno-
liths contain 2.0-3.3 ppb Au,and 4.7-11.5 ppb Pd. Pt is also elevated
(11-16.9 ppb, compared with 7 ppb for primitive mantle) suggest-
ing that the PGE and Au underwent enrichment, in addition to

Th, LILE and LREE. Finally the IPGE occur in concentrations com-
parable to primitive mantle, with Ir concentrations ranging from
2.9 to 3.6 ppb. This gives a slightly positive trend to the PGE + Au
multi-element diagram (Fig. 6¢), with enrichment in PPGE, but no
depletion in IPGE.

6. Re-Os isotopes

Three whole-rock samples were analysed for Re and Os abun-
dances and isotopic composition. This included two Scourie Dykes
(X8 - the dolerite ‘Graveyard dyke’; and X23 - a picrite dyke from
the north shore of Loch an Leathaid) and the freshest spinel Iherzo-
lite xenolith sample from Loch Roag (LR80). Results are displayed in
Table 3, and calculated parameters include Os; (initial 187 0s/1880s),
~v0s (calculated from the initial 187 0s/1880s and 187Re/188 Os ratios),
Tuma (model age using Re/Os and assumed chondritic initial values),
Trp (Re-depletion Os model age assuming all Re is metasomatic)
and Trp®'UP' (Re-depletion model eruption age assuming all Re
is metasomatic and calculated prior to the time of eruption). In
Table 3, *Age are based on various published geochronology sources
for the age of eruption (see caption). For further details, refer to
the Appendix. X8 and X23 were analysed for comparison to earlier
data collected by Frick (1998), in the light of new Re-Os methodolo-
gies and modern dating of the Scourie Dykes (Davies and Heaman,
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Table 2
Loch Roag major and trace element whole-rock analyses.
Sample LR8O LR81 LR289 LR101335
(wt.%)
Sio, 45.33 45.34 43.97 42.85
Al 03 1.59 2.40 1.89 1.06
Fe,03* 10.20 10.12 10.05 11.48
MgO 38.71 35.78 37.04 38.16
Cao 2.22 2.54 2.53 2.61
Na,O 0.44 0.46 0.30 0.16
K,0 0.09 0.54 0.11 0.03
TiO, 0.03 0.03 0.06 0.05
MnO 0.13 0.16 0.17 0.25
P,0s5 0.04 0.15 0.12 0.22
LOI (%) 0.92 3.25 3.29 2.37
Total 99.70 100.78 99.53 99.23
(ppm)
Sc 12 13 12 9
\ 47 60 48 37
Cr 2427 2935 3047 2607
Co 104 112 132 131
Ni 2117 1743 2015 2331
Cu 175 90 101 66
Rb 2 6 3 1
Sr 28 256 250 94
Y 4 7 9 10
Zr 6 5 7 16
Nb 1.1 0.4 1.0 34
Ba 13 48 38 26
La 18.91 100.23 87.14 54.65
Ce 21.13 216.44 213.27 135.63
Pr 2.74 15.96 20.02 12.26
Nd 7.89 40.74 53.41 35.78
Sm 0.93 4.36 6.47 4.72
Eu 0.22 0.75 1.12 0.93
Gd 0.82 3.59 4.80 3.78
Tb 0.10 0.33 047 0.41
Dy 0.58 1.39 2.11 2.00
Ho 0.11 0.22 0.34 0.32
Er 0.32 0.64 0.97 0.89
Tm 0.05 0.09 0.14 0.13
Yb 0.32 0.54 0.87 0.78
Lu 0.05 0.08 0.13 0.11
Hf 0.14 0.14 0.17 0.42
Ta 0.07 0.02 0.06 0.19
Th 1.26 271 2.81 0.89
U 033 0.73 1.02 0.24
(ppb)
Os 3.45 2.75 3.63 3.29
Ir 3.60 3.08 3.64 3.48
Ru 6.03 5.79 6.41 5.77
Rh 1.47 1.35 1.68 1.54
Pt 16.88 12.52 11.07 11.69
Pd 11.48 6.35 4.70 5.00
Au 1.96 2.28 3.30 2.00

2014).LR80 was run as an unknown sample, with no previous Re-Os
data for the Loch Roag mantle xenoliths available in the literature.

For the two dykes, X8 has significantly higher Re and Os abun-
dances than X23 (3.4 vs 0.4 ppb and 1090 vs. 108 ppt, respectively).
Therefore X8 has high 187Re/'880s and very radiogenic Os; and
v0s, suggesting significant disturbance of the isotopic system,
post-intrusion. This is comparable to previous measurements
of the ‘Graveyard dyke’ by Frick (1998). In contrast picrite dyke
X23 has yOs=-6.73 and Os;=0.104 (lower than the predicted
mantle range of 0.11-0.50 at 2400 Ma), and its !87Re/!830s and
18705/188 Qs are within the range of results by Frick (1998).

The Os; (0.127) and yOs (—0.94) of xenolith LR80 has been cal-
culated at 45.2 Ma, based on the age of the host dyke at Loch Roag
(Faithfull et al., 2012). However, Long et al. (1991) used time inte-
grated Nd-isotopes to suggest there was a major metasomatic event
between 2.3 and 2.5 Ga and 1.0-1.5 Ga. If we recalculate Os;p;tja for
LR8O at 2.4 Ga, this is 0.07 - a result too unradiogenic for mantle at

Table 3

Re-Os isotope data (whole-rock) for dolerite dyke (X8 - ‘the Graveyard Dyke’), picrite dyke (X23) and Loch Roag spinel lherzolite xenolith (LR80). Calculated parameters include Os; (initial '870s/'880s), yOs (calculated from

the initial '870s/880s and '87Re/'880s ratios), Twa (model age using Re/Os and assumed chondritic initial values), Trp (Re-depletion Os model age assuming all Re is metasomatic) and Trp®''Pt (Re-depletion model eruption age

assuming all Re is metasomatic and calculated prior to the time of eruption). In Table 3 1870s/188Qs initial (Os;) is calculated from eruption ages as indicated (*Age). *Age are based on various published geochronology sources for
the age of eruption. Note that dykes ages from U-Pb isotopic ages from Davies and Heaman (2014) for X8 (Graveyard Dyke) and X23 (Cnoc an Leathaid). Eruption age of LR80 based on “°Ar/39Ar date (Faithfull et al., 2012). All

uncertainties reported to 2 s.d. level, all data are blank corrected. Blanks for Re and Os are 1.3 pg and 0.1 pg, respectively, and mean '870s/'880s of 0.173. For model age equations, refer to Appendix C.

T rp®™P* (Myr)

Trp (Myr)

T ma (Myr)

2702

*Age (Myr)
2391.7

v0s

OSi

rho

+

18705/18805

+

+ Os (ppt) total ~ + 187Re[1880s

Rock type Re (ppb) total

Sample/Batch
X8/R0O538-7

1784.8 135.1  82.3096 7.0381 0.882 9.731 8655.01

5.5

3.42 0.02 1083

Dolerite
dyke

2080 -7307 3505

2418.0

-7.24
-0.94

0.566  0.103
0.127

0.0100
0.0072

1089.9 19.5 1.8 0.1 0.1767
1.4 0.1278

0.01
0.01

0.40
0.51

Picrite dyke

Spinel

X23/R0O538-9

—28 66 217

45.2

0.609

0.1

31.2

1755.2

LR80/R0O538-8

lherzolite
xenolith
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Fig. 6. Loch Roag multi-element diagrams: (a) primitive mantle normalised
trace element multi-element diagram, (b) REE chondrite-normalised plot, and (c)
chondrite-normalised PGE + Au plot.

that time, and suggesting that the Re-Os system has been disturbed
slightly.

7. Discussion

The geochemistry of the mafic and ultramafic rocks of the
Scourie Dyke swarm fits with structural and metamorphic obser-
vations, and the commonly accepted view that these magmas were

derived from the mantle during extension (Tarney and Weaver,
1987; Bridgwater et al., 1995; Park, 1995), and intruded into the
Lewisian lower to middle crust. On the basis of the new geochem-
ical data several further inferences can be made about the mantle
sources of these dykes and the mantle beneath the Lewisian gneiss
Complex at the time of their formation.

7.1. Dyke composition in relation to Lewisian terrane

Although the compositions of the doleritic Scourie Dyke swarm
are variable, no systematic geochemical difference was observed
across the three Lewisian terranes (Rhiconich, Assynt and Gru-
inard). Picrite and olivine gabbro dykes are rare in the granulite
facies Assynt Terrane, and absent in the amphibolite facies Gruinard
and Rhiconich Terranes to the south and north. This may be due to
the depth of current erosion levels across the Lewisian terranes.
The granulite-facies Assynt Terrane is considered to represent the
lower crust (Park and Tarney, 1987), while the amphibolite-facies
terranes represent mid-crustal levels. The absence of picrite and
olivine gabbro dykes from the amphibolite-facies terranes might
imply that these more MgO-rich magmas did not ascend as high
into the crust, becoming trapped in lower crustal regions. Their
elevated MgO contents imply their parental magmas were con-
siderably denser than the dolerite dyke magmas, restricting their
ascent. In addition, the homogeneity of the dolerite dyke suite
across the three Lewisian terranes suggests that these Lewisian
blocks had been accreted onto each other before dyke intrusion,
confirming the conclusions of Goodenough et al. (2010), and sup-
porting those of Davies and Heaman (2014). However this excludes
the dykes at Shieldaig near Gairloch, which occur south of the Loch
Maree Group (itself accreted in an arc setting after c. 1900 Ma; Park,
2002).

7.2. Mantle melting regime - evidence of crustal contamination
or SCLM melting?

The ultimate mantle source of the Scourie Dyke magmas could
potentially be either the convecting asthenosphere or the sub-
continental lithospheric mantle. Enriched LREE patterns and trace
element ratios indicate that dyke suites were derived from a man-
tle source with significantly higher LILE concentrations than the
Lewisian TTG of the Assynt terrane (Rollinson, 2012). The high
La/Sm ratio of picrite dykes in particular is suggestive of a relatively
enriched mantle source, while the high Gd/Yb of olivine gabbros
and picrites (relative to the dolerite suite) could indicate a com-
paratively deep garnet-bearing source region, or at least a source
with a garnet-like signature, irrespective of actual depth. HREE pat-
terns in the dolerite dyke suite are flatter ([Gd/Yb]y generally <1.5;
Fig. 3g) likely due to an absence of garnet in the source (i.e., in the
spinel lherzolite stability field).

In order to test the possible mantle sources, trace element mod-
elling is used. Details of the methods, equations, conditions and
geochemical parameters used in the modelling presented below
are provided in Appendix B. A summary of modelling parameters
is given in Table 4.

7.2.1. Dolerite dykes

Trace element modelling based on recent asthenospheric type
sources (e.g., primitive mantle (PM), and enriched mantle EM1
and EM2) was initially employed. Partial melting was used for the
dolerite dyke suite. As a starting point, modelling of 30% partial
melting of a spinel lherzolite primitive mantle source (McDonough
and Sun, 1995) with 45-50% fractional crystallisation of olivine
was attempted; however this cannot replicate the trace element
composition of the dolerite dykes. Fractional crystallisation of var-
ious modal proportions of olivine, orthopyroxene, clinopyroxene,
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Table 4

Parameters required for melting, mixing, contamination, and fractional crystallisation during dyke magma evolution. F is % partial melting, r is % ratio of assimilation rate
to fractional crystallisation, and x is % of contaminant added to primary melts in binary mixing model. Percentage olivine fractional crystallisation provided (ol. FC). Mantle
sources used include primitive mantlet (McDonough and Sun, 1995), enriched mantle (EM1)j (Willbold and Stracke, 2006) and depleted mantle (DMM)** (Workman and
Hart, 2005). Lewisian contaminants* (Rollinson, 2012) and SCLM partial melts**, based on fresh xenolith material of sample LR80 (see Table 2).

Mantle source
modelled (non-batch
melting)

Dyke suite
asthenos.

% partial melting (F)

% partial melting (F)
lithos (SCLM)

% mixing (binary
mixing model)

Dolerite Spinel lherzolite c.2%
DMM** asthenospheric

melt + spinel lherzolite

SCLM melt (based on

LR80)

Garnet lherzolite c. 10%
DMM™** asthenospheric

melt +spinel lherzolite

SCLM melt (based on

LR80)

Picrite

15% LR80 melt x=0.1-0.3

30% LR8O melt x=0.2-04

plagioclase, and accessory minerals including magnetite and rutile,
also failed to reproduce the multi-element patterns of the dolerites
without invoking an unreasonably high degree of crystal fractiona-
tion (>80%) for a poorly acceptable model fit. Modelling using an
enriched mantle source (EM1) - potentially more fitting to the
Scourie dolerite dyke geochemistry - produces a similarly poor fit
to multi-element spectra. In particular, modelling using either PM
or EM1 sources is unable to replicate the characteristic anomalies
for Th, Nb, Ta and Ti in the dolerites. Overall, this implies that the
dolerites have experienced some degree of lithospheric contamina-
tion, either involving the crust or SCLM, or that the source regions
of the parental magmas are significantly different from more recent
asthenospheric compositions used in modelling.

The dolerite suite can be subdivided into two broad groups -
high-TiO, (> 2 wt.%, with positive Ti-anomaly) and low-TiO, group
(<2 wt.%, with negative Ti-anomaly) (Fig. 3g). Geochemical mod-
elling cannot replicate this positive Ti anomaly using any realistic
contamination components, and the presence for the Ti anomaly
does not consistently coincide with any effect for Nb or Ta. High-
Ti dolerite dykes commonly have higher Fe contents (>17 wt.%
Fe,03r) and this might suggest a higher magnetite and/or ilmenite
content.

AFC modelling using Lewisian amphibolite-facies gneiss
(Rollinson, 2012) as the contaminant with low to moderate rates
of assimilation (r=10-20%) and fractionation of 40-65% olivine,
can successfully reproduce the trace element signature of the
dolerite dykes from a 30% melt of a spinel lherzolite primitive
mantle (PM) source (Fig. 7a and b). Indeed, lower degrees of par-
tial melting of this source (10-25%) can still successfully replicate
the range of dolerite dyke trace element compositions (Fig. 7a).
However this modelling has a major flaw - most samples in
this study were intruded into LILE- and Th-poor granulite-facies
gneisses of the Assynt terrane (a geochemical feature common to
deep continental crustal material — Rudnick and Fountain (1995)).
The granulite-facies metamorphism predates the Scourie Dyke
intrusion, and there is no evidence for post-intrusion tectono-
metamorphic events that could have removed the LILE and/or
Th. LILE-enriched amphibolite-facies gneiss only occurs in the
Rhiconich and Gruinard terranes, and therefore was not available
to contaminate the dolerite dykes in the Assynt Terrane. Addi-
tionally, a mechanism of contamination followed by prolonged
lateral movement of the magmas would also provide an unsatis-
factory explanation, as the same problem of the availability of a
suitable contaminant would apply. Furthermore, there is no sys-
tematic change in composition of the Scourie Dykes across the
basement terrane boundaries, indicating that local crustal contam-
ination could not have been a major factor. Therefore this model is
inappropriate for most Scourie dolerite dykes.

Assimilation of Lewisian granulite TTG (Rollinson, 2012) in AFC
models cannot fully reproduce the dolerite trace element geochem-
istry, with a particularly poor correlation for Th (Fig. 7c). Varying
the degree of fractional crystallisation of pyroxenes and plagio-
clase, in addition to olivine, can explain slight nuances in individual
dyke geochemistry, especially for Eu, but cannot reproduce the
main geochemical features. It is noted however, that the modelled
Zr and Hf concentrations can be elevated by contamination of a
mantle magma with a partial melt of any Lewisian TTG composition
(granulite or amphibolite), although this is insensitive to changes
in melting or contamination parameters and does not account for
the other trace element features of the dolerites. Principally, where
did the enrichment in Th and LILE present in the dykes, but absent
in Lewisian granulite-facies gneisses, come from (see Section 7.5)?

7.2.2. Picrite and olivine gabbro dykes

The presence of garnet is suggested by high [Gd/Yb]y ratios
of the olivine gabbros and picrite dykes, but trace element mod-
elling of partial melting of a garnet lherzolite enriched mantle
(EM1) source and olivine fractionation could not reproduce the
normalised multi-element pattern for these two dyke sets. Fur-
thermore, fractionation of additional mineral phases could not
reproduce the Th, Nb-Ta-Ti, and LREE systematics of the picrite
suite. As with dolerite dyke modelling, this implies involvement of
a contaminant or a significantly modified mantle source. Although
attempts to model an AFC scenario similar to that for the dolerite
dykes can reproduce the trace element fingerprint of the picrite
dykes, this requires contamination by Lewisian amphibolite-facies
gneiss which would similarly have been unavailable in the gran-
ulite facies Assynt Terrane. An AFC model involving this material is
thus unfeasible. Attempts to model the picrite and olivine gabbro
dyke compositions by re-melting the residue from previous dolerite
dyke magma extraction similarly failed.

Having discounted the likelihood of crustal contamination of
asthenospherically-derived magmas for the Scourie Dykes, we
must further consider evidence for significant addition of SCLM
to their parental magmas, or the possibility of a parental magma
source within the SCLM.

Although major element, mineralogical and isotopic analyses
of the SCLM below the North Atlantic Craton in Greenland exist
(Bernstein etal., 1998; Hanghoj et al.,2001; Bizzarro and Stevenson,
2003; Griffin et al., 2003, 2008; Wittig et al., 2008; Sand et al., 2009;
Wittig etal.,2010; Tappe et al., 2011), estimates of its trace element
composition are not currently available. Therefore whole-rock geo-
chemical analyses of spinel lherzolites from Loch Roag offer the
bestapproximation of the sub-Lewisian SCLM. These xenoliths have
been entrained in a much younger (Eocene) dyke, but nonethe-
less there is good evidence that once formed, lithospheric keels of
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Archaean cratons remain both physically stable and directly associ-
ated with their overlying ancient crust (O'Reilly et al., 2001; Griffin
et al.,, 2003, 2008; Begg et al., 2010). The Lewisian Gneiss Complex
has remained relatively unaffected by magmatic events since the
Palaeoproterozoic (Long et al., 1991; Upton et al., 2011). Therefore
for the purposes of this investigation, fresh xenolith LR80 is taken
as the best available model composition for the SCLM below NW
Scotland at the time of Scourie Dyke emplacement.

Modelling results indicate that, by mixing of a small degree
asthenospheric partial melt (referred to here as a ‘catalyst melt’)
with a volumetrically larger lithospheric partial melt (derived from
xenolith LR80), magmas with the compositions of the various
Scourie Dyke groups can be replicated. A catalyst melt representing
2-5% melting of spinel lherzolite depleted mantle (DMM), mixed
with a 15% partial melt of LR80 can reproduce the trace element
and general geochemical features of the dolerites (Fig. 8a and b).

Furthermore, a 10% garnet lherzolite DMM catalyst melt mixed
with a 30% LR80 melt reproduces the composition of the picrite
dykes (Fig. 8c and d). By varying the amount of garnet and spinel
in the catalyst melt, and the fraction of the melt derived from LR80
added to the mix (x), the trace element variability of the entire
Scourie Dyke Suite can be replicated.

7.3. Degree of partial melting and crystal fractionation —
chalcophile element evidence

The picrite and olivine gabbro dyke suites have relatively unfrac-
tionated PGE spectra. However, although the dolerite dykes show
significant IPGE depletion (Fig. 5f), there is no systematic variation
in PPGE concentration between the three dyke suites. Partial melt-
ing of the asthenospheric mantle initially increases Pd/Ir ratio of
the melt (Keays, 1982; Barnes et al., 1988; Barnes, 1990; McDonald
et al., 1995; Maier and Barnes, 2004). This is because mantle IPGE
(including Ir) are mainly hosted by an Fe-rich monosulphide solid
solution (MSS) often included in silicate minerals, and/or as refrac-
tory metal alloys (Os-Ir-Ru-Rh-Pt) (Brenan and Andrews, 2001;
Ahmed and Arai, 2002; Sattari et al., 2002; Bockrath et al., 2004b).
In contrast, Pd is predominantly hosted by interstitial Cu-rich sul-
phides (Sattarietal.,2002; Bockrath etal.,2004a). Under anhydrous
melting conditions, refractory MSS and metal alloys (and Ir) are
retained in the residue, while Pd is gradually removed with the
Cu-sulphide melt. With increasing degrees of partial melting, the
Pd/Ir ratio of partial melts increases until mantle sulphides become
exhausted in the source region while Ir-bearing alloys are retained.
At 15-20% partial melting of fertile mantle, magmas are most
fractionated with the highest Pd/Ir ratios (Naldrett, 2011). If par-
tial melting exceeds this point, Ir-bearing alloys enter the melt,
progressively lowering the Pd/Ir ratio of the magma as melting
proceeds.

Assuming an initial mantle concentration of approximately
250 ppm sulphur (McDonough and Sun, 1995; Bockrath et al.,
2004a) and a columnar melting regime, 15-20% partial man-
tle melting would almost exhaust Cu-rich sulphides, providing
positively fractionated PGE spectra and Pd/Ir and Cu/Pd ratios
significantly higher than mantle values. This signature can be iden-
tified in the dolerite dyke suite, but the olivine gabbros and picrites
do not have such elevated Pd/Ir ratios, and overall their PGE pat-
terns are relatively unfractionated. This implies that parental melts
of the picrite and olivine gabbro dykes were generated through sig-
nificantly higher degrees of mantle melting, exceeding the point
of solely PPGE-bearing sulphide extraction and melting IPGE-rich
phases, entraining these into the magma.

Similarly low Pd/Ir ratios might also be observed in cases of
second-stage melting of a depleted or refertilised mantle source. In
such environments, sulphur and Pd-bearing sulphides would have
already been partially extracted, and a second melting event would
effectively short-cut this process, producing comparatively IPGE-
rich magmas (Keays, 1995; McDonald et al., 1995; McDonald and
Viljoen, 2006). For the Scourie Dyke picrite and olivine gabbro suites
however, other trace element evidence cannot be reconciled with
this two-stage melting scenario, with models particularly unable
to recreate the HREE fractionation so characteristic of these dyke
suites.

Pd/Ir ratios of some intra-craton magmas can be lower than
off-craton magmas, as exemplified by comparison of on- and off-
craton kimberlites (McDonald et al., 1995). On-craton kimberlites
are IPGE-rich, however this is not due to any particular Ir-rich melt-
ing process, but instead a physical entrainment of xenolithic SCLM
material (including IPGE-alloy inclusions in chromite, and olivine
and other silicates) during ascent. Previous work has implied that
Pt/Pd ratios might be utilised to infer a metasomatic and ‘on-craton’
signature in magmas (Maier and Barnes, 2004) with an increased
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Fig. 8. Trace element modelling for binary mixing between primary asthenospheric mantle melts (DMM) and SCLM partial melts (using LR80 starting composition). (a)
Modelling for dolerite dykes: 2-5% partial melting of a spinel lherzolite depleted mantle (DMM) source mixing with a 15% SCLM partial melts (x=0.10-0.30). No subsequent
crystal fractionation used in model. (b) Th/Yb vs Nb/Th bivariant plot for (a). (c) Modelling for picrite dykes: 10% partial melt of a DMM garnet lherzolite mixed with a 30%

SCLM partial melt of LR80 (x=0.20-0.40). (d) Th/Yb vs Nb/Th bivariant plot for (c).

Pt/Pd ratio limited to metasomatic fluid-alteration effects. How-
ever, this does not reflect the physical nature of entrainment
originally proposed for kimberlites (McDonald et al., 1995), and
can readily be tested by plotting Pt/Pd against another metasomatic
indicator, Nb/La for example. No correlation exists between Pt/Pd
and Nb/La ratios for the Scourie Dyke Suite, suggesting that the
Pt/Pd ratio is insensitive to SCLM magma input or changes in SCLM
geochemistry. However, the range of Pt/Pd in the Scourie Dykes
is comparable to that in komatiites and continental flood basalts
(Maier and Barnes, 2004).

Although it cannot be entirely discounted that the relatively
high IPGE content of the picrite and olivine gabbro dyke suites could
arise from physical entrainment of SCLM material, mineralogical
and textural evidence does not support this, as no xenolithic mate-
rial occurs in these dykes. Instead, geochemical evidence such as
high MgO contents and raw PGE concentrations supports the inter-
pretation that these are high MgO magmas, produced by higher
degrees (>25-30%) of partial mantle melting than the dolerites.

Finer points may also be noted from the PGE geochemistry of the
Scourie Dyke Suite. Slight positive anomalies for Rh concentrations
of the picrite dyke suite (Fig. 5a) are potentially indicative of Cr-
spinel accumulation in these dykes, as supported by significantly
higher proportions of chromite of this suite. Olivine fractionation
has apparently had very little or no effect on the PGE geochemistry
of both the picrite and olivine gabbro suites, suggesting that no
significant olivine fractionation took place in the parental magmas
of these dykes prior to emplacement, highlighting the primitive
nature of these dyke suites.

7.4. Summary of mantle sources, melting and modelling

From the models presented in Section 7.2, we propose that the
Scourie parental magmas are derived from both the asthenosphere
and lithosphere, but predominantly it was the lithospheric man-
tle melting that contributed most of the melt and the observed
trace element signature that we observe. In other words, 30% par-
tial melting of LR80 modelled in Fig. 8b for the picrite suite, resulted
in the extraction of almost all of the sulphide component, and with
it the PPGE, along with a significant proportion of the IPGE budget.

In summary, simple partial melting of asthenospheric mantle
sources (i.e. PM and EM1) cannot reproduce the ‘continental-like
signature’ of the Scourie Dykes. Some subtleties of the trace element
signatures, particularly for dolerites, can be accounted for by infer-
ring some degree of crustal contamination, but by components not
available to the magma at the observed level of intrusion. Moreover
this contamination signature is highly variable and a very minor
feature of very particular trace element abundances (Zr-Hf) in the
dykes. Models highlight the insensitivity of Zr and Hf abundances
during AFC or any mechanism of crustal contamination, and any
‘crustal’ signature is easily out-weighed by the strong component
of lithospheric mantle.

Comparison of whole-rock geochemistry of the Scourie Dykes
to that of spinel lherzolite xenoliths of Loch Roag can account
for many significant similarities (e.g., Nb-Ta-(Ti) negative anoma-
lies, and positive anomalies for Th, LILE and LREE). SCLM
compositions underlying Archaean cratons are extremely vari-
able. However the position of the Loch Roag xenoliths within the
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undisturbed Lewisian Gneiss Complex at the margin of the frag-
mented NAC provides a rare and valuable insight into the ancient
shallow mantle composition and its potential to produce later
melts.

The hypothesis that all parental magmas of the Scourie Dyke
Suite involved melting of enriched and modified SCLM, with a trig-
ger input from asthenospherically derived melts, is supported by
the Re-Os isotope data (Frick, 1998; this study). The YOS jyjtialy val-
ues for the picrites' (—1.89 to 4.30; Frick, 1998; —6.84 for X23, this
study) indicate significant and prolonged isolation of the magma
source from a convecting asthenospheric source, suggesting that
the Scourie Dyke magmas were lithospheric. The 870s/1880s ;a1
obtained for picrite dyke (sample X23) is 0.10. In comparison the
YOs(initial) Value of an earlier dolerite dyke is 2470, significantly
more radiogenic that the later picrite values, and could suggest no
prolonged isolation had occurred in the parental magma source
of the dolerites (Frick, 1998). An 870s/1880s;pisia) of 9.73 was
obtained for the centre of the ‘Graveyard’ dolerite dyke (this study)
but we suggest that the high Re content of the dyke indicates re-
setting of the isotopic system for this sample. New Re-Os analyses
of the xenolith LR80 yields 187 0s/1880s ;4ja) = 0.127 (using 45.2 Ma
age; Faithfull et al., 2012)) or 0.07 (using 2400 Ma age of dykes). At
2400 Ma or 45.2 Ma, the '870s/'880s;j;1ia)) is too unradiogenic for
the calculated mantle ranges at those times (0.11-0.5 at 2400 Ma,
0.128 at 45.2 Ma). This suggests isolation from the convecting man-
tle by 2400 Ma, but there may also be some disturbance of the
isotopic system.

Sm-Nd and U-Pb isotopic analyses of the dykes in Waters et
al. (1990) have a considerable range of initial compositions which
indicated a component of old and enriched lithosphere. Waters
and co-authors propose that a complex mixing between depleted
mantle melts and enriched mantle lithosphere, isolated from the
convecting asthenosphere, could have caused and dominated the
combined isotope systematics of the Scourie Dykes.

The trigger for lithospheric melting might have been the thermal
anomaly associated with an impinging mantle plume. However,
continental extension alone could be sufficient to initiate a sig-
nificant degree of partial melting both in the asthenosphere and
in the fluid-rich metasomatised SCLM. Extension of the continen-
tal lithosphere generates little melt unless 3 (amount of crustal
stretching)>2 and T, (mantle potential temperature)>1380°C
(McKenzie and Bickle, 1988) at which point melting will occur
in the asthenosphere and also the hydrous lithosphere (Gallagher
and Hawkesworth, 1992). Based on field evidence, it is reason-
able to suggest that a very significant degree of stretching took
place during the emplacement of the Scourie Dyke swarm (8> 2).In
addition, numerous models (Richter, 1988; Korenaga, 2008; Davies,
2009; Herzbergetal.,2010) indicate that the mantle temperature in
the Late Archaean/Palaeoproterozoic exceeded 1380 °C. Once 8> 2,
alkali basalts are produced by decompression melting, and as the
degree of melting increases, tholeiites are produced.

Gd/Yb ratios and HREE spectra indicate a significantly differ-
ent magma source for picrites and olivine gabbro dykes relative
to the more abundant dolerite dyke suite - dolerites were derived
from a source producing a flat HREE signature but olivine gabbro
and picrite suites stem from a source producing a HREE-depleted
signature. This is not explicable by only a change in the degree of
partial melting, or by subsequent crystal fractionation. If the Scourie
Dykes display a predominantly SCLM geochemical signature, then
achange in the degree and depth or loci of melting, and proportions
of magma inputs from the lithospheric and asthenospheric mantle,
could cause the change in geochemical signature apparent between

1 YOS(initialy Calculated at an emplacement age of 2400 Ma and 2000 Ma for the
picrite and dolerite dykes, respectively (Frick, 1998). See Appendix C.

dyke groups. However we hesitate to suggest that any garnet-
bearing signature in this environment would truly be at the garnet
stability depth. Instead it is likely that a lithospheric source might
have undergone numerous melting/freezing magmatic events, and
hence a garnet-like signature could have migrated from deeper lev-
els and solidified in shallower lithospheric zones, resulting in an
inherent heterogeneity of the Scottish lithosphere. These frozen
melts could have subsequently been remobilised by the Scourie
magmatic event (Fig. 9). This is supported by whole-rock geochemi-
cal evidence from the Loch Roag spinel lherzolite xenoliths. The NW
Scottish SCLM’s apparent heterogeneity may be due to the variable
penetration of fluids, volatiles and low-degree partial melts (e.g.,
carbonatite or alkaline) (Fig. 9). Whether through a subduction pro-
cess, or via some other metasomatic mechanism (Section 7.5), this
resulted in alteration, thickening, and continued preservation of
the Lewisian mantle keel (Rollinson, 2012).

7.5. Th-Nb-Ta-Ti and Zr-Hf anomalies - a relict Archaean
subduction or metasomatic signature?

Significant negative Nb-Ta-(Ti) anomalies can be identified on
the primitive mantle-normalised multi-element diagrams (Figs.
3 and 6), particularly in the picrite dykes and Loch Roag xeno-
liths. Modelling (Section 7.4) has shown that it is unlikely to be
due to crustal contamination and may represent variation in the
parental magma source. While the Scourie Dykes themselves were
formed during the early Palaeoproterozoic, their lithospheric man-
tle source regions would have an older enrichment signature. Thus,
this geochemical signature could likely be traced back into the
Archaean. When seen in younger Palaeozoic to Cenozoic-age rocks,
this geochemistry can be characteristic of subduction-related vol-
canic arc rocks. Modern basalt geochemistry can be used to infer
differing tectonic environments (Hofmann, 1997; Pearce, 2008) and
consistent chemical behaviour of element groups supports the idea
that this can be extended to Archaean rocks (Polat and Kerrich,
2006). However controversy still surrounds the interpretation and
implications of this in Archaean-Palaeoproterozoic rocks (Jenner
et al., 2013) although sanukitoid occurrences across the Archaean-
Proterozoic transition may mark a transition from TTG-dominated
granitoid magmatism to modern-style arc magmatism (Martin et
al., 2010).

Evidence for the inheritance of an Archaean metasomatised
signature (rather than crustal contamination) is particularly sup-
ported by the enrichment of Th and LILE in the dyke suite relative to
the Th- and LILE-depleted Lewisian granulite-facies TTG. All mem-
bers of the Scourie Dyke Suite sampled during this study (regardless
of terrane - see Section 7.1) have much higher concentrations of
these elements. This implies that combined LILE and Th enrichment
is a key feature of the mantle that produced the Scourie Dykes,
i.e.,, akin to the Loch Roag xenoliths. These features are sugges-
tive of upper mantle alteration and enrichment via a metasomatic
mechanism (Hawkesworth et al., 1994; Pearce et al., 2005). But
the negative Zr-Hf anomaly observed in Loch Roag in particular
indicates a carbonate/carbonatite-metasomatic event, rather than
solely a silicate alkali or volatile-only event (Yaxley et al., 1991,
1998; lonov and Harmer, 2002; Pearson et al., 2003). This may
have been related to subduction in the Archaean, which is possibly
suggested by 880 data for the dykes (Davies et al., 2012) and pre-
viously published whole-rock and mineral §180 (Cartwright and
Valley, 1991). Cartwright and Valley (1991) demonstrated that the
low- 3180 magmas of the Scourie Dykes were unlikely to have been
caused by the assimilation of large volumes of continental crust,
and this signature was more probably derived from a low- 8180
subduction-modified lithospheric mantle source.

Modification of the sub-Lewisian shallow mantle took place
prior to xenolith entrainment, but the timing of this event is
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uncertain. Time-integrated Nd isotopic ratios of the Loch Roag peri-
dotite xenoliths and associated xenocrysts have suggested two
or more periods of lithospheric mantle metasomatism - one at
1.0-1.5Ga (Menzies et al., 1987), and one at 2.3-2.5Ga (Long et
al., 1991). On this basis, at least some upper mantle metasoma-
tism and enrichment was already underway by the time of Scourie
Dyke magmatism. Long et al. (1991) suggest that carbonatite-based
metasomatism was prevalent during the 2.3-2.5 Ga event. If this is
the case, this age overlaps with that of the age of the Scourie Dykes,
and may be a deeper indication of continental rifting. Alternatively,
a similar metasomatic signature might have occurred in addition
to, or prior to extension, via an older subduction process recorded
in the lithospheric mantle - a ‘relict’ Archaean subduction signature
preserved in Archaean SCLM, and incorporated into dyke magmas
during Palaeoproterozoic extension.

The protoliths to the Lewisian TTG gneisses are 3.0-2.7 Ga
(Kinny et al., 2005). Recent work on the Re-Os isotopic compo-
sition of peridotite xenoliths from the NAC in W Greenland has
discovered significant metasomatic enrichment and melt extrac-
tion at 2.0 Ga, but other xenoliths from a similar area have model
Re depletion ages of 2.7-3.1 Ga (Wittig et al., 2010). Overall these
xenoliths record lithospheric stabilisation between the Meso- to
Neoarchaean, followed by metasomatic alteration and overprint-
ing magmatic events. In particular, the FeO enrichment of some
of the W Greenland peridotites (comparable to the Fe enrichment
observed in the Loch Roag xenoliths), and HREE abundances, are
thought to require SCLM depletion in a relatively shallow subduc-
tion zone and/or mid-ocean ridge setting (Wittig et al., 2010).

Overall, if a mid-late Archaean slab subduction regime is
accepted (Rollinson, 2010), it has implications for Archaean mantle
and cratonic SCLM geochemistry. We may expect an enrichment of
LILE and LREE, and mobilisation of sulphur through mantle wedge
metasomatism and hydrous partial melting. Thus the SCLM keels

of Archaean cratons may host complex and heterogeneous hydrous
subduction-modified geochemical signatures. Indeed, we find that
direct samples of the SCLM below NW Scotland share these geo-
chemical facets. This complexity would only be expected to be
preserved in the lithospheric mantle (and likely in a heterogeneous
manner ), with convecting asthenosphere not retaining the subduc-
tion/metasomatic signature. As previously discussed in Sections
7.2-7.4, the metasomatised complexities of the Lewisian litho-
spheric mantle keel are vital for understanding the trace element
characteristics of the Scourie Dyke Swarm.

7.6. Lewisian SCLM geochemistry: evidence of melting
mechanism - plume or no plume?

With the acceptance of an ancient subduction signature being
present in the Palaeoproterozoic Scourie Dyke Swarm, the intrica-
cies of this scenario and the melting mechanism may be scrutinised
further. LREE concentrations of the Scourie Dyke suites are very
enriched (Fig. 3), comparable to some alkaline magmas globally
(e.g., McDonald et al., 1995), especially taking into consideration
the high degrees of partial melting indicated for the ultramafic
magmas by the IPGE data. This further highlights the substantial
LREE metasomatic enrichment of the mantle source. Multi-element
plots (e.g., Fig. 6a) of each of the dyke suites show a compara-
ble, but progressively exaggerated ‘metasomatic’ signature, which
becomes increasingly more discernible from the dolerites through
to the olivine gabbro and picrite suites (i.e., from mafic to ultra-
mafic compositions). This presents a paradox for any melting model
incorporating a plume (with contamination).

Asthenospheric melts producing progressively increasing
degrees of melting should dilute any initial geochemical anomaly
such as that for Nb-Ta-Ti. In addition the relative ages of the dolerite
(mafic) and picrite (ultramafic) dyke groups may provide clues
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as to the presence of a plume. Recent geochronological work has
highlighted the long time-period over which Scourie dykes were
intruded (400 Myr) (Davies and Heaman, 2014) but the majority
were apparently intruded over a shorter ‘main’ period spanning
~40 Myr between 2418 and 2375 Ma (Davies and Heaman, 2014)
which itself has apparent temporal subdivisions. Overall, this pro-
longed phase of dyke intrusion is exceptional for any Large Igneous
Province (LIP) globally (flood basalt-related events are observed to
last ~1-5Myr, Ernst et al., 2013), but in Scourie these appear to
have been intruded in ‘pulses’ over at least 40 Myr. The uniformity
of dyke azimuth and longevity of intrusion dates could instead be
the result of persistent rifting, as observed in the Tarim block of NW
China (Zhu et al., 2008; Davies and Heaman, 2014).

8. Conclusions

1. Geochemical modelling of the Scourie Dyke Swarm has shown
that the swarm could not have been derived from an astheno-
spheric mantle region with variable crustal contamination using
the available crustal components. Therefore we investigate
where such an enriched geochemical signature could have been
sourced.

2. Negative Nb-Ta-Ti anomalies, and enrichments in Th, LREE and
other LILE, particularly in the picrite suite represent an Archaean
metasomatic geochemical signature in the lithospheric mantle.
This could indicate that a shallow-angle subduction regime was
present during formation of the Lewisian portion of the North
Atlantic Craton, and/or that carbonatite-induced metasomatism
was coeval with the rifting event that led to the intrusion of the
Scourie Dykes themselves.

3. Whole-rock geochemical analyses, and a new measurement of
the Re-Os isotopic composition of spinel Iherzolite mantle xeno-
liths from Loch Roag confirm the presence of this signature in the
shallow mantle underlying this region of Scotland, and corrobo-
rate the presence of significant metasomatic enrichment of the
mantle lithospheric keel of the Lewisian portion of the NAC.

4. Despite Loch Roag xenolith chemical continuity, the Archaean
sub-Lewisian SCLM is likely to be heterogeneous, due to vary-
ing degrees of metasomatism and partial melting throughout
Lewisian TTG and SCLM keel formation.

5. Dolerite and picrite dykes were derived from different parts of
the heterogeneous lithosphere, with variable HREE signatures.
However, using HREE to make interpretations of the depth of
melting within the heterogeneous SCLM is inappropriate due
to the possibility of ‘frozen-in’ signatures imparted during pro-
longed formation and alteration.

6. PGE can be used to further characterise mantle melting regimes
and the extent of partial melting. Ir-group PGE depletion in
dolerite dykes suggests up to 15% partial melting of the SCLM
source, while low Pd/Ir ratios in both the picrite and olivine gab-
bro dyke suites highlight a significantly higher degree of melting
(>25-30%) within a fluid-rich lithospheric mantle source.

7. Our trace element geochemical modelling suggests that the
Scourie Dykes have variably sampled this enriched and fusible
lithospheric mantle region through direct partial melting of the
metasomatised SCLM itself, possibly coupled with, or triggered
by, some degree of asthenospheric melting. This was a direct
result of tectonic extension causing lithospheric thinning and
decompression.
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Table of all dyke results used throughout paper, in addition to
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Sample
Grid ref.

SiO;
TiO,
Al,03
Fe203*
MnO
MgO
Cao
Na20
K0
P205
Lol
Total

Sc
\%
Cr
Co
Ni
Cu
Rb
Sr
Y
Zr
Nb
Ba
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta
Th
U

X6
D.c
NC 1415 4418
(wt.%)
50.92
2.63
12.42
17.72
0.27
4.49
8.67
2.26
1.15
0.35

5.31
0.76
4.98
0.79
6.95
0.73
3.57
0.94

X7
D.m

NC 1477 4485

46.38
3.22
12.61
20.55
0.29
5.02
9.50
2.57
0.55
0.26
0.33
101.28

42
582

3.30
0.48
3.18
0.50
3.09
0.53
1.30
0.28

X8
D.c

NC 1473 4488

43.43
3.14
12.12
21.21
0.28
5.85
10.01
243
0.40
0.22
0.31
99.41

50
566

3.38
0.49
3.08
0.50
3.10
0.41
1.09
0.26

X9
D.m

NC 1480 4485

46.84
3.25
12.58
19.19
0.27
4.85
9.16
2.61
0.57
0.36
1.28
100.97

44
450
30
53
77
90

186
47
123
141
178
13.59
33.67
5.30
23.77
6.46
1.85
6.03
1.06
6.75
1.40
4.04
0.57
3.80
0.60
3.13
1.06
1.22
0.30

X10
0OG.c
NC 1548 4474

47.64
1.41
7.26

14.54
0.22

16.51
9.08
1.56
0.12
0.12
0.62

99.09

X12
D.c

NC 1637 4872

48.55
2.25
10.57
20.00
0.35
6.07
8.41
2.02
0.77
0.24
1.00
100.23

50
559
106

59
115

57

169
45
151
11.7
190
11.76
27.77
4.44
19.80
5.39
1.68
5.73
1.04
6.79
1.42
429
0.61
4.08
0.66
4.02
1.05
1.34
1.25

X13
D.c

NC 1645 4866

47.09
2.81
10.56
21.37
0.29
5.32
7.95
2.20
0.73
0.21
1.38
99.92

48
539
110

51

68

94

20

92

41
170

10.5
148

6.50

17.92

2.84
13.62
4.44
141
4.71
0.90
6.15
1.28
3.81
0.55
3.82
0.61
3.80
0.62
1.43
0.53

X15
D.c

NC 1726 4975

51.22
1.66
12.89
15.71
0.23
5.63
8.52
2.78
1.09
0.16
1.23
101.12

42
416
108

3.22
0.48
3.10
0.49
3.65
0.45
1.92
0.53

X17
D.m

NC 1889 4531

49.97
2.01
12.59
16.33
0.24
5.74
8.94
2.26
0.85
0.21
1.30
100.44

41
383
124

55

86
242

16
142

168
11.0
163
14.08
32.81
4.91
21.06
5.49
1.57
5.15
0.93
5.93
1.24
3.65
0.52
3.59
0.54
4.00
0.82
1.46
0.41

X18
D.c

NC 1889 4531

49.97
1.66
13.51
15.65
0.25
6.21
9.91
2.40
0.82
0.16
0.64
101.18

45
375
146

55
123
173

12
204

31
110

149
10.03
23.72

3.60
15.49
4.20
1.22
4.00
0.75
4.73
0.97
2.89
0.43
2.92
0.45
291
0.46
1.09
0.28
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X20 X21 X22 X23 X24 X25 X26 X27 X28 X29 X30 X31
D.c D.m P.c P.c D.c P.c P.c P.m D.c D.m D.c D.c
NC 1679 4427 NC 1679 4427 NC 1449 2255 NC 1447 2256 NC 1462 2282 NC 1451 2283 NC 1448 2283 NC 1487 2395 NC 1698 2581 NC 1717 2602 NC 1717 2602 NC 1717 2602
49.73 50.73 48.27 49.63 51.00 47.43 50.25 52.50 51.12 49.83 50.48 51.07
1.16 0.81 0.47 0.67 0.31 0.47 0.36 0.68 0.71 1.69 1.30 1.63
14.96 14.55 6.46 10.61 5.11 7.23 6.19 7.39 15.13 1291 13.27 12.86
11.47 12.62 12.06 11.21 11.91 11.10 11.07 12.23 10.17 16.76 15.90 17.19
0.21 0.20 0.17 0.16 0.17 0.15 0.17 0.19 0.18 0.25 0.23 0.27
7.47 6.56 22.15 17.36 23.10 19.81 21.52 16.34 6.37 5.04 5.80 4.89
9.43 10.21 4.92 6.37 4.65 5.16 5.64 7.32 10.60 7.89 9.96 8.23
2.46 232 1.32 2.22 0.27 0.47 1.22 137 3.07 2.60 2.55 3.00
0.54 0.74 0.53 0.69 0.01 1.03 0.46 0.76 0.65 0.42 0.36 0.66
0.10 0.06 0.06 0.11 0.03 0.07 0.05 0.10 0.07 0.17 0.12 0.18
2.96 1.54 2.82 2.06 3.39 6.88 2.54 1.18 0.99 1.77 0.69 0.77
10047 100.32 99.23 101.09 99.96 99.80 99.46 100.04 99.06 99.30 100.66 100.73
41 35 17 19 19 18 19 25 32 36 42 38
335 290 142 176 116 146 132 218 250 445 411 410
112 71 3134 1918 4051 3891 4432 2823 320 258 41 56
57 58 160 114 148 142 157 93 48 64 63 60
109 153 1841 1261 1712 1474 1587 909 161 84 66 99
247 146 51 112 18 167 54 42 56 239 231 164
9 11 16 22 1 31 12 22 6 4 10 15
182 216 171 258 17 109 155 78 339 173 166 218
28 19 10 14 7 10 9 15 20 36 29 37
96 63 64 73 34 70 55 81 65 108 87 153
5.9 35 2.5 3.1 0.9 29 1.6 3.7 35 74 4.5 7.8
123 189 317 366 10 174 315 239 261 108 95 159
7.81 5.23 9.78 13.87 2.16 10.78 8.43 14.02 12.92 9.42 7.54 12.00
18.73 12.39 20.22 28.58 6.54 21.75 17.27 30.45 29.31 23.13 17.51 27.41
2.81 1.90 2.64 3.76 1.15 2.84 2.23 3.97 4.08 3.57 2.65 4.04
12.56 8.27 10.10 14.11 5.11 10.30 8.42 14.65 15.72 15.59 11.72 17.66
3.66 2.34 2.09 2.80 1.16 2.00 1.68 2.88 3.29 4.32 3.34 4.83
1.11 0.79 0.58 0.80 0.29 0.62 0.52 0.75 1.13 1.45 1.06 1.52
3.50 2.32 1.73 241 1.07 1.83 1.54 2.62 3.10 4.59 3.33 4.74
0.66 0.45 0.27 0.38 0.17 0.27 0.24 0.42 0.51 0.87 0.63 0.87
4.24 2.90 1.67 2.15 1.06 1.60 1.37 244 3.15 5.69 4.12 5.67
0.88 0.60 0.33 0.42 0.21 0.31 0.27 0.48 0.64 1.15 0.85 1.15
2.64 1.80 0.93 1.20 0.60 0.91 0.81 1.38 1.85 3.45 2.55 3.44
0.38 0.26 0.13 0.18 0.09 0.13 0.11 0.20 0.27 0.51 0.38 0.48
2.49 1.84 0.87 1.15 0.57 0.88 0.75 1.23 1.84 3.47 2.54 3.38
0.37 0.27 0.13 0.17 0.09 0.13 0.11 0.19 0.28 0.52 0.38 0.51
2.82 1.63 1.57 1.66 0.83 1.85 1.18 1.89 1.53 3.28 242 3.79
0.37 0.20 0.15 0.21 0.07 0.21 0.09 0.19 0.22 0.49 0.27 0.49
1.29 0.82 1.45 1.66 0.80 1.42 1.22 2.58 0.39 1.55 1.06 1.79
0.89 0.20 0.26 0.35 0.11 0.28 0.21 0.60 0.12 0.39 0.26 0.35
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Appendix A (Continued)

X32 X33 X34 X35 X36 X37 X38 X39 X40 X41 X42 X43
D.c D.c D.c D.c 0G.c 0OG.c D.c D.c D.m D.c D.m D.c
NC 1717 2602 NC 1197 1605 NC 1197 1605 NC 1201 1606 NC 1197 1690 NC 0741 2105 NC 0746 2200 NC 0820 2057 NC 1455 4161 NC 1455 4161 NC 1455 4161 NC 1513 4145
51.49 50.59 50.30 50.41 47.97 45.27 51.00 47.92 51.13 50.77 51.25 48.08
1.68 1.70 1.82 1.90 1.62 1.96 1.72 1.79 1.75 1.61 2.04 1.45
14.48 12.83 12.88 12.94 11.86 8.62 13.29 12.31 13.13 13.30 13.03 14.18
15.48 15.63 16.51 16.84 14.98 19.00 17.55 18.61 15.83 15.95 16.89 14.10
0.26 0.24 0.24 0.24 0.20 0.23 0.23 0.28 0.23 0.22 0.26 0.19
4.30 5.27 5.10 5.28 11.07 13.82 4.48 6.64 5.39 5.44 4.84 7.07
7.61 9.17 8.50 9.23 7.96 8.96 6.91 7.60 8.86 8.62 8.12 11.28
3.06 2.40 2.57 2.54 3.32 2.34 2.94 3.16 243 2.82 2.65 2.73
0.73 0.66 0.73 0.70 0.77 0.52 1.04 0.71 0.69 1.03 0.87 0.35
0.16 0.17 0.17 0.20 0.21 0.11 0.16 0.11 0.29 0.28 0.43 0.07
0.76 0.31 0.43 0.31 0.36 0.25 1.43 1.96 0.70 0.93 0.94 1.57
100.01 98.97 99.25 100.58 100.32 101.07 100.76 101.09 100.44 100.98 101.31 101.08
31 42 40 42 25 30 37 48 37 37 36 49
406 450 388 429 304 435 396 556 341 378 438 583
24 160 126 151 910 1294 20 186 61 59 45 175
57 59 51 54 85 142 49 68 48 53 59 65
48 93 77 89 709 844 67 93 261 63 75 92
189 196 149 185 122 131 197 1055 125 223 180 212
18 19 19 21 18 12 20 15 7 15 12 6
236 173 175 166 332 200 176 132 262 219 345 175
33 41 39 43 23 20 35 31 34 34 43 24
96 174 131 188 182 109 84 93 183 184 230 54
79 7.9 7.8 8.6 7.7 5.0 5.8 4.4 8.3 8.7 11.2 2.7
178 227 249 255 266 175 401 168 240 500 400 92
9.67 15.15 14.42 17.03 15.93 9.79 8.50 5.34 22.67 22.87 31.99 3.91
23.35 34.16 32.67 38.35 35.62 23.22 20.99 13.83 49.13 48.76 69.33 10.36
3.58 4.95 4.83 5.65 5.12 3.53 3.27 231 6.85 6.84 9.96 1.77
15.59 21.07 20.53 23.54 21.81 15.76 14.65 11.13 27.50 27.53 39.83 8.35
4.23 5.27 5.60 6.07 5.63 4.19 4.37 3.62 6.34 6.33 8.90 2.83
1.44 1.49 1.49 1.56 1.50 1.19 1.36 1.10 1.60 1.48 213 0.87
427 5.42 5.24 5.81 4.59 3.63 433 3.74 5.36 4.68 7.10 2.78
0.77 0.96 0.92 1.03 0.73 0.61 0.81 0.72 0.86 0.74 1.07 0.52
5.09 6.10 6.19 6.67 4.12 3.50 5.47 4.86 5.19 4.48 6.48 3.55
1.04 1.28 1.25 1.34 0.76 0.64 1.09 1.02 1.04 0.90 1.25 0.71
3.06 3.80 3.72 4.03 2.04 1.75 3.28 2.92 3.06 2.70 3.76 217
0.43 0.57 0.54 0.58 0.26 0.23 0.46 0.43 0.43 0.38 0.53 0.32
3.06 3.87 3.58 3.92 1.59 1.44 3.09 2.84 2.89 2.50 3.53 212
0.45 0.59 0.59 0.64 0.27 0.23 0.53 0.49 0.47 0.42 0.58 0.35
3.54 4.15 3.60 4.82 4.45 3.31 3.16 249 4.49 3.86 5.13 1.38
0.56 0.44 0.37 0.44 0.49 0.28 0.30 0.27 0.44 0.43 0.55 0.18
1.22 2.12 1.96 231 2.90 1.15 1.52 0.82 293 2.36 2.90 0.41
0.26 0.52 0.56 0.60 0.37 0.24 0.57 0.25 0.67 0.57 0.78 0.09
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X44 X45 X47 X50 X51 X52 X53 X54 X55 X56 X59
D.c D.c D.c D.c D.m OG.c D.c D.c D.c D.c D.c
NG 9866 9240 NG 9842 9243 NG 9836 9235 NG 9552 9044 NG 9552 9044 NG 9602 9276 NC 2481 4691 NC 2485 4711 NC 2303 4821 NC 2303 4821 NC 2241 5648
50.05 51.79 51.60 51.94 49.66 48.10 50.67 51.53 47.97 49.08 52.62
1.49 1.84 2.27 1.52 1.63 134 1.75 1.62 243 3.05 1.79
9.57 13.42 12.48 12.56 13.27 10.14 13.06 12.45 14.03 13.99 12.84
14.60 15.33 16.57 14.02 14.19 13.37 14.05 15.59 16.43 16.76 15.64
0.22 0.23 0.25 0.22 0.21 0.21 0.25 0.26 0.24 0.28 0.21
10.00 5.02 453 6.30 6.76 12.25 5.09 5.59 5.72 4.69 445
9.57 8.37 7.38 11.45 9.91 9.71 8.10 10.07 8.62 6.74 8.15
2.39 2.79 2.78 1.80 2.60 2.52 3.42 2.54 2.85 3.04 2.74
0.72 0.95 1.78 0.40 0.58 0.28 1.71 1.03 1.80 2.18 1.13
0.18 0.57 0.25 0.13 0.12 0.12 0.16 0.15 0.37 0.46 0.14
1.46 0.97 1.10 0.89 0.90 1.44 1.00 0.67 0.57 0.87 0.84
100.26 101.28 100.98 101.23 99.84 99.49 99.27 101.51 101.02 101.15 100.57
24 37 35 42 50 25 38 44 36 33 31
234 345 408 444 364 297 325 349 330 313 408
837 42 36 58 106 965 24 63 366 52 15
73 47 51 57 37 69 45 54 48 42 42
323 61 34 85 90 801 55 196 109 46 40
143 149 169 314 47 90 103 75 77 52 55
19 15 73 5 10 4 61 23 75 157 34
271 375 206 141 161 199 316 252 246 257 270
32 34 48 31 28 17 31 34 50 58 26
256 200 269 96 114 93 161 134 251 310 97
16.5 7.7 11.8 5.8 5.5 2.7 12.8 8.5 12.8 21.0 5.6
322 788 518 79 148 92 302 127 533 517 346
2438 32.02 25.98 9.10 6.67 443 13.71 11.02 25.31 28.37 6.77
54.09 66.45 57.19 20.77 15.47 12.79 31.58 25.12 55.43 63.15 16.49
7.67 9.45 8.07 3.12 242 213 4.52 3.72 7.86 8.81 2.63
30.69 38.60 32.09 13.26 10.62 10.54 18.82 15.95 32.07 36.24 11.58
7.16 7.94 7.83 3.95 3.13 3.43 4.82 4.41 791 8.98 3.39
1.62 2.18 1.91 1.06 0.94 1.04 1.27 1.15 1.98 2.27 1.17
6.26 6.63 7.23 3.76 3.04 2.93 4.12 4.15 7.21 8.48 3.42
0.96 0.97 1.21 0.67 0.62 0.51 0.72 0.74 1.23 1.40 0.63
5.53 5.36 7.49 4.39 4.15 2.97 4.45 4.96 7.67 8.82 4.07
1.06 1.01 1.48 0.91 0.89 0.56 0.93 1.02 1.56 1.77 0.86
2.99 3.17 4.50 2.74 2.67 1.49 2.76 3.03 4.62 5.17 247
0.41 0.44 0.63 0.39 0.41 0.20 0.40 0.44 0.67 0.75 0.37
2.62 291 4.24 2.63 2.74 1.27 2.69 2.95 4.48 5.09 2.48
0.41 0.49 0.69 0.43 0.44 0.18 0.42 0.46 0.70 0.79 0.38
6.12 4.65 6.75 2.95 2.86 2.71 3.71 3.15 5.61 7.34 3.00
0.85 0.54 0.55 0.33 0.35 0.21 0.71 0.48 1.00 1.69 0.28
3.81 2.36 5.23 1.24 1.10 1.08 2.00 1.17 3.14 4.51 143
1.27 0.55 1.55 0.34 0.23 0.18 0.70 0.24 0.77 1.98 0.33
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Appendix A (Continued )
X60 X63 X65 X67 X68 X69 X71 X72
D.c D.c D.c D.c P.c D.c D.c D.c
NC 2231 5652 NC 1183 3300 NC 0628 3125 NC 0573 3084 NC 0498 2710 NC 0498 2712 NC 0593 2510 NC 0587 2491
46.09 4835 48.96 49.02 50.46 49.38 48.01 52.05
224 2.46 2.07 1.31 0.43 1.77 1.18 1.14
12.76 11.95 12.06 13.09 6.21 13.23 13.43 14.05
17.88 18.04 15.76 12.69 11.55 15.26 14.70 11.37
0.25 0.27 0.22 0.20 0.19 0.23 0.22 0.18
5.49 4.94 437 8.75 2038 6.64 7.08 7.82
9.63 8.18 7.61 11.33 7.07 11.10 11.21 10.34
2.79 2.54 242 1.52 0.76 1.69 1.80 245
1.47 1.22 1.22 0.91 0.00 0.78 0.42 0.59
0.12 0.35 0.22 0.10 0.05 0.14 0.08 0.13
0.67 091 6.40 1.61 2.07 0.66 0.93 0.77
99.40 99.22 101.30 100.54 99.18 100.89 99.07 100.88
39 4 34 42 23 41 41 37
495 420 346 310 162 353 326 340
26 52 37 367 2949 62 129 204
52 45 44 51 87 49 53 45
134 53 73 156 1209 83 129 119
47 137 219 27 66 127 119 164
24 24 34 21 1 9 3 11
234 186 196 154 12 199 169 282
26 56 44 17 10 22 24 18
89 266 236 68 53 91 68 89
5.6 125 123 6.5 1.4 8.9 3.7 11.2
203 367 404 137 1 253 115 188
8.37 24.13 24.26 8.29 7.34 9.84 3.65 12.53
18.60 54.50 51.77 19.21 1536 23.18 9.60 26.27
2.77 7.76 7.00 2.87 2.12 3.46 1.61 3.47
11.83 31.93 28.23 12.22 8.27 14.82 7.81 13.96
3.39 8.29 6.88 3.24 2.00 3.91 2.71 3.31
1.12 2.02 1.64 0.93 0.45 1.17 0.85 0.99
321 7.29 5.92 2.69 1.69 3.32 2.64 3.07
0.60 1.29 1.03 0.45 0.27 0.56 0.52 0.51
3.86 8.28 6.38 2.75 1.65 3.47 3.64 3.00
0.82 1.68 1.32 0.54 0.33 0.68 0.77 0.59
2.35 5.07 3.95 1.54 0.95 1.97 2.33 1.71
0.35 0.74 0.56 0.22 0.13 0.28 0.34 023
2.31 4.97 3.83 1.45 0.88 1.81 2.31 1.57
0.36 0.79 0.60 0.22 0.14 0.28 0.36 0.26
2.65 6.51 5.75 1.89 1.21 2.62 1.72 2.19
0.30 0.65 0.80 0.39 0.1 0.53 0.19 0.59
1.13 3.19 5.00 0.80 1.20 1.14 0.38 1.96
0.36 0.80 1.35 0.37 0.29 0.30 0.09 0.52
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Analytical Recovery (international rock standard JB1-a) for

H.S.R. Hughes et al. / Precambrian Research 250 (2014) 97-126

ICP-OES.
Certified value Measured value Analytical
recovery (AR %)
Si0; 52.16 52.90 101.42
TiO, 1.30 1.31 101.11
Al,03 14.51 14.21 97.93
Fe,03 9.10 9.25 101.60
MnO 0.15 0.15 99.08
MgO 7.75 7.53 97.15
Cao 9.23 8.72 94.46
Na O 2.74 2.83 103.46
K,O 1.42 1.54 108.67
P,0s5 0.25 0.26 105.72
LOI 0.78 0.78 100.00
Total 99.39 99.49 100.10
Sc 279 27.8 99.7
\% 206.0 199.3 96.7
Cr 415.0 422.1 101.7
Co 395 43.6 1103
Ni 134.0 147.0 109.7
Cu 55.0 52.3 95.0
Zn 82.0 86.2 105.2
Sr 443.0 456.5 103.1
Y 240 24.8 103.5
Zr 146.0 151.0 1034
Ba 497.0 504.7 101.5

Analytical Recovery (international rock standard JB1-a) for

ICP-MS.
Certified value Measured value Analytical
recovery (AR %)
Ti0, 1.30 1.28 98.2
sty 206.0 198.0 96.1
52Cr 415.0 4103 98.9
55MnO 0.15 0.15 96.6
57Fe, 04 9.1 9.0 98.5
%9Co 39.5 375 94.9
6ONj 134.0 143.2 106.9
65Cu 55.0 65.1 1183
66Zn 82.0 81.9 99.8
71Ga 18.0 18.6 103.5
85Rb 42.0 40.1 95.6
88Sr 443.0 438.3 98.9
89y 24.0 24.5 102.2
90Zr 146.0 144.1 98.7
93Nb 27 28.0 103.6
%Mo 1.29 1.29 100.0
1185 2.45 2.45 100.0
133¢Cs 1.2 13 1103
137Ba 497.0 511.2 102.8
1391 38.1 38.8 101.9
140Ce 66.1 66.7 101.0
141py 73 7.5 103.3
146Nd 25.5 26.5 104.0
147Sm 5.02 5.14 102.5
153Eu 1.47 1.48 100.5
157Gd 4.54 4.53 99.8
159Th 0.69 0.67 97.1
163py 4.19 3.84 91.7
165Ho 0.72 0.73 102.0
166Er 2.18 2.09 95.9
169Tm 0.31 0.31 100.2
172Yh 2.1 2.00 95.1
175Lu 0.32 032 99.6
178Hf 3.48 3.45 99.1
181Tq 1.6 1.6 100.4
232Th 8.8 8.9 101.3
28y 1.6 1.6 99.1
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Mantle and contaminant compositions (Table B1 and Fig. B1):
Modal mineralogy (Table B2):

Modelling equations:
Non-batch partial melting:

Go
“=byF-m (B1)
Assimilation with concomitant fractional crystallisation:
_ 7 r CA ,
G==0C (f +m‘a}(1 —f)> (B.2)
f’ — F-(r=14D)/(r-1) (B.3)
Binary mixing (between magma and crustal assimilant):
C C
Cui = i ——4 “_:x A (B.4)
Fractional (Rayleigh) crystallisation:
C; = CoFP-1) (B.5)

C; = Concentration in liquid

Cp =Initial concentration
F=Fraction of melting

D =Bulk distribution coefficient
P=Bulk distribution coefficient of the minerals making up the

melt

Cpiix = Trace element concentration in resultant mixture
Cinagma = Concentration in uncontaminated magma

C, =Concentration in assimilant (e.g. contaminant)

r=Ratio of assimilation rate to fractional crystallisation rate
x =Fraction of assimilant added to the magma

Partition coefficients (Table B3):

Further ratio plots for trace element modelling (Fig. B2):

Mobility of PGE (Fig. B3):

100

10

1 T

== AVERAGE granulite facies TTG

== AVERAGE amphibolite facies
TG

Th Nb Ta La Ce Nd Zr Hf Sm Eu Ti Gd Tb Dy Y Ho Er Yb

Fig. B1. Primitive mantle normalised multi-element plots for potential contam-
inants - Lewisian amphibolite and granulite, and Archaean SCLM partial melt.
Average TTG compositions from Rollinson (2012).
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Table B1

Trace element compositions of end members used in this study.
Element DMM* EM1P PM*© Lewisian Lewisian
(ppm) amphibolite? granulite TTGY
Th 0.01 0.03 0.08 6.14 0.33
Nb 0.15 0.38 0.66 4.06 2.57
Ta 0.01 0.03 0.04 0.29 0.07
La 0.19 0.60 0.65 27.1 22.6
Ce 0.55 1.75 1.68 48.7 40.5
Nd 0.58 1.47 1.25 19.1 15.8
Zr 5 13 10.5 121 118
Hf 0.16 0.36 0.28 3.04 248
Sm 0.24 0.52 0.41 2.83 248
Eu 0.10 0.20 0.15 0.70 0.98
Ti 716 1433 1205 1393 2930
Gd 0.36 0.72 0.54 1.84 1.83
Tb 0.07 0.13 0.10 0.22 0.26
Dy 0.51 0.92 0.67 1.12 1.34
Y 333 5.77 4.30 5.63 6.94
Ho 0.12 0.20 0.15 0.21 0.27
Er 0.35 0.60 0.44 0.58 0.72
Yb 0.37 0.62 0.44 0.51 0.68

Workman and Hart (2005).

a

b Willbold and Stracke (2006).
¢ McDonough and Sun (1995).
d

Rollinson (2012).

Table B2
Modal mineralogy spinel lherzolite, garnet lherzolite, transitional spinel-garnet lherzolite and partial melts.
Olivine Orthopyroxene Clinopyroxene Garnet Spinel
Spinel lherzolite 0.55 0.25 0.00 0.02
Garnet lherzolite 0.55 0.20 0.10 0.00

Partial melts model mineralogy from Johnson et al. (1990).

Table B3

Partition coefficients used in geochemical modelling. Partition coefficient data from the following sources: Olivine - (Kelemen et al., 1993; Beattie, 1994; Bedini & Bodinier,
1999); Orthopyroxene - (McKenzie & O’Nions, 1991; Kelemen et al., 1993; Salters & Longhi, 1999); Clinopyroxene - (Hauri et al., 1994; Johnson, 1998); Spinel - (Kelemen
et al,, 1993; Elkins et al., 2008); Plagioclase - (Aigner-Torres et al., 2007); Magnetite — (Haskin et al., 1966; Okamoto, 1979; Lemarchand et al., 1987; Nielsen et al., 1992).
Partition coefficients for Pr, Dy, Er, and Tm into magnetite are inferred. Ta coefficients have generally been inferred to be the same as Nb, unless published data is available.
Partition coefficients for Pr, Gd, Tb, Ho, Tm, and Lu in silicates and spinel have been inferred where absent in the literature.

Olivine Orthopyroxene Clinopyroxene Spinel Plagioclase Magnetite
Th 0.0000001 0.0004 0.014 0.013 0.3435 0.1
Nb 0.0001 0.002825 0.00605 0.01 0.09725 0.7
Ta 0.0001 0.002825 0.00605 0.01 0.0795 0.23
La 0.000007 0.0000535 0.05025 0.0006 0.0631 0.015
Ce 0.00001 0.0026 0.089 0.0006 0.0457 0.016
Nd 0.00007 0.010267 0.178 0.0006 0.0478 0.026
Sm 0.0007 0.018 0.3775 0.0006 0.06575 0.024
Zr 0.0005 0.01775 0.1975 0.07 0.0094 0.71
Hf 0.0038 0.027225 0.2115 0.003 0.082 0.16
Eu 0.00095 0.0215 0.458 0.0006 0.3254 0.025
Ti 0.015 0.082 0.3955 0.15 0.0473 16.5
Gd 0.002 0.028 0.487 0.0009 0.07175 0.018
Tb 0.003 0.035 0.516 0.0012 0.084 0.019
Dy 0.004 0.041 0.5455 0.0015 0.057167 0.018
Y 0.007365 0.0935 0.412 0.002 0.00989 0.0039
Ho 0.0065 0.05 0.603 0.0023 0.0592 0.017
Er 0.009 0.063917 0.66 0.003 0.07633 0.017
Yb 0.023 0.093917 0.5165 0.0045 0.0903 0.018
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Fig. B2. Additional ratio plots (N denotes primitive mantle normalised ratios) for models described in Fig. 8 (main text). X is the fraction of SCLM partial melt mixed into
model. No subsequent fractional crystallisation or AFC has been modelled in these plots, however assimilation of any Lewisian TTG partial melts would adjust La/Sm and
Zr[Hf ratio (not plotted - see main text for discussion). (a) and (b) display model for picrite dykes — 10% partial melting of DMM garnet lherzolite mixing with 30% SCLM
partial melt (LR80) in binary mixing model. (c) and (d) display model for dolerite dykes - 2-5% DMM spinel lherzolite partial melt mixing with 15% SCLM partial melt (LR80)
in binary mixing model.
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Fig. B3. PGE treated as immobile in Scourie Dykes - no correlation between PGE abundance (total) and any alteration index (as in plots (a) and (b). (a) Alteration Index
(AI)=(K,0+Mg0)/(Na,0 +K, 0+ Ca0 + Mg0)% used to assess PGE immobility during metamorphism and alteration. (b) Loss on ignition (LOI).

Appendix C.

Os isotope systematics and model ages:

18705/188(Qs initial (Os;)

1870s (18705 187Re ) (1)

= — X -
1880s initial sample 1880s measured 18808 measured

(1)
y0Os (initial)
i

s initial sample

yOs; = TR -1 x100 (2)
1880s initial O—chondrite

Tma Os model ages, using A (187Re decay constant) of 1.666¢~11
(Lindner et al., 1989).

1870s _ 1870s
1 In [ 1880ssample  T880s0-chondrite | 4

(3)

OsTma = + 187Re —187Re
1880s sample ~ 1880s O—chondrite

Re-depletion Os model age (Tgp ), which assumes all Re is meta-
somatic, so that model age is calculated so that Re/Os =0.

1 In (18705 _ 1870s 1)
A 1880ssample 18805 0—chondrite

Re-depletion model eruption age (Trp®™Pt), which assumes all
Re is metasomatic, but is calculated prior to time of magmatic
sampling (i.e., Re/Os=0) and Re/Os (measured) is corrected for
radiogenic Os produced post-eruption. This expresses Os-isotopic
composition at the time of eruption.

OsTrp = (4)

1 1870s 1870s
osTeret _ 1 ( _ )
SRD A n 1880s initial sample ~ 1880S initial 0—chondrite +
(5)
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