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Abstract

This thesis aims to provide understanding of the pre-Devonian geology of Shetland, an
archipelago northeast of Scotland, in three main ways. Firstly, assessment of the mode of
formation for the Archaean gneisses on the North Roe peninsula using geochemistry and Nd
isotopes to characterise their petrogenesis. Secondly, the timing of garnet growth within the
metamorphic rocks of Shetland is determined using Lu-Hf and Sm-Nd geochronology, to pro-
vide direct constraints on the timing of metamorphism. Thirdly, deformation fabrics within
the metamorphic rocks of Shetland are assessed using high-precision Rb-Sr mica geochronol-
ogy.
The felsic gneisses that crop out on the North Roe peninsula in northwest Mainland Shetland
have chemical characteristics of a typical TTG (tonalite- trondhjemite- granodiorite) suite,
and Nd isotopes that indicate extraction from a depleted mantle source during the Neoar-
chaean. Although this is similar to the age and source to the Lewisian Gneisses in northern
mainland Scotland, evidence of metamorphism and deformation during the Neoproterozoic,
Silurian, and Devonian preclude its direct correlation.
The dating of metamorphic garnet indicates that the pre-Devonian rocks of Shetland are
polyorogenic. Garnet growth related to the early Neoproterozoic Renlandian accretionary
orogen is conspicuous by its absence, given the widespread evidence of this event in previous
geochronological studies. However, there is evidence of garnet growth related to the mid Neo-
proterozoic Knoydartian orogeny on the island of Yell. A cryptic metamorphic event between
c. 630-585 Ma is found on the Walls peninsula and the island of Unst, and may relate to
similar ages for metamorphic lithologies in Svalbard. Caledonian orogenesis is widespread
throughout Shetland and appears to have occurred in an episodic manner. Episodes of Cale-
donian garnet growth are broadly synchronous with those in mainland Scotland, and major
tectonothermal events occurred between 480-465 Ma; 455-445 Ma; and c. 430 Ma relating
to the Grampian I and II orogens and the Scandian continental collision of Laurentia and
Baltica.
Dating of mica fabrics by high-precision Rb-Sr geochronology shows that deformation in
Shetland was polyphase. Ages of 723-702 Ma from the Wester Keolka Shear Zone indicate
a Knoydartian age for this structure, and preclude the correlation of this structure with the
Silurian Moine Thrust. Mica Rb-Sr ages are comparable with the garnet ages determined in
this study, and provides supporting evidence that Shetland has a similar metamorphic and
deformational history to the Caledonides in mainland Scotland.
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1.1 Introduction

Shetland is an archipelago nestled between the North Sea and the North Atlantic, 170 km
northeast of mainland Scotland and 300km west of Norway.
The basement rocks of Shetland are part of the Caledonide orogenic belt that formed as the
Laurentian, Baltican, and Avalonian palaeocontinents converged during the Lower Palaeozoic,
closing the Iapetus Ocean (Pickering et al. 1988, Soper et al. 1992, Dewey & Strachan 2003,
Bird et al. 2013). Remnants of the Caledonides span the North Atlantic region and metamor-
phic rocks that record related events crop out in Norway (Baltica), East Greenland, Ireland
and Scotland (Laurentia) (Fig. 1.1), constituting a complex series of fault-bounded terranes
of differing metamorphic, structural, and tectonic histories (Fig. 1.2).

Figure 1.1: Sketch map of the continental configuration in the Cretaceous, prior to North
Atlantic rifting. Modified from Gasser (2014).

As the most northerly outcrops of the British Caledonides, Shetland has geological units
that have been correlated with the Lewisian, Moine, and Dalradian rocks of mainland Scot-
land. Despite the central location of Shetland with regards to the palinspastic location of
Scottish, East Greenland, and Norwegian sectors of the Caledonide belt, relatively little mod-
ern geochronological work has been undertaken. Further, no comprehensive studies of the
timings of metamorphism in Shetland have been undertaken, with the majority of the mod-
ern geochronological work focussed on the far northeast of the archipelago. The overarching
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aim of this thesis is to provide a more comprehensive temporal framework through which to
understand the pre-Devonian tectonometamorphic history of Shetland. A secondary aim of
this thesis is to constrain the petrogenesis of the pre-Caledonian “Lewisianoid” lithologies of
the North Roe peninsula in order to compare these basement lithologies with those in main-
land Scotland and the wider North Atlantic region.
All uncertainties throughout this thesis are quoted to the 2� level.

1.2 Geological overview of the British and Irish Caledonides

Northern Britain consists of a series of terranes separated by major faults (Fig. 1.2), that
amalgamated during the Caledonian Orogeny in the lower Palaeozoic, as the Iapetus Ocean
closed (Figs. 1.3 & 1.4). From north to south: The Hebridean, Northern Highland, and
Grampian Highland Terranes represent the margin of autochtonous Laurentia, whilst the
Paratectonic regions of the Midland Valley and Southern Uplands Terranes (south of the
Highland Boundary Fault) are remnants of Iapetus Ocean material accreted onto the Lauren-
tian margin during the Caledonian orogeny (Fig. 1.2).

1.2.1 The Hebridean Terrane

The Hebridean Terrane forms the region in the northwest of Scotland to the west of the Moine
Thrust Zone, and is the Laurentian foreland to the Caledonian orogeny. Three main lithotec-
tonic units form the Hebridean Terrane: the Lewisian Complex, the Torridonian Supergroup,
and the Cambrian-Ordovician marine sediments.
The Lewisian Complex is predominantly an Archaean to Palaeoproterozoic Tonalite, Trond-
hjemite, and Granodiorite (TTG) suite, constituting parts of the lower and middle continen-
tal crust (Moorbath et al. 1969). The gneisses are upper amphibolite to granulite facies and
formed during magmatic pulses and arc accretion events between c. 3.2 - 1.9 Ga (Kinny et al.
2005). Crosscutting the felsic gneisses are the variably deformed mafic Scourie Dykes.
The Torridonian Supergroup are a Meso-Neoproterozoic continental sedimentary sequence
that were deposited unconformably on the Lewisian Gneisses on the Laurentian continent
before the opening of the Iapetus Ocean. Above these Proterozoic continental sediments, the
Cambrian-Ordovician sediments are a package of transgressive marine carbonates and clastics
deposited on the northern margin of the Iapetus Ocean. These rocks are internally cohesive,
but form repeated sequences and are strongly mylonitised in the immediate vicinity of the
Moine Thrust Zone (Park et al. 2002).

1.2.2 The Northern Highland Terrane

The Moine Thrust Zone separates the Hebridean Terrane from the Northern Highland Terrane
(NHT). The Moine Thrust formed in the late stages of the Caledonian Orogeny and represents
up to c. 100km of crustal shortening during the Silurian Scandian event (Coward 1990). In
mainland Scotland, the Moine Thrust stretches from the north coast at Loch Eriboll to the
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Figure 1.2: The geology of Scotland and Ireland, with an enlarged sketch map of Shetland.
Modified from Chew & Strachan (2014)
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Figure 1.3: Global palaeogeographic reconstruction for between the Neoproterozoic and the
Mid Silurian. MVT - Middle Valley Terrane (the Grampian arc). Modified from Stephenson

et al. (2013).
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Figure 1.4: Local palaeogeographic reconstruction for the Laurentian, Baltican, and Avalo-
nian palaeocontinents during the Caledonian Orogeny. Modified from Waldron et al. (2014).
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Sleat peninsula on the Isle of Skye (Fig. 1.5) and dips at c. 20o towards the southeast, with
kinematic indicators showing transport towards the northwest. The timing of movement of
the Moine Thrust is most precisely constrained by U-Pb zircon (TIMS) ages by Goodenough
et al. (2011) to between 430.7±0.5 Ma (the intrusion of syn-kinematic syenite) and 429.2±0.5
Ma (a post-kinematic syenite).
The Neoproterozoic Moine Supergroup makes up most of the stratigraphy in the Northern

Highland Terrane, and is a sequence of largely amphibolite-facies metasediments that were
deposited unconformably onto a Lewisianoid basement. The supergroup comprises from old-
est to youngest, the Morar, Glenfinnan, and Loch Eil Groups which are separated by large
ductile thrusts. Lithologically, the Moine Supergroup is dominated by psammites with minor
pelitic units and meta-igneous intrusions (Strachan et al. 2010). The timing of deposition
of the Moine protoliths is constrained entirely by isotopic means due to the unfossiliferous
nature and high metamorphic grade. A detrital zircon age of 908±8 Ma from the Glenfinnan
Group (Cutts et al. 2010) places a lower constraint on the timing of deposition in the Moine
supergroup, whilst the age of 842±20 Ma for a metamorphic overprint on detrital zircons from
the Morar Group provides an upper constraint (Kirkland et al. 2008).
Deformation and metamorphism in the Moine Supergroup occurred during the Neoprotero-
zoic Renlandian and Knoydartian (Valhalla) orogenies (see Cawood et al. (2010)) and also
during the Caledonian orogeny in the Ordovician - Silurian (Strachan et al. (2002) and refer-
ences therein). A geographic overview of these orogens can be seen in Fig. 1.3. Accretionary
processes on the margin of Rodinia are considered to be the cause of the Renlandian and
Knoydartian orogenies (See section 1.5). These caused crustal thickening and the intrusion
of igneous bodies in the regions that now encircle the North Atlantic (Cawood et al. 2010).
The Moine supergroup was strongly reworked and metamorphosed during Caledonian oro-
genesis, and nappes within the NHT were deformed to varying extents. Reconstructing the
Caledonian metamorphic history of the Moine is difficult due to its extreme polyorogenic
nature however, lower Ordovician mineral ages are common in the eastern parts of the NHT
as these areas appear to have escaped reworking during the Scandian orogenic events (Chew
& Strachan 2014). Similarly, in the northeast of the Supergroup, metamorphic (isotopic)
evidence of the Grampian II orogenic event was first described by Bird et al. (2013). These
two Grampian events formed by accretion of arcs or continental blocks against the margin
of Laurentia and are the primary cause of Caledonian metamorphic mineral growth in the
Northern Highland Terrane. The Silurian Scandian Orogeny also affected the lithologies in
the Northern Highland Terrane by transporting nappes of metamorphosed material north-
westwards towards the foreland. Similarly, widespread folding and fabric development at up
to amphibolite facies occurred at this time (Strachan & Holdsworth 1988, Holdsworth et al.
2007). Geochronological evidence for the Silurian Scandian Orogeny in the Northern High-
land Terrane come from zircon and monazite U-Pb dating of syn- to late-orogenic granites at
various structural levels in northern Sutherland (e.g. Kinny et al. (2003), Goodenough et al.
(2011)).
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Figure 1.5: Geology and tectonostratigraphy of the Northern Highland Terrane in Scotland.
Modified from Ashley et al. (2015)
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1.2.3 The Grampian Highland Terrane

The transcurrent Great Glen Fault separates the Northern Highland Terrane from the Grampian
Highland Terrane (Figs 1.2, 1.6). Underlying this crustal block is the Neoproterozoic - Cam-
brian Dalradian Supergroup, which is a complex sequence of metasedimentary rocks that were
deformed and metamorphosed during the Ordovician phases of the Caledonian orogeny.
Sedimentation of the Dalradian Supergroup initiated in the rift basins that developed as
Rodinia broke apart and the Iapetus Ocean formed. The oldest rocks in the Grampian High-
lands are the Palaeoproterozoic Rhinns Complex in the southwest of the Terrane (c.1780 Ma;
Marcantonio et al. (1988), Daly et al. (1991)). The Badenoch Group in the northeast of the
Grampian Highlands have been tentatively correlated to the Moine rocks in the Northern
Highland based on a shared Neoproterozoic orogenic history (e.g. Leslie et al. (2013)). Sed-
imentation in the Dalradian continued until at least the Early Cambrian (Stephenson et al.
2013).
Metamorphism and deformation of the Dalradian Supergroup occurred during the Grampian
orogenic event in the Middle Ordovician (Fig. 1.6.c). The tectonothermal event was caused
by the accretion of a volcanic arc against the margin of Laurentia, and occurred rapidly, with
the whole orogenic cycle from subduction initiation to post-orogenic uplift happening over
just c. 18 Ma (Dewey 2005). Garnet Sm-Nd geochronology from Glen Clova in the north
eastern part of the Dalradian has constrained the timing of peak metamorphism to c. 472
Ma by Baxter et al. (2002) whilst cooling and uplift is constrained by Dempster (1985) to
have occurred between 460-390 Ma. When these Rb-Sr ages are recalculated using the decay
constant recommended by Villa et al. (2015), they range between 467-396 Ma.
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Figure 1.6: (A) Geological sketch map of the Grampian Highland Terrane. Modified from Stephenson et al. (2013) (B) Stratigraphy of the
Dalradian Supergroup in Scotland, modified from Strachan et al. (2013). (C) Model for the Grampian orogeny in Scotland, modified from

Stephenson et al. (2013).
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1.2.4 Intermediate accreted terranes

The Highland Boundary Fault separates the Midland Valley Terrane from the Grampian
Highland Terrane (Fig 1.2). The Midland Valley comprises the remnants of the oceanic arc
responsible for the c. 470 Ma Grampian Orogeny, although it is mostly obscured by Devonian
and Carboniferous cover (Bluck 1983, 1984, Bluck et al. 1992). Along the Highland Boundary
Fault (and the Fair Head-Clew Bay Line in Ireland) the remnants of several supra-subduction
zone ophiolites crop out.
To the south, across the Southern Uplands Fault, the Southern Uplands form an accretionary
prism of Ordovician and Silurian sediments that can be subdivided into the Southern, Central,
and Northern belts. The Central and Northern Belts can be traced laterally into Ireland (Fig-
ure 1.2) as the Longford Down Terrane. These sediments dip steeply towards the northwest
and although sediments within each of the belts young towards the northwest, the regional
younging direction is towards the southwest. Several tectonic models have been proposed to
account for this observation, with the forerunners being formation as a fore-arc accretionary
prism or in a back-arc basin environment (McKerrow et al. 1977, Stone et al. 1987). Con-
sensus is currently that the former is most likely to be correct (see Stone (2014) for a more
detailed discussion), and that detritus was shed from the overriding plate (Laurentia) to form
turbiditic sediments onto the lower plate (Iapetan oceanic crust), which were subsequently
accreted onto the upper plate during subduction.
An overview of geological units and events affecting the British and Irish Caledonides can be
found below in Figure 1.7.
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Figure 1.7: Overview of stratigraphic units and important geological events within the Laurentian Caledonides of Scotland and Ireland.
Modified from Chew & Strachan (2014).
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1.3 Shetland

1.3.1 Geological overview

As the most northerly outcrops of the Scottish Caledonides, Shetland has lithological units
that are broadly correlated with the Lewisian, Moine, and Dalradian rocks of mainland Scot-
land. The Walls Boundary Fault is the proposed along-strike expression of the Great Glen
Fault in Scotland (Flinn 1961, 1977, 1992, Watts et al. 2007), but unlike in mainland Scotland,
lithologies that resemble the Lewisian, Moine and Dalradian can be found on both sides of
this fault, and so the terrane model of mainland Scotland is typically not applied to Shetland
(Fig. 1.8).

1.3.2 Tectonostratigraphy

Basement

These lithologies will be explored in more detail in Chapter 3, but briefly, the oldest rocks in
Shetland crop out on the North Roe peninsula in northwest Mainland Shetland. In the far
west of the peninsula, the Archaean Uyea Group gneisses crop out (Pringle 1970). These are
deformed felsic orthogneisses that are crosscut by two metagabbroic bodies: the Blue Head
and Fugla Ness metagabbros. The Uyea Group gneisses are separated from the Wilgi Geos
orthogneisses by the Uyea Shear Zone, an easterly dipping shear zone that dips eastwards at
35-50o (Pringle 1970). The Wilgi Geos group are multiply deformed leucogranitic gneisses that
are cross cut by mafic amphibolites, some of which are garnetiferous. The age of the North Roe
orthogneisses is constrained by K-Ar dating of hornblende that yield ages ranging from 2873
- 2661 Ma (Flinn et al. 1979), and these were interpreted as dating protolith crystallisation,
and led to subsequent correlation of these lithologies with the Lewisian Gneisses of northwest
mainland Scotland. Zircon U-Pb ages of c. 2740 Ma further support this interpretation (Davis
2012), although no geochemical studies on these basement gneisses have been undertaken.
Further to the east, the Wilgi Geos group felsic orthogneisses are separated from the overlying
Sand Voe Group metasediments by the Wester Keolka Shear Zone. On lithological grounds,
the Sand Voe Group has been correlated with the Moine Supergroup in the Northern Highland
Terrane of mainland Scotland (Flinn 1988), and hence the juxtaposition of Moinian and
Lewisianoid lithologies led to the correlation of the Wester Keolka Shear Zone with the Silurian
Moine Thrust (Andrews 1985, Ritchie et al. 1987, Flinn 1992, Ritchie & Hitchen 1993, McBride
& England 1994). The age of the Wester Keolka Shear Zone has been constrained by a single
40Ar/39Ar age of 466±6 Ma, from the mylonitic Wilgi Geos orthogneisses (Flinn 2009).

Sand Voe, Yell Sound, and Westing Groups

Immediately above the Wester Keolka Shear Zone, the metasediments of the Sand Voe Group
crop out. These metasediments are variably deformed, from retaining relict sedimentary cross-
bedding in places to mylonitic in others. The Sand Voe Group metasediments also crop out
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Figure 1.8: Geological Sketch map of Shetland (based on the Shetland Amenities Trust
“Interpretive map of Shetland geology” by Derek Flinn).
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Figure 1.9: Stratigraphy of the Sand Voe Group. Modified from Pringle (1970).

along regional strike on the Fethaland Peninsula, where they are interleaved with the Eastern
Gneisses. These Eastern Gneisses are interpreted to be Lewisianoid inliers, and may form the
cores of isoclinal folds. Pelites and psammites make up the majority of the Sand Voe Group,
with minor mafic amphibolites and metagabbros (Fig. 1.9). The pelites and amphibolites are
garnetiferous, but other metamorphic indicator minerals are largely absent.

Further east across the Virdibreck Shear Zone, the limestones and pelites of the Quey-
firth Group overlie the Sand Voe Group, with a tectonic contact. The Queyfirth Group
metasediments follow the same regional NE-SW strike as the Sand Voe Group and inter-
leaved basement, indicating that the pervasive moderate to steep foliation formed after their
juxtaposition.
Across the Walls Boundary Fault in eastern Mainland and on the island of Yell, the Yell
Sound Group forms most the underlying bedrock geology. These are interbanded psammites
and pelites that are intruded by mafic amphibolites. Similarly, inliers of both felsic and mafic
basement orthogneisses crop out in southern and eastern Yell. The Cullivoe inlier is one of
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these inliers and is Neoarchaean, conforming to the typical TTG chemistry that is pervasive
in igneous rocks of this age (Jahn et al. 2017).
The metamorphic grade of the Yell Sound Group is high, with pervasive migmatisation, par-
ticularly on the Lunna Ness peninsula in north east Mainland Shetland and on the eastern
part of Yell near the Hascosay Slide. Peak P-T conditions for the Yell Sound Group have
been constrained quantitatively by Cutts et al. (2011). The highest metamorphic conditions
in this region were seen on the Lunna Ness peninsula where 10kbar and 775oC occurred during
the Grampian arc accretion stage of the Caledonian orogeny between 474±6 Ma and 462±3
Ma, constrained by U-Pb (LA-ICPMS) monazite geochronology. On Yell, peak pressures and
temperatures were lower than on Mainland. Here, peak pressures range from 8.5-9 kbar with
peak temperatures at 650oC (Cutts et al. 2011). These lower PT conditions in Yell occurred
significantly later than the migmatisation event in Lunna Ness, during the Middle Ordovician
Grampian II event (Cutts et al. 2011, Bird et al. 2013).
The Yell Sound Group is bounded to the east by the Hascosay Slide: a region of intense
deformation, up to 1km in width, that crops out on the east coast of Yell and on the Island
of Hascosay (Flinn 1994). The overall structural expression of the Slide is that of pure shear,
with no immediate evidence for major displacement. High-grade metamorphism is neverthe-
less ubiquitous, with growth of very small high-temperature minerals (grt-cpx), indicative of
high-temperature recrystallisation during mylonitisation (Flinn 1994). Geochronological data
for the Hascosay Slide suggests composite metamorphic history. Garnet Lu-Hf and Sm-Nd
ages of c. 860 Ma suggest that the area was initially metamorphosed during the Neoprotero-
zoic Knoydartian orogeny Bird (2011), whilst Ar-Ar dating of hornblende and biotite provide
ages of 496±6 Ma and 436±7 Ma respectively (Flinn 1994), suggesting reworking during the
Caledonian orogeny. Jahn et al. (2017) suggest that the Hascosay slide is likely to be a cryptic
(i.e. entirely obscured) early thrust that has been reworked into it’s current upright condition,
presumably by the late pure shear deformation event outlined in Flinn (1994).

Walls Metamorphic Series

The Walls Metamorphic Series is an east-west striking strip of felsic gneisses, amphibolites,
calc-silicates and limestones that crop out on the Walls peninsula in western Mainland Shet-
land. Mykura (1976) proposed that these lithologies had a similar metamorphic history to
the Sand Voe Group to the north due to similarities in deformation patterns. Metamorphic
patterns in the Walls Metamorphic Series suggest that these rocks have been subjected to
two deformation events (orogenic cycles?). The first is a prograde increase in both pressure
and temperature from greenschist to amphibolite facies, leading to widespread garnet growth.
The deformational expression of this metamorphic event is the formation of tight minor folds
with axial planes that are parallel to the regional (SE-dipping) foliation (Mykura 1976). The
second phase of deformation occurred during retrograde metamorphism, leading to shearing in
the Vementry Group and the widespread breakdown of garnet and biotite to chlorite (Mykura
1976).
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The only geochronological constraints on the Walls Metamorphic Series is from Flinn et al.
(1979), where K-Ar dating of metamorphic hornblende yielded a range of ages from c. 863-363
Ma. The older ages determined on the Walls Metamorphic Series were then used to assign
them to the Grenvillian metamorphic basement, rather than as a correlative of the Sand Voe
Group. Mykura (1976) subdivided the Walls Metamorphic Series into (from north to south):
The Vementry Group, Neeans Group, West Burra Group, Snarra Ness Group.

Table 1.1: Groups within the Walls Metamorphic Series, from north to south (Mykura
1976)

Group Geological characteristics

Vementry Group Hornblende schists and amphibolites with bands of semi-pelite

Neeans Group Mica-schists that have been intruded by mafic garnet amphibolites.
Some thin bands of marbles and greenschist clinozoisite rock

West Burra Firth Group Tremolite- and phlogopite-schists with calc-silicates and marbles

Snarra Ness Group Mica-schists with intrusions of garnet amphibolites

East Mainland Succession

The Scatsta, Whiteness, and Clift Hills Groups make up the East Mainland Succession that
crops out in central Mainland Shetland. These have been broadly correlated with the Argyll
and Southern Highland Groups of the Dalradian Supergroup in the Grampian Highlands of
mainland Scotland (Fig. 1.10). The East Mainland Succession is c. 14km thick and youngs
towards the east (Flinn 2007).
The Scatsta and Whiteness Group mostly comprise siliciclastics, with significant proportions

of metacarbonate in the latter (Strachan et al. 2013). Despite a lack of sedimentary structures
in the Whiteness Group limestones, it is possible to discount the possibility of repetition by
folding as carbon isotopes systematics within the individual units are distinct (Prave et al.
2009). The Clift Hills Group is significantly more varied that the Scatsta and Whiteness
Groups, and comprises a proportion of ultramafic material (the Dunrossness spillites) which
may be the remnant of an Iapetan ophiolite (Day et al. 2016).
Although there are lithological similarities between the East Mainland Succession and the
Dalradian Supergroups, evidence from detrital zircon populations indicate that the EMS was
deposited in a younger basin, inboard of the main Dalradian rift basin (Fig. 1.11; Strachan
et al. (2013)).
Deformation and metamorphism is pervasive within the East Mainland Succession, however
there have been no quantitative pressure-temperature constraints determined on this region
of Shetland. Broadly, metamorphic grade increases towards the east in the East Mainland
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Figure 1.10: Stratigraphy of the East Mainland Succession including potential correlations
with the Dalradian supergroup of mainland Scotland and Ireland. Modified from Strachan

et al. (2013).
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Figure 1.11: Location of the proposed rift basins in which the Dalradian Supergroup
of mainland Scotland and Ireland were deposited. The East Mainland Succession is seen
accumulating in a younger, inboard basin in the rifting Laurentian continent (Strachan et al.

2013).

Succession; with kyanite-, staurolite-, and garnet-bearing assemblages common in the east,
decreasing to chlorite-grade in the west (Flinn et al. 2013). Regional metamorphism was
followed by development of gneisses supposedly caused by the intrusion of felsic dykes (Flinn
2007). Where pelites are dominant, mostly in the Colla Firth Group, the peak metamorphic
mineral assemblage is staurolite-kyanite which was interpreted as “hot spots” in the gneisses
by Flinn (1954), but as a relict early metamorphic event by May (1970).
The timing of metamorphism in the East Mainland Succession is poorly constrained, as the
only age from the region relates to the intrusion of the granitic sheets in south central Main-
land. These define a whole-rock Rb-Sr errorchron of 530±25 Ma, whilst the age of formation
of the gneisses in central Mainland is considered to be “probably older” than this (Flinn &
Pringle 1976, Flinn 2007). Given the poor precision of this age, and the fact that it is con-
siderably different to the timing of metamorphism in the Dalradian in mainland Scotland, it
is difficult to assess the timing of regional metamorphism in the East Mainland Succession
within the current geochronological framework of the Caledonian Orogeny.
The islands of Unst and Fetlar have correlatives of the East Mainland Succession. These are
the Valla Field and Saxa Vord Groups on Unst, and the Lamb Hoga Group on Fetlar (Read
1934). The timing of deposition of these groups have not been constrained by isotopic meth-
ods, but the Valla Field and Lamb Hoga Groups have been linked on lithological grounds to
the Scatsta Group (the oldest of the East Mainland Succession), and the Saxa Vord Group to
the Clift Hills Group (the youngest of the East Mainland Succession) (Flinn 2007). The peak
metamorphic assemblage of the Valla Field Group and from the Saxa Vord Group on Unst
were determined as 7.5kbar, 630oC and 7.5kbar, 550oC respectively by Cutts et al. (2011). A
U-Pb monazite age of 462±10 Ma was also determined on the former and is interpreted as
the timing of the peak metamorphic conditions. However, given the large uncertainty on the
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Figure 1.12: Cross section through the Shetland Ophiolite Complex on Unst, modified
from Crowley & Strachan (2015). Key to stratigraphy is the same as in Figure 1.8.

age, it is very difficult to be specific as to which of the Grampian accretion events this relates
to.

Shetland Ophiolite Complex

The Shetland Ophiolite Complex is the most northerly and the best exposed of a string of
Caledonian ophiolites that crop out along the Highland Boundary Fault in Scotland and the
Fair Head-Clew Bay Line in Ireland (Fig. 1.2).
In Unst and Fetlar, the East Mainland Succession is overlain by the Shetland Ophiolite Com-
plex which is disposed in two nappe sheets: the Lower and Upper. The age of the protolith of
the Shetland Ophiolite is most precisely constrained by dating of a plagiogranite sill within
the metagabbro unit which yields a U-Pb zircon age of 492±3 Ma (Spray & Dunning 1991).
When reconstructed to its original thickness, the Shetland ophiolite was approximately 10km
in thickness (Flinn 1985, 2000).
The internal architecture of the Shetland ophiolite comprises, from lowest to highest strati-

graphic level, serpentinized metaharzburgite and metadunite, metaclinopyroxenite, and metagab-
bro all of which have been affected by greenschist metamorphism. The metagabbro is crosscut
in the east by mafic dykes, which have been interpreted as the base of a sheeted dyke complex
(Prichard 1985). The Upper ophiolite nappe is comprised only of serpentinized metaharzbur-
gite (Flinn 2000). The contacts between each of these units are steep, which led to the
interpretation that the Shetland Ophiolite Complex may have formed as an oceanic core com-
plex rather than in a supra-subduction zone setting (Crowley & Strachan 2015).
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The Lower ophiolite nappe was obducted onto the Laurentian palaeocontinent during an
early phase of the Caledonian Orogeny. Although it is difficult to date the timing of ob-
duction directly, it is bracketed by the age of high-temperature metamorphic mineral growth
in the metamorphic sole of the ophiolite at 484±4 Ma (Crowley & Strachan 2015), and
the timing of the peak Barrovian metamorphism in the immediate footwall at 462±10 Ma
(Cutts et al. 2011). Between the emplacement of the Lower and Upper ophiolite nappes, the
Muness phyllites and Funzie conglomerate were deposited (Flinn 1958, Flinn & Oglethorpe
2005). The Muness phyllites are unfossiliferous and lacking in bioturbation but are regarded
at Ordovician-Silurian based on an unpublished survey by J. Phemister (1930) discussed in
Flinn & Oglethorpe (2005). Although this age is not constrained by any isotopic or palaeon-
tological means, it is sensible given other stratigraphic considerations, such as the age of the
timing of metamorphism in the footwall (c. 462 Ma, Cutts et al. (2011)) and a c.445 Ma
age for the youngest detrital zircon age from the matrix of the Funzie Conglomerate (Beijat,
Storey, & Strachan unpublished data).
The Upper ophiolite nappe was then thrust onto the Laurentian continent considerably later
than the Lower ophiolite nappe, during a later phase of tectonic convergence in the Caledo-
nian orogeny, most likely during the Silurian Scandian Orogeny (Flinn 2007).
The evidence for the thickness of the Shetland Ophiolite complex having been only 10km,
and the crustal thickness needed to provide the necessary overburden to provide c. 6.5kbar
of pressure (some 22km), led Cutts et al. (2011) to infer that the current contact between the
ophiolite and the metamorphic footwall is not the original obduction thrust. Instead, they
propose that the current contact is a later tectonic break, and that at least 10km of crust has
been excised or removed during intervening tectonicism.

1.3.3 Post Caledonian igneous rocks

During the late-syn and post-deformational phases of the Caledonian Orogeny a suite of
plutonic granitoids, dykes, and lavas were emplaced throughout northern Britain. This suite
comprises predominately calc-alkaline granodiorites, with minor components of alkaline and
syenitic intrustions in the far northwest of the Scottish Mainland. Examples of these late felsic
intrusions crop out in Shetland, and are the most northerly of the Scottish examples of these
intrusions. However, there is evidence of these lithologies along strike in the East Greenland
Caledonides and in the Laurentian-derived allochthons in the Scandinavian Caledonides.
The late Caledonian plutons in Shetland are found on both sides of the Walls Boundary Fault,
and were emplaced over a protracted period between c. 465 - 390 Ma, constrained by U-Pb
zircon geochronology (Lancaster et al. 2017). The oldest of these plutons is the Brae complex
from east of the Walls Boundary Fault, and is an undeformed enstatite gabbro dated using
zircon U-Pb to have been formed at 464.6 ± 4.6 Ma. This body can therefore be used to show
that the steep foliation in the East Mainland Succession formed prior to this. To the west
of the Walls Boundary Fault, the Ronas Hill Granite is undeformed and has been similarly



Chapter 1. Introduction and a geological framework for Shetland 22

dated using zircon U-Pb to have formed at 427.5 ± 5.1 Ma. All deformation in this region
must have therefore occurred before this.

1.4 The wider Caledonian orogenic belt

1.4.1 East Greenland and Svalbard

Forming a major part of autochthonous Laurentia in the orogenic foreland, areas affected by
the Caledonian Orogeny are restricted to a c.1300km long strip in the northeast of Greenland
(Fig. 1.13). The Caledonides in East Greenland are formed of a series of foreland propagat-
ing allochthonous nappes that trend NE-SW, and further subdivided into the Northern (82o

- 80oN), Central (80o - 76oN), and Southern (76o - 70oN) segments (Gasser 2014) (Fig. 1.13).
Regions in East Greenland that have probable correlations with units in the Caledonides of
Scotland and Shetland are mostly restricted to the Southern Region: the Liverpool Land
terrane, and the Nigli Spids, Hagar Bjerg, and Franz Joseph Allochthons (Higgins & Leslie
2008). Parts of the Moine Supergroup in mainland Scotland, and the Westing Group in Unst,
Shetland, may have a provenance and detrital-zircon age distribution similar to that of the
Krummedal Succession that crops out on the Hagar Bjerg and Nigli Spids allochthons in
Greenland (Friend et al. 2003, Cutts et al. 2009, Gasser 2014). Deposition of the Krummedal
Succession occurred after 1050 Ma, with the major source of detrital zircons apparently being
from the Grenville orogenic belt and hence that the presumably more proximal Archaean
cratons were low-lying (Friend et al. 2003, Leslie et al. 2008) . Similarly, the Krummedal
Succession, Moine Supergroup, and Westing Group appear to share a Neoproterozoic meta-
morphic history, as all have been affected by the Renlandian Orogeny at c. 930 Ma (Cawood
et al. 2010).
East Greenland has a significantly different Caledonian metamorphic history to Scotland, Ire-
land (both as part of the Laurentian palaeocontinent), and Scandinavia (as part of Baltica).
Evidence of calc-alkaline magmatism is the only evidence of tectonic events in East Green-
land during the Ordovician, and is spatially restricted to Liverpool Land in southern East
Greenland (Kalsbeek et al. 2008). In the Caledonides of Svalbard however, which also formed
part of Laurentia, there is evidence of high-pressure metamorphism between c.490 and 460
Ma, indicating that Iapetan crust had been subducted to significant depth very early on in
the Caledonian orogenic cycle (Dallmeyer et al. 1990). In East Greenland however, the final
continental collision between Laurentia and Baltica in the Late-Silurian to Devonian is most
pervasive. Magmatism and anatexis is most common in the Silurian in East Greenland (par-
ticularly within the Krummedal Succession (e.g. Strachan et al. (1995)). Following this at
c. 400 Ma, high-pressure granulite and eclogite metamorphism is recorded in the southern
and central regions of the East Greenland Caledonides (Gilotti et al. 2008). The high- and
ultra-high pressure lithologies that crop out in the North-East Greenland eclogite province
and Niggli Spids allochthon must have formed the deepest parts of the orogen, and were most
likely formed by extreme crustal thickening during the collision of the Laurentian Margin with
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Figure 1.13: Geology of the East Greenland Caledonides. Modified from Gasser (2014).
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Baltica at the end of the Caledonian Orogeny . Metamorphic patterns within the East Green-
land Caledonides are not continuous throughout the length of the orogen. In a broad sense
however, the metamorphic grade increases towards the hinterland (in the east), with high-
and ultra-high pressure assemblages having been thrust over the unmetamorphosed sediments
in the foreland from progressively deeper structural levels (Gilotti et al. 2008).
The Caledonised metamorphic basement of Svalbard (Fig. 1.14) forms part of the Laurentian
Palaeocontinent and is most commonly reconstructed on the palinspastic Laurentian margin
during both Proterozoic, and early Palaeozoic orogenic cycles (e.g. Cawood et al. (2010)).
During the Neoproterozoic (Tonian), the Northwestern region of Svalbard was intruded by
granites at the time of Renlandian orogenesis in East Greenland, Shetland, and Scotland
(Pettersson et al. 2009, Cutts et al. 2009, Cawood et al. 2010).
Although rift and passive margin sedimentation was pervasive in the late Neoproterozoic in
East Greenland (Gasser 2014), evidence of amphibolite-facies metamorphism and pegmatite
intrusion is found in southwest Svalbard at c. 670-640 Ma (Manecki et al. 1998, Majka et al.
2008). This may suggest that Svalbard is made up of disparate terranes, some of which are of
Baltican affinity and have been affected by the late Proterozoic Timanide accretionary Orogen
found in northern Baltican terranes (Kuznetsov et al. 2007).
Evidence of Metamorphism and deformation related to Caledonian orogenesis is also found
in Svalbard. Within blueschist and eclogite facies lithologies in western central Spitsbergen
(the main island of the Svalbard archipelago), white mica Ar-Ar and Rb-Sr ages of between
c.475 and c.450 Ma suggest an Ordovician metamorphic history similar to that of mainland
Scotland (Dallmeyer et al. 1990), although notably within a very different tectonic setting.
Similarly, in northwest Svalbard, the timing of upper amphibolite facies metamorphism has
been constrained by U-Pb dating of titanite to c. 450 Ma (Gromet & Gee 1998), which is
comparable to the timing of Grampian II amphibolite facies metamorphism in the Northern
Highland Terrane in Scotland (Bird et al. 2013), and the Middle Allochthon in Norway (Smit
et al. 2010). During later collisional episodes of the Caledonian orogeny some, but not com-
plete, similarities can be seen between the East Greenland Caledonides and those in Svalbard.
Whilst there is evidence of widespread crustal anatexis and s-type magmatism in Svalbard
during the Silurian, as there is in Greenland (Pettersson et al. 2009), there is no apparent
evidence of the Devonian high-pressure metamorphism that is common in Greenland (Gasser
2014).

1.4.2 Scandinavia

The basement of Norway and Sweden formed part of the Baltica palaeocontinent, however
structurally overlying the autochthonous Baltican plate lie a series of foreland propagat-
ing allochthonous thrust nappes that transported sequences affected by Caledonian orogenic
events eastwards. These are subdivided into the Lower, Middle, Upper, and Uppermost Al-
lochthons and represent: shallow crustal Baltica, deep crustal Baltica, Iapetus Oceanic crust,
and marginal Laurentia, respectively (Fig. 1.15, Gee et al. (1985)).
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Figure 1.14: Geological map of the Caledonides in Svalbard modified from Gasser (2014).
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The geology of the Scandinavian Caledonides is complex, and partly shares a long tectonic
history with other regions within the North Atlantic Region. Evidence of a shared Proterozoic
orogenic history has been uncovered in the Seve, Kalak nappe complexes in the northernmost
Scandinavian Caledonides (Kirkland et al. 2006, 2011). These nappes form the lower part of
the Upper Allochthon (Roberts 2003), and comprise predominately metamorphosed siliciclas-
tic sediments with intruded mafic amphibolites. Based on their detrital zircon signatures these
nappe complexes are likely to be at least partial time-equivalents to other metasedimentary
units that were deposited in syn-collisional basins that formed as the Rodinia supercontinent
assembled - such as lower parts of the Moine Supergroup (Morar Group) in mainland Scot-
land, the Westing Group in Shetland, the Krummedal Succession in East Greenland (Cawood
et al. 2007, Kirkland et al. 2011). Pre-Caledonian metamorphism within the Seve and Kalak
Nappe complexes includes orogenic events that can be correlated with the Valhalla Orogeny
(Cawood et al. 2010, Kirkland et al. 2011), and are thought to have been subject to these
accretion events as part of a Laurentian margin with the intrusion of granites c. 978 Ma and
c. 840 Ma, and syn-collisional migmatisation occurring at c.709 Ma (Kirkland et al. 2006),
which can be broadly correlated with the Renlandian and Knoydartian orogenies respectively
(Cawood et al. 2010).
The Laurentian-derived allochthons have a metamorphic history similar to that of the Scot-
tish Caledonides, and record metamorphic mineral growth during the Ordovician Grampian
arc-accretion events (Smit et al. 2010). In the Baltican-derived allochthons however, Caledo-
nian metamorphic events are the Finnmarkian (at c. 505 Ma) subduction event in the Upper
Allochthon (Mørk et al. 1988), and the Scandian continental collision of Laurentia and Baltica
(at c.425-400 Ma) (Roberts 2003).

1.5 Orogenic events

Tectonometamorphic events in both mainland Scotland and Shetland occurred during two
distinct orogenic cycles: in the Neoproterozoic and between the Cambrian and Silurian (Fig.
1.3).

Neoproterozoic

Neoproterozoic metamorphic events in Shetland are recorded on the island of Unst, Yell, and
on the Lunna Ness peninsula in northeast Mainland (Cutts et al. 2009, Jahn et al. 2017).
The tectonic regime thought to produce prograde metamorphism in the early Neoproterozoic
(Tonian) relates to the accretion of continental blocks onto the Laurentian margin: the Val-
halla Orogen (Cawood et al. 2010). The Valhalla orogen is considered to have occurred over a
period of approximately 200 Myr and is, in fact, two temporally discrete episodes of accretion
and crustal thickening.
The Renlandian is the first of these two orogenic episodes, and is thought to have been ini-
tiated by the clockwise 95o rotation of Baltica with respect to Laurentia (Fig. 1.16) and,
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Figure 1.15: The nappes of the Scandinavian Caledonides. Modified from Roberts (2003).
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Figure 1.16: Model for the Neoproterozoic Valhalla Orogeny.
Sn - Sveconorwegian orogen; RB - Rockall Bank; GT - Grampian Highland Terrane; M -
Moine; Hf - Hebridean Foreland; K - Krummedal Succession; Star indicates the location of

Shetland. Modified from Cawood et al. (2010).

in turn, opened the triangular basin of the Asgard Sea (Cawood et al. 2010). Syn-orogenic
Grenville detritus was then shed into the Asgard Sea from the south. The low abundance of
Archaean detritus in this region indicates that the proximal Archaean cratons were flat-lying,
reflecting an extensional, subsiding setting (Cawood et al. 2010)
Following formation of the Asgard Sea, the accretion of continental blocks (arcs?) led to

widespread amphibolite-facies metamorphism and the intrusion of granitic bodies on the
Laurentian margin between 980 Ma and 920 Ma (Strachan et al. 1995, Kalsbeek et al. 2008,
Kirkland et al. 2007, Cutts et al. 2009, Cawood et al. 2010).
Detailed metamorphic constraints relating to this this orogenic event have been determined
in the Westing Group in western Unst, Shetland. Here, an early migmatitic event occurred
between 938±8 Ma and 925±10 Ma, reaching 700oC and 7 kbar (Cutts et al. 2009). Similarly,
on Yell, the timing of high-temperature (granulite-facies?) metamorphism is constrained at
944±52 Ma, 941±16 Ma, and 931±29 Ma using SIMS U-Pb of zircon (Jahn et al. 2017). These
Tonian ages represent both the timing of new zircon growth during high grade metamorphism,
and the age of isotopic disturbance in older, protolith zircons (Jahn et al. 2017).
The second Neoproterozoic tectonothermal episode is the Knoydartian Orogeny, and docu-
ments a further period of accretion between Baltica and Laurentia. This episode of high
crustal heat-flow is named after the Knoydart peninsula in the Northern Highland Terrane,
where foliated micaceous pegmatites first yielded Rb-Sr ages of c. 730 Ma (Giletti et al.
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1961). Evidence of this event is found within the Moine and Sgurr Beag Nappes of the North-
ern Highland Terrane, in the Moine-equivalent lithologies in the Grampian Highland Terrane
(the Dava and Glen Banchor Successions), and in the Laurentian-derived Sørøy Succession in
Northern Norway (Cawood et al. 2010).
Three discrete thermal pulses relate to the Knoydartian orogeny: c. 840 Ma, c.800 Ma, and
c.740 Ma (Cawood et al. 2010). Despite the widespread nature of the Knoydartian orogeny
in the Morar and Glenfinnan Groups of the Moine Supergroup, fundamental controversy as
to whether the event was caused by orogenic crustal thickening (Bluck et al. 1997), or exten-
sional upwelling of the hot lower crust (Soper & Harris 1997) continued for several decades
after the first Knoydartian ages were determined (Giletti et al. 1961). However, direct evi-
dence for prograde, compressional metamorphism at c.830 Ma is given by both Sm-Nd dating
of metamorphic garnet (Vance et al. 1998), U-Pb monazite ages, as well as detailed thermo-
barometric constraints (Cutts et al. 2010). The Polnish Pelite south of Malaig in the Northern
Highlands has been subject to very close scrutiny, as evidence for at least three episodes of
garnet growth are observable. The garnet core has an Sm-Nd isochron age of 822.7±4.6 Ma,
and is associated with metamorphic conditions of garnet growth at about 5kbar and 540oC
(Vance et al. 1998). Zone two of the same garnet population yields higher PT conditions
of between 685oC-707oC and 12.5-14.5 kbar (and hence crustal thicknesses on the order of
35-40km) at 788.3±4.4 Ma, constrained again by a garnet-WR Sm-Nd isochron (Vance et al.
1998). The relationship between the garnet microtextures in Polnish Pelite, and the early,
regional D1 nappe-scale folding of the Moine Supergroup led Vance et al. (1998) to conclude
that this Neoproterozoic teconothermal episode was orogenic rather than a function of high
heat flow during ductile extension (e.g. Soper & Harris (1997). However, reanalysis of PT
conditions of the Polnish Pelite provided considerably lower pressure estimates of 7.5 kbar,
and therefore a more modest overburden of c. 21 km for the c.788 Ma crustal thickening event
(Cutts et al. 2010).
Compared to the c. 930 Ma Renlandian event, little evidence of Knoydartian orogenesis has
been uncovered in the metamorphic rocks of Shetland. In the Walls Metamorphic Series of
western Mainland Shetland, Neoproterozoic K-Ar ages from hornblendes spanning 863±13
Ma and 603±10 Ma were determined by Flinn et al. (1979). They interpreted these ages as
relics of an early (>860 Ma) metamorphic event during which the gneisses formed. A rather
large spread in the K-Ar ages from the Walls Metamorphic Series (863±13 Ma and 366±6
Ma) most likely indicates that the Walls Metamorphic Series was affected by the Knoydartian
Orogeny and reworked during Caledonian orogenesis. Alternatively, it may be that some of
these K-Ar age determinations have been affected by the presence of either excess/inherited,
or loss of Ar and so are not robust. Similar age constraints have been determined on garnets
from the Hascosay Slide, a “tectonic melange” (Flinn 1988) that separates the Yell Sound
Group on Yell from the ’Dalradian’ rocks on Unst and Fetlar (Bird 2011). Both Lu-Hf and
Sm-Nd ages were determined on the same garnet fraction from an amphibolite within the
Hascosay Slide, and yields ages of 856.7±2.6 Ma and 863.1±3.6 Ma, respectively. That the
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sample yields essentially identical ages for both Lu-Hf and Sm-Nd chronometers and that the
garnets are highly radiogenic, suggests that the ages are meaningful despite only being 2-point
garnet-WR ages (Bird 2011).

Cambrian-Devonian

Modern geochronological constraints on metamorphic rocks in Shetland that have been com-
bined with detailed petrological studies are largely confined to the Northern Isles of Yell,
Unst, and Fetlar. The earliest metamorphic ages relate to the Caledonian orogenic cycle are
from the metamorphic sole of the Shetland Ophiolite Complex. Zircons from the hornblendic
metamorphic sole on Unst were dated using LA-ICPMS, and formed at 484±4 Ma (Crowley
& Strachan 2015). The metamorphic conditions of the sole are inverted due to the high tem-
perature of the overthrusted lower oceanic crust, with peak constrained at c. 750oC (at 300
MPa) on the garnet-clinopyronxene assemblage on Fetlar (Spray 1988).
On Unst, the timing of Barrovian metamorphic conditions of 8.5 kbar and 650oC at c. 462
Ma were determined by Cutts et al. (2011) using U-Pb (LA-ICPMS) monazite geochronology.
However, given the relatively large uncertainty on this age, it is difficult to assess which of
the Grampian arc-accretion events these metamorphic conditions relates to.
On Yell and the Lunna Ness peninsula in northeast Mainland Shetland, peak metamorphic
conditions during Caledonian orogenesis are higher than on Unst, reflecting the increased
structural depth, with eastern Yell reaching up to 9 kbar and 650oC (Cutts et al. 2011). An
isothermal, but slightly lower (8.5 kbar) pressure assemblage to the northwest of the peak con-
ditions were dated by monazite U-Pb (LA-ICPMS) geochronology at 451±4 Ma (Cutts et al.
2011). This therefore indicates that peak metamorphism in Yell was during the Grampian II
phase of Caledonian orogenesis (Bird et al. 2013). Further south on the Lunna Ness penin-
sula, peak metamorphism reached 10 kbar and 775oC, leading to migmatization of the Yell
Sound Group (Cutts et al. 2011). Metamorphism in the Lunna Ness Peninsula is composite
and of high enough grade to preserve little of the prograde path. Chemical homogenisation
of garnets has occurred, and therefore does not record prograde PT information. Despite
this, Cutts et al. (2011) interpreted kyanite as part of the peak assemblage, and was followed
by near isothermal decompression towards sillimanite stability. The age of metamorphism
in Lunna Ness was also constrained by Cutts et al. (2011), with monazites from the garnet
cores yielding a weighted average U-Pb age of 474±6 Ma, and a weighted average U-Pb age
of 462±3 Ma for monazites from the garnet rim.

1.6 Thesis aims and objectives

The preceding discussion identifies that the orogenic history in Shetland is multiphase and
complex. It is therefore important to asses how the metamorphic history of Shetland fits within
the regional framework, and to what extent each of these orogenic events are expressed. To do
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this, predominantly geochronological, as well as some geochemical and petrological techniques
have been utilised.
Most of the modern geochronological work on Shetland has utilised only the U-Pb system in
monazites and zircons, and on a relatively small area of Shetland in northern Mainland, Yell,
and Unst. However, ages determined on accessory minerals can be difficult to interpret in the
context of specific structures and/or metamorphic events. This thesis therefore predominantly
focusses on geochronologically constraining the timing of metamorphic rock-forming mineral
growth, so that direct relationships between mineral ages, metamorphism, and fabrics can be
drawn.

1.6.1 Thesis objectives

To address the overarching aim stated above, this thesis has the following objectives:

• Determine a petrogenetic model using major and trace element chemistry, as well as Nd
isotopes for the Archaean orthogneisses and metabasites from the North Roe region of
northwest Mainland Shetland.

• Use the petrogenetic model for the formation of the North Roe gneisses to constrain how
these lithologies fit into the wider tectonic framework of other basement gneiss terranes
around the North Atlantic.

• Constrain the timing of metamorphism in Shetland using garnet Lu-Hf and Sm-Nd
geochronology. A particular focus for garnet dating is the region to the west of the
Walls Boundary Fault, where there is a paucity of modern age constraints.

• Understand the extent of Renlandian and Knoydartian metamorphism in Shetland.
Previous zircon and monazite U-Pb geochronology suggests that the Renlandian event
is moderately widespread in Unst and Yell. Are garnets of this age widespread in
Shetland?

• Understand if and how Caledonian metamorphic events have overprinted earlier Neo-
proterozoic events in Shetland.

• Determine which episodes of the Caledonian orogeny are found in Shetland. Are there
spatial and/or structural constraints on where the metamorphic expressions of tectonic
events are found?

• Place constraints on the ages of major structures, structural domains and/or meta-
morphic events using Rb-Sr mica geochronology. This will supplement the timing of
garnet growth and yield ages that can be directly related to the structural expressions
of tectonic events.

• Constrain when the deformation fabrics within the North Roe region of northwestern
Mainland Shetland formed. Particularly within the Wilgi Geos orthogneisses, the Uyea
and Wester Keolka Shear Zones, and the Sand Voe Group.
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• Understand the timing of fabric development within the Walls Metamorphic Series.

• Constrain the timing of the formation of the Central Steep Belt of Yell and central
Mainland.

• Place precise constraints on the age of the retrogressive shear zone beneath the Shetland
Ophiolite Complex.

1.7 Thesis overview

Chapter 1: This chapter outlines the geological history of Shetland and places the archipelago
into a broader regional context within the Caledonides. The overarching aims of the thesis
are presented.

Chapter 2: A methodological review, including a rationale a critical evaluation of the methods
used, is presented and the analytical techniques used during data collection are described.

Chapter 3: The geochemical characteristics and a potential petrogenetic model for the North
Roe basement gneisses in northwest Mainland Shetland are presented, and placed into the
wider perspective of Archaean gneisses around the North Atlantic Region.

Chapter 4: The metamorphic rocks of Shetland were dated using Garnet Lu-Hf and Sm-
Nd geochronology to constrain the timing of peak metamorphism. Garnets from a wide area
of the metamorphic rocks of Shetland have been dated, but a specific aim of this study is
to date samples from west of the Walls Boundary Fault, where there are relatively few con-
straints on the timing of metamorphism.

Chapter 5: Mica fabrics from the metamorphic rocks of Shetland were dated by high-precision
Rb-Sr geochronology.

Chapter 6: The original work presented in this thesis is synthesised, and more cohesive
insights into the overall findings are presented. This chapter also outlines where there are
still unanswered questions regarding the tectonothermal history of Shetland, and makes some
suggestions for further work.
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Chapter 2

Methodological review and analytical

techniques

Volcanic cliffs at Eshaness, western Mainland
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2.1 Introduction

During the course of this study, several techniques have been chosen to provide petrological
and geochronological understanding of metamorphic lithologies in Shetland. These include
the use of isotopic and geochemical techniques to understand the igneous petrogenesis of
the Archaean orthogneisses in North Roe, as well as isotopic dating of garnets (Lu-Hf and
Sm-Nd systems) and micas (Rb-Sr system) to understand the metamorphic history of the
pre-Devonian rocks of Shetland.
The geochronological methods chosen are high-precision mass spectrometry: Thermal Ion-
isation Mass Spectrometry (TIMS), and MultiCollector-Inductively Coupled Plasma Mass
Spectrometry (MC-ICPMS) of minerals and whole-rock powders. Further, supplementary
analysis has been taken of whole-rock powders by X-Ray Fluorescence (XRF) spectrometry,
and of individual crystals by Laser-ablation-inductively coupled plasma mass spectrometry
(LA-ICPMS) to understand the petrogenetic implications of the dated garnets.
In this chapter, a rationale, overview, and critical evaluation for the use of each geochemical
and geochronological methods is discussed, and the specific analytical techniques are outlined.

2.1.1 Choice of garnet and mica dating

Most geochronological studies of metamorphism in Shetland have utilised the U-Pb system in
both zircons and monazites (Spray 1991, Cutts et al. 2009, 2011, Crowley & Strachan 2015,
Jahn et al. 2017). These systems are extremely robust against alteration and retrogression,
and analysis by high-spatial resolution methods (e.g. by laser ablation or ion probe) allow
for targeting of specific regions within an individual mineral. However, that zircons are so ro-
bust can be problematic when using them to understand low- to medium-grade metamorphic
rocks, as they may have been inherited (as a detrital mineral or from an igneous protolith),
and do not commonly crystallise at these temperatures and pressures. For monazite U-Pb
geochronology this is less of an issue, because they can crystallise during lower-grade metamor-
phic conditions, and through close inspection of trace-element characteristics can be linked to
the growth (and resorption) of major metamorphic phases such as garnet. One fundamental
problem with the use of U-Pb geochronology however, is that analytical precision on a given
age is very strongly dependent on the method utilised, and may prohibit the correlation of
an age with a specific event if, as is the case within the Caledonides and many other orogenic
belts, multiple orogenic events occur over a relatively short time-frame, separated by short
periods of quiescence. The main ways of analysing U-Pb systematics in minerals are: TIMS,
LA-ICPMS, and SIMS (Secondary Ionisation Mass Spectrometry). The strengths and weak-
nesses of these methods are outlined in Table 2.1.
As outlined in the preceding chapter, most U-Pb zircon geochronological studies on metamor-
phic lithologies in Shetland utilise LA-ICPMS, with some providing unrealistic age uncertain-
ties of as little as c. 0.7% (e.g. 462±3 Ma in Cutts et al. (2011), when a more realistic 2� age
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Table 2.1: Strengths and weaknesses of standard zircon U-Pb analytical techniques, partly
modified from Schaltegger et al. (2015).

ID-TIMS SIMS LA-ICPMS
Age resolution (2�)  0.1% precision and

accuracy for U-Pb
U-Th & U-Pb c. 1-2% U-Pb: c. 2%; Th-Pb: c. 3%

Spatial resolution Poor - mixing of do-
mains almost inevitable

Excellent (sub-µm) Good (20-30 µm laterally;
single µm vertically)

Relative time burden Very high (digestion &
column chemistry; anal-
ysis)

Low Very low

Relative cost Moderate High Moderate
Geological applicability Volcanic and plutonic

systems
Young igneous; metamorphic systems Detrital provenance studies;

young igneous; metamorphic
systems

uncertainty would be c. 9 Ma). Given that the timing of metamorphic events in the Cale-
donides of mainland Scotland are separated by as little as 10 Ma, a more precise method of
determining the timing of metamorphic events is needed. Although it would be undoubtedly
possible to determine ages with better uncertainty using TIMS, this method is not well-suited
to dating metamorphic zircons as they are commonly complexly zoned. SIMS analysis is bet-
ter suited to geochronological studies of metamorphic zircon as it has high spatial resolution
and moderate levels of precision. Further, as an essentially non-destructive method, samples
can later undergo trace element analysis by LA-ICPMS to provide petrological information.
Nonetheless, zircon and monazite are still accessory phases in most metamorphic lithologies,
and it can therefore be difficult to relate an age from these minerals to a particular stage of
metamorphism, or to metamorphic fabrics.
As most previous geochronological work on Shetland has focussed on dating accessory phases,

the work undertaken in this thesis focusses on directly dating major metamorphic phases: gar-
nets and micas which has the potential to provide different and complementary information
to that of U-Pb zircon and monazite geochronology. Garnets and micas are rock-forming
minerals that grow in both meta-igneous and meta-sedimentary rocks, and are stable over
a wide range of crustal temperatures and pressures. Both garnets and micas can be linked
to observable metamorphic textures and fabrics, and have the analytical advantage of high
parent-daughter isotope ratios.

2.1.2 Age Calculations and equations

Isotopic dating of garnets using the Lu-Hf, Sm-Nd systems, and mica dating using the Rb-Sr
system are used in this project. The following section outlines the protocols for determining
the parent-daughter ratios for age calculations.
Isotope ratios and concentrations determined by Isotope Dilution were used to calculate the
parent/daughter ratios: 87Rb/86Sr (equation 2.1), 176Lu/177Hf (equation 2.2), and 147Sm/144Nd
(equation 2.3).
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87Rb
86Sr

=
[Rb]

[Sr]
⇤ Sr(amu)

85.4678
⇤ 27.83

%86Sr
(2.1)

In equation 2.1, 85.4678 is the atomic mass of Rb in amu, and 27.83 is the percentage abun-
dance of 87Rb.

176Lu
177Hf

=
[Lu]

[Hf ]
⇤ Hf(amu)

174.9668
⇤ 2.59

%177Hf
(2.2)

In equation 2.2, 174.9668 is the atomic mass of Lu in amu, and 2.59 is the percentage abun-
dance of 176Lu.

147Sm
144Nd

=
[Sm]

[Nd]
⇤ Nd(amu)

150.36
⇤ 14.99

%144Nd
(2.3)

In equation 2.3, 150.36 is the atomic mass of Sm in amu, and 14.99 is the percentage abun-
dance of 147Sm.
Element (amu) is the atomic mass of that element summed over each isotope (such as in eqn
2.4).

Sr(amu) =

✓
%84Sr

100
⇤ 84Sr(amu)

◆
+

✓
%86Sr

100
⇤ 86Sr(amu)

◆
+

✓
%87Sr

100
⇤ 87Sr(amu)

◆
+

✓
%88Sr

100
⇤ 88Sr(amu)

◆ (2.4)

%86Sr is the percentage of the isotope as a proportion of the summed (measured or chondrite)
isotopes of that element (eqn. 2.5).

%86Sr =
100P
Sr

⇤
✓

86Sr
86Sr

◆
(2.5)

Where
P

Sr is defined as:

X
Sr =

✓
84Sr
86Sr

◆P

UR

+
86Sr
86Sr

+

✓
87Sr
86Sr

◆

m

+

✓
88Sr
86Sr

◆P

UR

(2.6)

Where P is the present day value of UR, a Uniform Reservoir of chondritic composition and
m is the measured value for that isotope ratio. Note that 86Sr/86Sr is 1.
These values are then input into the relevant isochron equation (equations 2.7, 2.8, and 2.9):

✓
87Sr
86Sr

◆

m

=

✓
87Sr
86Sr

◆

i

+
87Rb
86Sr

(e�t � 1) (2.7)

✓
143Nd
144Nd

◆

m

=

✓
143Nd
144Nd

◆

i

+
147Sm
144Nd

(e�t � 1) (2.8)
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✓
176Hf
177Hf

◆

m

=

✓
176Hf
177Hf

◆

i

+
176Lu
177Hf

(e�t � 1) (2.9)

Where; t is the age in years and � is the decay constant of the parent isotope and m and
i are the measured and initial isotope ratios respectively. For geological samples, the age is
typically given in millions of years (Ma). Decay constants used in this study are given in
Table 2.2
Ages and regression uncertainties were calculated in IsoPlot version 4.15 (Ludwig 2008).

Table 2.2: Decay constants used in this study

Parent isotope Decay constant Reference

87Rb 1.397 x 10-5 Ma-1 Villa et al. (2015)
147Sm 6.54 x 10-6 Ma-1 Lugmair & Marti (1978)
176Lu 1.86 x 10-5 Ma-1 Scherer et al. (2001)

2.1.3 Closure temperatures

An important factor that may govern what a garnet age represents is the metamorphic grade
of the sample while garnets are growing. More specifically, whether crustal temperatures
reached temperatures high enough so that intracrystalline diffusion can occur. Diffusion is
one of the most important concepts in petrology and geochronology, and is explicitly linked to
closure temperatures. The seminal work by Dodson (1973) first derived an elegant equation
for determining closure temperature of a mineral for any element (Eqn. 2.10).

Tc =
EA

R ln
⇣
�ART 2

c D0

a2EA⌧

⌘ (2.10)

Where, T
c

is the closure temperature, E
A

is the activation energy, R is the gas constant, A
is a geometric factor dependent on approximate shape of the crystal, D

0

is the pre-exponential
gas diffusion coefficient, a is length scale of diffusion, and ⌧ is the cooling rate.
However the assumptions in this equation mean it is difficult to use it to calculate meaningful
results. The most problematic of these assumptions is that of a cooling rate, which is so
intrinsically linked to closure temperature and diffusion itself that it is very difficult to disen-
tangle these parameters. Similarly, that closure temperature (T

c

) occurs both in and out of
the log means that it can only be solved through iteration.
As there are so many dependent variables in the Dodson equation, particularly relating to
mineral size, no attempt has been made in this study to ascribe any given age a specific
temperature. Instead, close scrutiny of chemical and petrological information have allowed
ages to be related to a likely process. For each sample dated by garnet geochronology a
detailed description of the LA-ICPMS traverse, related mineral assemblage, and fabrics have
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been provided. It is important to note however, that in samples that have been subjected to
multiple orogenic events, these signals may be more complicated to interpret.

2.1.4 What do garnet ages represent?

As with any geochronometric technique, it is easy to determine a number the unit of which
happens to be “Ma”. It is more difficult to assign geological significance to this number.
Broadly, garnet ages can be considered to date the prograde growth of garnet (Baxter &
Scherer 2013), but this is dependant on the system used (i.e. Sm-Nd or Lu-Hf), the tem-
perature and duration of metamorphism, and the chemical properties of the garnet itself.
Providing a garnet grows at temperatures below its closure temperature, which is almost cer-
tainly the case for the samples in this study, then an age will most likely record the prograde
metamorphic history of the sample (Ganguly & Tirone 1999). However, as no precise PT
constraints were determined on the samples analysed as part of this study, the use of LA-
ICPMS trace (and some major) element profiles, in conjunction with detailed petrography
have provided detailed constraints on what each garnet age means.
When a garnet grows on the prograde path, compatible elements such as the HREE will
preferentially partition into the crystal lattice. As this process progresses during increasing
metamorphic grade, the concentration will become lower towards the rim as a function of a
depleted halo of that element surrounding the newly formed garnet (Skora et al. 2008). This
typically produces a very high central peak in elements that have a high partition coefficient
(such as the HREE, including Lu), decreasing exponentially towards the rim (Fig. 2.1). The
LREE, including Sm and Nd do partition into garnet, but do not have such a high partition
coefficient, and hence do not form such steep gradients in concentration (Fig. 2.1). This
difference may go some way to understanding why, when both Lu-Hf and Sm-Nd ages are de-
termined on the same aliquot, Lu-Hf ages are typically older than Sm-Nd ages (Anczkiewicz
et al. 2007, Bird 2011, Smit et al. 2010, Bird et al. 2013, Smit et al. 2013). The high con-
centration of Lu in the centre of prograde garnets leads to Lu-Hf ages being skewed towards
dating the early stages of garnet growth. Whereas, the typically homogeneous concentration
of Sm across a garnet will provide an average timing of growth for the whole crystal.

Alternatively, the different chemical properties of Lu and Hf may play a part in the dif-
ference between Lu-Hf and Sm-Nd ages. Sm and Nd are both LREE and therefore behave
very similarly during geological processes. Conversely, Lu and Hf are very different elements:
the former is a HREE and the latter a High Field Strength Element (HFSE). This, and the
accompanying difference in ionic charge (Lu3+, Hf4+) may lead to decoupling of the parent
and daughter elements of this decay scheme in some specific circumstances (Kohn 2009, Gan-
guly 2010, Anczkiewicz et al. 2012, Bloch & Ganguly 2015, Bloch et al. 2015). If a garnet
has been subjected to high temperature metamorphism above c. 700oC for extended periods,
then intracrystalline diffusion may occur. In this scenario, Lu will diffuse through the crystal,
as a faster rate than the more highly charged Hf. However, Lu is unlikely to diffuse out of
the crystal entirely due to the extremely high partition coefficient of this element in garnet.
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Figure 2.1: An example LA-ICPMS traverse of a garnet from this study (sample SW15-01)
that preserves prograde growth zoning in the REE. This is obvious by the extremely high
concentration of Lu in the centre of the crystal, which rapidly decreases towards the rim.
Between the central point at c. 0.85 mm and 0.1 mm on either side of this maxima, the Lu
concentration decreases from 210 ppm to 35 ppm. There are then two ’satellite peaks’ in
Lu concentration approximately 0.2 mm from the edge of the crystal, which could related to
either a) a secondary growth zone, or b) be the result of thermally activated diffusion during
an increase in metamorphic temperature during prograde garnet growth (Skora et al. 2006).
The extremely high concentration of Lu in the core of this garnet therefore suggests that any
age determined on this sample would likely be skewed towards the initial stages of garnet
growth. The concentration of Sm does not change significantly across the garnet crystal, and
so any Sm-Nd age from this sample would most likely represent the average time of growth

for the entire garnet population.
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Figure 2.2: Schematic of the rotation of the isochron diagram caused by preferential reten-
tion of radiogenic Hf after diffusional resetting of the Lu-Hf system. Lu diffuses more rapidly
than Hf due to the high charge (Bloch & Ganguly 2015). It is unlikely that this process
could produce a coherent isochron as individual garnets would be affected by this process to
different extents, and so would probably produce an errorchron rather than an isochron and

have a large MSWD.

This preferential retention of the daughter element (and hence isotope), may lead to an anti-
clockwise rotation of the isochron line (Bloch & Ganguly 2015), and yield spuriously old ages
(Fig. 2.2).
However, Bloch & Ganguly (2015) suggest that depending on the minerals in the surrounding

matrix, there will either be retention or loss of radiogenic Hf. They suggest that for pelitic
garnets, there would be net retention of radiogenic Hf relative to Lu, whilst in metabasic
rocks such as amphibolites, there would be net loss leading to ages that may be too young
due to the difference in the partition coefficients of these elements in the respective matrix
minerals. There is a difference between the partition coefficient of the parent elements of the
systems depending on the surrounding matrix compsostion, whereby both Lu and Sm are
more strongly partitioned into garnet at more siliceous compositions. The K

d

of Sm in garnet
is between 1.1 and 0.13 in more mafic compositions, but increases to between 6.4 and 0.8 at
more siliceous compositions. The same is the case for Lu, with the K

d

of Lu in garnet being
between 7.1 and 3.8 at more mafic compositions, but between 64 and 25 at more rhyolitic
compositions (data from the EarthRef.org online database). However, there is little evidence
of this affecting the ages determined on natural garnets dated using both chronometers in
garnet geochronological studies (Anczkiewicz et al. 2007, Bird 2011, Smit et al. 2010, Bird
et al. 2013, Smit et al. 2013), where Sm-Nd ages are systematically younger than Lu-Hf ages
regardless of the composition of the surrounding matrix.
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2.1.5 Dating of garnet cores and rims

As with other regions of the Caledonian orogenic belt, Shetland has undergone more than
one orogenic cycle, and based on previous geochronological studies, has been affected by the
Neoproterozoic Valhalla orogeny and the Lower Palaeozoic Caledonian orogeny. It may there-
fore be the case that garnets in this study grew in discrete episodes that potentially span
this entire time period. These episodes might be identifiable as cores and rims on the garnet.
Distinguishing between garnet cores and garnet rims is done in several ways. Initially in the
field, it may be possible to identify samples that show this characteristic, and subsequently
on closer inspection in thin section it can be possible to identify cores and rims. Further,
in such samples there can be an obvious break in concentration of specific elements, such
as MgO, CaO, and the REE when LA-ICPMS traverses are inspected. Finally populations
of garnets are most easily identified by colour when picking the mineral separates prior to
dissolution. One very obvious caveat to this method of distinguishing between cores and rims
is that the specific fractions are entirely based (albeit with the ability to cross-reference the
garnet fractions with the LA-ICPMS traverse and physical whole garnets) on differences in
garnet colours when picking, which is undoubtedly subjective. There is also no empirical link
between the colour of a garnet (which is largely based on the major element composition)
and the age of the garnet fraction, as small-scale variations in protolith chemistry may pro-
vide significantly different major element compositions for garnets growing during the same
metamorphic event.
Garnets analysed as part of this study were not individual crystals but fragments of many
crystals that had undergone the mineral separation procedures outlined in the analytical
methods section of this chapter. Any ages determined in this study are therefore likely to rep-
resent an average age of many crystals, and indeed of many growth zones within each crystal.
Numerous studies provide results from growth zones within garnets that have undergone just
one orogenic event, and have shown that garnet growth can be extremely slow, sometimes on
the order of tens of millions of years (Pollington & Baxter 2010, 2011, Dragovic et al. 2015,
Schmidt et al. 2015). These microsampling techniques are extremely powerful tools for under-
standing some of the fundamental processes in orogenesis, but are extremely time-consuming
and would permit the dating of only a few samples. By utilising the chosen approach, the
main aim of this work has been addressed in a more comprehensive way. That is to provide a
detailed understanding of the tectonometamorphic events that shaped the metamorphic rocks
of Shetland, and provide links between Shetland and other regions of the Caledonides.

2.1.6 Rb-Sr mica geochronology

The dating of deformation fabrics by Rb-Sr mineral ages forms a substantial part of this
thesis. The use of micas to understand deformation and metamorphism within orogenic belts
is widespread (e.g. (Dallmeyer et al. 1990, Müller et al. 1999, de Meyer et al. 2014, Glodny
et al. 2008, Grimmer et al. 2015)), and two main methods are commonly utilised to determine
ages on this important mineral group; 40Ar/39Ar and Rb-Sr.
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Rb-Sr geochronology of micas has a perception of being difficult to analyse precisely, due
to Rb only having two isotopes which precludes the use of traditional mass-fractionation
corrections; and being easily disturbed during fuid-rock interactions, given that both Rb
and Sr are both large ion lithophile elements (LILE) so can be susceptible to mobilisation
in fluids. Conventional ID-TIMS analysis can only correct in-run mass fractionation for an
element that has three (or more) isotopes, providing at least two of those isotopes are not
radiogenic (Nebel et al. 2005). As Rb only has two naturally occurring isotopes, and has a low
ionisation potential (Waight et al. 2002), analysis by ID-TIMS is hampered by an inability
to correct for rapid preferential ionisation of the lighter isotope, leading to poor precision
(0.7-1% on 87Rb/85Rb ratios which propagates to high age uncertainties when compared to
other geochronological techniques such as 40Ar/39Ar).
Plasma-source mass spectrometry (MC-ICPMS) permits the use of an element with similar
mass to the analyte to determine a fractionation factor which can then be applied to the
analyte (Waight et al. 2002). The element with the closest mass, which would neither have an
isobaric interference (e.g. 87Sr on the 87Rb peak), nor is monoisotopic (yttrium), is zirconium
(Halliday & Lee 1998, Waight et al. 2002). The assumption that the fractionation behaviours
of Rb and Zr are the same is less than ideal, as they are chemically very different: Zr being a
high field strength element and Rb a large ion lithophile element. Despite this, the difference
in the fractionation factor of these two elements is sufficiently small as not to affect the
precision required for isotope dilution analysis (Waight et al. 2002), and can yield better than
0.3% 2� uncertainties on 87Rb/86Sr in natural samples.
Rb-Sr geochronology can therefore yield precise data, but given the mobility of both Rb and
Sr in aqueous fluids, can the system yield geologically accurate and meaningful ages? As with
other isochron dating methods, it is first necessary to determine that the minerals measured
as part of the isochron were in isotopic equilibrium prior to closure of the isotopic system.
The minerals chosen to form Rb-Sr isochrons are micas (both biotite and white mica) and
plagioclase feldspar, as they fit the necessary criteria with regards to petrographic affinities
and partition coefficient. Rubidium will partition into the K site in white mica and biotite,
and Sr will partition into the Ca site in anorthite plagioclase. Where there is petrographic
evidence that these two phases were in equilibrium, and no evidence for post-deformational
fluid infiltration, it is likely that the isochron determined using these minerals is meaningful
(see figure 2.3). During the course of this study, each sample dated by Rb-Sr geochronology
was scrutinised closely to ensure these criteria were met.

2.2 Sample Preparation

2.2.1 Sample Collection

Samples of approximately 2-4kg were collected from a variety of metamorphosed lithologies
within the Caledonian rocks of Shetland. Sampling was undertaken to cover as much of the
Shetland Caledonides as possible, including re-sampling areas where previous geochronology,
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Figure 2.3: Thin section photograph of sample SW12-07 from the East Mainland Succession
in central Mainland Shetland. As the feldspars appear to have been deformed by the same
fabric that is defined by the white mica, it is likely that these minerals were in isotopic
equilibrium at T0. Similarly, there is no evidence of later fluid infiltration so any Rb-Sr age

determined on this sample using these two minerals will be meaningful and robust.

although not necessarily of garnets, had been undertaken. Target areas were decided prior
to fieldwork based on previous work, study of BGS geological maps, and literature studies.
Permission for sampling was obtained from Scottish National Heritage and where possible,
landowners, prior to sampling.

2.2.2 Rock Crushing

Weathered surfaces were removed in several ways, dependent on the extent of weathering.
Normally, use of a hammer in the field was sufficient to remove weathered surfaces, however
it was sometimes necessary to use either a hydraulic splitter or rock saw to remove alteration.
Samples were then crushed in a steel jaw-crusher to chips of <1cm3. Between samples all
parts of the crusher were cleaned thoroughly with a brush, vacuum cleaner, distilled water,
and acetone. Approximately 50g of each crushed sample was powdered in a tungsten carbide
TEMA mill for whole-rock Lu-Hf, Sm-Nd, and XRF analysis. The TEMA was cleaned between
each sample with water and acetone. Where samples are particularly micaceous, as was the
case for all samples analysed for Rb-Sr analysis and the garnetiferous pelites, it was necessary
to mill them two or three times. If a clay-rich residue was observed on the TEMA between
samples, it was necessary to clean the mill with powdered glass.
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2.2.3 Mineral Separation

After crushing, samples were dry-sieved between 1mm -500µm, 500 - 250µm. If any whole
garnets were observed at sizes larger than 1mm, they were retained for laser analysis. The
sieved fractions were cleaned in MQ water and ultrasonicated for 15 minutes 3-4 times to
remove dust. The cleaned fractions were then magnetically separated using a Frantz Isody-
namic Separator using a magnetic field strength of 0.3 A several times to produce a garnet-rich
fraction. As not all garnets are strongly magnetic, the non-magnetic fraction of each sample
was checked for garnets prior to further mineral separation. The garnet-rich separate was then
handpicked under a binocular microscope from the 500-250µm fraction, unless particularly
coarse in which case they were picked from the 1mm-500µm, for Lu-Hf and Sm-Nd analysis.
Several samples were observed petrographically to have garnet cores and rims that were de-
duced to be the result of separate garnet growth episodes. In such samples, these different
growth zones can be identified during the picking of garnet separates by differences in colour.
The non-magnetic fractions were retained and micas and feldspars for Rb-Sr geochronology
were picked from the 500-250µm fraction.

2.3 X-Ray Fluorescence Spectrometry

2.3.1 Fused discs - major elements

Major element concentrations of whole-rock powders were determined by XRF on fused glass
discs. Prior to disc preparation, samples were dried in an oven overnight to remove adsorbed
water.
Following drying, samples were weighed to approximately 0.7g, and put in a furnace at c.
1100 oC for 40 minutes. The samples were then weighed again and their Loss on Ignition
(LOI) recorded. Lithium tetraborate flux, which includes La

2

O
3

as a heavy absorber, was
then added to the samples in a ratio of 6:1 taking into account the LOI of the flux, and
fusedfirstly in the furnace, and then by melting over a Meker burner. The molten sample was
then poured onto an aluminium platten, and compressed with a plunger for several seconds
before being released and allowed to cool.

2.3.2 Pressed powder pellets - trace elements

Trace element concentrations were determined on pressed pellets. These were prepared using
a method modified from Watson (1996), whereby 1ml of PVP-MC binder was combined
with 10g of sample powder. Once combined, the mixture was poured into a 35mm diameter
Aluminium cup and compressed at 10 tonnes/in2 for one minute to form a pellet. These
pellets were then dried in an oven over night prior to analysis.
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Table 2.3: Reproducibility of major elements determined by XRF at RHUL. Each bead
was prepared separately from the same sample powder. Concentrations are in wt. % apart
from where noted. This sample is an Icelandic basalt and the trace element reproducibility

for the same sample are shown in table 2.4.

Element Bead 1 Bead 2 Bead 3 Bead 4 Bead 5 Bead 6 2sd
SiO2 45.9 46.09 46.15 46.08 46.04 45.95 0.19
Al2O3 13.79 13.92 13.81 13.82 13.75 13.76 0.12
Fe2O3 12.74 12.82 12.78 12.74 12.67 12.6 0.15
MgO 9.52 9.49 9.55 9.56 9.5 9.49 0.06
CaO 10.54 10.58 10.58 10.57 10.56 10.56 0.03
Na2O 2.5 2.5 2.5 2.48 2.46 2.49 0.03
K2O 0.897 0.902 0.908 0.905 0.9 0.904 0.008
TiO2 2.589 2.594 2.604 2.604 2.595 2.598 0.012
MnO 0.221 0.221 0.224 0.223 0.225 0.225 0.003
P2O5 0.727 0.731 0.729 0.73 0.73 0.73 0.003
Cr2O3 0.088 0.099 0.093 0.094 0.09 0.098 0.008
SO3 0.013 0.016 0.012 0.014 0.011 0.009 0.004
Cl 0.006 0.009 0.005 0.002 0.006 0.003 0.005
Zn (ppm) 93 98 103 100 95 88 11
F (ppm) 359 243 249 257 334 749 388
Total 99.58 100 99.97 99.87 99.58 99.5 0.45
LOI -0.62 -0.63 -0.61 -0.54 -0.55 -0.55 0.08

2.3.3 Analysis

Analyses were performed on the RHUL PANalytical Axios XRF spectrometer. The major
element compositions determined on the fused discs are used to calculate the trace element
matrix corrections.
Quality of XRF data was assessed in two ways. Accuracy was assessed by comparing concen-
trations analysed by isotope dilution (ID) with those of the XRF as ID is the most precise
and accurate way of determining concentration assuming that sull sample/spike equilibration
has occurred. Reproducibility of the XRF technique is assessed by analysing the same sample
multiple times (see tables 2.3 and 2.4). Examples of correlations between XRF and ID data
for samples from this study can be found in figures 2.4 and 2.5. These show a good agreement
with the XRF and ID-determined data indicating that the XRF method is robust.

2.4 LA-ICPMS

Trace elements and selected major elements of garnets were measured using the Laser Ablation-
Inductively Coupled Plasma Mass Spectrometry (LA-ICPMS) system at RHUL (for a detailed
description of the system see Müller et al. (2009). Two analytical sessions were utilized for
the purpose of garnet element tracks; during the first session, the LA system was attached to
an Agilent 7500ce quadropole ICPMS, and for the second the LA cell was linked to an Agilent
QQQ-ICPMS, although the analytical method was the same. The laser ablation system itself
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Table 2.4: Reproducibility of trace elements determined by XRF at RHUL. Each pellet was
prepared separately from the same sample powder. Concentrations are in ppm. This sample
is an Icelandic basalt and the major element reproducibility for the same sample are shown
in table 2.3. The majority of the W analysed on any given sample is likely to be derived
from the WC TEMA mill, and is therefore not used for any petrogenetic purpose. W data
are included in this table as it shows that despite this contamination from the TEMA, the

concentrations are reproducible.

Element Pellet 1 Pellet 2 Pellet 3 Pellet 4 Pellet 5 2sd
Ni 120.1 117.2 120.7 120 120.5 2.9
Co 43.6 42.8 44.1 42.8 42.4 1.4
Cr 421.6 438.5 430.2 433.9 437.2 13.6
V 306.3 307.1 305.4 306.3 308.6 2.4
Sc 30.9 32.1 31.1 31.3 31.1 0.9
Cu 54.4 53.8 54.3 54.1 54.5 0.5
Zn 80.6 80.7 80.4 81.3 81 0.6
S 3 3 3 3 5 2
F 717 726 727 709 724 16
Cl 165 166 169 163 177 11
Ga 17.9 17.3 18 17.4 18 0.7
Pb 1.7 1.8 1.9 2 1.8 0.2
Sr 480 478.9 480.2 480.3 481.2 1.7
Rb 23.2 23.2 23.4 23.2 23.4 0.2
Ba 398.5 397.9 403.3 399.4 403.8 5.6
Zr 171.1 171 171.7 171.8 171.7 0.7
Nb 49.2 49.2 49.2 49.3 49.6 0.3
Ta 2.7 3.5 3.1 3 2.2 0.9
Mo 1.6 1.7 1.7 1.6 1.8 0.2
Th 3.2 3 3.1 3 3.4 0.3
U 0.9 1.2 0.8 0.7 0.7 0.4
Y 26.1 25.9 26 25.9 25.8 0.3
La 34.5 35.5 36.7 35.7 34.9 1.7
Ce 73.4 73.1 75.4 75.1 74.1 2.1
Nd 36.4 35.8 38.4 36.8 37.2 2
Sm 8.8 6.7 7 7.1 6 2
Yb 2.1 2.1 2.5 2.5 2.3 0.4
W 31.6 36.2 32.2 33.3 34 3.5
Cs 0 0.4 0.2 0.8 0.5 0.6
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Figure 2.4: Neodymium concentrations determined by XRF compared to those determined
by isotope dilution for whole rock samples from this study. Line is the 1:1 slope.

Figure 2.5: Samarium concentrations determined by XRF compared to those determined
by isotope dilution for whole rock samples from this study. Line is the 1:1 slope.
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is a RESOlution L50 excimer 193nm laser system, coupled with a two volume laser ablation
cell. Laser ablation spot size, laser repetition rate, and scan speed were 15µm, 10Hz, and
0.6mm sec-1 respectively.
During data processing of the LA-ICPMS data, SiO

2

concentration of garnets was assumed
to be 37% and used as the internal normalising concentration. This number is based on the
study of Bird (2011), where EMPA analysis of garnets from the Northern Highlands Terrane
in mainland Scotland gave a very narrow range of SiO

2

concentrations between 37% and 39%.
The NIST SRM612 standard glass was used as the calibration standard, and was typically
analysed twice during analytical sessions, at the beginning and at the end of the run. Based
on this, and the approximation made for SiO

2

concentration, the uncertainty on elemental
concentrations analysed by this method is c. 5%.

2.5 Spiking and Dissolution for isotope dilution analysis

Once minerals were separated, they were weighed and spiked to perform isotope dilution
(ID). Mica and feldspar separates for Rb-Sr were treated differently from material analysed
for Lu-Hf and Sm-Nd. Similarly, samples from North Roe analysed for the REE by ID and
Nd isotopes were treated differently to material utilised for geochronology.

2.5.1 Whole-rock REE pattern analysis by Isotope Dilution

Rare earth element (REE) concentrations from a suite of felsic orthogneisses from the North
Roe peninsula were determined by isotope dilution.
Samples were weighed in beakers and then dissolved in HF/HNO

3

. The sample solution was
then split into a fraction that was to be spiked for ID analysis and a fraction left unspiked for
Nd isotope analysis by TIMS.
Following this, XRF data were used to estimate the amount of LREE and HREE spikes to
add to each of the samples. This calculation uses the mass of La, Nd, and Y (in µg) in the
sample, as proxies for the LREE, MREE, and HREE respectively. Approximately 0.03g of
the HREE spike was used for each µg of Y, and c. 0.09g of the LREE spike for each µg of La
were added to each sample.
Sample aliquoting was necessary for these analyses because the mixed REE spike uses 145Nd
as the spike isotope and has a 143Nd/144Nd that is not close to the natural ratio. If the aliquot
analysed for Nd isotopes by TIMS were spiked with this mixture, then uncertainties linked
to the unmixing of the spike and sample ratios in the sample would lead to unacceptably
high levels of uncertainty. This aliquoting method is not necessary for garnets as the Sm-Nd
mixed spike isotope is 150Nd, with a 143Nd/144Nd that is close to the natural ratio and, so the
unmixing calculations do not detrimentally affect the precision or accuracy of the analysed
143Nd/144Nd.
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2.5.2 Micas and Feldspars

Mica fractions were ground in an agate pestle and mortar under methanol, washed in Triple
Red (TR) water, and sieved between 200-75µm to remove non-mica impurities. Micas and
feldspars were weighed into Savillex beakers and a mixed 87Rb/84Sr spike added. The amount
of spike needed was estimated using XRF-determined concentrations of Rb and Sr, and pro-
portional estimation of Rb-bearing phases in thin section using the equation 2.11:

[Rb]
wm

⇡
ppmRb� (n)

wt%qtz etc

� 100wt%KFeld

Wt%
wm

+ 2wt%
bt

(2.11)

Where n is the weight fraction of minerals that are deemed to have insignificant or no likely
Rb partitioned into their crystal lattices, such as quartz, chlorite, garnet etc.
Another piece of information that is necessary for this equation is the difference in the extent
to which Rb will partition into biotite compared to white mica. Approximately 65% of the
samples analysed had both white mica and biotite, and from previous studies (McDermott,
Bird, & Thirlwall, unpublished data) it has been shown that the amount of Rb in biotite was
approximately twice that of white mica; hence 2wt%

biotite

. The weight percentages of each
mineral in the samples were determined by converting modal abundance, estimated using
petrographic analysis, to percentages.
The amount of the mixed 87Rb/84Sr spike added to feldspars was kept at a constant c.0.05g.
For micas, the amount of spike was calculated directly from the XRF data (based on equations
2.11, where 0.03g of spike was added per microgram of Rb.
After the addition of spike, samples underwent HF-HNO

3

(3:1 ratio) dissolution in sealed
Savillex beakers at 120oC for 24 hours prior to column chemistry. It is vitally important to
have full dissolution of all Rb-Sr bearing phases, so that sample and spike equilibrate fully
otherwise uncorrectable error magnification can occur. This is because the underlying prin-
ciple of isotope dilution is to artificially spike a sample of unknown concentration with one
that has a precisely known isotopic signature, the measured ratios of this mixture can then
be unmixed to determined the concentration of the unknown. If an unknown amount of the
tracer (spike) solution has equilibrated with the sample, or if elemental fractionation of the
spike has occurred by differential dissolution, then this unmixing calculation cannot be done
accurately.

2.5.3 Garnets

For garnets, it is potentially useful to leach garnet powders with concentrated sulphuric acid
prior to weighing and spiking, in order to minimize the potential negative effects of phosphate
inclusions on Sm-Nd age determinations (Anczkiewicz & Thirlwall 2003). First, clean Savillex
beakers were weighed. Garnet separates were then crushed in an agate pestle and mortar un-
der acetone to c.70µm, and rinsed repeatedly with TR H

2

O. Once clean, garnets were pipetted
into the clean Savillex beakers, rinsed again with TR H

2

O and dried on a hotplate. One ml of
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H
2

SO
4

was then added to the garnet powders, and they were left on the hotplate at 180oC for
24 hours in the sealed beakers. Once cool, TR H

2

O was carefully added to reduce viscosity,
and the leachate pipetted from the sample. The garnets were then rinsed several times with
TR H

2

O, washed in warm 1% HNO
3

on the hotplate for 30 minutes, and rinsed in TR H
2

O
again prior to drying.
Optimal amounts of the mixed 176Lu-180Hf and 149Sm-150Nd spikes added to garnets, pyrox-
enes, amphiboles, and whole-rocks were determined by concentrations of these elements using
LA-ICPMS (minerals) and XRF (whole rocks). Two mixed Sm/Nd spikes were used: a ’high’
Sm/Nd spike for garnets and a ’low’ Sm/Nd spike for all other materials, where the Sm/Nd
ratios were lower. Target isotopic ratios for spiking are outlined in Table 2.5. Samples were

Table 2.5: Target isotopic ratios for Lu-Hf and Sm-Nd spiking

Spike Target ratio
150Nd/144Nd 0.28-0.65
149Sm/147Sm 1.18-2.5
180Hf/177Hf 2-4
176Lu/175Lu 0.06-0.5

then dissolved in 3:1 HF:HNO
3

at 160oC for at least 48 hours. This ’tabletop’ dissolution
method may be better suited to garnet dating than using high-pressure bombs because it
reduces the chances of dissolving refractory zircon inclusions (Anczkiewicz et al. 2004), which
can detrimentally effect Lu-Hf ages, due to the high concentration of unradiogenic Hf in zir-
cons.
After evaporation of the HF:HNO

3

, 0.5M HNO
3

was added to the samples, which was then
evaporated to dryness on the hotplate. Once dry, 4ml 6M teflon distilled (TD) HCl was
added to samples, and placed on a hotplate at 140oC for at least 24 hours. This was then cen-
trifuged, the liquid poured into clean centrifuge tubes, the solid washed back into the beaker,
and the process repeated until either all solid was removed (this typically was the case for
amphibolites), or only small colourless crystals were left (most likely zircons, common in
metasediments).

2.6 Ion exchange chromatography

2.6.1 Rb-Sr geochronology

For Rb-Sr geochronology, Rb and Sr were separated using standard two-stage cation exchange
column chemistry. Firstly, separating Sr using 0.03g Eichrom Sr-Spec resin in a pipette tip
column, sitting on 70µm frits, using 8M HNO

3

. Rb is then separated using Bio-Rad AG50W-
X8 cation exchange resin with two passes. One pass uses varying molarities of HCl, leading
to the collection of K-Rb. Potassium was them further separated from Rb using 5% HNO

3

on cation exchange resin.
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Table 2.6: Ion exchange chromatography used to separate elements for geochronology.

Fraction added to column Column used Fraction collected Analysed
Rb-Sr
Sample dissolution Eichrom Sr-spec Sr Sr
Rb + K rich fraction Bio-Rad AG50W-X8 Rb Rb
Garnets
Sample dissolution Bio-Rad AG50W-X8 HFSE, HREE, LREE -
LREE Eichrom Sm + Nd Sm + Nd
HREE Eichrom Lu + Yb Lu + 25% Yb
HFSE Eichrom Hf Hf

2.6.2 Lu-Hf and Sm-Nd

For garnet geochronology, a more complicated series of column separations were necessary,
and are summarised in Table 2.6. Due to Lu only having two isotopes, correction for in-run
mass-dependent fractionation necessitated the doping of the Lu fraction with Yb. This was
done by adding c.25% of the sample Yb to the Lu fraction, which required a good initial
separation of the two elements. This separation was monitored by testing cuts from the
column chemistry on the IsoProbe.

2.7 Mass Spectrometry

Most isotopic measurements were undertaken in the Radiogenic Isotope Laboratories at
RHUL. Mica and feldspar Sr and whole-rock Nd from North Roe orthogneisses were anal-
ysed using the RHUL IsotopX Phoenix and VG354 Thermal Ionisation Mass Spectrometers
(TIMS). Rb, Lu, Hf, Sm, and Nd for geochronology were all analysed using the IsoProbe
Multiple Collection-Inductively Coupled Plasma Mass Spectrometry (MC-ICPMS). Due to
technical difficulties with the IsoProbe between June 2015 and May 2016, mineral separates
and whole-rock fractions from 6 samples were analysed using the Thermo Neptune MC-ICPMS
at the Institute of Geological Science, Polish Academy of Science, Kraków Research Centre.

2.7.1 TIMS Neodymium

Neodymium isotopes for the North Roe felsic orthogneisses and metagabbros presented in
Chapter 3 were analysed on the IsotopX Phoenix TIMS as Nd+ using a multidynamic method
similar to that of Thirlwall (1991a). Phosphoric acid was added to the sample spot and
warmed on a hotplate, and the samples were then loaded onto Ta side filaments with water.
The loaded filaments then underwent stepwise heating up to c. 2 A, and then placed into the
turret for analysis. The accuracy and reproducibility of 143Nd/144Nd was monitored using
the RHUL Laboratory Aldrich standard. During the course of the study, the mean for this
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Table 2.7: Multidynamic method for Sr TIMS. H2 - L4 refers to the Faraday collectors on
the TIMS from Axial (Ax). T1, T2, and T3 are magnetic field jump integration times, with

masses measured at those times forming the main part of the table.

T1 T2 T3
H2 88 89 90
H1 87 88 89
Ax 86 87 88
L2 85 86 87
L3 84 85 86
L4 83 84 85

standard are within error of the long-term mean of 0.511406±3 (2sd, n=33). Neodymium
isotopic compositions are normalized to 146Nd/144Nd= 0.7219.

2.7.2 Mica geochronology

24 mineral separates were analysed for Sr isotopes on a VG354 TIMS, with 36 later analyses
undertaken on an IsotopX Phoenix TIMS. Isotope ratios and concentrations were determined
using a multidynamic method modified from Thirlwall (1991a). Peak jump cycles for the
IsotopX Phoenix are outlined in Table 2.3. A fourth peak jump measures baselines at axial
mass 92.5.

The accuracy and reproducibility of Sr isotope data were monitored using the standard
SRM987. During the course of this study, 87Sr/86Sr of SRM987 was 0.710256±19 2sd, N=20
(VG354), and 0.710238±8 2sd, N=59 (Phoenix). Total procedural blanks for Sr were typically
less that 0.2% (0.5ng) of the analyte mass, and hence a blank correction has no significant
effect on ages presented.
Rb analyses were undertaken on the IsoProbe MC-ICPMS instrument at RHUL. The method
is a modified version of that outlined in Waight et al. (2002), whereby the mass fractionation
factor for Zr was used to correct the mass-fractionation for Rb. The normalizing Zr ratios
were determined by analysing a the Sr standard SRM987 spiked with a Zr standard solution.
Samples were also doped with the Zr standard solution and the fractionation factor was
applied to the Rb data. The Rb standard SRM984 as well as the Zr-doped SRM987 was
analysed every 3-4 samples during analytical sessions. All samples and standards for the Rb
procedure were introduced into the IsoProbe in a HF/HNO

3

solution using the Aridus II
desolvating nebuliser. For graphical representations of these standard data, see figures 2.6
and 2.7. Collector configuration for IsoProbe Rb analyses are outlined in Table 2.8.

2.7.3 Garnet geochronology

The IsoProbe MC-ICPMS was used for most measurements for garnet geochronology. Lu,
Nd, and Sm separates were analysed in a 2% HCl solution whilst Hf was analysed in a 1M
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Figure 2.6: Values determined on the potassium feldspar standard SRM607 during this
study. Concentrations for Rb were analysed on the IsoProbe, and Sr isotopes and concentra-
tions were analysed by TIMS (Both VG354 and IsotopX Phoenix). There is a wide spread in
the data determined from this standard, with the bounding slopes of the data yielding very
different ages: 576 Ma and 1124 Ma. The heterogeneity of this standard is well documented
(Nebel & Mezger 2006) and the data presented here supports this. Despite this heterogeneity,

data have a reproducibility of 0.5% 2RSD on 87Rb/86Sr.

Table 2.8: IsoProbe collector configuration for Rb. L2 - H6 refer to the Faraday collectors
on the IsoProbe with the masses measured on those collectors during analyses.

L2 L1 Ax H1 H2 H3 H4 H5 H6
85 X 86 87 88 88.5 90 91 92

HNO
3

/0.1M HF solution. Samples were introduced into the plasma using a Cetac Aridus II
desolvating nebulizer, at an uptake rate of c. 0.06 ml per minute.

Nd and Hf were analysed by slightly modifying the method outlined in Thirlwall & An-
czkiewicz (2004). Low concentrations of these elements in garnets preclude the use of mul-
tidynamic measurements so all analyses were undertaken in static mode. Collector mass
settings for all analyses are outlined in Table 2.5.
During Lu analysis, incomplete separation of the MREE from Lu can produce interfering
oxides and hydroxides. These were monitored and corrected for by analysing solutions of Gd,
Tb, and Dy at least once during Lu analytical sessions, depending on the intensity of the
MREE+ ions during sample analyses.
When analysing Hf, Ta interference correction on the 180 peak was monitored by briefly
switching axial mass to 176 and taking note of the H5 collector (mass 181) intensity before
to switching back to axial mass 175 for measurement. This is adequate because 180Ta/181Ta
is very low.
Neodymium interference during Sm analyses was corrected using the analysed Nd isotope
compositions for individual samples, whilst in-run mass-fractionation was corrected using the
’true’ isotope ratios determined by Wasserburg et al. (1981) and Thirlwall & Anczkiewicz
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Figure 2.7: Values for 87Rb/85Rb determined on the Rb standard SRM984 during the
course of this study, analysed on the IsoProbe MC-ICPMS. This standard is doped with
Zr solution so correction for mass bias is possible. The mass bias of Zr ratios is corrected
for by analysing the Sr SRM987 standard that has been doped with Zr and applying the
same Zr fractionation factor to the doped Rb solution. This value is also used to correct for
fractionation on sample runs. Solid line is the average of analysis between 2007-2015, and
dashed line 2sd of that average. This standard yields a 87Rb/85Rb of 0.38659±23 over the

course of this study (2012-2015).

(2004). Data quality for these correction and normalisation methods are monitored by check-
ing beta values (fractionation factor, see Russell et al. (1978), Luais et al. (1997), Vance &
Thirlwall (2002)) for samples are comparable to standards.
Before each sample, a blank solution was analysed to determine on-peak zeroes (OPZ). The
number of OPZ measurements was the same as the number analysed for samples, allowing for
higher precision on low-intensity isotopes. OPZ were used to correct for amplifier baseline and
both inlet system and instrumental memory (Thirlwall & Anczkiewicz 2004). Intensity of the
OPZ typically increased during the course of an analytical session, but monitoring the raw
intensity of the blank solution for slightly longer prior to analysis, or cleaning the nebulizer
minimized this effect. At the beginning of each analytical session the amplifier baselines were
measured with no ion beam in the analyser (mass spectrometer zeroes - MSZ). Measured OPZ
were subtracted from standard and sample intensities during offline processing.
Standards were run at the start, approximately every 3 or 4 samples, and at the end of each
analytical session. For Hf analysis, the JMC475 isotope standard gave an average value of
0.282182±12 (2sd), which is within error of the long term mean (see Figure 2.8.) However,
within individual days reproducibility was typically significantly better than this, and so the
sample data were corrected relative to the mean value of JMC475 for each day. This is be-
cause the static ratios can vary from day to day between analytical sessions (Thirlwall &
Anczkiewicz 2004).
Due to technical issues with the RHUL IsoProbe laboratories during the course of this re-

search, 25 Hf and 12 Lu analyses (in March 2016) were undertaken on a Neptune MC-ICPMS
at the Institute of Geological Sciences Isotope Laboratories, Krakow, Poland. Collector set-
tings for Hf analyses were identical to those described above for the RHUL IsoProbe with a
very similar analytical configuration. Due to the stability in the standard over long periods
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Table 2.9: IsoProbe collector configuration used for garnet geochronology. L3 - H6 refer to
the Faraday collectors on the IsoProbe with the masses measured on those collectors during
analysis of each element. For the Lu collector configuration, masses 155, 159, and 163 were
used to monitor for interfering oxide and hydroxide production. *The axial Faraday is moved

to the L1 position for 164 during Lu analysis.

L3 L2 L1 Ax H1 H2 H3 H4 H5 H6
Lu
(Gd) (Tb) (Dy)
155 159 163 (164*) 171 172 174 175 176 177
Hf
172 174 - 175 176 177 178 179 180 182
Sm
- 143 - 145 146 147 148 149 - 152
Nd
140 142 - 143 144 145 146 147 149 150

of time on this instrument (R. Anczkiewicz Pers Comm, March 2016), the JMC475 standard
was analysed only two or three times during a given analytical session and gave an average
176Hf/177Hf of 0.282158±8 (2sd). The results of which can be seen in Figure 2.9.
The Aldrich Nd (Thirlwall 1991b) and mixed Ce-Nd standard was analysed at the start of

an analytical session, and approximately after every three samples. The mixed Ce-Nd stan-
dard was used to determine the 142Ce/140Ce used to correct for Ce interference on 142Nd. To
correct for instrumental drift typically observed in the standard during an analytical session,
the gradient of 142Nd/144Nd vs. 143Nd/144Nd was used, as in equation 2.12.

143Nd
144Nd

=
143Nd
144Ndm

+ gradient ⇤
✓

142Nd
144Nd

std�
142Nd
144Nd

m

◆
(2.12)

Where m is the measured value, and s is the standard value (Thirlwall & Anczkiewicz 2004).
The uncertainties on the 147Sm/144Nd and the 176Lu/177Hf are 0.1% and 0.3% respectively
based on the reproducibility of elemental ratios (e.g. Yb/Lu) on the BHV0-1 standard (see
appendix A). The uncertainties are shown to be robust because many multi-point isochrons
for these systems fall on isochrons with low MSWDs, which is a good inherent test of both
how well the data fit onto an isochron, and also that the uncertainties ascribed to each sample
are sensible.
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Figure 2.8: 176Hf/177Hf values for the JMC475 Hf isotope standard obtained from the
RHUL IsoProbe during the course of this study. Central line is the long term (10 year)
average of 0.282181±21 (2sd), with 2sd shown as dashed lines. All standard data in this study
fall within error of the long term mean. Although the values obtained for the standard are
significantly higher than the accepted value for this standard (0.282165), and so the samples
were corrected using the average measured value of the standard on a given analytical session

relative to this standard value.

Figure 2.9: 176Hf/177Hf values for the JMC475 Hf isotope standard obtained from the
Thermo Neptune MC-ICPMS at the Polish Institute of Geological Sciences, Krakow.
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Figure 2.10: 143Nd/144Nd values for both the Aldrich Nd, and mixed Ce-Nd isotope stan-
dards from the RHUL IsoProbe MC-ICPMS during the course of this study. Solid line is
the 10 year instrument average for the standard, with two standard deviations shown as the

dashed lines.
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Chapter 3

Petrogenesis of the North Roe

basement gneisses

The Isle of Uyea from Brevligarth, North Roe
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3.1 Synopsis

Felsic and mafic orthogneisses of Archaean and Palaeoproterozoic age crop out on the North
Roe peninsula of northwest Shetland. The felsic Wilgi Geos and Uyea Group gneisses define
an Sm-Nd isochron of 3023±94 Ma (MSWD: 6), and have chemical characteristics of typi-
cal Archaean TTG suites. Two metagabbroic bodies crop out in the area, but do not share
chemical or isotopic attributes. The Fugla Ness metagabbro is the larger of the two bod-
ies, and shares many trace element characteristics with the surrounding felsic Uyea Gneisses,
suggest a partial crustal input. However, the mafic nature of this body requires a mantle
source, most likely from the overlying mantle wedge in a similar way to sanukitoid formation.
Neodymium isotope systematics for the Fugla Ness metagabbro indicate a Neoarchaean age.
The Blue Head metagabbro postdates both the felsic gneisses and the Fugla Ness metagabbro
and geochemically resembles a continental tholeiitic basalt. It yields a significantly younger
Palaeoproterozoic Nd model age.

3.2 Introduction

A difference in the dominant tectonic style during the Archaean compared to the Phanerozoic
has been invoked to explain the geochemical characteristics of the Archaean TTG (tonalite-
trondhjemite- granodiorite) suites. These suites constitute the major lithological component
of Archaean cratons, and are thought to represent direct melts of hydrous, garnet-bearing
mafic crust (Jahn et al. 1981, Condie 1986, Martin 1993, Moyen & Martin 2012). The forma-
tion of felsic material from mafic crust has significant implications for the initial generation of
continental crust, the transition towards modern style tectonics, and crustal formation pro-
cesses.
The Lewisian Gneiss Complex on the northwest coast of mainland Scotland was one of the
first areas to be categorized as an ancient TTG terrane that incorporates constituents of both
the lower and middle continental crust (Peach et al. 1907, Moorbath et al. 1969). Whilst the
dominant rock types are the felsic TTG gneisses, subordinate mafic and ultramafics also form
part of the Archaean crust in this area.
The North Roe peninsula in northwest Mainland Shetland comprises a suite of felsic or-
thogneisses, with mafic intrusions: the Western Gneisses (Fig. 3.1). In the east of the penin-
sula, above the Wester Keolka Shear Zone (WKSZ), the Moine-correlated Sand Voe Group
metasediments crop out. The juxtaposition of these metasediments and Archaean (Flinn et al.
1979, Knudsen 2000) felsic orthogneisses was the foundation for the WKSZ being considered
the continuation of the Moine Thrust from Mainland Scotland, and for the Western Gneisses
regarded as the equivalent of the Lewisian Gneisses (Flinn et al. 1979). However, in light of
evidence that the WKSZ was formed during the Neoproterozoic and hence is not the Silurian
Moine Thrust (See Chapter 5), here we present field, geochemical, and isotopic evidence for
the North Roe basement gneisses, providing insights into the petrogenetic history of the area.
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Figure 3.1: (a) Geographical location of Shetland and the North Roe peninsula in relation to the Scottish mainland. MTZ – Moine Thrust
Zone; GGF – Great Glen Fault; HBF – Highland Boundary Fault; SUF – Southern Uplands Fault; WBF – Walls Boundary Fault; NR –
North Roe; IS – Iapetus Suture (b) Geological sketch map of the North Roe Peninsula from the Isle of Uyea to Sand Voe, including sample
localities from this study in black circles, and the samples that were dated by Davis (2012) in black diamonds - ages shown are U-Pb zircon

ages determined by SHRIMP by Davis (2012). USZ – Uyea Shear Zone; WKSZ – Wester Keolka Shear Zone
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3.3 Geological background

3.3.1 Archaean and Palaeoproterozoic rocks of the North Atlantic

On the fringes of orogenic mobile belts that encircle the North Atlantic, Archaean and Palaeo-
proterozoic gneisses make up a ring of ancient continental crust spanning from northern
Canada, Greenland, and western Scotland, to Norway, Sweden, and Finland (Buchan et al.
2000).
In mainland Scotland, the Lewisian Gneiss Complex makes up part of the Laurentian Craton,
and crops out on the Outer Hebrides and along a N-S strip to the west of the Moine Thrust
Zone, which marks the western limit of lower Palaeozoic Caledonian orogenesis.
The Lewisian Gneisses on the Scottish mainland formed as a series of discrete terranes that
amalgamated during the Palaeoproterozoic. The Rhiconich and Gruinard Terranes (See Kinny
et al. (2005) for details of terrane nomenclature) are predominately tonalitic and have been
metamorphosed to amphibolite facies. These two regions formed broadly contemporaneously
between 3.0-2.8 Ga by dehydration melting of amphibolitised tholeiitic basalt (Rollinson 1996,
Friend & Kinny 2001, Love et al. 2010). Geochronological and isotopic determinations from
the Rhiconich and Gruinard terranes of the mainland Lewisian are very similar. Mantle input
during this protracted episode of crustal formation is supported by the positive "Nd (between
+1.93 - +0.98) recorded in lithologies from this area (Whitehouse 1989).
Granulite facies metamorphism is pervasive in the Assynt Terrane. However, depletion in the
Large Ion Lithophile Elements (LILE) in the central region is considered to be a function of a
depletion of these elements in the source material (Rollinson 1996) rather than as a result of
fluid or melt loss during dehydration at granulite facies. The major component of the Lewisian
gneisses are felsic TTG gneisses, with subordinate mafic and ultramafic lithologies and minor
supracrustals. The Scourie Dykes form most of the mafic crustal material in the region, and
were derived from the mantle during extension over a 40 Ma period between c.2418-2375 Ma
(Davies & Heaman 2014). These dykes are largely doleritic and they were emplaced into the
surrounding felsic TTG gneisses during the Palaeoproterozoic (Waters et al. 1990).
Studies of offshore boreholes on the UK continental margin indicate that Lewisianoid litholo-
gies extend westward to the Rockall Trough, but appear to give way to Caledonian metased-
iments east of Shetland (Ritchie & Darbyshire 1984, Chambers et al. 2005). The lithological
and geochemical variations observed within the continental margin outlined by Chambers
et al. (2005), are similar to those within the Lewisian Gneisses. The majority of the offshore
basement lithologies are felsic gneisses, mostly tonalites, but also diorites, monzodiorites,
and alkali granites with minor mafic components. For most of these offshore lithologies, the
regional metamorphic grade is high and ranges from amphibolite to granulite facies. The
majority of the TTG lithologies are currently amphibolites retrogressed from granulite facies
(Chambers et al. 2005).
Protolith ages of the offshore basement gneisses indicate a comparable age distribution to
those of the onshore Lewisian, with two distinct groups of TIMS U-Pb zircon ages at c. 2.8
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Ga and c. 2.7 Ga. However, no Pb-loss trajectories of the offshore lithologies have lower
intercepts at c. 2.5 Ga and c. 1.8 Ga that are common attributes in the mainland Lewisian.
This suggests that the high-grade metamorphic events that affected the Central region of the
mainland Lewisian Complex at this time has not affected the offshore region (Chambers et al.
2005). The geochemical characteristics of the offshore basement lithologies are consistent with
the geochronological evidence within the onshore Lewisian Gneisses of prolonged, perhaps up
to 300 Ma, crustal growth in this region during the Archaean.

3.3.2 Basement rocks in Shetland

Within the Laurentian terranes of the North Atlantic, Shetland occupies a marginal location,
being the sole outcrop of onshore metamorphic basement between the Laurentian palaeocon-
tinent in Scotland and the Baltican palaeocontinent in Norway. Dividing Shetland is the N-S
trending transcurrent Walls Boundary Fault, the supposed along-strike continuation of the
Great Glen Fault of mainland Scotland (Fig. 3.1; Watts et al. (2007)). In Shetland, units
that may be genetically linked to the Lewisian Gneisses crop out on the North Roe Peninsula
and as inliers on Yell (Pringle 1970, Flinn et al. 1979, Jahn et al. 2017).
The westernmost part of North Roe in northern Mainland Shetland comprises a suite of de-
formed felsic orthogneisses, metagabbroic intrusions, and interleaved mafic amphibolites (see
Fig 3.2. Flinn et al. (1979), Pringle (1970)). The area has been correlated with the Lewisian
Gneisses Complex based on lithological similarities, although no geochemical studies have
been undertaken on the North Roe orthogneisses. Geochronological understanding of the
North Roe region is based on the hornblende K-Ar age determinations of (Flinn et al. 1979),
which provide ages of c. 2.9 Ga; a Nd model age of c. 2.9 Ga (Knudsen 2000); and Rb-Sr
white mica Neoproterozoic and Devonian ages from shear zones in the east and west of the
unit, respectively (Chapter 5).
In North Roe, the Wester Keolka Shear Zone (WKSZ) separates the Lewisianoid orthogneisses
from the Moine-correlated metasedimentary Sand Voe Group, and is a sharply defined bound-
ary parallel to the dominant D4 schistosity (Pringle 1970). Neoproterozoic white mica Rb-Sr
ages for this shear zone, and the presence of gneissic pebbles immediately above the contact
(Fig 3.2.a) indicate that it represents a tectonised basement-cover unconformity rather than
an important regional Caledonian structure (Pringle (1970), Chapter 5). Further, in the far
west of North Roe, Devonian white mica Rb-Sr ages have been obtained on the Uyea Shear
Zone, suggesting that the area of North Roe was affected by late Caledonian transpression
or transtension (Chapter 5). This is in stark contrast to the Lewisian Gneiss complex of
mainland Scotland, where lithologies have remained essentially undisturbed since the Palaeo-
proterozoic (Kinny & Friend 1997, Kinny et al. 2005), with the notable exception of a series
of brittle pseudotachylite-bearing faults in the Outer Hebrides which span ages from the
Palaeoproterozoic to the Silurian (Kelley et al. 1994, Sherlock et al. 2009).
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Figure 3.2: Field Photographs from the North Roe peninsula in northwest Mainland Shet-
land (a) Pebble of Wilgi Geos Gneiss within the Wester Keolka Shear Zone supporting the
notion of Pringle (1970) that this structure represents a reworked unconformity rather than
an important regional structure (b) Typical appearance of the Wilgi Geos felsic orthogneisses.
Note the strong planar fabric and interleaved mafic pods/boudins (c) Typical appearance of
the Uyea Group gneisses with well developed s-c fabric and slight augen shape to the feldspar
porphyroblasts (d) Evidence of in situ melting within the mafic amphibolites intruded into

the Wilgi Geos orthogneisses.
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3.3.3 Previous geochronological constraints on the North Roe gneisses

A large number of zircon U-Pb ages have been determined on this area by Davis (2012). These
were analysed using SHRIMP and were predominately collected from the Uyea Group to the
west of the Uyea Shear Zone, but zircons from Fugla Ness metagabbro were also dated using
this method.

3.4 Field relationships

A suite of nine felsic orthogneisses and eleven mafic lithologies were collected on a coastal
traverse between Sandvoe and west coast of the North Roe peninsula in northwestern Main-
land Shetland, for geochemical and isotopic analysis. Locations of sample sites are presented
in Fig. 3.1.
Eight of the samples were collected by S. Walker and A. F. Bird, all other samples were col-
lected by Dr. M. Fowler (University of Portsmouth). All Nd isotope, and the major and trace
element (including REE by ID) analysis on samples collected by SW and AFB were analysed
by SW. All other samples were analysed at the University of Portsmouth by Dr. Fowler. Data
collected by Dr. Fowler are used with permission.
The dominant lithologies between the Wester Keolka Shear Zone in the east, and the Uyea
Shear Zone in the west are the variably foliated Wilgi Geos grey granitoid gneisses with
sheets of fine-grained mafic amphibolites (Fig 3.2). These amphibolites are rarely garnetifer-
ous, but predominantly of hornblende-plagioclase assemblage, indicating middle-amphibolite
facies metamorphism. Levels of deformation within the felsic orthogneisses are broadly con-
stant across North Roe, with the notable exception of lithologies near the bounding shear
zones: the Wester Keolka Shear Zone and the Uyea Shear Zone. Here, the orthogneisses are
more strongly reworked, exhibiting ductile shearing and quartz-feldspar segregation.
To the west of the Uyea Shear Zone, the Uyea Group gneisses crop out. This lithology has
a marked change in the dip direction of the planar fabric from southeasterly dipping in the
Wilgi Geos Group to northward dipping in the Uyea Group. Similar ductile shear and planar
fabrics evident throughout the Wilgi Geos group are also observed within the Uyea Group
gneisses. There are areas within the Uyea Group orthogneisses where relict igneous textures
can be observed at both outcrop and microscopic scale, most evident in the group on the Isle
of Uyea on the far northwestern tip of the peninsula.
Two major mafic intrusions crop out within the Uyea Group. The Fugla Ness Metagabbro is
coarse-grained, unfoliated, and stratigraphically the older of the two as it crosscuts the sur-
rounding felsic gneisses, but is crosscut by late felsic pegmatites. Conversely the Blue Head
Metagabbro to the north is finer grained and also unfoliated, but crosscuts both the felsic
gneisses and pegmatites (Pringle 1970). The Fugla Ness metagabbro is larger in size, covering
an area of approximately 1 km2, whereas the Blue Head metagabbro is a smaller intrusion,
with a dyke-like geometry approximately 750 m long, and 100 m wide. Both of these mafic
bodies are metamorphosed, but neither is garnetiferous.



Chapter 3. Petrogenesis of the North Roe basement gneisses 65

3.5 Analytical techniques

Major and trace element data were determined by X-ray fluorescence spectrometry (XRF).
Bulk rock powders were analysed for major elements on fused glass discs, and trace elements
on pressed pellets using the PANalytical Axios XRF at RHUL.
Concentrations of rare earth elements from the Wilgi Geos Group and one sample collected
from the Isle of Uyea (samples prefixed with SW) were determined by isotope dilution on
the GV IsoProbe MC-ICPMS at RHUL, using the method described in Manning & Thirlwall
(2014).
For all other samples, including all mafic lithologies; major and some trace element data were
determined using XRF. Uranium, Th, the HFSE and REE of samples not prefixed with SW
were determined by ICP-MS at Portsmouth University following the method outlined in Jahn
et al. (2017). Samarium and Nd concentrations determined by isotope dilution (during Nd
isotope analysis) at RHUL for the mafic samples are in good agreement (between 1-8%) with
those analysed by ICP-MS at the University of Portsmouth.
Neodymium isotope determinations were carried out on an IsotopX Phoenix TIMS at RHUL,
after further ion-exchange separation of Sm and Nd using methanol-based anion exchange
chemistry, using a multidynamic method modified from Thirlwall (1991a). Neodymium iso-
topes were determined as Nd+ metal, with accuracy and reproducibility of 143Nd/144Nd mon-
itored using the RHUL Laboratory Aldrich standard. During the course of the study, the
mean for this standard are within error of the long-term mean of 0.511406±3 (2sd, n=33).
Neodymium isotopic compositions are normalized to 146Nd/144Nd= 0.7219. The Sm-Nd
isochron and uncertainty was calculated in Isoplot version 4 (Ludwig, 2003). All ages are
reported relative to the 147Sm decay constant of 6.45 x 10 -12a-1. All isotope data and age
uncertainties are quoted to 2�.
The data for all samples analysed as part of this study can be found in Appendix A.

3.6 Geochemistry

Orthogneisses collected from the North Roe region form two distinct groups of felsic and mafic
compositions (Fig. 3.3). The felsic orthogneisses are the Wilgi Geos and Uyea Group gneisses,
and the mafic orthogneisses are the Fugla Ness and Blue Head metagabbros. The geochemical
and isotopic characteristics of the felsic and mafic orthogneisses that crop out in North Roe
are outlined in the following sections.

Felsic orthogneisses

Mineralogically, the Wilgi Geos gneisses comprise plagioclase, quartz, K-feldpspar, muscovite,
(± hornblende), epidote, chlorite, and titanite. Metamorphic fabric development is variable



Chapter 3. Petrogenesis of the North Roe basement gneisses 66

Figure 3.3: Total Alkali Silica (TAS) plot for all samples. Open circles – Uyea Group and
Wilgi Geos felsic orthogneisses. Black circles – Fugla Ness metagabbro. Black squares – Blue

Head metagabbro.

throughout the Group, but generally metamorphic grade appears to be around upper green-
schist to lower amphibolite facies. The Wilgi Geos felsic gneisses are cross-cut my mafic
amphibolites that have stable plagioclase-hornblende (+ garnet) which indicates that the re-
gion has seen amphibolite facies metamorphism.
The Uyea Group gneisses are mineralogically similar to the Wilgi Geos Group, but The felsic
orthogneisses in North Roe plot within the diorite, granodiorite, and granite fields of the TAS
diagram, and within the tonalite and trondhjemite fields of an An-Ab-Or ternary plot (Fig.
3.4; Barker (1979)).
The sampled Wilgi Geos felsic orthogneisses are characterised (Fig. 3.5) by moderate to high

SiO
2

(57.4-77.9 wt.%), and low Mg# of between 34.2-46.7. The gneisses are sodic, with high
Na

2

O (4.39-5.15 wt.%), and corresponding low K
2

O/Na
2

O (0.21-0.43). Steadily decreasing
concentrations of MgO, CaO, and Fe

2

O
3

indicates the removal of mafic minerals as SiO
2

increases. Similarly, decreasing Al
2

O
3

contents throughout the whole suite of North Roe or-
thogneisses supports continued feldspar fractionation.

Multi-element diagrams (Fig. 3.7) show that all of the felsic orthogneisses have negative
Nb, P, and Ti anomalies. The multi-element diagrams indicate that both the Uyea Group
gneisses and the Wilgi Geos Group orthogneisses are similar in their chemistry, although the
Uyea Group gneisses have strongly negative Th anomalies which is not observed in the Wilgi
Geos Group.
These felsic gneisses have highly fractionated MREE/HREE ratios (See Fig 3.8; Dy/Yb

n

=
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Figure 3.4: (a) An-Ab-Or plot for samples of the Uyea Group and Wilgi Geos felsic or-
thogneisses. (b) AFM plot of all samples from North Roe. Open circles – Uyea Group and
Wilgi Geos felsic orthogneisses. Black circles – Fugla Ness metagabbro. Black squares – Blue

Head metagabbro.

2.05-1.52), and europium anomalies (Eu/Eu*) between 0.67-1.48. Samples with the lowest
REE contents have positive europium anomalies, whilst those that have higher REE contents,
or are more evolved, have negative europium anomalies, perhaps indicated increasing plagio-
clase fractionation.
Sample SW13-13b has a very different chemical signature, and as such it is worth describing
in more detail. This sample is a felsic pegmatite that cross-cuts the Wilgi Geos orthogneisses.
Mineralogically the sample comprises mostly plagioclase and quartz, with minor epidote. This
sample has a very high SiO

2

content (77.9 wt.%), ⌃REE that is significantly lower (Figure
3.6) than any other sample in this study, low Mg# (19.5), and an extreme positive Eu/Eu*
of 30.4 (Figure 3.8). These chemical characteristics reflect the extremely high plagioclase
content in the sample.

Fugla Ness metagabbro

Mineralogically, the Fugla Ness metagabbro is made up of plagioclase, hornblende, chlorite,
and minor opaques and epidote. Although a largely relict igneous texture is retained, the
stable plagioclase-amphibole assemblage indicates amphibolite facies metamorphism has oc-
curred in this lithology.
The Fugla Ness metagabbro comprises a suite of mafic rocks between SiO

2

47.5 and 48.9
wt.% with high Al

2

O
3

contents up to 19.26 wt.%. Two samples appear to be mafic (olivine +
clinopyroxene) cumulates. These two samples are easily identified though their chemistry as
they have extremely high wt.% MgO (15.89 & 17.36) at SiO

2

contents comparable to the other
surrounding samples. Other than the two potential cumulates, major element chemistry of
the Fugla Ness metagabbro follows a probable fractionation trend from gabbro to monzonite
when plotted on a total alkali-silica diagram. Negative correlation of CaO/Al

2

O
3

vs. SiO
2
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Figure 3.5: Major element Harker diagrams for samples from North Roe. Open circles –
Uyea Group and Wilgi Geos felsic orthogneisses. Black circles – Fugla Ness metagabbro.

Black squares – Blue Head metagabbro.
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Figure 3.6: ⌃REE contents and CaO/Al2O3 against SiO2 for samples from North Roe. As
the REE concentrations for some samples were determined by isotope dilution, and hence do
not have data for the monoisotopic elements, the ⌃REE have been summed over the elements
shown in Figure 3.8. Open circles – Uyea Group and Wilgi Geos felsic orthogneisses. Black

circles – Fugla Ness metagabbro. Black squares – Blue Head metagabbro.
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suggests fractional crystallization of plagioclase, which is further supported by the decrease
in Al

2

O
3

with increasing SiO
2

. When plotted on an AFM ternary plot, most of the samples
from the Fugla Ness metagabbro plot on the calc-alkaline trend.
When plotted on a PM normalized multi-element diagram, the Fugla Ness metagabbro show
negative anomalies at Th, Nb, P, Hf, Ti, and in some samples Pb, with positive anomalies at
U, Nd, and in one sample, Pb (Figure 3.7).
Two samples from the Fugla Ness metagabbro were identified by their major element charac-
teristics to be olivine + clinopyroxene cumulates, and this is further supported by their trace
element characteristics. Their extremely high Cr and Ni contents suggest that clinopyroxene
and olivine were present. These two samples have relatively high Ni/Cr ratios (0.88 and 0.78).
Both have negative Ti anomalies, and one has a strongly positive Pb anomaly (Figure 3.8).
On the whole, samples of the Fugla Ness metagabbro have steep, fractionated REE patterns
(La/Ybn = 11.10-19.89), and small europium anomalies (Eu/Eu* = 1.19-0.85). However,
more silicic samples within the suite have similarly fractionated REE patterns, transposed to
higher relative REE contents, with strongly negative Eu/Eu* (c. 0.4), indicative of plagioclase
fractionation (Figure 3.8). In the plot of ⌃REE vs. SiO

2

(Figure 3.6), there is a moderately
well defined positive correlation, opposite to that of the felsic orthogneisses. This may suggest
that a REE-rich phase such as apatite or monazite is fractionating in the felsic orthogneisses.

Blue Head metagabbro

The second geographically distinct mafic intrusion in western North Roe is the Blue Head
metagabbro. This body appears to be stratigraphically younger than both the surrounding
felsic gneisses and the Fugla Ness metagabbro, and exhibits distinctive geochemical charac-
teristics. Mineralogically, this unit is similar to the Fugla Ness metagabbro and comprises
hornblende, quartz, chlorite, plagioclase, as well as minor opaques and epidote. Again, the
stable plagioclase-amphibole assemblage indicates that this unit was metamorphosed to am-
phibolite facies.
As only three samples were collected for geochemical analysis from this body, limited petroge-
netic information can be deduced. There is very little geochemical variation, and all samples
have essentially identical major element characteristics, with SiO

2

c.50.5 wt.%, Al
2

O
3

14
wt.%, and Mg# of 52.7-55.6. When plotted on the AFM ternary plot (Figure 3.4), samples
from the Blue Head metagabbro have higher Fe and Mg than the Fugla Ness metagabbro.
Trace element diagrams (Fig. 3.7) of the Blue Head metagabbro show prominent positive Pb
and moderately negative Nb anomalies. Variations within the mobile incompatible elements
suggest some degree of alteration or fluid loss within the samples; this is most obvious in
variations in Ba contents. However, one would expect a similar variability in Rb contents if
alteration was the true cause of Ba anomaly, and there is not. This may suggest that the
variable Ba content is petrogenetic rather than alteration related.
Rare earth element systematics of the Blue Head metagabbro show slight LREE enrich-
ment, with La concentrations of c. 28x chondrite, and La/Dy

N

(LREE/MREE) of 2.5. This
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Figure 3.7: Primitive mantle normalized spidergrams for samples from North Roe. Samples
in grey from the Fugla Ness metagabbro are interpreted to have been altered. Normalizing
values for primitive mantle normalized use values recommended by Palme & O’Neill (2014),

Palme et al. (2014).
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Figure 3.8: Chondrite normalized REE plots for samples from North Roe. Normalizing
values for both the chondrite normalized rare earth element diagrams values recommended

by Palme & O’Neill (2014), Palme et al. (2014).
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metagabbroic body also has small positive Eu/Eu* (1.03-1.06), and flat MREE-HREE pat-
terns (Dy/Yb

N

= 1.10).

3.6.1 Nd isotopes

The Wilgi Geos and Uyea Group felsic orthogneisses lie on a Sm-Nd whole-rock isochron (Fig.
3.9) indicating that they are probably cogenetic, consistent with their geochemical attributes.
Regression of these new Sm-Nd isotope data yields an age of 3023±94 Ma (MSWD: 6.0; n=7),
with 143Nd/144Nd

init

of 0.508973±55, and "Nd
3023

of +4.9 (relative to CHUR).
Individual Nd model ages of 2769- 2625 Ma (relative to CHUR) are not consistent with this

Figure 3.9: Sm-Nd isochron for the felsic gneisses of North Roe. Error bars are smaller than
symbols. Samples in grey were excluded from the age calculation due to the identification of

probable REE mobility.

isochron age, but are similar to zircon U-Pb (SHRIMP) ages of between c. 2747-2430 Ma
determined on the Uyea felsic gneisses and Fugla Ness metagabbro (Davis 2012). The "Nd
of these samples at 3023 Ma is very high compared to the average "Nd of typical Archaean
crust, and suggests that the age defined by the isochron is spurious. This is further supported
by the similarity of the model ages and the U-Pb ages. When "Nd is calculated using the
average zircon age (c. 2740 Ma) for the orthogneisses in the area determined by Davis (2012),
then the values are considerably lower, and more similar to that of typical Archaean crust:
"Nd 1.8 - 0.33.
The slope of the isochron diagram shown in Figure 3.8 is strongly controlled by the lowest
two points, which are making the slope considerably steeper. Given that at least one of these
samples, SW13-13b, has significantly different chemical characteristics, it may be that these
samples are not cogenetic with the rest. An isochron of the remaining five samples (after
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the removal of these two very low samples, and those that have been identified as probably
affected by alteration - see section 3.7.1) defines an age of 2890±67 Ma (Figure. 3.10).
Due to a smaller number of samples analysed for Nd isotopes within the Fugla Ness metagab-

Figure 3.10: Sm-Nd isochron for the felsic gneisses of North Roe that appear to chemically
form part of the same suite. Error bars are 2�.

bro, there is a high degree of uncertainty on the Sm-Nd isochron (errorchron; Figure 3.11. The
four samples analysed yield an Sm-Nd ’age’ of 2646±500 Ma (MSWD 41). This suggests that
there is isotopic disequilibrium in the suite, similarly reflected in the REE plots. Individual
Nd model ages range from 2671-2587 Ma, which are within the range of model ages for the
Wilgi Geos and Uyea Group felsic gneisses. Calculating the "Nd

2730

using the Nd isotope
data determined here and the U-Pb ages for the Fugla Ness metagabbro from Davis (2012)
yields values between +2.28 - +0.94.
Only one sample from the Blue Head metagabbro was analysed for Nd isotopes, so no isochron

can be defined. However, a Nd model age of c.2342 Ma is consistent with field evidence that
this body was emplaced later than the Fugla Ness Metagabbro, and probably during the
Palaeoproterozoic rather than the Archaean as is the case for the Fugla Ness metagabbro.

3.7 Discussion

3.7.1 Assessment of post magmatic alteration

When attempting to understand the petrogenesis of a suite of igneous rocks that have been
metamorphosed and may have undergone alteration, it is important to assess these processes
as possible causes for chemical variation. Broadly constant concentrations of the LILE across
both the Wilgi Geos and Uyea Group felsic gneisses indicates that alteration has not, for
the most part, substantially affected the elemental compositions of these rocks. However,
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Figure 3.11: Sm-Nd isochron for the Fugla Ness metagabbro in the west part of North Roe.
Error bars are 2�.

some variation in the Ba relative to immobile Zr implies there may have been some Ba
mobilization either during metamorphism or alteration. The rare earth elements are typically
immobile during alteration, but can be strongly controlled by the growth of metamorphic
minerals such as garnet when coupled with metasomatism. No evidence of garnet growth
or metasomatism has been observed in the analysed North Roe orthogneisses. Rare earth
element mobilization can be quantifiably assessed using Ce/Ce* following Polat & Hofmann
(2003), whereby basalts with Ce/Ce* <0.9 and > 1.1 may have been affected by alteration.
This is a useful guideline for mafic samples and indicates that the REE elements in this area
have not been detrimentally affected. There is a relatively good negative correlation (R2 =
0.68) of Ce/Ce* and SiO

2

in the felsic orthogneisses (Figure 3.12), indicating that the more
felsic samples are more oxidized, with the noticeable exception of one sample collected near to
the Wester Keolka Shear Zone (SW12-01). This sample has an unusually high Ce/Ce* of 1.4
and is therefore likely to have been affected by REE mobilization. This may account for this
sample, and SW13-13b lying below the Sm-Nd isochron defined by the other felsic gneisses.
Indeed, that the other felsic gneisses appear to lie on an isochron (Figure 3.10) indicates that
there has not been substantial (L)REE mobility.
Some element mobility is observed within the Fugla Ness metagabbro, as there are variations

and poor correlations of P
2

O
5

, K
2

O, Pb, Rb, and U when plotted against the immobile Zr.
However, given the immobility of P

2

O
5

generally, it may be that this variation relates to
the fractionation of apatite. Other elements show good correlation with Zr indicating these
elements have not been affected by alteration.
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Figure 3.12: Correlation of Ce/Ce* against SiO2 for the Uyea and Wilgi Geos felsic or-
thogneisses. The inset of samples that appear not to have been severely affected by (L)REE
mobility. The sample SW13-13b has an extremely low Ce/Ce* as a function of the curvature

of the REE pattern
Ce/Ce* = [Ce] * 0.329/(0.865 * [La]*([Nd]*0.329/([La]*0.63))0.33333
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3.7.2 Petrogenesis

Felsic orthogneisses

The chemical signatures observed in the c. 2.9-2.7 Ga (this study; Davis (2012)) North Roe
orthogneisses indicate that they belong to the archetypal TTG suite of Archaean granitoids.
The North Roe samples are somewhat less silicic than typical TTGs (>57% rather than >64%
wt.% SiO

2

; Moyen & Martin (2012)), but are sodic with low K
2

O/Na
2

O ratios. Similarly,
high Sr/Y ratios (31-671), negative HFSE anomalies (Nb and Ti), and lack of Sr anomaly
are all typical of Archaean TTG suites. Rare Earth Element profiles demonstrate that these
rocks are enriched in LREE and strongly depleted in HREE (Fig. 3.6), which indicates that
garnet was likely present in the source of the original melt; whilst small Eu anomalies suggest
that plagioclase was not. This steep REE pattern and very low HREE contents is typical of
TTGs, but is not commonly observed in Phanerozoic granitoids (Moyen & Martin 2012).
It is clear that the Wilgi Geos orthogneisses have been metamorphosed to no higher than up-
per amphibolite facies, as there is no chemical signature indicative of dehydration (i.e. LILE
and U depletion), and no granulite facies assemblages, relict or otherwise, have been observed.
Systematic depletion of thorium in the Uyea Group gneisses may indicate that there has ei-
ther been a thorium depletion event in the history of the Uyea Group gneisses that has not
been shared by the Wilgi Geos orthogneisses, or that there is some variability in the source
material. As an element that is strongly fractionated during granulite facies metamorphism,
it is tempting to attribute the observed thorium depletion to this. However, there is no petro-
logical evidence of granulite facies metamorphism in the Uyea Group felsic orthogneisses, and
a complementary depletion in uranium would be expected, where there is none. When this
negative thorium anomaly is considered along with an observed depletion in the other HFSE,
it is likely that residual hornblende was in the source material of the Uyea Group gneisses
(Drummond & Defant 1990).
Despite the Wilgi Geos and Uyea Group felsic orthogneisses having somewhat different el-
emental compositions, they lie on a reasonable Sm-Nd isochron (Figure 3.10), indicating
contemporaneous differentiation from sources with depleted mantle characteristics at c. 2890
Ma. This Sm-Nd isochron age of 2890±67 Ma is in good agreement with the Nd model ages,
the U-Pb zircon ages of 2747-2730 Ma (Davis 2012), and also the original K-Ar ages of 2.6-2.8
Ga determined by Flinn et al. (1979). No considerably older crustal component can have
affected these felsic gneisses during their genesis, which is made evident by the positive "Nd
value.

Fugla Ness metagabbro

The Fugla Ness metagabbro, found in the southwest of the Uyea Group gneisses in North
Roe has a minimum MgO of 3.3 wt.% as well as high Ni (21 - 575 ppm) and Cr (1 - 741
ppm) contents, indicating that this body is probably a mantle derived melt. However, high
concentrations of incompatible Sr (up to 1022 ppm), and Ba (up to 687 ppm), and Rare Earth
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Elements systematics indicative of stable garnet in the source, all suggest that crustal melting
may have been involved in its petrogenesis.
The felsic gneisses and the Fugla Ness metagabbro have similar trace element systematics.
This genetic link is easily seen within the REE chemistry, as the two groups are enriched in
the LREE and depleted in the HREE, leading to highly fractionated REE patterns. This is
a common characteristic of all Archaean TTG suites, and has been attributed to the direct
melting of hydrated, garnetiferous mafic crust. This is a sensible mode of genesis for the
Wilgi Geos and Uyea Group felsic orthogneisses. However, as it virtually impossible to pro-
duce mafic melt by partial melting of a mafic source, a different mode of formation for the
Fugla Ness metagabbro, that requires some degree of mantle melting, should be explored.
The Fugla Ness metagabbros are enriched in both compatible and incompatible elements,
with a moderate HREE depletion, resembling the Archaean sanukitoid suite. The sanukitoid
suite of magmas make up a small proportion of the Archaean “grey gneisses” worldwide and
have very distinctive chemical signatures. They are high Mg granitoids, although typically
dioritic in composition, with high concentrations of Ni, Cr, Ba, and Sr (Heilimo et al. 2010).
This cryptic suite of rocks are considered to be a petrogenetic bridge between the slab-melting
model of the Archaean and the metasomatically driven mantle melting of modern arc lavas.
The chemical signatures of the Sanukitoids have been regarded as interaction between a di-
rect slab melt and mantle on its way to the surface. This accounts for the high incompatible
element concentrations (the direct slab melt), and the elevated compatible elements (mantle
involvement). The relative scarcity of these rocks in the geological record may indicate that
they form in a relatively short-lived geodynamic window.
It is possible that the Fugla Ness metagabbro was formed in a similar way to the sanukitoid
suite, where a direct slab melt leads to melting in the overlying mantle wedge. Subsequent
mixing or entrainment of these two melts may have caused the observed geochemical charac-
teristics. The gabbroic, rather than dioritic or granitic nature sets the Fugla Ness metagabbro
apart from “true” sanukitoids, and suggests that the mantle source is contributing more to
these compositions than the initial slab melt.

Blue Head metagabbro

The second mafic body that intrudes into the Uyea Group is the Blue Head metagabbro. As
only three samples were collected from this body, and only two of which were analysed for the
REE, and only one for Nd isotopes, relatively little can be determined about the petrogene-
sis of this body. However, given the Palaeoproterozoic Nd model age and clear crosscutting
relationship with the surrounding Uyea Group felsic orthogneisses, it is very likely that this
is a younger intrusion. This is supported by the distinct chemical characteristics of the Blue
Head metagabbro relative to the felsic gneisses and the Fugla Ness metagabbro. Chemically,
the Blue Head metagabbro resembles a continental tholeiite (See the AFM diagram in Figure
3.4) that has undergone some degree of crustal contamination, as it has a flat MREE/HREE
pattern, which is typical for tholeiitic magmas. However, the relatively high LREE contents,
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Figure 3.13: Comparison of REE patterns between the Scourie dolerite dykes from main-
land Scotland and the Blue Head metagabbro in North Roe (black squares). The grey field

is a compilation of the Scourie Dyke REE data presented by Hughes et al. (2014)

and LREE/MREE ratios suggest possible crustal contamination (Figure 3.8). This contam-
ination could feasibly have occurred during intrusion of tho body into the surrounding Uyea
Group Gneisses, and would explain the relatively high LREE contents.
The age, regional location, and chemical characteristics of the Blue Head metagabbro point

towards a possible correlation with the Scourie Dyke Suite that intrude into the Lewisian
Gneisses of the Scottish mainland. The Scourie Dykes in mainland Scotland are predom-
inantly doleritic (c. 90-95%), with minor picrites, olivine-gabbros, and norites (Tarney &
Weaver 1987, Hughes et al. 2014), with the majority of the dolerite dykes intruded between
c. 2.418-2.375 Ga (Davies & Heaman 2014).
Although the geochemical data from the Blue Head metagabbro is relatively sparse, the sim-
ilarities between it and the Scourie Dykes can be seen in the trace element compositions, and
particularly in the REE (see Figure 3.13). There is also some evidence of the LILE (and
LREE) enrichment that is ubiquitous within the Scourie Dykes (Tarney & Weaver 1987),
and other mafic rocks that have been emplaced into felsic material such as continental flood
basalts. Some potential Ba mobility makes it difficult to assess the extent of all the the LILE
concentrations (as seen in Figure 3.7). Relative to the Scourie Dyke suite shown in Figure
3.14, there is a significant Nb depletion, which may provide evidence of contamination by
the surrounding felsic gneisses, which also have a negative Nb anomaly (Figure 3.14). It is
not necessarily the case that the Blue Head metagabbro is part of the Scourie Dykes, and a
more precise age determination would provide more conclusive evidence, but the balance of
probability appears to be in favour of this interpretation.
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Figure 3.14: Comparison of multielement patterns between the Scourie dolerite dykes from
mainland Scotland and the Blue Head metagabbro in North Roe (black squares). The grey

field is a compilation of the Scourie Dyke REE data presented by Hughes et al. (2014)

3.7.3 Neodymium isotopes

The neodymium isotopes of the Uyea Group and Wilgi Geos gneisses suggest a depleted
mantle source, with no or very little input from considerably older crust in their genesis. The
"Nd

3023

is very high relative to normal Archaean crust, when all samples are used to define
the isochron. However, when the samples that are chemically unaltered and isotopically
very unradiogenic are taken out of the dataset, an isochron of at 2890±67 Ma (MSWD: 2.1)
is defined. From this isochron, an "Nd

2890

of +3.4 can be derived. Although this is still
very high compared to normal Archaean crust, it is at least more feasible than the value of
+4.9 otherwise derived from the Wilgi Geo s and Uyea Group felsic Orthogneisses. The age
defined by the Sm-Nd isochron in figure 3.10 are in good agreement with the U-Pb zircon ages
of 2870-2730 Ma (Davis (2012), Kinny and Strachan unpublished data). Neodymium isotopes
determined on the basement felsic gneisses from boreholes offshore immediately to the west of
Shetland define a very different isochron to those from North Roe (Figure 3.15). The shallower
slope of the offshore Sm-Nd isochron leads to a younger age for these gneisses (2583±220 Ma)
compared to the Wilgi Geos and Uyea Group gneisses (2890±67 Ma). However, the Sm-Nd
isochron age for the offshore gneisses is not consistent with the high-precision (TIMS) U-Pb
ages determined on the same samples, which yield ages between 2796.0±3.3 and 2701±13 Ma
(Chambers et al. 2005), and are more in line with both the Sm-Nd isochron age and U-Pb
zircon ages from North Roe (this study, Davis (2012).

As no convincing Sm-Nd isochron was defined from the Fugla Ness metagabbro, the Nd
model ages are most likely to be meaningful. These indicate that the body was extracted
from the mantle between 2671-2587 Ma which is consistent with both the U-Pb zircon ages
determined on this body (c.2737±7 Ma; Davis (2012)) and the isochron age (Figure 3.10)
determined on the felsic gneisses. An "Nd

t

of +1.91 for the Fugla Ness metagabbro indicates
a similar source to that of the felsic gneisses, when calculated using the U-Pb zircon age (2730
Ma). This is difficult to reconcile with the major and trace element data, as well as the field



Chapter 3. Petrogenesis of the North Roe basement gneisses 81

Figure 3.15: Comparison of Sm-Nd isochrons for felsic orthogneisses from North Roe (Black
diamonds) and boreholes from offshore to the west of Shetland (Black squares). Offshore

data are from Chambers et al. (2005).

evidence that this body was likely intruded into the felsic gneisses at a later date. However,
the uncertainties on all age determinations are sufficiently high as to mask the true relative
timings of the emplacement of these bodies.
Although only one sample was analysed for Nd isotopes, and there are no (known) U-Pb ages
from the Blue Head metagabbro, it seems likely that is a slightly later intrusion, and has a Nd
model age of c.2342 Ma. This supports field and geochemical evidence for the petrogenesis
and relative intrusive timing of this body.

3.7.4 Geodynamic and regional implications

The preceding discussion outlines the reasons that suggest the felsic Wilgi Geos and Uyea
Group orthogneisses were formed by the melting of hydrated basaltic crust metamorphosed
to a facies where garnet was stable, but plagioclase was not: probably to eclogite or upper
amphibolite facies. This is the standard petrogenetic model invoked for Archaean TTG suites
worldwide (Moyen & Martin 2012). Despite a shear zone of Devonian age (Chapter 5) sep-
arating the Wilgi Geos and Uyea Group felsic orthogneisses, chemical and isotopic evidence
suggests that the two units are likely to have formed contemporaneously in the same tectonic
environment.
Although there are chemical similarities, and identical Nd isotope data for the Fugla Ness
metagabbro, field evidence indicates that this body formed slightly later than the surround-
ing felsic gneisses. The Fugla Ness metagabbro was most likely derived from metasomatically
driven melting of the overlying mantle. However, in order to account for the major element
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signatures, interaction of felsic crustal material must be invoked – perhaps with a small degree
of slab melting initiating the melting of the overlying mantle wedge. The neodymium isotope
data, both isochron and model, indicate that the main crustal extraction event in the North
Roe region was at c. 2.8 Ga, with the chemically similar Fugla Ness metagabbro forming at
approximately the same time.
If the North Roe orthogneisses were formed during a crustal formation event at c. 2.8 Ga,
then this is comparable to the major differentiation events that produced the protoliths of
the Lewisian Gneiss Complex of mainland Scotland. This, along with the similar chemical
characteristics (Figure 3.16 for REE comparisons) supports the notion that these rocks are
a likely equivalent to the Lewisian Gneisses in mainland northwest Scotland (Pringle 1970,
Flinn et al. 1979). Chemical and isotopic evidence presented here for the Fugla Ness and Blue
Head metagabbros indicates that these two units cannot be considered to form part of the
same body, with the latter possibly being related to the Scourie Dyke Swarm of mainland
Scotland. This is in agreement with the original mapping work of Pringle (1970), and suggests
that a direct correlation with the Lewisian Gneisses of mainland Scotland is sensible.
The geographically closest Archaean basement rocks to those on Shetland that have been
chemically, isotopically, and geochronologically characterised are those immediately offshore
Shetland, to the west of North Roe (Quadrant 206 in Figure 3.16). Due to the nature of
offshore boreholes, it is difficult to assess the extent of any variations in lithological horizons
over a wide area. Nevertheless, Several lithologies from west of Shetland have yielded T

DM

model ages, and high-precision U-Pb zircon ages (Figure 3.15), between 3.3-2.8 Ga (Chambers
et al. 2005), essentially identical to the ages determined in this study and to the U-Pb zircon
ages of the Uyea Group gneisses of Davis (2012). Likewise, the geochemical characteristics
of the immediate basement offshore Shetland are similar to those presented here (e.g. Figure
3.16). This suggests that the felsic orthogneisses, at least, cover a fairly large area, probably
on the order of 100km2.
Despite the similarities in the chemical attributes of the North Roe gneisses to other Ar-
chaean terranes that surround the North Atlantic, it is difficult to assess the true extent of
this crustal material. This is because the felsic orthogneisses of the North Roe region of
northwest Shetland share chemical characteristics with Archaean TTG suites that crop out
globally. Similarly, the Meso-Neoarchaean Sm-Nd ages for the North Roe felsic gneisses in-
dicates that these lithologies were likely formed during the same crustal growth episode that
formed the Gruinard and Rhiconich Terranes in the southern and northern sections of the
mainland Scottish Lewisian (Kinny & Friend 1997, Kinny et al. 2005).
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Figure 3.16: Map of the North Sea/North Atlantic region in the immediate vicinity of Shetland (modified from (Chambers et al. 2005)).
Comparative REE diagrams of felsic gneisses from North Roe, boreholes from offshore immediately to the west of Shetland (Data from Chambers

et al. (2005)), and the amphibolite facies Lewisian Gneisses from mainland Scotland (data from Rollinson (2012))
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3.8 Conclusions

The basement orthogneisses in the North Roe region of northwest Mainland Shetland fall into
two main categories: mafic and felsic. The Wilgi Geos and Uyea Group felsic orthogneisses
can be identified as members of the TTG suite that dominate Archaean continental crust
worldwide. The mode of formation for these gneisses can be inferred from their chemistry,
and is therefore likely to have involved direct melting of hydrated basaltic crust that had been
metamorphosed to at least garnet amphibolite facies.
Two metagabbroic bodies crop out in the western margin of the North Roe peninsula. We pro-
vide chemical and isotopic evidence that the Fugla Ness and Blue Head metagabbros are not
genetically linked (Pringle 1970, Flinn et al. 1979). It is likely that the Fugla Ness metagabbro
was formed in a geodynamic setting similar to that of the surrounding felsic orthogneisses,
although with some mantle input into its petrogenesis. The Blue Head metagabbro appears to
have formed significantly later than both the felsic gneisses and the Fugla Ness metagabbro,
and may be genetically related to the Scourie Dykes that intrude into the Lewisian Gneisses
in northwest mainland Scotland.
The results described in this chapter indicate that the basement orthogneisses that crop out
on the North Roe peninsula of northwest Shetland form part of the Archaean TTG gneiss
terranes that encircle the North Atlantic region. More specifically, the Nd isotopes and geo-
chemistry of the felsic orthogneisses are most similar to those immediately offshore to the west
of Shetland (Chambers et al. 2005) and to the Lewisian gneisses that crop out in northwestern
mainland Scotland (Whitehouse 1989, Rollinson 2012).
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Garnet dating of peak metamorphism

St. Ninian’s tombolo, southern Mainland
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4.1 ARTICLE: Constraining the timing of orogenesis in Shet-
land using garnet geochronology

Authors: S. Walker., A.F. Bird., M.F. Thirlwall., R.A. Strachan.
in prep for submission to Tectonics

SW collected samples for analysis in the 2012, 2013, and 2015 field seasons with assistance
and guidance from RAS and AFB. RAS and AFB also collected samples for AFB’s PhD
thesis in 2008, and some of those samples were analysed in this study.

SW undertook all sample preparation and mass spectrometric analysis with guidance from
MFT and AFB.

SW interpreted the data, wrote the first draft of the manuscript, and drafted all figures.
SW also drafted subsequent iterations of the manuscript after comments from co-authors.

NB
The garnet ages from samples AB08-13, AB08-04, AB08-06, and AB08-08 were analysed as
part of AFB’s PhD research (Bird 2011) and were added to this manuscript to support the
garnet ages determined by SW.

Supplementary information for each of the samples including thin-section descriptions,
field information, and LA-ICPMS traverses are given in Appendix C. The LA-ICPMS data
are also provided as an Excel spreadsheet as a supplementary file to this thesis.
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Abstract	9	

Dating	of	metamorphic	garnet	from	a	wide	geographic	and	tectonostratigraphic	area	indicates	that	the	10	

pre-Devonian	rocks	of	Shetland	are	polyorogenic.	Only	one	sample	yields	evidence	of	c.	860	Ma	garnet	11	

growth	related	to	the	Neoproterozoic	Valhalla	Orogen.	Evidence	of	garnet	growth	between	c.	630	–	12	

585	Ma	 in	Mainland	Shetland	and	 the	 island	of	Unst	may	 relate	 to	similar	ages	 from	metamorphic	13	

lithologies	 in	 Svalbard	 and	 possibly	 NW	 Ireland.	 Caledonian	 orogenesis	 is	 widespread	 throughout	14	

Shetland	 and	 garnet	 growth	 has	 occurred	 in	 an	 episodic	 manner.	 These	 episodes	 include:	 the	15	

formation	of	the	metamorphic	sole	of	the	Shetland	ophiolite	complex	at	c.	490	Ma;	seemingly	pulsed	16	

Barrovian	metamorphic	 events	 between	 c.	 480	 and	 c.	 465	Ma;	 c.	 450	Ma	Grampian	 arc	 accretion	17	

events;	and	limited	evidence	of	garnet	growth	at	c.	430	Ma	during	the	Scandian	collision	of	Laurentia	18	

and	Baltica.	Both	sides	of	the	Walls	Boundary	Fault	share	a	metamorphic	history	until	at	least	the	end	19	

of	the	Silurian,	we	therefore	infer	that	this	structure	does	not	represent	the	Great	Glen	Fault.				20	

1	Introduction	21	

Garnet	is	an	exceptional	geochronometers	as	it	is	a	rock-forming	mineral	that	grown	over	a	wide	range	22	

of	 crustal	 conditions	 and	 can	 be	 linked,	 through	 petrology,	 to	 specific	metamorphic	 reactions	 and	23	

fabrics.	Garnet	also	has	the	added	advantage	of	high	parent-daughter	ratios	for	two	different	isotopic	24	

systems	 (Lu-Hf	 and	 Sm-Nd)	 allowing	 for	 the	 precise	 and	 accurate	 determinations	 of	metamorphic	25	

processes	and	tectonic	events.	26	

The	basement	rocks	of	Shetland	(Fig.	1.a)	are	part	of	the	Caledonide	orogenic	belt	that	formed	as	the	27	

Laurentian,	Baltican,	and	Avalonian	palaeocontinents	converged	and	the	Iapetus	Ocean	closed	during	28	

the	early	Palaeozoic	(Pickering	et	al	1988;	Soper	et	al	1992;	Dewey	&	Strachan	2003;	Bird	et	al	2013).	29	

Remnants	of	the	Caledonides	span	the	North	Atlantic	region	and	crop	out	 in	Norway	(Baltica),	East	30	

Greenland,	 Ireland,	 and	 Scotland	 (Laurentia,	 (Fig.	 1.b)),	 and	 constitute	 a	 complex	 series	 of	 fault-31	

bounded	terranes	of	differing	metamorphic,	structural,	and	tectonic	histories.		32	



	 2	

A	growing	number	of	modern	studies	address	the	age	of	tectonic	events	in	Shetland,	mostly	utilising	33	

the	U-Pb	system	of	accessory	phases	such	as	monazite	and	zircon	within	both	metasedimentary	and	34	

meta-igneous	 lithologies	 (e.g.	 Cutts	 et	 al	 2009;	 Cutts	 et	 al	 2011;	 Jahn	 et	 al	 2017).	 These	 studies	35	

undoubtedly	provide	important	insights	into	the	formation	and	deformation	of	Shetland,	but	as	with	36	

all	 geochronological	 techniques,	 have	 their	 limitations	 (i.e.	 the	 high	 spatial-resolution	 vs.	 high-37	

precision	 trade-off).	By	utilising	 the	 Lu-Hf	and	Sm-Nd	garnet	geochronometers,	we	provide	 further	38	

insights	 into	 the	 timing	 of	 events	 that	 can	 be	 unequivocally	 related	 to	 deformational	 fabrics	 and	39	

metamorphic	mineral	 growth;	 and	 contribute	 to	 the	 growing	number	of	 detailed	 geochronological	40	

studies	of	Shetland,	Scotland,	and	the	wider	Caledonian	orogenic	belt.	41	

2	Geological	setting	42	

Major	tectonothermal	events	in	the	Caledonide	belt	occurred	during	the	Neoproterozoic	and	the	lower	43	

Palaeozoic.			44	

Proterozoic	orogenesis	 in	the	North	Atlantic	region	can	be	divided	into	two	distinct	tectonothermal	45	

episodes	that	document	crustal	thickening	and	igneous	activity	related	to		Renlandian	(980-910	Ma)	46	

and	Knoydartian	(830-710	Ma)	accretionary	events	(Cawood	et	al	2010).	These	events	are	collectively	47	

known	as	 the	Valhalla	Orogeny	and	 represent	an	exterior	accretionary	orogen	along	 the	margin	of	48	

Laurentia	on	 the	periphery	of	 supercontinent	Rodina	 (Cawood	et	 al	 2010;	 2014).	 	 In	 Shetland,	 the	49	

Renlandian	 event	 is	 widespread,	 with	 evidence	 of	 metamorphism	 at	 this	 time	 in	 Unst,	 northeast	50	

Mainland	(Cutts	et	al	2009)	and	Yell	 (Jahn	et	al	2017),	and	evidence	of	the	Knoydartian	 is	currently	51	

confined	to	the	North	Roe	region	in	northwest	Mainland	(Walker	et	al	2016).	Following	the	Valhalla	52	

accretionary	 orogens,	 rifting	 of	 the	 Rodinia	 supercontinent	 led	 to	 the	 development	 of	 the	 Iapetus	53	

Ocean.	54	

Caledonian	 convergent	 tectonics	 began	during	 the	 Late	Cambrian	 to	 early	Ordovician	when	 supra-55	

subduction	zone	ophiolites	were	obducted	onto	the	Laurentian	margin	 (Dewey	&	Shackleton	1984;	56	

Chew	et	al	2010).	These	ophiolitic	segments	currently	crop	out	along	the	Highland	Boundary-Fair	Head-57	

Clew	Bay	 Line	 in	 Scotland	and	 Ireland	 (Fig	 1b),	with	 the	best-exposed	example	being	 the	 Shetland	58	

Ophiolite	Complex	(SOC),	which	crops	out	on	Unst	and	Fetlar	(Fig.	1;	Garson	&	Plant	1973;	Prichard	59	

1985;	Chew	et	al.	2010).	 In	Shetland,	 the	ophiolitic	 sequence	comprises	a	 sequence	of	 serpentized	60	

metaharzburgite	 and	 metadunite,	 metaclinopyroxenite,	 and	 metagabbro,	 all	 of	 which	 have	 been	61	

metamorphosed	 to	 greenschist	 facies	 (Prichard	 1985).	 Chemical	 charcteristics	 of	 these	 lithologies	62	

suggest	that	they	were	formed	in	a	supra-subduction	zone	setting	(O’Driscoll	et	al	2012).	Subsequent	63	

tectonism	 within	 the	 Scottish	 sector	 of	 the	 orogen	 can	 be	 attributed	 to	 the	 collision	 of	 arcs	 and	64	

continental	fragments	against	the	margin	of	eastern	Laurentia	during	the	Ordovician	Grampian	I	and	65	

II	events	at	c.	480-465	Ma	and	c.	455-445	Ma	(Lambert	&	McKerrow	1976;	Oliver	et	al.	2000;	Chew	et	66	
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al.	 2010;	 Bird	 et	 al	 2013;	 Tanner	 2014).	 Terminal	 oblique	 collision	of	 the	Baltican,	 Laurentian,	 and	67	

Avalonian	palaeocontinents	culminated	in	the	Silurian-Devonian	Scandian	event	(Gee	1975;	Strachan	68	

et	al	2002).	Extensional	and	transtensional	orogenic	collapse	followed	this	Himalayan-style	continental	69	

collision,	forming	the	basins	in	which	Devonian	Old	Red	Sandstone	clastic	sediments	were	deposited	70	

(Seranne	1992;	Dewey	&	Strachan	2003;	Fossen	2010).		71	

Shetland	 has	 successions	 that	 have	 been	 equated	 to	 the	 similar	 rocks	 in	 the	Hebridean,	 Northern	72	

Highland,	and	Grampian	Terranes	of	northern	mainland	Scotland	(Fig.	1;	Miller	&	Flinn	1966;	Flinn	et	73	

al.	1972,	1979;	Flinn	1985,	1988).	The	Walls	Boundary	Fault	in	Shetland	is	the	proposed	along-strike	74	

extension	of	the	Great	Glen	Fault	(Flinn	1961;	1977;	1992	Watts	et	al.	2007),	which	marks	the	terrane	75	

boundary	between	the	Northern	Highland	and	Grampian	Terranes	in	mainland	Scotland.	76	

2.1	West	of	the	Walls	Boundary	Fault	77	

Late	Caledonian	igneous	rocks	and	Devonian	sediments	dominate	the	geology	to	the	west	of	the	Walls	78	

Boundary	Fault.	Metamorphic	basement	crops	out	in	the	northwestern	region	near	North	Roe,	on	the	79	

north	coast	of	the	Walls	Peninsula	in	west	Shetland,	and	on	the	Hillswick	Peninsula	on	the	northern	80	

margin	of	St.	Magnus	Bay	(Fig.	1).		81	

In	northwest	Mainland	Shetland	near	North	Roe,	the	Wester	Keolka	Shear	Zone	(WKSZ)	separates	the		82	

Archaean	Wilgi	Geos	orthogneisses	from	the		Sand	Voe	Group	(SVG)	metasediments	(Pringle	1970).	83	

This	structure	has	been	suggested	as	the	extension	to	the	Silurian	Moine	Thrust	(Andrews	1985;	Ritchie	84	

et	al.	1987;	Flinn	1992,	1993;	McBride	&	England	1994).	However,	 the	 lowermost	Sand	Voe	Group	85	

contains	 deformed	 pebbles	 from	 the	 underlying	 Wilgi	 Geos	 felsic	 orthogneisses	 (Pringle	 1970),	86	

indicating	that	the	structure	is	likely	a	sheared	unconformity.	Further,	the	penetrative	mica	fabric	is	87	

Neoproterozoic	(Walker	et	al.	2016).	Both	of	these	lines	of	evidence	suggest	that	the	WKSZ	is	not	the	88	

northward	extension	of	the	Silurian	Moine	Thrust.	It	 is	possible	that	the	Devonian	Uyea	Shear	Zone	89	

(Walker	 et	 al	 2016)	 2km	 to	 the	 west	 of	WKSZ	may	 be	 the	Moine	 Thrust	 equivalent	 on	 Shetland,	90	

alternatively	the	structure	may	be	some	distance	offshore.	The	SVG	psammites	have	been		correlated	91	

with	the	Morar	Group	of	the	Moine	Supergroup	on	lithological	grounds,	although	the	SVG	is	both	more	92	

siliceous	and	mature	(Robinson	1983).	Further	east	on	the	Fethaland	peninsula	the	SVG	is	overthrust	93	

by	felsic	and	mafic	orthogneisses,	the	Eastern	Gneisses,	which	may	be	equivalent	to	basement	inliers	94	

within	the	Northern	Highland	Terrane	in	Mainland	Scotland	(Flinn	1988).	The	Virdibreck	Shear	Zone	95	

then	separates	these	interleaved	sequences	from	the	Queyfirth	Group,	a	series	of	metasediments	and	96	

metavolcanics	of	possible	Dalradian	affinity	(Flinn	et	al.	1972;	2013).	97	

Pre-Devonian	rocks	to	the	west	of	the	Walls	Boundary	Fault	in	Shetland	also	crop	out	on	the	Hillswick	98	

Peninsula	in	the	north	of	St.	Magnus	Bay	(Fig	1a).	Hillswick	is	a	small	region	of	diverse	and	complex	99	

geology,	with	units	that	have	been	mapped	as	parts	of	the	Eastern	Gneisses,	the	Sand	Voe	Group,	and	100	
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the	Queyfirth	Group.	The	general	strike	of	lithological	units	in	Hillswick	is	E-W,	which	is	in	contrast	to	101	

the	NNE-SSW	strike	of	these	units	further	north.		102	

Thirdly,	on	the	northern	margin	of	the	Walls	Peninsula	in	western	Shetland,	the	Walls	Metamorphic	103	

Series	crops	out.	This	is	an	east-west	striking	succession	of	quartzofeldspathic	gneisses,	amphibolites,	104	

limestones	and	calc-silicates.	Whilst	being	distinct	from	other	lithologies	in	Shetland	(Flinn	et	al	1979),	105	

Mykura	 (1976)	 proposed	 a	 similar	 tectonic	 history	 to	 the	 North	Mainland	 belt	 (Sand	 Voe	 Group).	106	

Walker	et	al	(2016)	obtained	two	Rb-Sr	white	mica	ages	from	the	Series,	indicating	fabric	development	107	

at	c.	500	Ma	and	c.	450	Ma.		108	

2.2	East	of	the	Walls	Boundary	Fault	109	

The	Yell	Sound	Group	crops	out	 in	Eastern	Mainland	at	Lunna	Ness	and	on	the	Island	of	Yell	to	the	110	

north.	The	dominant	lithologies	within	the	Yell	Sound	Group	are	gneissic	psammites	with	subordinate	111	

semi-pelitic	 schists	 and	 quartzites	 (Flinn	 1988;	 1994),	 and	may	 be	 partly	 equivalent	 to	 the	Moine	112	

Supergroup	 in	 northwest	 mainland	 Scotland	 (Flinn	 1988).	 These	 metasedimentary	 sequences	 are	113	

intruded	 by	 pre-	 and	 syn-tectonic	 felsic	 orthogneisses	 and	 mafic	 amphibolites	 (Flinn	 1994),	 and	114	

underlain	by	at	least	one	inlier	of	Meso-Neoarchaean	TTG,	similar	to	those	of	the	Lewisian	Gneisses	of	115	

northwest	mainland	 Scotland	 (Jahn	 et	 al.	 2017).	 The	marbles	 and	 pelites	 of	 the	Westing	Group	 in	116	

western	Unst	may	form	part	of	the	same	sedimentary	package	as	the	Yell	Sound	Group.	The	Yell	Sound	117	

and	Westing	 Groups	 have	 a	 complex	 metamorphic	 history	 that	 includes	 pre-Caledonian	 orogenic	118	

cycles.	U-Pb	geochronology	of	zircon,	monazite,	and	rutile	provide	evidence	for	thermal	pulses	at	c.930	119	

Ma,	c.	474-460	Ma,	c.450	Ma,	and	c.	428	Ma	(Cutts	et	al	2009;	Cutts	et	al	2011;	Jahn	et	al.	2017).	The	120	

dominant	deformation	fabrics	within	the	Yell	Sound	Group	were	formed	during	the	Caledonian,	and	121	

have	been	constrained	by	Rb-Sr	mica	geochronology	to	c.	460	Ma	(Walker	et	al.	2016).	The	Yell	Sound	122	

and	Westing	Groups	are	bounded	to	the	east	by	the	Hascosay	‘Slide’:	a	region	of	intense	deformation	123	

and	high	metamorphic	 grade.	 This	 structure	entirely	obscures	 the	 contact	between	 the	Yell	 Sound	124	

Group	 and	 the	 East	 Mainland	 Succession	 (Flinn	 1994),	 and	 may	 be	 a	 cryptic	 (pre-Caledonian?)	125	

reworked	thrust	(Jahn	et	al	2017).	126	

The	East	Mainland	Succession	forms	a	series	of	pelites,	meta-granites,	marbles,	and	meta-volcanics	127	

that	are	lithologically	similar	to	the	Dalradian	Supergroup	in	mainland	Scotland	(Flinn	2007).	However,	128	

differences	 in	 the	 timing	 of	 deposition	 and	 the	 thickness	 of	 the	 successions	 indicate	 that	 the	 East	129	

Mainland	Succession	was	deposited	in	a	separate	basin	along	the	extending	Laurentian	margin	during	130	

Iapetus	 Ocean	 development	 (Strachan	 et	 al.	 2013).	 Development	 of	 the	 steep	 fabrics	 in	 central	131	

Mainland	Shetland	occurred	between	c.480	Ma	and	c.460	Ma	during	 the	Grampian	 I	arc-continent	132	

collision	 (Flinn	et	 al	 2013;	Walker	et	 al.	 2016),	 broadly	 contemporaneously	with	 the	 timing	of	 this	133	
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collisional	event	in	mainland	Scotland	(Lambert	&	McKerrow	1976;	Oliver	et	al.	2000;	Chew	et	al.	2010;	134	

Tanner	2014).	135	

Above	 the	Westing	Group	 in	Unst	 and	 continuing	 to	 the	 island	 of	 Fetlar,	 an	 extension	 of	 the	 East	136	

Mainland	Succession	crops	out,	and	can	be	subdivided	into	the	Valla	Field	and	Saxa	Vord	blocks	in	Unst,	137	

and	the	Lamb	Hoga	Block	in	Fetlar	which	is	a	continuation	of	the	Valla	Field	Block	(Read	1934).	The	138	

Valla	Field	and	Saxa	Vord	represent	different	lithological	units	and	are	separated	by	a	tectonic	break:	139	

the	Burrafirth	Lineament	(Read	1934).	140	

The	East	Mainland	Succession	 is	 then	 structurally	overlain	by	 the	Shetland	Ophiolite	Complex.	The	141	

timing	of	formation	for	the	Shetland	ophiolite	is	constrained	by	a	U-Pb	zircon	age	of	c.492	Ma	from	a	142	

Plagiogranite	intrusion	that	crosscuts	the	sheeted	dyke	complex	(Spray	1988).	The	timing	of	obduction	143	

of	the	ophiolite	is	constrained	by	a	U-Pb	zircon	age	of	484±4	Ma	(Crowley	&	Strachan	2015)	from	the	144	

metamorphic	sole.	Following	obduction,	crustal	thickening	and	regional	metamorphism	is	recorded	in	145	

the	footwall	lithologies.	Cutts	et	al	(2011)	interpreted	metamorphic	conditions	of	7.5	kbar,	550-630oC	146	

at	462±10	Ma	in	the	metamorphic	footwall	on	Unst	as	indicating	that	approximately	10km	of	crust	has	147	

been	 excised,	 and	 that	 the	 current	 basal	 contact	 is	 a	 later	 tectonic	 break	 rather	 than	 the	 original	148	

obduction	thrust.		149	

2.3.	Using	garnet	geochronology	to	date	metamorphism	150	

When	 a	 garnet	 grows	 on	 the	 prograde	 path,	 the	HREE,	 including	 Lu,	will	 partition	 into	 the	 garnet	151	

producing	a	zoning	profile	with	a	large	central	peak,	decreasing	exponentially	in	concentration	towards	152	

the	rim	as	the	garnet	rapidly	depletes	the	surrounding	volume	of	HREE	(Skora	et	al.	2006).	However,	153	

this	can	be	complicated	if	a	garnet	has	experienced	metamorphic	conditions	above	the	temperature	154	

of	 diffusion,	 or	 has	 been	 subject	 to	 multiple	 orogenic	 cycles	 separated	 by	 periods	 of	 thermal	155	

quiescence.	In	these	scenarios,	the	garnet	Lu	profile	may	be	flattened	and/or	disrupted.	It	is	therefore	156	

important	to	assess	the	trace	element	zoning	profile	of	a	garnet	before	linking	any	determined	age	to	157	

a	 specific	 prograde	 event.	 Trace	 element	 traverses	 for	 representative	 garnet	 crystals	 from	 most	158	

samples	are	provided	in	the	supplementary	information.		159	

Studies	that	present	Lu-Hf	and	Sm-Nd	ages	from	the	same	garnet	dissolution	have	concluded	that	the	160	

Lu-Hf	system	has	a	higher	closure	temperature	than	the	Sm-Nd,	due	to	the	systematically	older	ages	161	

of	the	former	(Scherer	et	al.	2000;	Lapen	et	al.	2003;	Skora	et	al.	2006;	Bird	et	al.	2013;	Smit	et	al.	162	

2013).	It	has	been	alternatively	suggested	that,	rather	than	different	closure	temperatures	for	the	two	163	

systems,	the	difference	lies	in	fundamentally	different	processes	recorded	in	the	systems	during	garnet	164	

growth	(Lapen	et	al.	2003;	Bloch	&	Ganguly	2015).	High	central	Lu	peaks,	and	relatively	homogenous	165	

Sm	profiles	of	prograde	garnets	may	skew	ages	towards	recording	early	and	‘average’	stages	of	garnet	166	

growth	respectively	(Lapen	et	al.	2003;	Skora	et	al.	2006),	hence	explaining	the	systematic	differences	167	
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in	 Sm-Nd	and	 Lu-Hf	 ages	 for	 a	 given	 sample.	Alternatively,	 Bloch	&	Ganguly	 (2015)	 argue	 that	 the	168	

chemical	 differences	 between	 Lu3+	 and	 Hf4+	 leads	 to	 preferential	 retention	 of	 radiogenic	 176Hf	 if	169	

metamorphic	temperatures	are	above	that	of	diffusion	for	prolonged	periods.	This	would	produce	anti-170	

clockwise	rotation	of	an	isochron,	leading	to	erroneously	old	ages.	They	however	point	out	that	it	is	171	

unlikely	that	natural	garnets	would	be	affected	significantly	by	this	process	providing	they	are	greater	172	

than	0.5mm	in	diameter	and	have	not	been	subjected	to	temperatures	exceeding	700oC	for	‘unusually	173	

long	periods’.		 	174	

In	addition	to	differences	in	closure	temperatures	for	the	Sm-Nd	and	Lu-Hf	systems	in	garnets,	they	175	

both	have	the	potential	to	be	detrimentally	affected	by	different	mineral	inclusions.	Zircons	have	the	176	

potential	to	seriously	affect	any	Lu-Hf	ages,	especially	 if	 the	zircons	formed	from	a	reservoir	that	 is	177	

considerably	older	than	the	timing	of	garnet	formation.	Very	low	Lu/Hf	ratios	(as	a	function	of	high	Hf	178	

concentration)	 in	 zircons	 would	 therefore	 have	 the	 effect	 of	 flattening	 an	 isochron,	 leading	 to	179	

erroneously	young	ages.	Although	not	as	serious	as	the	effect	of	significantly	older	zircons,	if	a	garnet	180	

is	contaminated	with	zircons	that	grew	at	the	same	time	as	the	garnet,	then	the	Lu-Hf	isochron	would	181	

be	compromised.	The	age	would	likely	still	be	accurate,	but	the	precision	would	decrease	as	the	garnet-182	

zircon	mixture	would	be	closer	to	the	‘wr’	point	of	the	isochron,	leading	to	smaller	spread	in	the	points	183	

and	hence	lower	precision.	Similarly,	the	Sm-Nd	system	may	be	affected	by	LREE-rich	inclusions	such	184	

as	apatite,	monazite,	 and	epidote.	 The	effect	of	 these	 inclusions	on	a	 garnet	 Sm-Nd	age	would	be	185	

similar	 to	 that	 of	 zircon	 inclusions	 on	 the	 Lu-Hf	 system,	 as	 the	 LREE-rich	 inclusions	 would	 have	186	

significantly	 higher	 concentrations	 of	 the	 daughter	 element	 compared	 to	 garnet	 (Anczkiewicz	 &	187	

Thirlwall	2003).	 	Phosphate	 inclusions	with	high	LREE	can,	 in	 theory,	be	 removed	by	 sulphuric	acid	188	

leaching	 (Anczkiewicz	 &	 Thirlwall	 2003).	 However,	 epidote	 inclusions	 are	 robust	 against	 such	189	

procedures	and	can	detrimentally	affect	Sm-Nd	ages,	particularly	in	mafic	samples.		190	

Several	methods	have	been	used	 to	mitigate	 the	potential	 adverse	effects	of	mineral	 inclusions	 in	191	

garnet	geochronology.	Firstly,	care	was	taken	during	mineral	separation	to	pick	garnet	fragments	that	192	

were	visibly	inclusion-free.	In	spite	of	this,	it	is	likely	that	micro-inclusions	were	still	present	in	at	least	193	

some	 of	 the	 dated	 samples.	 These	micro-inclusions	 can	 then	 be	 either	 preferentially	 dissolved	 or	194	

retained	using	acid	dissolution.	Because	this	study	uses	both	the	Lu-Hf	and	Sm-Nd	system	which	has	195	

the	potential	to	be	effected	by	different	types	of	inclusions,	it	was	necessary	to	use	a	combination	of	196	

acids	to	dissolve	some	inclusions	(Anczkiewicz	&	Thirlwall	2003),	and	dissolve	the	garnet	leaving	more	197	

refractory	minerals	such	as	zircon	untouched.	198	

3	Analytical	methods	199	

Samples	were	crushed	in	a	steel	jaw-crusher	to	chips	of	c.	1	cm3.	Some	of	this	material	was	powdered	200	

in	 a	 tungsten	 carbide	 TEMA	 prior	 to	 XRF	 analysis	 and	whole-rock	 isotopic	 analysis.	 The	 remaining	201	



	 7	

material	was	sieved	to	different	grain	sizes,	washed	repeatedly	in	de-ionised	water,	and	magnetically	202	

separated	 using	 a	 Frantz	 isodynamic	 separator.	 Garnets	 were	 handpicked	 from	 the	 0.25-0.5mm	203	

magnetic	 fraction,	 taking	 care	 to	 pick	 only	 inclusion-free	 fragments.	 Some	 samples	 had	 multiple	204	

populations	of	garnets	and	were	recognised	by	different	colours,	assumed	to	represent	cores	and	rims.	205	

This	assumption	of	 the	 relationship	between	colour	and	garnet	population	was	supported	by	close	206	

inspection	of	 hand	 specimen,	 petrographic	 thin	 section,	 and	both	 colour	 and	 chemistry	 of	 crystals	207	

analysed	by	LA-ICPMS.	An	example	of	this	relationship	is	given	in	Figure	2.	208	

Prior	 to	 isotopic	 analysis,	 representative	whole	 garnets	 from	each	 sample	were	 analysed	 for	 trace	209	

element,	and	selected	major	element	concentrations	using	the	LA-ICPMS	system	at	RHUL	(methods	210	

outlined	 in	Müller	 et	 al.	 2009	 and	 Bird	 et	 al	 2013).	 Traverses	were	 the	 preferred	method	 of	 data	211	

acquisition	 as	 they	 permit	 detailed	 study	 of	 garnet	 zoning	 profiles,	 and	 tentative	 identification	 of	212	

mineral	inclusions.	Laser	ablation	spot	size,	laser	repetition	rate,	and	scan	speed	were	15	μm,	10	Hz,	213	

and	0.6	mm	s-1	respectively,	and	data	were	calibrated	against	the	NIST612	standard	glass.	214	

Amounts	 of	mixed	 176Lu/180Hf	 and	 149Sm/150Nd	 spikes	 for	mineral	 separates	 and	whole-rocks	 were	215	

estimated	 using	 concentrations	 of	 these	 elements	 from	 LA-ICPMS	 and	 XRF,	 respectively.	 Leaching,	216	

spiking,	dissolution,	and	chemical	separation	procedures	were	those	of	Anczkiewicz	&	Thirlwall	(2003),	217	

and	Bird	et	al	(2013),	with	concentration	and	isotopic	data	being	determined	on	the	same	aliquot.	A	218	

HF-HNO3	 digestion	method	was	 used	 as	 it	 minimizes	 the	 likelihood	 of	 dissolving	 refractory	 zircon	219	

inclusions,	which	can	detrimentally	affect	Lu-Hf	ages	(Anczkiewicz	et	al.	2004).		220	

Most	Lu,	Hf,	and	all	Sm,	and	Nd	isotopic	analyses	were	undertaken	on	the	GV	Instruments	IsoProbe	221	

MC-ICPMS	at	RHUL	using	the	methods	outlined	in	Thirlwall	&	Anczkiewicz	(2004),	and	Bird	et	al	(2013).	222	

Twenty-Five	Hf	and	13	Lu	analyses	were	undertaken	on	the	Thermo	Neptune	MC-ICPMS	at	the	Institute	223	

of	Geological	Sciences	(IGS),	Polish	Academy	of	Sciences,	Kraków	Research	Centre	following	a	similar	224	

analytical	procedure	to	that	described	in	Thirlwall	&	Anczkiewicz	(2004).	225	

During	 the	course	of	 the	study	the	Hf	standard	 JMC475	analysed	on	the	RHUL	 IsoProbe	yielded	an	226	

average	 (static)	 176Hf/177Hf	 of	 0.282182±12	 and	 180Hf/177Hf	 of	 1.88683±17	 (2sd,	 n=36),	 with	 no	227	

significant	change	with	time.	The	same	standard	analysed	on	the	Neptune	at	IGS	yielded	respective	228	
176Hf/177Hf	 and	 180Hf/177Hf	 ratios	of	0.282158±08,	 and	1.88687±10	 (2sd,	n=8).	All	 sample	data	were	229	

corrected	to	the	accepted	JMC475	176Hf/177Hf	value	of	0.282165	(Scherer	et	al	2000).		230	

In	contrast	to	Hf,	Nd	standard	isotope	ratios	varied	significantly	between	analytical	sessions	(Thirlwall	231	

and	Anczkiewicz	2004),	although	the	effect	of	this	on	ages	was	minimized	by	analyzing	all	 fractions	232	

relating	to	a	sample	during	one	analytical	session.	The	Aldrich	Nd	and	mixed	Ce-Nd	standard	solutions	233	

yielded	 142Nd/144Nd	 of	 1.141467±153	 and	 a	 slope	 corrected	 (see	 Thirlwall	 &	 Anczkiewicz	 2004)	234	
143Nd/144Nd	of	0.511418±38	(2sd,	n=59).		235	
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Isochron	ages	and	uncertainties	were	calculated	in	IsoPlot	version	4.15	(Ludwig	2003),	using	the	decay	236	

constants	of	1.865	x	10-11	a-1	for	176Lu	(Scherer	et	al	2001)	and	6.54	x	10-12	a-1	for	147Sm	(Lugmair	&	Marti	237	

1978).		238	

4	Sample	descriptions		239	

Twenty-two	samples	were	collected	 to	provide	geochronological	 insights	 into	 the	 timing(s)	of	peak	240	

metamorphism	within	the	pre-Devonian	rocks	of	Shetland	(Fig	1a).	A	focus	of	this	work	is	on	dating	241	

metamorphic	lithologies	from	west	of	the	Walls	Boundary	Fault,	where	there	are	relatively	few	modern	242	

geochronological	constraints.		243	

Sample	numbers,	 location,	 lithologies,	 structural	 significance,	and	metamorphic	assemblage	can	be	244	

found	in	Table	1.		245	

Laser	 Ablation-ICPMS	 data	 tables	 and	 traverses,	 thin	 section	 descriptions,	 and	 detailed	 geological	246	

information	for	each	sample	are	given	in	supplementary	information	files.	 	247	

5	Results	and	interpretation	248	

The	new	Sm-Nd	and	Lu-Hf	garnet	ages	are	presented	in	Tables	2	&	3,	and	are	placed	in	geographical	249	

context	in	Fig.	1.		250	

5.1	Neoproterozoic		251	

The	amphibolite	AB08-6	from	the	Hascosay	Slide	at	Migga	Ness	on	Yell	yields	(Tonian)	garnet	ages	for	252	

both	Lu-Hf	(856.7±2.6	Ma)	and	Sm-Nd	(863.1±3.4	Ma)	systems.	Although	only	one	sample	provides	253	

evidence	of	metamorphism	at	this	time,	the	sample	records	very	similar	ages	for	both	isotopic	systems,	254	

and	is	extremely	radiogenic	(garnet	176Lu/177Hf	of	8.274	and	147Sm/144Nd	of	0.989)	suggesting	that	the	255	

ages	 are	 robust.	 The	protolith	 age	of	 this	 amphibolite	 body	has	 not	 been	 constrained,	 but	 several	256	

samples	in	the	Migga	Ness	area	of	northeastern	Yell	have	been	dated	using	zircon	U-Pb.	The	basement	257	

felsic	orthogneisses	 into	which	 this	amphibolite	has	 intruded	have	been	dated	 to	c.	2856-2699	Ma	258	

(Jahn	 et	 al	 2017).	 The	 Yell	 Sound	 Group	 is	 also	 found	 in	 the	 Migga	 Ness	 region	 and	 has	 been	259	

metamorphosed	by	an	event	at	c.		944-931	Ma	(Jahn	et	al	2017).	260	

Two	samples	from	the	central	region	of	the	Walls	Metamorphic	Series	(WMS)	yield	ages	of	c.	620	Ma.	261	

These	ages	were	determined	from	the	cores	of	garnets	with	‘Caledonian’	aged	rims.	Garnet	cores	from	262	

the	WMS	pelite	SW15-03	gave	an	Sm-Nd	age	of	620±9	Ma	and	the	same	fraction	yields	a	Lu-Hf	age	of	263	

515±16	Ma.	The	high	concentration	of	Hf	in	this	fraction	(c.	2.9	ppm)	may	suggest	that	this	age	is	not	264	

robust	due	to	zircon	inclusions.	The	garnet	rims	from	this	sample	gave	a	Lu-Hf	age	of	377	Ma	and	an	265	

Sm-Nd	 age	 of	 475±7	Ma.	 The	 Lu-Hf	 ages	 are	 not	 considered	 to	 be	 geologically	meaningful	 due	 to	266	

unradiogenic	nature	of	the	garnet,	most	likely	caused	by	dissolution	of	zircon	micro-inclusions.		267	
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The	 garnet	 cores	 from	an	 amphibolite	 (sample	 SW15-06)	 yield	 a	 Lu-Hf	 age	of	 620.8±4.5	Ma	and	a	268	

clearly	meaningless	Sm-Nd	age	of	16350±120	Ma.	The	impossibly	old	Sm-Nd	age	for	the	core	fraction	269	

from	these	garnets	may	be	the	result	of	inclusions	creating	an	erroneous	age,	this	garnet	fraction	does	270	

have	 an	 extremely	 high	 Nd	 concentration	 (4.015	 ppm),	 suggesting	 that	 the	 age	 is	 likely	 to	 be	271	

compromised.	 Ages	 of	 605.7±3.5	Ma	 (Lu-Hf)	 and	 483.7±4.8	Ma	 (Sm-Nd)	 were	 determined	 on	 the	272	

garnet	rims	from	this	sample.		273	

Although	the	c.	620	Ma	ages	are	only	defined	by	two-point	ages,	rather	than	by	more	robust	multi-274	

point	isochrons,	three	lines	of	evidence	indicate	that	the	Neoproterozoic	ages	are	meaningful.	Firstly,	275	

the	core	ages	are	identical	and	were	obtained	from	the	same	tectonostratigraphic	unit	within	4	km	of	276	

each	other.	 Secondly,	 the	ages	were	determined	on	 two	very	different	 rock	 types:	 a	pelite	and	an	277	

amphibolite,	hence	providing	evidence	of	the	same	‘event’	from	lithologically	diverse	samples	within	278	

the	 same	 tectonostratigraphic	 unit.	 Thirdly,	 the	 c.620	Ma	 ages	 determined	 on	 these	 samples	 are	279	

isotopically	robust	(i.e.	have	high	parent-daughter	ratios)	and	have	been	defined	using	both	the	Sm-280	

Nd	and	the	Lu-Hf	systems.	281	

An	Sm-Nd	isochron	age	of	585±14	Ma	(n=5;	MSWD	=	15)	was	determined	from	a	Westing	Group	pelite	282	

(AB08-14)	 in	western	Unst.	 The	 garnets	 from	 this	 sample	 have	 observable	 cores	 and	 rims	 in	 hand	283	

specimen,	and	were	separated	as	such	by	their	distinct	colouring.	The	high	MSWD	(15)	further	suggests	284	

that	 there	 is	 likely	 more	 than	 one	 garnet	 population.	 Neoproterozoic	 and	 Ordovician	 ages	 for	285	

metamorphic	events	have	been	determined	from	garnets	from	the	same	pelite	using	U-Pb	dating	of	286	

metamorphic	monazite	and	zircon	inclusions	(Cutts	et	al	2009;	2011).	However,	given	the	large	number	287	

of	garnets	analysed	for	this	sample,	and	that	they	do	form	an	isochron	(albeit	one	that	has	a	relatively	288	

poor	MSWD),	it	is	extremely	unlikely	that	this	Sm-Nd	age	of	c.	585	Ma	is	the	result	of	physical	mixing	289	

of	 two	 discrete	 garnet	 groups.	 The	 Lu-Hf	 ages	 for	 this	 sample	may	 not	 be	 robust	 due	 to	 the	 very	290	

unradiogenic	nature	of	the	garnets.	However,	the	unusually	high	176Lu/177Hf	of	the	whole	rock	fraction	291	

produces	sufficient	spread	in	the	data	to	tentatively	suggest	some	meaning.	The	garnet	cores	from	this	292	

sample	have	the	largest	difference	in	isotope	ratios	from	the	whole	rock,	and	although	they	do	not	293	

form	a	precise	three-point	isochron	(631±130	Ma;	MSWD	7.3),	both	individual	garnet-wr	ages	are	well	294	

within	error	at	626±19	Ma	and	633±18	Ma.	Although	it	is	difficult	to	draw	definite	conclusions	from	295	

these	ages	due	to	their	unusual	isotope	systematics,	we	do	note	the	similarity	between	these	and	the	296	

c.	630	Ma	ages	from	the	Walls	Metamorphic	Series.	The	rim	Lu-Hf	ages	from	these	garnets	are	similarly	297	

unradiogenic	and	yield	ages	of	454±27	Ma	and	526±22	Ma.		298	

A	further	Proterozoic	age	was	determined	from	a	garnet	core	from	Burra	Voe	in	northwest	Mainland	299	

Shetland,	AB08-13.	The	Lu-Hf	garnet	core	age	of	555±34	Ma	is	imprecise	due	to	unradiogenic	garnet	300	

which,	along	with	the	high	Hf	concentration	(4.548	ppm),	suggests	that	the	age	has	most	likely	been	301	
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detrimentally	 affected	 by	 zircon	 inclusions	 and	may	 therefore	 not	 be	 geologically	meaningful.	 The	302	

garnet	rim	from	this	sample	yields	a	Lu-Hf	age	of	390.3±2.6	Ma,	but	is	difficult	to	assess	due	to	the	very	303	

young	age	compared	to	other	garnet	ages	in	Shetland.	That	these	ages	are	not	correct	is	supported	by	304	

an	Sm-Nd	isochron	age	of	470±6	Ma	(MSWD	=	1.6)	determined	on	this	sample,	comprising	both	garnet	305	

populations	and	the	whole	rock	analysis.		306	

5.2	Cambrian	(541-485	Ma)	307	

The	 oldest	 garnet	 age	 obtained	 during	 this	 study	 that	might	 be	 attributed	 to	 Caledonian	 orogenic	308	

processes	is	from	the	metamorphic	sole	of	the	Shetland	Ophiolite	Complex	on	Fetlar.	Both	the	garnet	309	

core	and	 rim	were	analysed	 from	 the	 sample,	 as	well	 as	 separates	of	pyroxene	and	amphibole,	 to	310	

resolve	the	timing	of	formation	of	the	garnet-pyroxene	and	garnet-amphibolite	assemblages.	A	Lu-Hf	311	

isochron	 of	 489±7	 Ma	 is	 defined	 by	 all	 four	 mineral	 separates,	 indicating	 that	 the	 prograde	 and	312	

retrograde	 assemblages	 formed	within	 the	 uncertainty	 of	 the	 determined	 isochron.	 The	MSWD	 is	313	

rather	 high	 (5.3),	 and	 is	 likely	 to	 overestimate	 the	 true	 uncertainty,	 as	 two	 separate	 three-point	314	

isochrons	are	well	within	uncertainty	and	have	substantially	better	MSWDs:	Grt-Grt-Cpx	=	490.4±2.6	315	

Ma	(MSWD	=	1.15)	and	Grt-Grt-Amph	=	488.4±2.7	Ma	(MSWD	=	0.38).	We	therefore	suggest	that	the	316	

most	sensible	age	constraint	for	the	timing	of	the	formation	of	the	metamorphic	sole	is	the	three-point	317	

Grt-Grt-Cpx	age	of	490.4±2.6	Ma.		318	

5.3	Early	and	Middle	Ordovician	(485-458	Ma)	319	

Seventeen	Early-Middle	Ordovician	ages	were	determined	on	samples	from	Shetland:	nine	Lu-Hf	ages	320	

and	eight	Sm-Nd	ages.		321	

The	garnet	core	fraction	of	a	pelite	(sample	AB08-15)	from	the	Valla	Field	Block	of	western	Unst	yields		322	

Lu-Hf	and	Sm-Nd	ages	of	482.7±2.6	Ma	and	480.5±4.7	Ma	respectively,	and	relates	to	an	early	episode	323	

of	kyanite	grade	metamorphism.	The	pelite	SW12-14,	from	the	Lamb	Hoga	Block,	west	of	the	ophiolite	324	

in	Fetlar,	defines	a	Lu-Hf	isochron	of	478.7±1.3	Ma	(n	=	5;	MSWD:	1.11).	The	sample	is	migmatitic	and	325	

shows	small	degrees	of	melt	production.	The	mica	fabrics	wrapping	the	garnets	for	this	sample	were	326	

dated	using	Rb-Sr	for	both	white	mica	and	biotite,	yielding	ages	of	468.9±1.4	Ma	and	451.2±1.4	Ma	327	

respectively	(Walker	et	al.	2016).		328	

An	identical	Lu-Hf	age	of	478.4±1.4	Ma	was	obtained	on	an	East	Mainland	Succession	pelitic	gneiss	329	

from	central	Mainland	 Shetland	 (SW12-07).	An	 Sm-Nd	garnet	 age	of	 472.0±0.7	Ma	 for	 SW12-07	 is	330	

remarkable	for	being	so	similar	to	the	Rb-Sr	white	mica	age	of	473.6±0.9	Ma	determined	on	the	same	331	

sample	by	Walker	et	al	(2016).	This	Rb-Sr	age,	along	other	similar	ages	from	central	Mainland	Shetland,	332	

was	interpreted	as	dating	close	to	peak	metamorphic	conditions	in	the	area.	333	
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Another	identical	age	of	477.6±2.5	Ma	(Sm-Nd)	was	determined	on	an	amphibolite	from	northern	Yell	334	

(AB08-08	garnet	core).	Unusually,	the	Lu-Hf	age	for	this	sample	is	younger	at	465.7±4.1	Ma,	but	the	335	

garnet	is	less	radiogenic	than	the	whole-rock	which	may	suggest	that	this	age	is	not	robust.	The	garnet	336	

rim	of	this	sample	also	yields	an	Ordovician	Sm-Nd	age	of	463.7±2.7	Ma.	337	

Further	south	on	the	west	coast	of	Yell,	an	early	Ordovician	Lu-Hf	age	of	474.5±2.3	Ma	was	obtained	338	

from	a	kyanite-bearing	Yell	Sound	Group	schist	(SW12-20).	The	Sm-Nd	age	for	this	sample	was	within	339	

uncertainty	at		470.4±5.3	Ma.		340	

To	the	east	of	the	Walls	Boundary	Fault,	two	Middle	Ordovician	ages	were	obtained	from	Yell	Sound	341	

Group	on	Yell.	Due	to	the	unradiogenic	nature	of	garnets	from	an	amphibolite	from	eastern	Yell	(AB08-342	

8),	 it	 is	 unlikely	 that	 the	determined	 Lu-Hf	 ages	 of	 465.7±4.1	Ma	 (core),	 and	 451±11	Ma	 (rim)	 are	343	

meaningful.	Conversely,	the	Sm-Nd	age	of	467.5±1.4	Ma	from	AB08-4,	a	pelitic	gneiss	from	northern	344	

Yell,	is	interpreted	as	geologically	significant.		345	

Six	samples	from	west	of	the	Walls	Boundary	Fault	yield	early	or	middle	Ordovician	ages.	SW15-05	is	a	346	

rare	example	of	amphibolite	from	the	Queyfirth	Group,	with	a	Lu-Hf	age	of	474.3±3.5	Ma.	No	Sm-Nd	347	

age	was	determined	from	this	sample.	Two	samples	from	the	Walls	Metamorphic	Series	provide	Sm-348	

Nd	ages	of	475±7	Ma	and	484±5	Ma,	and	were	determined	from	the	rims	of	garnets	in	sample	SW15-349	

03	 and	 SW15-06,	 respectively.	 Both	 samples	 have	 garnet	 core	 growth	 during	 the	 Neoproterozoic.	350	

Sample	 SW13-08,	 an	 amphibolite	 from	 the	 basement	 interleaved	 with	 the	 Sand	 Voe	 Group	351	

metasediments	at	Burra	Voe,	 and	AB08-12,	 a	basement	amphibolite	 from	 the	Fethaland	peninsula	352	

yield	Lu-Hf	ages	of	469.6±4.3	Ma	and	466.3±1.3	Ma	respectively.	The	Sand	Voe	Group	pelite	AB08-13	353	

similarly	yields	an	Sm-Nd	isochron	age	of	469±6	Ma	(n=3).	The	garnets	from	sample	SW13-08	yield	very	354	

young	 ages	 of	 259±14	Ma	 for	 the	 garnet	 core	 and	 220±16	Ma	 for	 the	 rim,	which	 are	 significantly	355	

younger	than	anything	else	determined	in	this	study	and	in	other	garnet	geochronological	studies	of	356	

the	Caledonides.	Given	that	these	garnet	fractions	have	very	high	concentrations	of	Nd,	it	is	likely	that	357	

these	ages	have	been	probably	compromised	by	epidote	inclusions.	358	

5.4	Late	Ordovician	(458-443	Ma)	359	

Several	 samples	 from	both	 sides	 of	 the	Walls	 Boundary	 Fault	 yield	 late	Ordovician	 ages,	 including	360	

lithological	units	from	North	Roe,	Hillswick,	Lunna	Ness,	and	Walls	in	Mainland;	and	in	northern	and	361	

western	Unst.	Both	the	Lu-Hf	and	Sm-Nd	systems	record	late	Ordovician	ages.	Lithologically,	the	units	362	

are	varied;	including	meta-sedimentary	and	meta-igneous	rocks	of	mostly	middle	amphibolite	facies.	363	

Garnet	traverses	obtained	using	LA-ICPMS	commonly	indicate	prograde	growth	for	those	garnets	with	364	

only	one	stage	of	growth,	i.e.	a	high	central	Lu	peak	(e.g.	see	sample	SW12-16	in	Fig.	3).	In	samples	365	

where	multiple	phases	of	garnet	growth	are	recorded,	late	Ordovician	ages	are	found	in	neither	the	366	

core	nor	rim	preferentially.		367	
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On	the	Hillswick	peninsula,	a	Hillswick	Group	pelite	(SW13-27)	shows	evidence	of	two	distinct	phases	368	

of	metamorphic	garnet	growth	during	the	late	Ordovician:	454.4±2.7	Ma	(core)	and	446.7±2.8	Ma	(rim)	369	

(Lu-Hf	ages).	This	may	indicate	more	than	one	pulse	of	metamorphism	during	the	late	Ordovician,	or	370	

that	garnet	growth	was	protracted	in	this	area	of	Shetland.	The	Sm-Nd	ages	from	SW13-27	are	within	371	

error	of	the	Lu-Hf	ages	(453±15	Ma	and	436±17	Ma	from	the	core	and	rim	respectively),	but	have	poor	372	

precision	due	to	a	rather	unradiogenic	garnet/inclusion	mixture.	373	

Two	samples	from	the	Fethaland	region	of	northwest	Mainland	yield	late	Ordovician	Lu-Hf	ages.	These	374	

ages	 are	 defined	 by	 a	 three-point	 isochron	 age,	 and	 a	 two-point	 garnet	 (rim)-WR	 age	 from	 two	375	

different	lithologies.	The	Benigarth	Pelite	(AB08-11)	defines	a	Lu-Hf	isochron	age	of	450.3±1.7	Ma	(n=3,	376	

MSWD:	3.8;	Fig.	4),	and	is	mapped	as	part	of	the	interleaved	basement	gneisses	(Flinn	1988).	Similarly,	377	

the	amphibolite	gneiss	AB08-13	yields	a	Lu-Hf	age	of	450.9±4.1	Ma	and	is	also	mapped	as	part	of	the	378	

basement	 Eastern	Gneisses	 although	was	 collected	 approximately	 4km	 south	of	 the	 sample,	 along	379	

regional	strike.		380	

One	imprecise	late	Ordovician	age	of	447±28	Ma	was	determined	on	the	garnet	core	of	a	pelitic	schist	381	

(SW15-1)	from	the	Walls	Metamorphic	Series.	The	uncertainty	on	this	age	determination	is	most	likely	382	

a	 function	 of	 the	 dissolution	 of	 Hf-rich	 inclusions	 such	 as	 zircons.	 This	 is	 supported	 by	 the	 Hf	383	

concentration	for	this	fraction	determined	by	 isotope	dilutions	(2.8	ppm)	being	considerably	higher	384	

than	the	‘pure	garnet’	Hf	concentration	of	0.7	ppm	determined	by	LA-ICPMS.	385	

Three	late	Ordovician	garnet	Lu-Hf	ages	were	determined	from	the	metamorphic	rocks	on	Unst.	The	386	

first,	SW12-15b,	was	collected	 from	the	Valla	Field	Block	 in	western	Unst	and	yields	a	Lu-Hf	age	of	387	

447.8±1.6	Ma.	 The	 LA-ICPMS	 traverse	 of	 garnets	 from	 this	 sample	 show	 a	 diffusional,	 rather	 than	388	

prograde,	zoning	pattern	recorded	in	the	HREE	(Lu),	as	made	evident	by	the	flat	central	plateau	with	a	389	

rim	of	high	Lu	concentration	towards	the	edge	of	the	crystal	(Fig.	3).	Post-kinematic	porphyroblasts	of	390	

staurolite	and	chloritoid	in	this	sample	indicates	that	post-deformational	metamorphism	reached	at	391	

least	(lower)	amphibolite	facies	after	the	growth	of	the	pre-	and	syn-kinematic	garnets	at	c.	447	Ma	392	

(See	Fig.	3).	The	Sm-Nd	age	determined	on	this	sample,	1558±26	Ma,	is	somewhat	perplexing.	Although	393	

apparently	robust,	with	garnets	being	more	radiogenic	than	the	whole-rock,	the	age	is	not	geological	394	

sensible	nor	is	it	consistent	with	other	garnet	ages	from	Unst.	The	Valla	Field	Block	has	been	correlated	395	

with	the	Scatsta	Group	of	the	East	Mainland	Succession	(Flinn	2007),	which	on	Mainland	has	detrital	396	

zircons	as	young	as	972±17	Ma	(Strachan	et	al	2013).	If	the	correlation	of	these	two	units	is	correct,	397	

then	it	is	impossible	for	garnet	growth	to	have	occurred	in	the	Mesoproterozoic.	However,	there	have	398	

been	no	detrital	zircon	studies	on	lithologies	in	Unst,	so	these	units	may	not	be	directly	comparable.		399	

Chloritoid	schist,	SW12-16,	from	the	Saxa	Vord	Block	in	northern	Unst	yields	a	Lu-Hf	isochron	(n=4)	age	400	

of	452±7	Ma.	Peak	P-T	constraints	of	7.5	kbar,	550oC	have	been	calculated	on	the	same	unit	(Cutts	et	401	
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al	2011).	As	the	LA-ICPMS	garnet	traverse	for	this	sample	shows	a	typical	prograde	Lu	zoning	pattern	402	

(Fig.	3),	it	is	very	likely	that	these	PT	conditions	were	reached	at	c.	450	Ma,	and	that	the	age	represents	403	

garnet	 growth.	 	 Similarly,	 the	 garnet	 rim	 fraction	 of	 the	 Valla	 Field	 Pelite	 AB08-15	 yields	 a	 late	404	

Ordovician	Lu-Hf	age	of	451.5±2.9	Ma.	405	

5.5	Silurian	(443-419	Ma)	406	

Only	two	precise	Silurian	ages	have	been	determined	from	the	Caledonian	successions	 in	Shetland:	407	

one	from	either	side	of	the	Walls	Boundary	Fault.	The	outermost	garnet	rim	from	a	mafic	amphibolite	408	

(AB08-18)	on	the	Lunna	Ness	peninsula	in	eastern	Mainland	yields	a	Lu-Hf	age	of	434.0±3.9	Ma.	In	thin	409	

section,	 and	 during	mineral	 separation	 of	 this	 sample,	 it	 was	 possible	 to	 distinguish	 three	 garnet	410	

populations	based	on	colour	differences	(Fig.	3).	For	the	Lu-Hf	system	these	yield	distinct	ages,	which	411	

are	 interpreted	to	 represent	a	core	 (459.6±2.6	Ma),	a	mantle,	or	 inner	 rim	(448.8±2.3	Ma),	and	an	412	

outer	rim	(434.0±3.9	Ma).	No	Sm-Nd	age	was	determined	for	garnets	from	this	sample.		413	

Cutts	et	al	(2011)	postulated	that	Neoproterozoic	metamorphism	affected	the	Lunna	Ness	migmatites	414	

using	monazite	U-Pb	discordia	with	intercepts	at	913±37	Ma	and	458±16	Ma.	Cutts	et	al	(2011)	could	415	

not	discount	the	possibility	of	the	older	intercept	being	a	detrital	population,	but	noted	the	similarity	416	

of	the	c.930	Ma	metamorphic	ages	to	those	from	the	Westing	Group	in	Unst	(Cutts	et	al	2009).	Field	417	

evidence	 shows	 that	 the	 mafic	 precursor	 to	 the	 amphibolite	 (AB08-18)	 was	 intruded	 into	 the	418	

surrounding	Yell	Sound	Group	prior	to	the	main	migmatisation	episode.	That	the	garnet	Lu-Hf	ages	419	

from	 this	 sample	 relate	 only	 to	 Caledonian	 orogenesis	 suggests	 that	 this	migmatisation	 event	was	420	

during	the	Grampian	II	event,	as	suggested	by	Cutts	et	al	(2011).	Peak	metamorphic	conditions	of	10	421	

kbar	and	775oC	(Cutts	et	al	2011)	were	obtained	from	the	Yell	Sound	Group	at	Lunna	Ness,	which	is	422	

unlikely	to	be	sufficiently	high	to	reset	the	Lu-Hf	system	given	the	large	size	(>1cm	diameter)	of	the	423	

dated	garnets	(Scherer	et	al	2000;	Smit	et	al	2013).	This	region	was	therefore	probably	not	affected	by	424	

the	c.	930	Ma	Renlandian	orogenic	event	recorded	in	the	Westing	Group	in	Unst	(Cutts	et	al	2009)	and	425	

the	Cullivoe	Inlier	in	northeastern	Yell	(Jahn	et	al	2017).	426	

A	Silurian	Lu-Hf	age	of	427.0±3.1	Ma	was	obtained	from	a	mafic	amphibolite	(SW15-12)	that	cross-cuts	427	

the	Wilgi	Geos	TTG	gneisses	on	the	North	Roe	peninsula	in	northwest	Mainland	Shetland.	Garnets	from	428	

this	region	to	the	west	of	the	Wester	Keolka	Shear	Zone	are	rare,	and	those	in	this	sample	are	small	429	

and	skeletal.	The	skeletal	nature	of	 the	garnets	 in	 this	amphibolite	 is	also	shown	 in	their	LA-ICPMS	430	

traverse,	where	large	inclusions	of	amphibole,	plagioclase,	and	epidote	can	be	observed	(Fig.	3).	The	431	

Lu	LA-ICPMS	profile	of	garnet	from	this	sample	shows	prograde	zoning,	indicating	that	this	Lu-Hf	age	432	

relates	to	the	timing	of	peak	metamorphism.	433	

SW13-27	from	west	of	the	WBF	yields	an	imprecise	Sm-Nd	Silurian	garnet	rim	age	of	436±17	Ma,	within	434	

error	of	the	core	Sm-Nd	age	of	453±15	Ma,	and	the	much	more	precise	late	Ordovician	Lu-Hf	data.	The	435	
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sample	 is	 a	 pelitic	 schist	 from	 the	Hillswick	Group	on	 the	Hillswick	 Peninsula	 in	western	Mainland	436	

Shetland.	Both	the	core	and	rim	Sm-Nd	ages	determined	on	this	sample	record		high	Nd	concentrations	437	

and	low	Sm	concentrations,	leading	to	Sm-Nd	ratios	that	are	not	much	greater	than	whole	rock.	The	438	

Lu-Hf	 ages	 determined	 on	 this	 sample	 are	 more	 radiogenic,	 and	 hence	 yield	 more	 precise	 (late	439	

Ordovician)	ages	for	both	the	core	and	rim	of	the	garnet.		440	

6	Discussion	441	

The	garnet	ages	recorded	in	the	metamorphic	rocks	in	Shetland	indicate	that	even	within	a	relatively	442	

small	area,	there	can	be	large	variation	in	the	apparent	timing	of	metamorphic	and	tectonic	events.	It	443	

is	therefore	important	to	assess	the	significance	of	the	ages	determined	in	this	study	with	the	following	444	

specific	questions	in	mind:	445	

1) Are	the	garnet	ages	determined	in	this	study	internally	consistent	as	a	dataset,	and	do	they	fall	446	

into	 the	 framework	 of	 other	 geochronological	 studies	 within	 the	 metamorphic	 rocks	 in	447	

Shetland	and	further	afield	in	the	Caledonide	belt?	448	

2) To	 what	 extent	 do	 the	 ages	 of	 individual	 ‘core’	 and	 ‘rim’	 fractions	 of	 a	 garnet	 separate	449	

represent	different	metamorphic	events?		450	

3) Is	there	evidence	of	distinct	episodes	of	metamorphism	related	to	multiple	phases	of	garnet	451	

growth	during	the	Caledonian	orogenic	cycle	in	Shetland?	452	

6.1	Knoydartian	orogeny	in	Shetland	453	

One	sample	from	Shetland	provides	evidence	of	garnet	growth	related	to	the	Knoydartian	phase	of	454	

the	Valhalla	Orogeny	(Cawood	et	al	2010).	These	Neoproterozoic	ages	(c.	860	Ma)	from	the	Hascosay	455	

Slide	on	the	east	coast	of	Yell	are	significantly	younger	than	the	U-Pb	monazite	and	zircon	c.	930	Ma	456	

U-Pb	ages	from	Yell	and	Unst	(Cutts	et	al	2009;	Jahn	et	al	2017).	These	garnet	ages	are	also	significantly	457	

older	 than	 the	 c.	 715	Ma	 Rb-Sr	 mica	 ages	 from	 the	 North	 Roe	 peninsula	 in	 northwest	 Mainland	458	

Shetland.	This	suggests	that	Shetland	has	a	very	similar	Neoproterozoic	tectonic	history	to	that	of	the	459	

Northern	Highland	in	mainland	Scotland,	where	there	is	evidence	for	multiple	phases	of	metamorphic	460	

mineral	growth	and	crustal	thickening	during	Valhalla	orogenesis	(Vance	et	al	1998;	Cutts	et	al	2009b;	461	

Cawood	et	al	2010;	Cawood	et	al	2014).		462	

6.2	The	significance	of	c.620	Ma	ages		463	

The	 c.	 620	Ma	 garnet	 ages	 obtained	 from	 the	Walls	 Metamorphic	 Series	 appear	 to	 be	 internally	464	

consistent	 for	 the	 reasons	 outlined	 in	 the	 results	 and	 interpretation	 section.	 These	 ages	 are	 also	465	

comparable	with	c.	585	Ma	(Sm-Nd)	and	c.	630	Ma	(Lu-Hf)	ages	from	the	Westing	Group	in	western	466	

Unst,	suggesting	these	ages	may	relate	to	a	more	widespread	tectonothermal	episode	in	Shetland.	467	
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The	Walls	Metamorphic	Series	has	been	 subjected	 to	 (at	 least)	 two	periods	of	metamorphism	and	468	

related	deformation,	based	on	structural	and	petrological	evidence.	The	first	relates	to	the	formation	469	

of	tight	minor	folds	that	are	axial	planar	to	the	regional	foliation	(Mykura	1976),	accompanied	by	an	470	

increase	 in	metamorphic	 conditions	 from	 greenschist	 to	 amphibolite-facies,	 leading	 to	widespread	471	

garnet	growth	(Mykura	1976).	 It	therefore	seems	likely	that	the	c.	620	Ma	ages	determined	on	the	472	

cores	of	garnets	from	the	WMS	relates	to	this	stage	of	amphibolite	facies	metamorphism.	473	

The	current	understanding	of	Neoproterozoic	orogenesis	in	Shetland	suggests	a	history	similar	to	that	474	

of	Northern	Highlands	of	mainland	Scotland,	northeast	Greenland,	Norway,	and	Svalbard	(Cutts	et	al	475	

2009;	Cawood	et	al	2010).	There	are	Neoproterozoic	ages	linked	to	direct	metamorphic	events	in	Unst,	476	

Yell,	and	northeast	Mainland	Shetland	at	c.	930	Ma	(Cutts	et	al	2009;	2011;	Jahn	et	al.	2017),	garnet	477	

growth	 at	 c.	 860	Ma	 (this	 study),	 and	 fabric	 development	 along	 the	Wester	 Keolka	 Shear	 Zone	 in	478	

northwest	Mainland	Shetland	at	c.715	Ma	(Walker	et	al	2016).	However,	the	c.	620-585	Ma	garnet	479	

ages	recorded	in	the	Walls	Metamorphic	Series	and	the	Westing	Group	are	more	difficult	to	correlate	480	

with	a	specific	previously	constrained	orogen.		481	

Similar	 Ediacaran	 metamorphic	 ages	 are	 found	 within	 potentially	 ‘exotic’	 terranes	 in	 the	 pre-482	

Caledonian	 rocks	 in	 Spitsbergen	 (Majka	 et	 al	 2008)	 and	 northwest	 Ireland	 (Sanders	 et	 al	 1987;	483	

Flowerdew	&	Daly	2005),	constrained	using	U-Th-Pb	monazite,	and	Sm-Nd	garnet	dating	respectively.	484	

The	Slishwood	Division	in	NW	Ireland	preserves	a	pre-Grampian	metamorphic	history	of	similar	age	485	

(605±37	Ma	and	596-539	Ma:	Sanders	et	al	1987;	Flowerdew	&	Daly	2005)	to	the	620-585	Ma	ages	486	

from	 Shetland.	 However,	 there	 is	 some	 uncertainty	 over	 the	 significance	 of	 the	 Ediacaran	 ages	 in	487	

Ireland	(S.	Daly	pers	comm	2017),	and	it	is	probably	not	sensible	to	base	tectonic	models	on	these	ages	488	

without	further	data.	489	

The	 late	Neoproterozoic	 ages	 in	both	Spitsbergen	and	northwest	 Ireland	have	been	 interpreted	as	490	

suggesting	that	this	region	was	not	part	of	the	Laurentian	continent	during	the	Neoproterozoic,	and	491	

instead	represented	an	exotic	terrane	on	the	outboard	of	Laurentia.	It	seems	therefore,	that	the	late	492	

Neoproterozoic	(Ediacaran)	garnet	ages	from	the	Walls	Metamorphic	Series	and	the	Westing	Group	493	

contribute	to	a	small,	but	growing,	body	of	similar	metamorphic	ages	in	this	region.	494	

6.3	Grampian	events		495	

The	 garnet	 ages	 determined	 in	 this	 study	 provide	 strong	 evidence	 that	 the	 dominant	 periods	 of	496	

orogenesis	in	Shetland	relate	to	the	timing	of	Grampian	arc-accretion	observed	in	mainland	Scottish	497	

and	Irish	Caledonides.	This	is	unsurprising	given	the	number	of	Grampian	(480-470;	455-445	Ma)	ages	498	

obtained	in	modern	geochronological	studies	on	metamorphic	lithologies	in	Shetland	(Cutts	et	al	2011;	499	

Crowley	&	Strachan	2015;	Walker	et	al	2016).		500	



	 16	

A	Cambrian/Ordovician	garnet	age	from	the	metamorphic	sole	of	the	Shetland	ophiolite	on	Fetlar	is	501	

the	oldest	age	obtained	in	this	study	that	can	be	reasonably	attributed	to	the	Caledonian	orogeny.	The	502	

Lu-Hf	 isochron	 age	 of	 489±7	 Ma	 for	 this	 sample	 includes	 minerals	 that	 are	 not	 in	 metamorphic	503	

equilibrium.	However	the	two-garnet	-	clinopyroxene	isochron	(490.4±2.6	Ma)	and	the	two-garnet	–	504	

amphibole	isochron	(488.4±2.7	Ma)	are	within	error.	The	most	likely	explanation	for	this	is	that	the	505	

change	 from	 upper	 amphibolite	 to	 middle	 amphibolite	 facies	 (which	 probably	 occurred	 by	506	

incorporation	of	fluids	rather	than	a	distinct	change	in	pressure	and/or	temperature)	occurred	within	507	

the	age	uncertainty	(2.7	Ma).	It	is	sensible	to	attribute	this	age	to	the	timing	of	high	heat-flow	during	508	

the	formation	of	the	metamorphic	sole	(Spray	1988),	but	is	somewhat	older	than	the	484±4	Ma	U-Pb	509	

zircon	age	obtained	by	Crowley	and	Strachan	(2015)	from	the	same	unit	on	Unst.	Similar	ages	are	found	510	

within	 the	 ‘older’	Caledonian	ophiolites	 in	 the	 southwest	Grampian	Highlands	and	western	 Ireland	511	

(Chew	et	al	2010).		512	

The	garnet	cores	from	a	pelite	from	the	Valla	Field	Group	(AB08-15)	in	western	Unst	were	collected	513	

from	 the	 same	 rock	 unit	 as	 the	 sample	 KSH07-12	 from	 Cutts	 et	 al	 (2011).	 Pressure	 temperature	514	

constraints	of	7	kbar	and	650oC	were	determined	on	their	sample	and	this	is	a	sensible	estimate	for	515	

our	dated	sample	given	the	observed	mineralogy	and	geographic	proximity.	These	temperatures	and	516	

pressures	require	a	structural	thickness	of	at	least	22km,	only	10km	of	which	can	be	accounted	for	by	517	

the	thickness	of	the	ophiolite	nappe	(Cutts	et	al	2011).	Subsequent	heating	may	be	accommodated	by	518	

underthrusting	of	the	leading	edge	of	Laurentia	beneath	the	Iapetan	oceanic	crust	and	localized	crustal	519	

thickening.	The	rims	of	 these	garnet	yield	Sm-Nd	and	Lu-Hf	ages	of	451.5±2.6	Ma	and	460.2±2	Ma	520	

respectively.	 Both	 the	 PT	 conditions	 and	 the	 age	 for	 this	 second	 period	 of	 metamorphism	 were	521	

constrained	by	Cutts	et	al	(2011)	to	7.5	kbar	and	630oC	at	462±10	Ma,	which	is	in	good	agreement	with	522	

the	garnet	ages	presented	here.		523	

Middle	Ordovician	garnet	growth	in	Shetland	continues	until	c.	466	Ma,	and	relates	to	the	collision	of	524	

the	Grampian	arc	against	the	margin	of	Laurentia,	for	which	there	is	evidence	throughout	the	British,	525	

Irish,	and	the	Laurentian-derived	allochthons	in	the	Norway	(Smit	et	al	2010;	Chew	&	Strachan	2013).	526	

Garnet	 ages	 that	 relate	 to	 this	 orogenic	 episode	 are	 found	 throughout	 the	metamorphic	 rocks	 in	527	

Shetland,	and	in	stratigraphic	units	that	have	been	related	to	the	Lewisian	(the	Eastern	Gneisses),	the	528	

Moine	(the	Yell	Sound	and	Sand	Voe	Groups),	and	the	Dalradian	(Queyfirth	Group	and	East	Mainland	529	

Successions).	Most	of	the	garnets	that	record	ages	within	this	range	exhibit	prograde	zoning	patterns	530	

in	trace-element	LA-ICPMS	traverses	indicating	that	the	ages	most	likely	relate	to	the	timing	of	peak	531	

metamorphism	 within	 those	 samples.	 Finally,	 these	 garnet	 ages	 are	 defined	 by	 both	 multi-point	532	

isochrons	and	two-point	garnet-whole	rock	ages,	in	both	the	Lu-Hf	and	Sm-Nd	chronometers.		533	
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Within	many	areas	in	Shetland,	with	the	notable	exception	of	Yell	(Figs.	1	&	4),	there	is	evidence	for	534	

garnet	 growth	at	 c.	 450	Ma	apparently	 relating	 to	 the	Grampian	 II	 collision	described	 in	Bird	 et	 al	535	

(2013).	 Garnet	 Lu-Hf	 ages	 of	 c.	 455	 Ma	 from	 eclogites	 are	 also	 found	 in	 the	 Laurentian	 derived	536	

allochthons	in	southern	Norway	(Smit	et	al	2010).	This	suggests	simultaneous	subduction	of	Iapetan	537	

crust	below,	and	accretion	of	an	arc	or	continental	fragment	onto,	the	Laurentian	margin	during	the	538	

late	Ordovician.	539	

6.4	Scandian	collision	540	

Two	samples,	one	from	either	side	of	the	Walls	Boundary	Fault,	yield	meaningful	and	precise	Silurian	541	

ages.		542	

The	first	was	determined	on	the	outermost	rim	of	garnets	from	an	amphibolite	(AB08-18)	from	the	543	

Lunna	Ness	peninsula	on	northeastern	Mainland.	Textural	evidence	from	this	sample	shows	that	the	544	

metamorphism	relating	to	the	final	stage	of	garnet	growth	was	static	rather	than	dynamic.	The	thin	545	

section	of	this	sample,	as	shown	in	Fig.	3,	shows	dome-shaped	structures	that	would	have	most	likely	546	

been	destroyed	during	dynamic	metamorphism.		547	

The	 second	 sample	 to	 yield	 Silurian	 aged	 garnets	 was	 collected	 from	 the	 North	 Roe	 peninsula	 in	548	

northwest	 Shetland.	 Given	 that	 the	 timing	 of	 movement	 along	 the	 Wester	 Keolka	 Shear	 Zone	 is	549	

constrained	to	be	Neoproterozoic	by	Walker	et	al	(2016),	 it	 is	difficult	to	conceive	how	fine-grained	550	

micas	 from	 the	 WKSZ	 were	 not	 reset	 during	 the	 Silurian	 metamorphic	 event	 that	 affected	 an	551	

amphibolite	 300m	 structurally	 down-section.	 The	 garnet	 ages	 from	 this	 appears	 to	 be	 in	 better	552	

agreement	with	the	late	Devonian	Rb-Sr	ages	determined	by	Walker	et	al	(2016)	from	the	Uyea	Shear	553	

Zone	approximately	2km	to	the	west.		554	

It	is	somewhat	remarkable,	given	its	location,	that	more	Silurian	garnet	ages	have	not	been	discovered	555	

in	 Shetland.	Walker	 et	 al	 (2016)	 noted	 that	 the	Devonian	Rb-Sr	 age	 for	 the	Uyea	 Shear	 Zone	may	556	

support	the	diachronous	northward-younging	thrust	belt	observed	throughout	the	Caledonides.	That	557	

only	 2	 ages	 determined	 in	 this	 study	 reflect	 garnet	 growth	 during	 the	 Silurian	 Scandian	 collision	558	

between	Laurentia	and	Baltica	further	supports	the	conclusion	that	Shetland	was	at	a	higher	structural	559	

level	in	the	regional	nappe	pile	than	mainland	Scotland	during	the	Silurian	(Walker	et	al	2016).	560	

6.5	Implications	for	Neoproterozoic	and	Palaeozoic	geodynamics	in	the	North	Atlantic	region	561	

The	 pre-Mesozoic	 geology	 of	 Shetland	 is	 poly-orogenic,	 and	 records	 a	 series	 of	 discrete	 events	562	

spanning	 from	 the	 Neoproterozoic	 to	 the	 Devonian.	 Neoproterozoic	 orogeny	 relate	 to	 the	563	

amalgamation	and	fragmentation	of	the	Rodinia	supercontinent	(Cutts	et	al	2009;	Cawood	et	al	2010)	564	

found	 in	 other	 regions	 around	 the	North	 Atlantic.	 Although	 there	 is	 strong	 evidence	 of	 this	 event	565	

recorded	in	zircon	and	monazite	studies	from	metamorphic	rocks	in	Shetland	(Cutts	et	al	2009,	2011;	566	



	 18	

Jahn	et	al	2017),	only	one	garnet	yields	an	early	Neoproterozoic	age	of	c.	860	Ma	and	appears	to	be	567	

more	similar	to	the	Knoydartian	orogeny	(e.g.	Vance	et	al	1998).	These	garnet	ages	are	also	significantly	568	

older	than	the	c.	715	Ma	Rb-Sr	ages	from	North	Roe,	and	therefore	extends	the	reach	of	the	earlier	569	

Knoydartian	orogenic	events	from	the	Northern	Highlands	of	Scotland	to	Shetland.		570	

These	 630-585	 Ma	 Cryogenian	 ages	 from	 western	 Mainland	 and	 western	 Unst	 are	 robust,	 but	571	

somewhat	 cryptic,	 given	 they	provide	evidence	of	metamorphism	at	a	 time	when	extension,	basin	572	

infill,	 and	 rift-related	magmatism	was	 pervasive	 throughout	 the	 Northern	 Highland	 and	 Grampian	573	

Highland	Terranes	(Graham	&	Bradbury	1981;	Rogers	et	al	1989;	Kinny	et	al	2003).	However,	these	574	

ages	 appear	 to	 add	 to	 a	 growing	 body	 of	 similar	 metamorphic	 ages	 from	 northwest	 Ireland	 and	575	

southwest	Svalbard	(Flowerdew	&	Daly	2005;	Majka	et	al	2008).	576	

Despite	the	proximity	to	the	East	Greenland	and	Norwegian	(Baltican)	Caledonides	where	the	most	577	

important	Caledonian	metamorphic	events	are	the	Silurian-early	Devonian	Scandian	collision,	where	578	

subduction	 of	 the	 Iapetus	 Ocean	 led	 to	 the	 formation	 of	 eclogite	 and	 high	 pressure	 granulites	579	

(Brueckner	&	 van	 Roermund	 2007;	 Smit	 et	 al	 2010;	McClelland	 et	 al.	 2006;	 Kalsbeek	 et	 al.	 2008),	580	

Shetland,	 like	 mainland	 Scotland	 and	 Ireland,	 appears	 to	 share	 very	 little	 of	 its	 post-Silurian	581	

metamorphic	history	with	the	Caledonides	in	East	Greenland	and	Norway.		582	

However,	the	Caledonian	tectonic	history	of	Shetland	appears	to	be	similar	to	orthotectonic	regions	of	583	

Scotland	and	Ireland,	where	onset	of	collisional	tectonics	was	initiated	by	the	obduction	of	ophiolites	584	

at	c.	500	Ma	(Chew	et	al	2010),	and	continued	through	the	Ordovician	with	peak	Grampian	I	Barrovian	585	

metamorphism	reached	between	480-467	Ma	(Kinny	et	al	1999;	Oliver	et	al	2000;	Baxter	et	al	2002;	586	

Dewey	2005;	Bird	et	al	2013).	 In	Scotland,	 further	collision	occurred	at	 c.	450	Ma	 (Bird	et	al	2013;	587	

Cawood	et	al	2014),	although	there	have	been	no	reports	of	this	event	to	the	south	of	the	Great	Glen	588	

Fault	 in	 the	Grampian	Terrane	 in	either	Scotland	or	 Ireland.	Finally,	Silurian	events	 recorded	 in	 the	589	

Northern	Highland	Terrane	are	now	unequivocally	found	in	Shetland,	although	on	both	sides	of	the	590	

Walls	Boundary	Fault.		591	

6.6	Significance	of	the	Walls	Boundary	Fault		592	

We	have	shown	that	all	three	main	episodes	of	Caledonian	metamorphism	are	found	in	Shetland	are	593	

found	on	both	sides	of	the	Walls	Boundary	Fault.	As	the	Walls	boundary	Fault	is	considered	to	be	the	594	

northward	extension	of	 the	Great	Glen	Fault	 (Flinn	1961;	1992;	Watts	2007),	which	 separates	 two	595	

regions	 of	 different	 tectonic	 histories	 during	 the	 Caledonian	 orogeny,	 it	 is	 worthwhile	 appraising	596	

whether	this	correlation	is	sensible.		597	

The	Northern	Highland	and	Grampian	Highland	terranes	share	a	deformational	history	at	least	up	to	598	

the	end	of	the	Grampian	I	arc	accretion	in	the	early	Ordovician.	However,	there	is	at	present	no	clear	599	

evidence	of	the	Grampian	II,	or	the	Scandian	collisional	events	in	the	Grampian	Highland	terrane,	and	600	
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so	 the	 Great	 Glen	 Fault	 is	 considered	 as	 a	 terrane	 boundary.	 Given	 that	 there	 is	 evidence	 of	 all	601	

tectonothermal	events	on	both	sides	of	the	Walls	Boundary	Fault,	it	may	not	be	reasonable	to	link	this	602	

structure	with	the	Great	Glen	Fault	sensu	stricto.		603	

Displacement	on	 the	Walls	Boundary	Fault	 in	Shetland	was	originally	given	as	c.	65km	(Flinn	1977)	604	

based	on	the	correlation	of	aeromagnetic	data,	which	is	considerably	less	than	the	inferred	c.500	km	605	

of	 displacement	on	 the	Great	Glen	 Fault	 (Strachan	et	 al	 2002).	Despite	 this,	when	 considering	 the	606	

bathymetric	and	gravity	anomaly	data	between	the	Moray	Firth	and	Shetland,	there	is	a	strong	linear	607	

feature	between	the	two,	although	this	does	become	less	clear	near	to	Shetland.	It	may	be	that	the	608	

Walls	Boundary	Fault	is	a	branched	splay	of	the	Great	Glen	Fault,	which	then	continues	northwards	609	

passing	Shetland	to	the	east.		610	

7	Conclusions		611	

The	application	of	Lu-Hf	and	Sm-Nd	garnet	geochronology	to	the	metamorphic	geology	of	Shetland	612	

indicates	 polyorogenesis,	 with	 evidence	 of	 several	 cycles	 of	 prograde	 garnet	 growth.	 Evidence	 of	613	

Neoproterozoic	 metamorphism	 is	 less	 pervasive	 than	 would	 be	 expected	 based	 on	 previous	614	

geochronological	 studies	 (e.g.	 Cutts	 et	 al	 2009;	 2011;	 Jahn	 et	 al	 2017),	 and	 no	 evidence	 of	 garnet	615	

growth	related	to	the	c.930	Ma	Renlandian	Orogeny	has	been	uncovered	(Cutts	et	al	2009;	Cawood	et	616	

al	2010).	Garnet	growth	on	the	east	coast	of	Yell	at	c.	860	Ma	however,	suggests	that	this	phase	of	the	617	

Knoydartian	Orogeny	should	be	extended	northwards	from	northern	Scotland	to	Shetland.	618	

Several	 garnet	 ages	 spanning	 from	 c.	 630-585	Ma	 suggests	 that	 a	 late	Neoproterozoic	 (Ediacaran)	619	

metamorphic	event	affected	lithologies	in	the	Walls	Metamorphic	Series	in	western	Mainland	and	the	620	

Westing	 Group	 in	 western	 Unst.	 These	 metamorphic	 ages	 are	 similar	 to	 some	 within	 the	 (pre-)	621	

Caledonian	rocks	of	Spitsbergen	and	perhaps	northwest	Ireland	(Sanders	et	al	1987;	Flowerdew	and	622	

Daly	2005;	Majka	et	al	2008).	623	

We	provide	evidence	for	multiple	episodes	of	metamorphism	related	to	the	Caledonian	orogeny	 in	624	

Shetland,	with	phases	of	garnet	growth	at	480-465	Ma,	c.	450Ma,	and	c.	430	Ma.	A	Lu-Hf	garnet	age	625	

of	490.4±2.7	Ma	from	the	metamorphic	sole	of	the	Shetland	Ophiolite	Complex	is	slightly	older	than	626	

the	zircon	U-Pb	age	of	484±4	Ma	determined	by	Crowley	&	Strachan	(2015).	Evidence	of	kyanite-grade	627	

garnet	 growth	 at	 c.482	Ma	 indicates	 that	 Barrovian	metamorphism	must	 have	 occurred	 relatively	628	

rapidly	after	the	obduction	of	the	Shetland	ophiolite.		629	

In	Shetland,	there	is	an	episode	of	prograde	garnet	growth	related	to	the	Grampian	II	(c.	450	Ma)	event	630	

recorded	in	the	Moine	Supergroup	in	mainland	Scotland	(Bird	et	al	2013;	Cawood	et	al	2014).	Evidence	631	

of	this	event	 in	Shetland	 is	widespread	throughout	Mainland	and	Unst,	but	there	 is	no	evidence	of	632	

garnet	growth	at	c.	450	Ma	in	Yell.		633	
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Although	 only	 two	 samples	 from	 Shetland	 record	 evidence	 of	 Silurian	 metamorphism	 during	 the	634	

Scandian	collision	of	Baltica	and	Laurentia,	garnet	growth	relating	the	event	is	found	on	both	sides	of	635	

the	Walls	Boundary	Fault.	We	therefore	suggest	that	the	Walls	Boundary	Fault	is	not	the	equivalent	of	636	

the	Great	Glen	Fault	(senso	stricto)	in	mainland	Scotland,	but	rather	that	it	represents	a	splay	of	the	637	

main	GGF,	which	then	passes	to	the	east	of	Shetland.	638	
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Figure	and	Table	captions	858	

	859	

Fig.	1:	(a)	Simplified	geological	map	of	Shetland	including	sample	sites	and	analytically	robust	garnet	860	

ages.	(b)	Regional	context	of	Shetland	in	its	pre-Mesozoic	rifting	setting	(both	modified	from	Walker	861	

et	al	2016)	WKSZ	–	Wester	Keolka	Shear	Zone;	BFL	–	Burra	Firth	Lineament;	SVB	–	Saxa	Vord	Block;	VFB	862	

–	Valla	Field	Block;	NHT	–	Northern	Highland	Terrane;	MTZ	–	Moine	Thrust	Zone;	GGF	–	Great	Glen	863	

Fault;	HBF	–	Highland	Border	Fault;	SUF	–	Southern	Uplands	Fault;	IS	–	Iapetus	Suture;	BL	–	Ballantrae	864	

Ophiolite:	CB	–	Clew	Bay	Ophiolite.	865	

	866	

Fig.	2:	Example	of	the	relationship	of	colour,	trace-element	characteristics,	and	age	of	garnets.	This	is	867	

sample	SW13-27	from	the	Hillswick	peninsula	in	western	Mainland	Shetland.		868	

	869	

Fig.	 3:	 Thin	 section	 photographs	 of	 specific	 samples	 mentioned	 in	 the	 text,	 along	 with	 LA-ICPMS	870	

traverse	data	for	those	samples.	Mineral	abbreviations	from	Kretz	(1983).	871	

	872	

Fig.	 4:	 Garnet	 Lu-Hf	 isochron	 diagrams.	 WR	 –	Whole-rock;	 Grt	 –	 garnet;	 Px	 –	 pyroxene;	 Amph	 –	873	

amphibole.	Error	bars	are	smaller	than	symbols.	874	

	875	

Table	1.	Locations,	lithologies,	geological	significance,	and	mineral	assemblages	of	the	dated	samples.	876	

WG	–	Wilgi	Geos	group;	WKSZ	–	Wester	Keolka	 Shear	 Zone;	 SVG	–	 Sand	Voe	Group;	 EG	–	Eastern	877	

Gneisses;	WMS	–	Walls	Metamorphic	Series;	BFL	–	Burra	Firth	Lineament;	YSG	–	Yell	Sound	Group;	878	

EMS	–	East	Mainland	Succession.	Mineral	abbreviations	from	Kretz	(1983).	879	

	880	

Table	2.	Lu-Hf	data	and	ages.	Samples	marked	with	*	are	not	considered	meaningful.	Ages	in	italics	are	881	

multi-point	isochrons.	Samples	marked	with	§	were	analysed	at	the	Institute	of	Geological	Sciences,	882	

Polish	Academy	of	Sciences,	Kraków.		All	uncertainties	are	stated	at	2σ.	Mineral	abbreviations	from	883	

Kretz	(1983).	884	

	885	

Table	3.	Sm-Nd	data	and	ages.	Samples	marked	with	*	are	not	considered	meaningful.	Ages	in	italics	886	

are	multi-point	isochrons.	All	uncertainties	are	stated	at	2σ.	Mineral	abbreviations	from	Kretz	(1983).	887	



Table	1.	
Sample	 Location	 Grid	Ref	 Lithology	 Geological	significance	 mineral	assemblage	

West	of	the	WBF	 	 	 	 	 	

SW15-12	 North	Roe	 HU	34860	91768	 WG	Garnet	amphibolite	
Metamorphism	west	of	

the	WKSZ	 Amph+Ep+Qtz+Grt+Bt+Opaque	

AB08-11	 Fethaland	 HU	37230	93435	 Benigarth	Pelite	 Eastern	Gneiss	basement	 Qtz+Wm+Bt+Chl+Grt+Opaque+Tur	
AB08-12	 Fethaland	 HU	37388	93234	 Amphibolite	 Eastern	Gneiss	basement	 Qtz+Pl+Mc+Amph+Grt+Ttn+Zo+Rt+Wm+Ap+Chl	
AB08-13	 Burra	Voe	 HU	37410	89054	 SVG	Pelitic	schist	 Moine-equivalent	 Grt+Wm+Qtz+Chl+Ttn+Chd	

SW13-8	 Burra	Voe	 HU	37340	89159	 EG	Amphibolite	
Interleaved	basement	

inlier	 Amph+Qtz+Grt+Wm+Bt+Czt+Ap+Zrc+Rt	

SW15-01	 Shaabers	Head	 HU	27817	59096	 WMS	pelite	
Metamorphism	in	the	

WMS	 Qtz+Kspar+Pl+Wm+Bt+Chl+Grt+Opaque	

SW15-3	 Neeans	 HU	27249	59112	 WMS	Granite	gneiss	
Metamorphism	in	the	

WMS	 Qtz+Kspar+Wm+Chl+Bt+Ep+Zrc+Grt+Rt	

SW15-6	 Gossa	Water	 HU	24896	56918	 WMS	Pelite	
Metamorphism	in	the	

WMS	 Qtz+Kspar+Pl+Bt+Chl+Grt+Zrc+Opaque+Amph+Ap+Rt	

SW15-5	 Queyfirth	 HU	354	829	 Amphibolite	
Metamorphism	in	the	

Eastern	Gneisses	
Amph+Qtz+Ep+Bt+Grt+Ap+Zrc+Ttn	

SW13-27	 Hillswick	 HU	27319	76453	 EG	Pelite	
Metamorphism	in	the	

Eastern	Gneisses	 Amph+Qtz+Plag+Wm+Rt+Grt+Chl+Zrc+Bt	

	 	 	 	 	 	
East	of	the	WBF	 	 	 	 	 	
Mainland	 	 	 	 	 	

SW12-7	 East	Burrafirth	 HU	3695	5080	 Semi-pelitic	gneiss	
Metamorphism	in	Central	

Mainland	 Qtz+Pl+Wm+Ep+Grt	

AB08-18	 Lunna	Ness	 HU	51842	74106	 Valayre	Gneiss	amphibolite	
Metamorphism	of	the	

Valayre	Gneiss	
Qtz+Amph+Pl+Grt+Opaque+Ttn	

Unst	 	 	 	 	 	

AB08-14	 Westing	 HP	56784	07120	 Westing	Grp	paragneiss	
Metamorphism	in	the	

Westing	Grp	 Qtz+Pl+Wm+By+Grt+Ky+Stau+Opaque+Zrc+Sil	

AB08-15	 Burrafirth	 HP	58766	11098	 Valla	Field	Pelite	
Metamorphism	W	of	the	

BFL	 Qtz+Plag+Wm+Bt+St+Ky+And+Sil+Grt+Chd+Chl+Zrc+Opaque	

SW12-15b	 W.	of	Watlee	 HP	5814	0548	 Valla	Field	Pelite	
Metamorphism	W	of	the	

BFL	 Qtz+Wm+Opaque+Staur+Ky+Chd+Chl	

SW12-16	 Saxa	Vord	 HP	6315	1652	 Saxa	Vord	Pelite	 Metamorphism	E	of	the	 Wm+Chd+Grt+Chl+Opaque+Staur+Qtz	



BFL	
Yell	 	 	 	 	 	

AB08-4	 Sands	of	Breckon	 HP	52751	05341	 YSG	paragneiss	 Migmatisation	of	the	YSG	 Qtz+Pl+Wm+Bt+Grt+Opaque+Ap+Zrc+Ttn+Rt+Chl	

AB08-6	 Migga	Ness	 HP	53974	05230	 Hascosay	Slide	amphibolite	
Peak	metamorphism	

within	the	Hascosay	Slide	 Grt+Cpx+Amph+Pl+Ttn+Opaques	

AB08-8	 Kirkrabister	 HU	54004	9501	 Amphibolite	
Prograde	metamorphism	

in	the	YSG	 Grt+Amph+Pl+Qtz+Opaques+Zrc	

SW12-20	 North	Sandwick	 HP	5501	9696	 Pelite	
Prograde	metamorphism	

in	the	YSG	 Qtz+Kspar+Bt+Wm+Chl+Grt+Ky+Zrc+Gr+Rt	

Fetlar	 	 	 	 	 	

SW12-14	 Hamars	Ness	 HU	5789	9287	 EMS	migmatitic	schist	
High	grade	met	in	
ophiolite	footwall	 Qtz+Pl+Kspar+Wm+Bt+Grt+Chl+Opaque+Zrc+Rt	

SW15-7	 Virva	 HU	64449	92009	 Metabasite	
Metamorphic	sole	of	the	

ophiolite	 Cpx+Pg+Grt+Ttn+Cal+Chl	

	



Table	2.	
 
Sample	fraction	 Lu	

(ppm)	
Hf	
(ppm)	

176Hf/177Hf	 2se	 176Lu/177Hf	 176Hf/177Hf0	 Age	[Ma]	

	 	 	 	 	
West	of	the	Walls	Boundary	Fault	 	 	 	 	
	 	 	 	 	
SW15-12	wr	 0.309	 0.536	 0.283006	 0.000018	 0.0817	 	 	
SW15-12	grt	 3.047	 0.493	 0.289346	 0.000026	 0.8747	 0.282353±20	 427.0±3.1	
	 	 	 	 	 	 	 	
AB08-11	wr	§	 0.581	 2.976	 0.282484	 0.000005	 0.0276	 	 	
AB08-11	grt	1	§	 4.845	 1.464	 0.286217	 0.000005	 0.4680	 	 	
AB08-11	grt	2	§	 7.408	 1.214	 0.289516	 0.000007	 0.8634	 0.282251±5	 450.3±1.7	
	 	 	 	 	 	 MSWD	 3.8	

AB08-12	wr	 0.710	 1.042	 0.283517	 0.000009	 0.0963	 	 	
AB08-12	grt	1	 2.728	 0.371	 0.291758	 0.000016	 1.0405	 	 	
AB08-12	grt	2	 0.512	 0.055	 0.294164	 0.000017	 1.3107	 0.282674±10	 466.6±1.3	
	 	 	 	 	 	 MSWD	 2.9	

AB08-13	wr	 0.429	 2.672	 0.282402	 0.000015	 0.0227	 	 	
AB08-13	grt	core	 1.793	 4.548	 0.282742	 0.000015	 0.0557	 0.282168±27	 555±34*	
AB08-13	grt	rim	 3.742	 1.039	 0.285958	 0.000015	 0.5094	 0.282236±15	 390.3±2.6	
	 	 	 	 	 	 	 	
SW13-8	grt	1	§	 3.547	 0.311	 0.296597	 0.000009	 1.6160	 	 	
SW13-8	grt	2	§	 3.839	 0.807	 0.288293	 0.000005	 0.6730	 0.282367±71	 469.6±4.3	
	 	 	 	 	 	 	 	
SW15-5	wr	§	 0.620	 0.923	 0.283271	 0.000012	 0.095	 	 	
SW15-5	grt	§	 2.024	 0.232	 0.293399	 0.000052	 1.234	 0.282426±15	 474.3±3.5	
	 	 	 	 	 	 	 	
SW15-1	wr	 0.289	 0.239	 0.283613	 0.000036	 0.171	 	 	
SW15-1	grt	core	 4.922	 2.803	 0.284263	 0.000014	 0.248	 0.28218±12	 447±28	
SW15-1	grt	rim	 4.548	 5.246	 0.283272	 0.000012	 0.123	 0.28240±10	 377±45*	
	 	 	 	 	 	 	 	
SW15-3	wr	 0.404	 0.278	 0.283851	 0.000033	 0.2051	 	 	
SW15-3	grt	core	 6.790	 2.897	 0.285068	 0.000011	 0.3313	 0.281874±94	 515±16	
SW15-3	grt	rim	 8.736	 15.899	 0.283022	 0.000008	 0.0777	 0.282517±24	 348±14*	
	 	 	 	 	 	 	 	

SW15-6	wr	 0.751	 5.186	 0.282405	 0.000012	 0.0205	 	 	
SW15-6	grt	core	 7.2180	 3.668	 0.285407	 0.00001	 0.2782	 0.282167±13	 620.8±4.5	
SW15-6	grt	rim	 15.360	 4.208	 0.288039	 0.00001	 0.5164	 0.282173±12	 605.7±3.5	
	 	 	 	 	 	 	 	
SW13-27	wr	§	 0.274	 0.283	 0.283178	 0.000012	 0.1370	 	 	
SW13-27	grt	core	§	 3.298	 0.935	 0.286263	 0.000006	 0.4991	 0.282011±18	 454.4±2.7	
SW13-27	grt	rim	§	 3.935	 1.123	 0.286181	 0.000007	 0.4956	 0.282030±18	 446.7±2.8	
	 	 	 	 	 	 	 	
East	of	the	Walls	Boundary	Fault	 	 	 	

Mainland	 	 	 	 	 	 	
	 	 	 	 	 	 	 	
SW12-7	wr	 0.209	 0.681	 0.282579	 0.000020	 0.0434	 	 	
SW12-7	grt	 47.059	 1.438	 0.323986	 0.000013	 4.6590	 0.282189±20	 478.4±1.4	
	 	 	 	 	 	 	 	
AB08-18	wr	 0.756	 1.968	 0.283081	 0.000007	 0.0543	 	 	
AB08-18	grt	core	 3.053	 0.628	 0.288543	 0.000026	 0.6881	 0.282614±8	 459.6±2.6	
AB08-18	grt	mantle	 3.417	 1.180	 0.286071	 0.000009	 0.4096	 0.282625±8	 448.8±2.3	
AB08-18	grt	rim	 2.886	 1.186	 0.285438	 0.000019	 0.3439	 0.282640±9	 434.0±3.9	
	 	 	 	 	 	 	 	
Unst	 	 	 	 	 	 	 	
AB08-15	wr	 0.412	 0.912	 0.282677	 0.000015	 0.0639	 	 	
AB08-15	core	 10.050	 1.280	 0.292150	 0.000008	 1.1113	 0.282100±16	 482.7±2.6	
AB08-15	rim	 7.537	 1.546	 0.287969	 0.000012	 0.6897	 0.282137±17	 451.5±2.9	
	 	 	 	 	 	 	 	
SW12-15b	wr	 0.263	 0.243	 0.283206	 0.000042	 0.1534	 	 	



SW12-15b	grt	 15.211	 0.586	 0.312892	 0.000031	 3.6894	 0.281918±43	 447.8±1.6	
	 	 	 	 	 	 	 	
SW12-16	wr	 0.320	 0.296	 0.283223	 0.000025	 0.1529	 	 	
SW12-16	grt	1	 4.351	 1.867	 0.284714	 0.000007	 0.3295	 	 	
SW12-16	grt	2	 4.376	 1.837	 0.284774	 0.000008	 0.3368	 	 	
SW12-16	grt	3	 3.641	 1.831	 0.284293	 0.000006	 0.2811	 0.281914±43	 452±7	
	 	 	 	 	 	 MSWD	 1.5	

	 	 	 	 	 	 	 	
AB08-14	grt	core	1	 3.586	 1.852	 0.286323	 0.000010	 0.2739	 0.28399±14	 454±27	
AB08-14	grt	core	2	 3.520	 2.103	 0.285692	 0.000012	 0.2366	 0.283360±10	 526±22	
AB08-14	wr	 0.671	 0.203	 0.287970	 0.000095	 0.4676	 	 	
	 	 	 	 	 	 	 	
AB08-14	grt	rim	1	 2.862	 2.047	 0.284797	 0.000013	 0.1977	 0.282474±77	 626±19	
AB08-14	grt	rim	2	 2.608	 2.074	 0.284530	 0.000008	 0.1778	 0.282421±63	 633±18	
AB08-14	wr	 0.671	 0.203	 0.287970	 0.000095	 0.4676	 0.28244±57	 631±130	
	 	 	 	 	 	 MSWD	 7.3	

Yell	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	
AB08-06	wr	 0.791	 0.401	 0.287950	 0.000037	 0.279	 	 	
AB08-06	grt	 5.551	 0.097	 0.416717	 0.000080	 8.274	 0.283456±42	 856.7±2.6	
	 	 	 	 	 	 	 	
AB08-8	wr	 0.851	 0.431	 0.285073	 0.000023	 0.279	 	 	
AB08-8	grt	core	 1.121	 0.912	 0.284156	 0.000010	 0.174	 0.282636±49	 466±13*	
AB08-8	grt	rim	 1.083	 0.995	 0.284017	 0.000009	 0.154	 0.282716±36	 451±11*	
	 	 	 	 	 	 	 	
SW12-20	wr	 0.419	 0.262	 0.284062	 0.000023	 0.2253	 	 	
SW12-20	grt	 18.630	 2.241	 0.292529	 0.000014	 1.1769	 0.282057±30	 474.5±2.3	
	 	 	 	 	 	 	 	
Fetlar	 	 	 	 	 	 	 	
SW12-14	wr	 0.222	 1.369	 0.282123	 0.000009	 0.0229	 	 	
SW12-14	grt	core	1	§	 7.801	 1.983	 0.286919	 0.000007	 0.5564	 	 	
SW12-14	grt	core	2	 7.860	 1.985	 0.286935	 0.000008	 0.5601	 	 	
SW12-14	grt	rim	1	§	 7.742	 1.979	 0.286888	 0.000006	 0.5534	 	 	
SW12-14	grt	rim	2	 8.545	 2.240	 0.286718	 0.000011	 0.5395	 0.281917±8	 478.7±1.3	
	 	 	 	 	 	 MSWD	 1.11	

	 	 	 	 	 	 	 	
SW15-7	cpx	§	 0.088	 0.765	 0.282792	 0.000022	 0.016	 	 	
SW15-7	grt	core	§	 3.840	 0.319	 0.298314	 0.000058	 1.709	 	 	

SW15-7	amph	§	 0.169	 1.145	 0.282887	 0.000026	 0.021	 	 	
SW15-7	grt	rim	§	 2.592	 0.368	 0.291838	 0.000068	 0.997	 	 	

	 	 	 Grt	core,	Grt	rim,	Cpx:	 0.282643±22	 490.4±2.6	
	 	 	 	 	 	 MSWD	 1.15	

	 	 	 Grt	core,	Grt	rim,	Amph:	 0.282698±26	 488.4±2.7	
	 	 	 	 MSWD	 0.38	

	 	 	 All	minerals	inlcuded	in	isochron:	 0.282671±95	 489±7	
	 	 	 	 	 	 MSWD	 5.3	

 



Table	3.	
Sample	fraction	 Sm	[ppm]	 Nd	[ppm]	 143Nd/144Nd	 2se	 147Sm/144Nd	 143Nd/144Nd0	 Age	[Ma]	
West	of	the	Walls	Boundary	Fault	 	 	 	 	
	 	 	 	 	 	 	 	
AB08-11	grt	1	 1.508	 6.772	 0.512001	 0.000008	 0.1346	 0.51238±12	 -429±130*	
AB08-11	grt	2	 0.702	 2.859	 0.512039	 0.000007	 0.1484	 0.50638±76	 5717±760*	
AB08-11	wr	 3.639	 15.010	 0.511967	 0.000007	 0.1466	 	 	
	 	 	 	 	 	 	 	
AB08-13	grt	core	 1.890	 2.753	 0.512643	 0.000009	 0.415	 0.511358±17	 473±8	
AB08-13	grt	rim	 4.563	 22.469	 0.511748	 0.000009	 0.123	 0.51124±93	 364±1000*	
AB08-13	wr	 4.019	 17.869	 0.511779	 0.000011	 0.136	 0.511366±11	 470±6	
	 	 	 	 	 	 MSWD	 1.6	
SW13-8	grt	1	 1.5596	 2.410	 0.512919	 0.000010	 0.3912	 0.512256±32	 259±14	
SW13-8	grt	2	 1.149	 1.967	 0.512795	 0.000009	 0.3533	 0.512285±34	 220±16	
SW13-8	wr	 2.581	 13.396	 0.512453	 0.000023	 0.1165	 	 	
	 	 	 	 	 	 	 	
SW15-3	grt	core	 1.906	 2.924	 0.512903	 0.000013	 0.3942	 0.511299±16	 621±9	
SW15-3	grt	rim	 1.641	 1.899	 0.513045	 0.000016	 0.5225	 0.511419±14	 475±7	
SW15-3	wr	 4.459	 21.475	 0.511810	 0.000010	 0.1256	 	 	
	 	 	 	 	 	 	 	
SW15-6	grt	core	 0.948	 4.015	 0.514710	 0.000020	 0.1427	 0.49582±11	 16430±120*	
SW15-6	grt	rim	 2.019	 1.008	 0.515388	 0.000034	 1.2112	 0.511551±10	 483.7±4.8	
SW15-6	wr	 9.273	 47.460	 0.511925	 0.000009	 0.1181	 	 	
	 	 	 	 	 	 	 	
SW13-27	grt	core	 0.842	 1.867	 0.511872	 0.000012	 0.2727	 0.511064±17	 453±15	
SW13-27	grt	rim	 1.006	 2.649	 0.511735	 0.000009	 0.2295	 0.511080±19	 436±17	
SW13-27	wr	 2.312	 9.605	 0.511495	 0.000005	 0.1455	 	 	
	 	 	 	 	 	 	 	
East	of	the	Walls	Boundary	Fault	 	 	 	 	 	 	
Mainland	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	
SW12-7	grt	 4.831	 0.526	 0.528615	 0.000021	 5.5719	 0.511388±15	 472.0±0.7	
SW12-7	wr	 0.802	 2.405	 0.512011	 0.000014	 0.2015	 	 	
	 	 	 	 	 	 	 	
Unst	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	
AB08-14	grt	core	1	 1.882	 2.919	 0.512754	 0.000005	 0.3899	 0.511274±7	 579.4±3.9	
AB08-14	grt	core	2	 1.796	 2.071	 0.513279	 0.000005	 0.5244	 0.511270±6	 584.7±2.6	
AB08-14	grt	rim	1	 1.751	 1.717	 0.513645	 0.000007	 0.6166	 0.511267±6	 588.6±2.7	
AB08-14	grt	rim	2	 1.651	 1.587	 0.513666	 0.000006	 0.6293	 0.511273±6	 580.2±2.4	
AB08-14	wr	 2.653	 12.408	 0.511765	 0.000005	 0.1293	 0.511268±45	 585±14	

	 	 	 	 	 (n=5)	 MSWD	 14	
AB08-15	core	 0.931	 0.717	 0.513549	 0.000019	 0.7854	 0.511077±11	 480.5±4.7	
AB08-15	rim	 1.077	 0.521	 0.514858	 0.000012	 1.2491	 0.511093±09	 460.2±2.0	
AB08-15	wr	 4.031	 20.620	 0.511449	 0.000009	 0.1182	 	 	
	 	 	 	 	 	 	 	
SW12-15b	grt	 0.233	 0.389	 0.514154	 0.000045	 0.3624	 0.510444±20	 1558±26	
SW12-15b	wr	 7.696	 43.705	 0.511532	 0.000006	 0.1064	 	 	
	 	 	 	 	 	 	 	
Yell	 	 	 	 	 	 	 	
AB08-4	grt	 2.485	 0.546	 0.519907	 0.000021	 2.755	 0.511471±9	 467.5±1.3	
AB08-4	wr	 4.376	 21.828	 0.511841	 0.000009	 0.121	 	 	
	 	 	 	 	 	 	 	
AB08-6	grt	 2.849	 1.743	 0.517320	 0.000013	 0.989	 0.511719±15	 863.5±3.4	
AB08-6	wr	 3.256	 9.754	 0.512863	 0.000012	 0.202	 	 	
	 	 	 	 	 	 	 	
AB08-8	grt	core	 1.282	 0.490	 0.516872	 0.000015	 1.584	 0.511917±19	 477.6±2.5	
AB08-8	grt	rim	 1.489	 0.583	 0.516766	 0.000017	 1.547	 0.511946±19	 463.7±2.7	
AB08-8	wr	 2.521	 4.735	 0.512924	 0.000015	 0.322	 	 	
	 	 	 	 	 	 	 	
SW12-20	grt	 0.678	 0.353	 0.515075	 0.000037	 1.1618	 0.511495±9	 470.4±5.3	
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5.1 ARTICLE: Evidence from Rb-Sr mineral ages for multiple
orogenic events in the Caledonides of Shetland, Scotland

Authors: S. Walker., M.F. Thirlwall., R.A. Strachan., A.F. Bird
Journal of the Geological Society, 2016

Vol 173, 489-503

SW collected samples for analysis over two field seasons, in 2012 and 2013, with assistance
from RAS and AFB in respective years.

SW undertook all sample preparation and the significant majority of mass spectrometric
analysis, with guidance from MFT.

SW interpreted of the data, with contributions from co-authors, and wrote the first draft
of the manuscript. SW drafted subsequent iterations on the manuscript, after comments
from co-authors.

During the revision of this thesis, it was found that the mineral assemblages presented in
Table 1 do not show plagioclase for samples SW13-1, AB08-20, AB08-5, and SW13-25. These
samples do have plagioclase as this mineral was used as the anchor point to the isochrons on
each sample.

NB
65% of the analyses presented in this manuscript were undertaken during the candidature of
the PhD work, with the remaining 35% having been analysed by SW as part of an under-
graduate dissertation at RHUL.
However, the ideas presented in the paper, and the writing of the manuscript itself was only
possible due to further analysis undertaken during PhD research.
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Abstract: Shetland occupies a unique central location within the North Atlantic Caledonides. Thirty-three new high-precision
Rb–Sr mineral ages indicate a polyorogenic history. Ages of 723–702Ma obtained from the vicinity of the Wester Keolka
Shear Zone indicate a Neoproterozoic (Knoydartian) age and preclude its correlation with the Silurian Moine Thrust.
Ordovician ages of c. 480–443Ma obtained from the Yell Sound Group and the East Mainland Succession constrain
deformation fabrics and metamorphic assemblages to have formed during Grampian accretionary orogenic events, broadly
contemporaneously with orogenesis of the Dalradian Supergroup in Ireland and mainland Scotland. The relative paucity of
Silurian ages is attributed to a likely location at a high structural level in the Scandian nappe pile relative to mainland Scotland.
Ages of c. 416 and c. 411Ma for the Uyea Shear Zone suggest a late orogenic evolution that has more in common with East
Greenland and Norway than with northern mainland Scotland.
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The Caledonides of the North Atlantic region are the result of a
series of orogenic events spanning the early Palaeozoic, culminating
in the sinistrally oblique collision of three major continental blocks,
Laurentia, Baltica and Avalonia, as the Iapetus Ocean closed
(Pickering et al. 1988; Soper et al. 1992; Dewey & Strachan 2003;
Bird et al. 2013). The timing of tectonothermal events in such
collisional orogens can be constrained by the isotopic dating of
metamorphic mineral assemblages and igneous intrusions of known
structural age. This may allow the identification of discrete zones
within an orogen that are dominated by structures and metamorphic
assemblages of a certain age, which relate to a particular
accretionary or collisional event, provided isotopic systems have
not been reset. Within various sectors of the North Atlantic
Caledonides it has therefore been possible to differentiate
deformation fabrics and mineral assemblages formed during early
phases of Ordovician arc–continent collision from those formed
during Silurian continental collision (e.g. Kinny et al. 1999, 2003;
Roberts 2003; Kocks et al. 2006; Bird et al. 2013).

Caledonian orogenic activity in the North Atlantic region
commenced with the development of east-dipping (present
reference frame) subduction zones in the Iapetus Ocean during
the late Cambrian to early Ordovician, followed by accretion of
ophiolites and magmatic arcs to the margin of Laurentia.
Accretionary-related orogenic events include the 480–460Ma
Grampian event of Scotland and Ireland (Lambert & McKerrow
1976; Oliver et al. 2000; Chew et al. 2010; Tanner 2014; Fig. 1),
and the Finnmarkian event within Laurentian-derived allochthons
of Norway (Roberts 2003; Fig. 1). Following a flip in subduction
polarity, renewed deformation and metamorphism at c. 450Ma
along sectors of the Laurentian margin may correspond to terrane
accretion (Bird et al. 2013) and/or flat-slab subduction (Dewey et al.
2015). The culminating sinistrally oblique continental collision of
Baltica and Laurentia during the Silurian and early Devonian
formed the Himalayan-scale Scandian orogen (Gee 1975). The

orogen has bivergent geometry with regional thrust belts developed
both in the pro-wedge (Norway) and retro-wedge (East Greenland)
(Streule et al. 2010). In both Norway and East Greenland there is
evidence for metamorphism up to eclogite facies and examples of
hinterland-directed synconvergent extensional shear zones, perhaps
indicative of ‘channel flow’ (e.g. Hartz et al. 2001; Andresen et al.
2007; Grimmer et al. 2015). In mainland Scotland, the Northern
Highland Terrane (Fig. 1) represents the southernmost part of
Laurentia to be affected by the Scandian collision, and was
juxtaposed with the Grampian Terrane to the SE in Early–Middle
Devonian times during sinistral displacement along the Great Glen
Fault (Coward 1990; Dallmeyer et al. 2001; Dewey & Strachan
2003). Scandian orogenesis in the Northern Highland Terrane was
complete by c. 430Ma (Goodenough et al. 2011); metamorphic
grade was no higher than mid-amphibolite facies and no examples
of syn- or late-convergent extensional shear zones have been
identified, all features consistent with its location on the periphery of
the main, longer-lived continental collision to the north. The
Scandian collision was followed at c. 400Ma by sinistrally oblique
plate divergence associated with displacements along extensional
and strike-slip shear zones and faults, exhumation of the ultrahigh-
pressure rocks of SW Norway, and development of late- to post-
orogenic ‘Old Red Sandstone’ sedimentary basins in East
Greenland, Svalbard, Scotland and Norway (Seranne 1992;
Krabbendam & Dewey 1998; Dewey & Strachan 2003; Fossen
2010).

Shetland formed part of the Laurentia palaeo-continent and
occupies a key location within the North Atlantic Caledonides
owing to its pre-Mesozoic proximity to the East Greenland, Scottish
and Norwegian sectors of the Caledonian belt (Fig. 1). Despite this
location it remains poorly understood, as relatively few modern,
systematic geochronological studies have been carried out in
conjunction with detailed structural and metamorphic analysis.
Here we present 33 new Rb–Sr white mica and biotite mineral ages,
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obtained from various deformed and metamorphosed lithologies
across a wide geographical area of Shetland. Using a combination of
isotope dilution thermal ionization mass spectrometry (ID-TIMS)
for Sr and Zr-normalization for Rb by multicollector inductively
coupled plasma mass spectrometry (MC-ICP-MS) we achieve Rb/
Sr ratio reproducibility better than 0.4%, yielding more precise ages
than previous regional Rb–Sr studies in the Caledonides. Rb–Sr
mica geochronology is well suited to regional geochronological

studies as micas are common within metasedimentary and meta-
igneous rocks, often defining fabrics that allow for the linkage of a
radiometric age with a particular phase of deformation, as well as
providing the analytical advantage of high parent–daughter isotope
ratios. This study aims to (1) place constraints on the ages of
structures and regional metamorphic events within Shetland, and (2)
propose correlations with orogenic events recorded in other parts of
the Caledonides.

Fig. 1. (a) Simplified geological map of Shetland including sample sites on Mainland. (b) Regional context of Shetland in its pre-Mesozoic rifting setting
(modified from Bird et al. 2013). Ages shown in grey are biotite–feldspar ages; all others are white mica–feldspar. WBF, Walls Boundary Fault; WKSZ,
Wester Keolka Shear Zone; IS, Iapetus Suture; SUF, Southern Uplands Fault; HBF, Highland Boundary Fault; GGF, Great Glen Fault; MTZ, Moine Thrust
Zone; NHT, Northern Highland Terrane; MTrFZ, Møre–Trøndelag Fault Zone; ESB, East Shetland Basin; UH, Utsira High; CB, Clew Bay. Asterisk
indicates ages that are not robust.
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Regional geological framework of Shetland

The pre-Devonian geology of Shetland includes metamorphic rock
units that have been correlated with various components of the geology
of mainland Scotland on the basis of lithological comparisons and/or
limited geochronological datasets (Miller & Flinn 1966; Flinn et al.
1972, 1979; Flinn 1985, 1988). TheWester Keolka Shear Zone and the
Walls Boundary Fault (Fig. 1) have been equated respectively with the
Moine Thrust and the Great Glen Fault (Flinn 1961, 1977, 1993;
Pringle 1970; Flinn et al. 1979), resulting in the northward extension of
the Hebridean, Northern Highland and Grampian Terranes from
mainland Scotland to Shetland (Bluck et al. 1992). The Unst ophiolite
in NE Shetland (Garson & Plant, 1973; Flinn et al. 1979; Flinn 1985;
Prichard 1985) has been linked with other ophiolitic units that crop out
along the Highland Boundary Fault and its extension into Ireland (e.g.
Chew et al. 2010). Flinn (1977) proposed sinistral strike-slip
displacement of at least 200 km along the Walls Boundary Fault. If it
is the continuation of the Great Glen Fault as commonly supposed,
displacements may be significantly greater, perhaps 500–700 km
(Dewey & Strachan 2003). Further, but more generalized, correlations
can also be made along-strike to the north with the East Greenland
Caledonides and the Laurentian-derived allochthons of western
Norway (Fig. 1, inset) and are alluded to below as appropriate.

West of the Walls Boundary Fault

Late Caledonian plutonic complexes, and Devonian volcanic and
sedimentary successions dominate the region west of the Walls

Boundary Fault. Pre-Devonian basement crops out in the North Roe
area of NWMainland Shetland, and in an east–west-striking strip along
the northern margin of the Walls Peninsula (Flinn et al. 1979; Fig. 1).

In North Roe (Fig. 2), Pringle (1970) identified the Uyea
orthogneisses, which are largely felsic orthogneisses with subor-
dinate metagabbros. K–Ar and 40Ar/39Ar ages of c. 2900–2500Ma
obtained from the Uyea orthogneisses led to their correlation with
the Archaean Lewisian Gneiss Complex that underlies the foreland
to the Caledonian orogen (=Hebridean Terrane) in mainland
Scotland (Fig. 1; Flinn et al. 1979; Robinson 1983). The Wilgi
Geos orthogneisses to the east are interpreted as the reworked
equivalents of the Uyea orthogneisses, separated from them by the
Uyea Shear Zone (Fig. 2; Pringle 1970). At a higher structural level
to the east, the Wester Keolka Shear Zone separates the Wilgi Geos
orthogneisses from the overlying Sand Voe Group psammites
(Fig. 2; Pringle 1970). The latter have been compared lithologically
with the early Neoproterozoic Moine Supergroup of the Northern
Highland Terrane in mainland Scotland (Flinn 1985, 1988). It
logically follows that theWester Keolka Shear Zone could therefore
be correlated with theMoine Thrust, which defines the western limit
of the Caledonides in mainland Scotland, separating the foreland
Lewisian Gneiss Complex from the Moine Supergroup (Andrews
1985; Ritchie et al. 1987; Flinn 1992, 1993; McBride & England
1994). However, two lines of field evidence suggest that this
correlation needs to be treated with caution. First, the lowermost
parts of the Sand Voe Group contain what were interpreted by
Pringle (1970) as deformed pebbles derived from the underlying

Fig. 2. Geology of the North Roe region of northern Mainland Shetland, including sample sites and age determinations.
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Wilgi Geos orthogneisses, implying that the Wester Keolka Shear
Zone is localized along a basement–cover unconformity and is
therefore unlikely to be associated with any significant displace-
ment. Second, although theWilgi Geos orthogneisses are associated
with an east-plunging mineral lineation and sparse top-to-the-west
kinematic indicators, the dominant linear fabrics within the Wester
Keolka Shear Zone and the Sand Voe Group are obliquely to gently
plunging, consistent with transpression or transtension. The age of
theWester Keolka Shear Zone has been constrained only by a single
40Ar/39Ar muscovite age of 466 ± 6Ma obtained from the mylonitic
Wilgi Geos orthogneisses, suggesting that the Wester Keolka Shear
Zone was active either at or before this date (Flinn 2009).

Further east, the Sand Voe Group is interleaved with infolds or
tectonic slices of hornblendic gneisses (Fig. 2). These have yielded
hornblende K–Ar and 40Ar/39Ar ages of c. 2300–1000Ma and are
thought to represent inliers of Lewisian-type basement (Flinn et al.
1979; Robinson 1983). The steeply dipping Virdibreck Shear Zone
(Fig. 2) separates the Sand Voe Group from the metasedimentary
and metavolcanic rocks of the Queyfirth Group, which has been
correlated with the Neoproterozoic to Cambrian Dalradian
Supergroup, which underlies large tracts of the Grampian Terrane
in mainland Scotland (Fig. 1; Flinn 1988).

Further south, on the northern margin of the Walls Peninsula
(Fig. 1), the east–west-striking Walls Metamorphic Series compris-
ing quartzo-feldspathic gneisses, amphibolites, limestones and calc-
silicates crops out. Mykura (1976) proposed these lithologies to be
broadly equivalent to the Sand Voe Group on the basis of
lithological and deformational similarities. However, the Walls
Metamorphic Series subsequently yielded K–Ar hornblende ages of
c. 863–366Ma and was assigned to an older ‘Grenvillian’ basement
(Flinn et al. 1979).

East of the Walls Boundary Fault

The Yell Sound Group of Yell and Mainland Shetland (Figs. 1 and
3) comprises gneissic psammites and pelites that have been
correlated with the Moine Supergroup (Flinn 1988). On Unst, the
pelites and marbles of the Westing Group (Fig. 3) may form part of
essentially the same sedimentary package. Both successions record
evidence for amphibolite-facies metamorphism at c. 930–920Ma
(Cutts et al. 2009, 2011) and incorporate strips of mafic and felsic
orthogneisses that have been interpreted as inliers of the Lewisian
Gneiss Complex (Flinn & Roddam 1994; Flinn 2014). The Yell
Sound Group and the Westing Group are succeeded eastwards by
the c. 14 km thick East Mainland Succession consisting of
psammites, pelites and marbles with minor volcanic horizons
(Flinn 1967), although the presumed intervening unconformity is
obscured by high tectonic strain (Flinn 1988). The East Mainland
Succession is partly time-equivalent to the Dalradian Supergroup
(Prave et al. 2009; Strachan et al. 2013), and hence probably
accumulated on the passive margin of Laurentia during continental
break-up and development of the Iapetus Ocean (Anderton 1985;
Strachan et al. 2002). The Eleonore Bay Supergroup of East
Greenland is broadly time-correlative with the Dalradian and East
Mainland successions (Leslie et al. 2008).

The East Mainland Succession is overlain by the Unst ophiolite,
which is disposed in two thrust sheets and is thought to have been
emplaced during the early Ordovician Grampian orogenic event that
resulted from the collision of an oceanic island arc with the
Laurentian margin (e.g. Dewey & Ryan 1990; Fig. 3). Ophiolitic
fragments of similar age occur in mainland Scotland along the
Highland Boundary Fault and its extension into Ireland as far west
as Clew Bay (Chew et al. 2010), and to the north within the
Laurentian-derived allochthons of western Norway (Roberts 2003).
The coeval island arc(s) may also be traced discontinuously along
the length of the Caledonides from west Ireland (Lough Nafooey

Group), through the Midland Valley of Scotland (albeit buried
beneath younger cover), into the North Sea area (Utsira High, East
Shetland Basin, Fig. 1 inset, Lundmark et al. 2014) and onshore in
the Laurentian-derived allochthons as far north as northern Norway.

The formation of the Unst ophiolite is constrained by a U–Pb
zircon age of 492 ± 3Ma obtained from a plagiogranite (Spray &
Dunning 1991), and obduction is bracketed by a U–Pb zircon age of
484 ± 4Ma and K–Ar ages of c. 465–479Ma obtained from its
metamorphic sole (Spray 1988; Crowley & Strachan 2015). Crustal
thickening and metamorphism of the footwall successions followed
obduction. Pelites on NW Unst and Yell yield U–Pb monazite ages
of c. 451–462Ma with P–T conditions varying from c. 7.5 kbar and
550°C directly below the ophiolite to c. 10 kbar and 775°C at
structurally deeper levels (Cutts et al. 2011). The gently dipping
foliations, east–west-trending mineral lineations and prograde
kyanite–staurolite assemblages preserved in NW Unst are plausibly
related to obduction and nappe stacking (Cannat 1989). However,
the metamorphic contrast between the low-grade rocks associated
with the ophiolite and regional P–T conditions in its footwall
indicate that its present basal contact is a younger tectonic break
(Cutts et al. 2011). A gently dipping, retrogressive greenschist-
facies shear zone underlies the lower ophiolite sheet (Read 1934;
Cannat 1989; Flinn 2014), but whether final ophiolite emplacement
resulted from orogen-parallel shear (Cannat 1989) or orthogonal,
NW-directed thrusting (Flinn & Oglethorpe 2005) is uncertain.
Evidence for Silurian greenschist-facies metamorphism in NE Unst
is provided by 40Ar/39Ar muscovite and K-feldspar ages of c. 420–
430Ma (Flinn & Oglethorpe 2005). In contrast to Unst and Fetlar,
the dominant foliation within the Yell Sound Group and the East
Mainland Succession in Mainland Shetland is steep to vertical and
associated with gently plunging to horizontal mineral lineations
(Flinn 1967, 1994, 2007). This foliation overprints staurolite and
kyanite in the East Mainland Succession (May 1970), and was
probably superimposed on fabrics related to earlier nappe stacking.
The only constraint on the age of syn- to post-tectonic migmatiza-
tion within the ‘central steep belt’ (Flinn 1967; May 1970) is an Rb–
Sr whole-rock isochron of 530 ± 25Ma obtained from migmatitic
gneisses (Flinn & Pringle 1976), which is unlikely to have
geological significance. The age of the ‘central steep belt’ is
therefore uncertain in the context of recent Caledonian tectonic
models (e.g. Bird et al. 2013).

Sampling strategy

Samples for Rb–Sr analysis were collected with the aim of
providing a systematic regional dataset and to place constraints on
the age(s) of the major structures, structural domains and/or
metamorphic events that were poorly constrained on the basis of
previous geochronological studies, in particular the following: (1)
deformation fabrics within the Wilgi Geos orthogneisses, the Uyea
Shear Zone, the Wester Keolka Shear Zone and the Sand Voe
Group; (2) metamorphism of the Walls Metamorphic Series; (3) the
‘central steep belt’ of Yell and Mainland Shetland; (4) the
retrogressive shear zone beneath the Unst ophiolite. The locations
of samples, together with brief descriptions of lithologies, mineral
assemblages and structural setting, are presented in Table 1.

Analytical techniques

After crushing in a steel jaw-crusher to chips of c. 1 cm3, 50 g of
each sample was powdered in a tungsten carbide Tema mill prior to
preparation for whole-rock X-ray fluorescence (XRF) analysis,
which was used only to estimate the amount of mixed 87Rb/84Sr
spike to add to mineral separates. The remaining material was sieved
into different grain size fractions, and fresh white micas, biotites and
feldspars were picked by hand under a binocular microscope. Mica
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fractions were then ground in an agate pestle and mortar under
methanol, washed in MQwater, and further sieved between 200 and
75 μm to remove non-mica impurities. Mineral separates then
underwent HF–HNO3 dissolution prior to chemical separation. Sr
was separated using Eichrom Sr-spec resin, and Rb was separated
from K using 0.5M HNO3 on Bio-rad AG50W-X8 cation exchange
resin.

Twenty-four mineral separates were analysed for Sr isotopes by
TIMS on a VG354 system, with 36 later analyses undertaken on an
Isotopx Phoenix system. Isotope ratios and concentrations were
determined using a multidynamic method modified from Thirlwall
(1991). The accuracy and reproducibility of Sr isotope data were
monitored using the external standard SRM987. During the course

of this study, 87Sr/86Sr of SRM987 was 0.710256 ± 19 2SD, n = 20
(VG354), and 0.710238 ± 8 2SD, n = 59 (Phoenix). Total
procedural blanks for Sr were typically less than 0.2% (0.5 ng) of
the analyte mass, and hence a blank correction has no significant
effect on ages presented.

Rb analyses were undertaken on the GV IsoProbe MC-ICP-MS
system at Royal Holloway University of London (RHUL). The
technique allows for the correction of the mass fractionation of Rb
using Zr, leading to higher precision compared with conventional
TIMS analysis, where mass fractionation correction possibilities are
limited (Halliday & Lee 1998; Waight et al. 2002). Uncertainties on
Rb/Sr ratios contribute the largest source of analytical uncertainty
on any of these ages. These uncertainties are monitored and

Fig. 3. Geology of the islands of Yell, Unst and Fetlar in Shetland, including sample sites and age determinations. Ages shown in grey are biotite–feldspar
ages; all others are of white mica. Asterisk indicates ages that are not robust.
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minimized using a method modified from Waight et al. (2002),
where the normalizing Zr ratios (92Zr/90Zr and 91Zr/90Zr) used to
correct for Rb mass fractionation are determined daily using the Sr
standard SRM987 admixed with Zr (see Charlier et al. 2006). The
Rb standard SRM984 was analysed at least every four samples
during analytical sessions (n = 31 for the duration of this study), to
test the accuracy and precision of this technique. Unspiked
geological material (mostly micas, but also two basalts) were
analysed to test for potential matrix effects of samples v. standards,
which could affect the accuracy of the mass fractionation correction.
During and immediately preceding the course of this study,

unspiked materials fall within error of the long-term mean of
SRM984 87Rb/85Rb 0.38645 ± 33 2SD (0.09%, n = 86, with three
earlier analyses, during procedural set-up, falling significantly
below this value). Therefore 0.09% is the lowest possible per cent
error on the 87Rb/86Sr, but the feldspar standard SRM607 over the
period of the study gave reproducibility of 0.5% 2RSD, which in
part probably is an effect of the documented heterogeneity of this
standard (Nebel & Mezger 2006). However, analyses of identical
separates in different analytical sessions yielded 87Rb/86Sr repro-
ducibility of <0.2% (2σ). The 87Rb/86Sr uncertainty used in age
calculations was therefore taken as 0.3% (2σ), although this is likely

Table 1. Locations, lithology, structural significance and mineral assemblages of dated samples

Sample Location Grid reference Lithology Structural significance Mineral assemblage

West of the WBF
SW12-1 North Roe HU 3519 9149 WG felsic orthogneiss Mylonitized basement

immediately below WKSZ
Qtz + Pl + Ms + Ep + Chl + Opaq

SW12-2 North Roe HU 3555 9140 SVG mylonite Moine-correlative above WKSZ Qtz + Kfs + Pl +Ms + Chl + Bt + Ep
SW13-1 North Roe HU 3339 9219 WG felsic orthogneiss Mylonitized basement east of

USZ
Qtz + Kfs + Ms + Kfs + Ep + Opaq

SW13-3 North Roe HU 3367 9196 WG felsic orthogneiss Deformed basement east of USZ Qtz + Pl + Ms + Ep + Chl + Rt +
Opaq

SW13-10 Burra Voe HU 3747 8924 SVG psammite SW foliation west of VSZ Qtz + Ms + Pl + Kfs + Chl + Opaq
SW13-17 West Walls HU 3163 6060 WMS pelite Main S-dipping foliation in

eastern WMS
Qtz + Ms + Bt + Pl + Spn + Opaq

SW13-22 Norby Beach HU 1971 5802 WMS semi-pelite Steep SE-dipping foliation in
western WMS

Qtz + Pl + Ms + Chl + Bt + Ep

East of the WBF
Mainland
SW12-3 Between Voe

and Laxo
HU 4204 6284 EMS foliated granitoid Steep ESE-dipping gneissic

foliation
Qtz + Kfs + Mc + Pl + Ms + Bt +

Zrn
SW12-4 Levaneap HU 4867 6303 EMS foliated granitoid Steep NW-dipping gneissic

foliation
Qtz + Pl + Kfs + Ms + Chl

SW12-5 Lunning HU 4966 6613 EMS pelite Steep NW-dipping schistose
foliation

Qtz + Pl + Ms + Chl + Grt + Chd
+ Rt

SW12-6 South Nesting HU 4746 5645 EMS semi-pelite Steep NW-dipping foliation east
of NF

Qtz + Ms + Bt + Pl + St + Chd + Zrn

SW12-7 Wiesdale HU 3695 5080 EMS semi-pelitic gneiss Steep NW-dipping mylonitic
fabric W of BZ

Qtz + Ms + Pl

SW12-9 Valayre Quarry HU 3683 6957 YSG retrogressed
granite–gneiss

Main steep fabric W of BZ and
E of WBF

Qtz + Pl + Ms + Chl + Cal

AB08-20 Meal Beach HU 3750 3523 EMS foliated granitoid Shallow NW-dipping foliation Qtz + Kfs + Ms + Chl + Grt + Zrn
+ Rt

Yell
SW12-10 Grimister HU 4665 9336 YSG foliated micaceous

gneiss
Moderate WSW-dipping

foliation in W Yell
Qtz + Pl + Bt + Ms + Chl + Zrn

SW12-11 West Sandwick HU 4456 8893 YSG migmatitic gneiss Steep WSW-dipping foliation in
W Yell

Qtz + Pl + Bt + Ms + Zrn

SW12-19 North Brough HP 5373 0521 Lineated felsic sheet
intruded into YSG

Moderate NW-plunging
lineations in N Yell

Qtz + Ms + Pl + Bt + Chl + Opaq

AB08-5 Sands of
Breckon

HP 5275 0534 Folded syntectonic
pegmatite intruded into

YSG

Moderate W-dipping foliation
in N Yell

Qtz + Kfs + Ms + Grt

Fetlar
SW12-14 Hamars Ness HU 5789 9287 EMS migmatitic gneiss Shallow NW foliation Qtz + Bt + Ms + Pl + Grt + Chl +

Opaq
Unst
SW12-17 Houllnan Ness HP 5657 0520 Lineated pegmatite within

WGr schists
Pronounced SW lineations Pl + Qtz + Ms + Grt

SW12-18 Belmont HP 5569 0074 EMS migmatitic gneiss SW-trending lineations and
sinistral shear

Qtz + Ms + Pl + Bt + Chl + Grt +
Chd + Ky + Ep

SW13-24 Burrafirth HP 6104 1422 EMS semi-pelitic schist Higher grade metamorphism W
of BFL

Qtz + Pl + Ms + Kfs

SW13-25 Burrafirth HP 6131 1400 EMS pelitic schist Lower grade metamorphism E
of BFL

Ms + Qtz + Kfs + Chl + Bt + Grt +
Opaq

Mineral name abbreviations taken fromKretz (1983). WG,Western Gneisses; SVG; Sand Voe Group; WMS,Walls Metamorphic Succession; EMS, East Mainland Succession; YSG,
Yell Sound Group; WGr, Westing Group; WKSZ, Wester Keolka Shear Zone; USZ, Uyea Shear Zone; VSZ, Virdibreck Shear Zone; NF, Nesting Fault; BZ, Boundary Zone; WBF,
Walls Boundary Fault; BFL, Burrafirth Lineament.
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to be an overestimate. Ages and uncertainties were calculated in
Isoplot version 4 (Ludwig, 2003), using the decay constant for 87Rb
recommended by Villa et al. (2015). Using this decay constant, ages
are 1.6% older than Rb–Sr ages calculated using the decay constant
recommended by Steiger & Jäger (1977), which has been pervasive
throughout the last 40 years.

Results

The new Rb–Sr mineral ages reported here are depicted in Figure 4,
together with published mineral ages obtained by other workers.
The Rb–Sr system in micas has been shown to be robust to
temperatures greater than 600°C over orogenic timescales (>15Ma),
provided the rock is free of fluids (e.g. Glodny et al. 2008). We
therefore consider it unlikely that white mica ages relate to cooling
through a specific closure temperature, as isotopic equilibrium is
more likely to be achieved by fluid-induced recrystallization than by
temperature-driven diffusional processes. However, in cases where
biotite ages are observed to be younger than white mica ages, with
no evidence of biotite defining a distinct younger fabric, then
cooling or thermal resetting at lower temperatures may be invoked.
An Rb–Sr date recorded in a single sample may therefore represent
any of the following processes.

(1) Growth or partial or complete recrystallization of mica (Willigers
et al. 2004; Glodny et al. 2008; Villa 2010). Of the samples presented
in this study, all micas and feldspars show evidence of dynamic
recrystallization, and are therefore interpreted as recording meta-
morphic or deformational ages unless otherwise stated.

(2) Alteration of Rb- or Sr-rich minerals used for age
determination, or of the rock as a whole, during later introduction
of fluids resulting in metasomatic changes to the Rb/Sr system.

(3) Mixing between ages of micas of different sizes in
polymetamorphic rocks, where Rb/Sr has not fully re-equilibrated.
Mica and feldspar separates for all samples were picked from
comparable size fractions, typically 500–250 μm, and analysed
samples show no evidence of multiple mica populations unless
stated otherwise.

Careful consideration of the mineralogical, structural, petro-
graphic and chemical evidence is therefore required before assign-
ing geological significance to a single age, or series of ages. All
samples were scrutinized closely for evidence of alteration within
the mica and feldspar phases, which could lead to erroneous age
determinations. Petrographically, all samples appear fresh and
unaltered unless specified otherwise. Owing to the lack of calcite in
all but one sample (SW12-09), the majority of the Sr budget for the
rock is presumed to be contained within feldspar. Provided there is
no textural evidence for the incorporation of later fluid, feldspar can
be assumed to represent the initial Sr isotopic composition of the
reservoir from which the micas crystallized, when corrected for
radiogenic growth.

Biotite can be affected by chloritization, which may render a
biotite age meaningless. To evaluate this issue, detailed petrography
was undertaken on the samples where biotite Rb–Sr ages have been
determined.

The Rb–Sr results are summarized in Table 2.

The significance of two-point ages

Multi-point isochron ages are statistically more robust than two-
point ages as they allow for the derivation of an MSWD, a test of the
goodness of fit of data to the isochron line. This work, however,
utilizes mostly two-point ages for the following reasons.

(1) The use of two-point ages rather than multi-point isochrons
allows for a larger number of samples to be analysed, hence
permitting a larger geographical spread in available ages for
regional interpretation.

(2) Repeat analysis, where new mica separates were prepared and
analysed from the initial crushing stage, showed that the ages are
reproducible within error. Some multi-point isochron ages (Fig. 5)
have been included to test the robustness of the technique and dataset.

(3) The 33 ages determined fall into four distinct groups and were
obtained from a lithologically and texturally diverse set of samples.
It is argued that a large number of similar ages, recorded in varied
lithologies across a wide geographical spread, is more geologically

Fig. 4. Graphical representation of Caledonian ages in Shetland, including data from this study and other modern geochronological work. For ages where no
error bars are shown, uncertainties are smaller than the marker symbol.
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meaningful than a small number of internally consistent multi-point
isochron ages.

Neoproterozoic (726–702Ma) white mica ages

In the North Roe area of northern Mainland Shetland (Fig. 2), the
Wilgi Geos felsic orthogneiss (SW12-01) has yielded three ages
between 723.8 ± 2.2 and 712.8 ± 2.1 Ma, and the overlying Sand
Voe Group psammite (SW12-02) yielded ages of 702.3 ± 2.1 and
726.8 ± 2.2 Ma. This variability is probably due to compositional
variation within the mica population, given that other samples from
different white mica separates usually yielded ages within
uncertainty. However, the relative consistency of these ages strongly
suggests that they have geological significance. The samples carry
apparently the same east-dipping foliation and were collected in
close proximity (c. 300 m of vertical separation), but are separated
by the Wester Keolka Shear Zone (Fig. 2). Metamorphic grade is
within the amphibolite facies (>500°C) as shown by stable

hornblende–plagioclase assemblages of metabasic sheets contained
within the Wilgi Geos orthogneisses. The ages for the two samples
have been determined on white mica grains that define the main
blastomylonitic fabric, with no evidence of alteration. We therefore
suggest that the samples are recording a deformational age.

Cambrian (c. 500Ma) white mica age

Sample SW13-17 from the eastern margin of theWalls Metamorphic
Series (Fig. 1) yielded a three-point isochron age of 508.8 ± 1.1Ma
(MSWD 3.2, Fig. 5). This is significantly different from other ages
presented within this study, and hence only limited conclusions may
be drawn. In thin section, the mica-bearing schistosity wraps zoned
garnet porphyroblasts (Fig. 6). Metamorphic grade is within the
amphibolite facies (>500°C) as shown by stable hornblende–garnet–
plagioclase assemblages within metabasic sheets contained within
the eastern Walls Metamorphic Series. It is therefore likely that the
white mica age relates to the timing of formation of the pervasive
mica-bearing schistosity.

Early and Middle-Ordovician (c. 480–461Ma) white mica
ages

A migmatitic gneiss from the East Mainland Succession in
northwestern Fetlar (Fig. 3; SW12-14) yielded a white mica age
of 468.9 ± 1.4 Ma. The mica-bearing foliation wraps plagioclase
porphyroblasts and small (c. 1 mm) euhedral garnets (Fig. 6). A
similar white mica age of 466.5 ± 1.4 Ma was obtained from a
migmatitic gneiss (SW13-24) sampled at a similar structural level in
NW Unst (Fig. 3). These kyanite–garnet–staurolite-bearing lithol-
ogies have yielded peak P–T estimates of 7.5 kbar and 630°C (Cutts
et al. 2011). The ages of these samples are therefore interpreted to
represent the timing of formation of the mica-bearing schistosity.

Of seven samples from central Mainland Shetland, six yielded
white mica ages that lie within the 480.9–470.7 Ma age bracket
(Figs. 1 and 4). The samples represent a variety of East Mainland
Succession lithologies, including micaceous psammites, pelites,
gneisses and foliated granitoids (Table 1). Two of the ages have
proven to be reproducible within error when new mica separates
were analysed (Table 2, Fig. 5). The 87Rb/86Sr ratios of the white
micas range from very high (147) to moderate (5.0). There are no
recent estimates on P–T conditions in this part of Shetland.
However, the occurrence of staurolite, chloritoid and garnet places
these rocks in the low to lower-middle amphibolite facies, as the
transition from low- to middle-amphibolite in pelites is marked by
the disappearance of chloritoid from the system at c. 600°C (Bucher
& Grapes 2011). The white mica ages are interpreted to record close
to peak metamorphic conditions of these samples.

Three samples from Yell and Unst yielded a slightly younger
cluster of ages between 462.4 and 459.4 Ma (Fig. 4). A pelite from
SWUnst (SW12-18, Fig. 3) yielded awhite mica age of 462.7 ± 1.4
Ma. The sample was obtained from the retrogressive greenschist-
facies shear zone that underlies the lower ophiolite sheet (Fig. 3). A
relict gneissic fabric is preserved within the pelite, but the dominant
micaceous shear band fabric is the result of a lower-grade,
greenschist-facies overprint. Although precise P–T estimates are
not available, it seems unlikely that temperatures exceeded c. 500°C
(Cannat 1989; Flinn 2014). Accordingly, the white mica age is
interpreted to be closely dating deformation within the retrogressive
shear zone underneath the lower ophiolite sheet.

A micaceous gneiss from western Yell (SW12-10, Fig. 3) yielded
white mica ages of 462.4 ± 1.4 Ma. AB08-05, a foliated syntectonic
pegmatite from northern Yell, has yielded a similar age of 459.4 ±
1.4 Ma. Cutts et al. (2011) reported peak P–T conditions of 9 kbar
and 650°C and a U–Pb monazite age of 451 ± 4Ma from the Yell
Sound Group on Yell.

Fig. 5. Rb–Sr isochron diagrams for samples where multiple mica
separates were analysed. Pl, plagioclase fraction; Ms, white mica, with
fraction indicated numerically. Error bars are smaller than symbols.
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Table 2. Rb–Sr ages for Shetland Caledonides

Sample fraction Rb (ppm) Sr (ppm) 87Sr/86Sr 2SE 87Rb/86Sr 2SE 87Sr/86Srinit Age (Ma)

West of the Walls Boundary Fault
SW12-01 Pl 11.16 210.7 0.709788 0.000011 0.1528 0.0004
SW12-01 Ms 1 189.9 44.81 0.833987 0.000012 12.372 0.035 0.708234 723.8 ± 2.2
SW12-01 Ms 2 194.9 44.84 0.835556 0.000011 12.686 0.037 0.708244 714.6 ± 2.1
SW12-01 Ms 3 185.8 43.72 0.832417 0.000008 12.405 0.037 0.708258 712.8 ± 2.1
SW12-02 Pl 10.47 107.4 0.722483 0.000018 0.2816 0.0008
SW12-02 Ms 1 165.3 117.1 0.761373 0.000011 4.092 0.012 0.719611 726.8 ± 2.2
SW12-02 Ms 2 159.4 110.20 0.761050 0.000012 4.193 0.013 0.719706 702.3 ± 2.2
SW13-01 Pl 10.46 177.8 0.709926 0.000007 0.1697 0.0005
SW13-01 Ms 147.4 56.47 0.752567 0.000019 7.560 0.023 0.708947 411.8 ± 1.2
SW13-03 Pl 9.201 225.4 0.708696 0.000012 0.1177 0.0003
SW13-03 Ms 271.4 169.8 0.734981 0.000017 4.620 0.013 0.708009 416.6 ± 1.2
SW13-10 Pl 13.84 43.95 0.727437 0.000009 0.9093 0.0025
SW13-10 Ms 325.9 110.2 0.775138 0.000009 8.588 0.024 0.721788 443.2 ± 1.3
SW13-17 Pl 70.21 236.2 0.726032 0.000008 0.8586 0.0024
SW13-17 Ms 1 302.6 112.8 0.775466 0.000011 7.788 0.022
SW13-17 Ms 2 302.6 112.3 0.775918 0.000011 7.820 0.022 0.719895 508.8 ± 1.1

MSWD 3.2
SW13-22 Pl 67.11 421.1 0.718716 0.000007 0.4600 0.0013
SW13-22 Ms 274.6 29.38 0.889064 0.000029 27.421 0.077 0.715810 450.8 ± 1.4

East of the Walls Boundary Fault
Mainland
SW12-03 Pl 367.4 233.4 0.748864 0.000009 4.5574 0.0128
SW12-03 Ms 491.1 24.99 1.113617 0.000018 58.91 0.17 0.718276 478.7 ± 1.4
SW12-03 Bt 771.3 8.557 2.662386 0.000028 309.6 0.87 0.72027 447.6 ± 1.4
SW12-04 Pl 5.752 747.7 0.724212 0.000010 0.0221 0.0001
SW12-04 Ms 211.1 73.72 0.776912 0.000014 8.360 0.0251 0.7240716 450.9 ± 1.4
SW12-05 Pl 24.34 736.1 0.724033 0.000014 0.0954 0.0003
SW12-05 Ms 1 194.3 106.49 0.759141 0.000011 5.286 0.015
SW12-05 Ms 2 204.9 118.28 0.757184 0.000010 5.018 0.015
SW12-05 Ms 3 196.2 112.32 0.757511 0.000011 5.061 0.015 0.723389 480.9 ± 0.8

MSWD 2.3
SW12-06 Pl 216.6 515.6 0.731926 0.000011 1.21624 0.0034
SW12-06 Ms 308.2 34.05 0.900985 0.000013 26.585 0.074 0.724105 475.4 ± 1.4
SW12-06 Bt 434.9 40.24 0.913525 0.000012 31.78 0.089 0.724701 424.0 ± 1.3*
SW12-07 Pl 12.69 166.2 0.723487 0.000012 0.22046 0.0006
SW12-07 Ms 1 571.8 12.69 1.666280 0.000020 142.05 0.39
SW12-07 Ms 2 563.3 12.09 1.700337 0.000049 147.37 0.41 0.722023 473.6 ± 0.9

MSWD 0.05
SW12-09 Pl 257.3 244.9 0.774629 0.000014 3.0486 0.0085
SW12-09 Ms 361.5 23.04 1.06342 0.00011 46.82 0.13 0.754607 470.7 ± 1.4
AB08-20 Pl 237.7 209.7 0.744600 0.000006 3.2782 0.0092
AB08-20 Ms 528.8 18.24 1.311965 0.000031 88.52 0.25 0.722847 474.8 ± 1.4
Yell
SW12-10 Pl 13.03 908.9 0.716395 0.000001 0.0413 0.0001
SW12-10 Ms 257.7 70.41 0.785055 0.000011 10.634 0.029 0.716127 462.4 ± 1.4
SW12-10 Ms 2 262.4 68.55 0.787888 0.000009 11.121 0.0033 0.716128 460.3 ± 1.4
SW12-10 Bt 404.0 5.57 2.142894 0.000033 238.54 0.67 0.719375 426.8 ± 1.3*
SW12-11 Pl 37.74 279.9 0.732745 0.000015 0.389 0.097
SW12-11 Ms 260.6 21.84 0.954260 0.000061 35.201 0.011 0.730264 454.0 ± 1.4
SW12-11 Bt 384.8 11.94 1.305162 0.000017 98.34 0.28 0.730467 417.0 ± 1.3
SW12-19 Pl 25.752 312.0 0.730488 0.000011 0.2384 0.0007
SW12-19 Ms 200.2 147.0 0.751298 0.000011 3.943 0.011 0.729174 400.9 ± 1.2*
AB08-05 Pl 71.86 262.1 0.721808 0.000006 0.7917 0.0022
AB08-05 Ms 513.8 22.54 1.158625 0.000017 68.62 0.19 0.716750 459.4 ± 1.4
Fetlar
SW12-14 Pl 18.19 650.3 0.723970 0.000011 0.0336 0.0001
SW12-14 Ms 189.6 108.0 0.757171 0.000012 5.085 0.014 0.723776 468.9 ± 1.4
SW12-14 Bt 345.5 10.37 1.370556 0.000017 102.27 0.29 0.723779 451.2 ± 1.4
Unst
SW12-17 Pl 13.26 1117 0.716285 0.000001 0.0342 0.0001
SW12-17 Ms 1 197.9 198.1 0.733695 0.000013 2.8884 0.0081 0.716087 435.2 ± 1.3*
SW12-17 Ms 2 178.7 226.1 0.729868 0.000011 2.2837 0.0069 0.716082 430.9 ± 1.3*
SW12-18 Pl 11.31 575.9 0.722462 0.000011 0.0567 0.0002
SW12-18 Ms 214.4 79.11 0.773094 0.000015 7.863 0.022 0.722126 462.7 ± 1.4
SW13-24 Pl 164.1 404.6 0.733803 0.000006 1.1725 0.0033
SW13-24 Ms 272.1 23.46 0.950007 0.000016 34.236 0.096 0.726136 466.5 ± 1.4
SW13-25 Pl 28.56 308.0 0.726164 0.000007 0.2678 0.0007
SW13-25 Ms 253.6 231.5 0.744054 0.000006 3.1688 0.0089 0.724512 444.0 ± 1.3*

*Ages regarded as not meaningful owing to either the unradiogenic nature of the mica separate or chloritization of the biotite separate.
All age uncertainties are stated to 2σ. Ms, white mica fraction; Bt, biotite fraction; Pl, plagioclase fraction.
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Late Ordovician (454–443Ma) ages

White mica ages between 454.0 ± 1.4 and 450.9 ± 1.3 Ma were
obtained from samples spread over a geographically wide area. In
west Yell, a micaceous gneiss yielded an age of 454.0 ± 1.4Ma
(Fig. 3), and an East Mainland Succession foliated granite–gneiss
from the eastern part of Mainland (SW12-04, Fig. 1) yielded awhite
mica age of 450.9 ± 1.4Ma. The significance of this age is difficult
to assess given that the sample site is located approximately
equidistant from three other samples (SW12-03, SW12-05 and
SW12-06) that yielded significantly older Ordovician ages (see
above), even though all samples apparently carry the same steep
foliation. The coarse-grained gneissose nature of sample SW12-04
(mica up to 1.5 cm and feldspar up to 3 cm) may suggest that it
reached a higher metamorphic grade than surrounding lithologies,
hence taking longer to reach isotopic equilibrium. Alternatively, the
regional, steep foliation is composite, and the age relates to a
younger tectonothermal event.

A semi-pelite from the west of the Walls Metamorphic Series
(SW13-22, Fig. 1) yielded a white mica age of 450.8 ± 1.4Ma. In
the absence of any detailed information on P–T conditions for the
western part of the Walls Metamorphic Series, and in view of a lack
of metamorphic indicator minerals within the sample, this age is
interpreted as a deformational age, similar to those obtained from
the Yell Sound Group in Yell.

In the far east of North Roe, a psammite sampled from the Sand
Voe Group immediately to the west of the Virdibreck Shear Zone
(SW13-10; Fig. 2) yielded an age of 443.2 ± 1.3 Ma. The sample
carries a strong, locally mylonitic schistosity defined by muscovite

and chlorite. These characteristics are consistent with broadly
greenschist-facies temperatures, suggesting that the white mica age
is dating deformation.

Two Silurian white mica ages were obtained, both from Unst, but
their significance is difficult to assess. A sample of the Saxa Vord
Schist collected east of the Burrafirth lineament (SW13-25, Fig. 3)
yielded an age of 440.0 ± 1.3 Ma, but the low 87Rb/86Sr in the white
mica suggests that the age may not be robust. A deformed pegmatite
within the Westing Group in western Unst (SW12-17, Fig. 3) has
yielded ages of 435.2 ± 1.3 and 430.9 ± 1.3Ma. The sample has a
rather small difference of 87Sr/86Sr between the white mica and
feldspar phases, and repeat analyses provided significantly different
ages, suggesting that the age determination is not meaningful.

Devonian (c. 410Ma) white mica ages

In western North Roe, samples of mylonitic Wilgi Geos orthogneiss
were collected within the Uyea Shear Zone. Sample SW13-01
collected fromwithin the shear zone yielded awhite mica Rb–Sr age
of 411.8 ± 1.2 Ma (Fig. 2). Sample SW13-03 was collected c. 400 m
to the east and yielded an age of 416.6 ± 1.2Ma (Fig. 2). Both carry
apparently the same east-dipping mylonitic schistosity, which is
defined by trails of aligned mica, and elongate aggregates of
recrystallized quartz and feldspar (Fig. 7). Syndeformational
temperatures must have exceeded 450–500°C as indicated by the
ductile recrystallization of feldspar, but are otherwise difficult to
evaluate in the dominantly quartzo-feldspathic lithology.
Accordingly, the interpretation is that the white mica ages record
the time of deformation.

Fig. 6. Representative thin section photomicrographs in plane-polarized light: (a) SW12-07; (b) SW13-17; (c) SW12-14; (d) SW13-25. Mineral name
abbreviations taken from Kretz (1983).
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A synkinematic felsic sheet within the Yell Sound Group in north
Yell (SW12-19, Fig. 3) yielded a white mica age of 400.9 ± 1.2 Ma,
the youngest of this study. Although the white mica appears fresh
and unaltered, it has an unusually low 87Rb/86Sr of 3.9.
Furthermore, plagioclase has undergone intense sericitization, a
process that has the potential to lead to metasomatic changes to the
Rb/Sr system during fluid flux. The age is therefore not considered
to be geologically meaningful.

Late Ordovician–Devonian (451–417Ma) biotite ages

Five biotite ages have been obtained from samples that also yielded
white mica ages reported above. The biotite ages fall into two
groups. The older group is represented by samples SW12-03 from
central Mainland (Fig. 1) and SW12-14 from Fetlar (Fig. 3), which
yielded ages of 447.6 ± 1.4Ma and 451.2 ± 1.4Ma, respectively.
The younger group is represented by samples SW12-10 and SW12-
11 from west Yell (Fig. 3), which yielded, respectively, ages of
426.8 ± 1.3 Ma and 417.0 ± 1.3 Ma, and SW12-06 from eastern
Mainland (Fig. 3), which provided an age of 424.0 ± 1.3 Ma. Of this
younger group, only one of the ages is likely to be robust (SW12-11:
417.0 ± 1.3 Ma), as chloritization is observed within the other two
samples. There is no evidence that chloritization has affected the
other biotite ages reported here.

Discussion

The Rb–Sr ages reported here provide new constraints on the ages
of deformation fabrics and mineral assemblages within major

lithological units in Shetland. Furthermore, comparison of these
with the growing database of mineral ages obtained from the
Caledonides of mainland Scotland, East Greenland and Scandinavia
allows conclusions to be drawn concerning the regional correlations
of orogenic events.

Evidence for Knoydartian deformation and metamorphism
in North Roe

Thewhite mica ages of c. 727–702Ma obtained from the vicinity of
the Wester Keolka Shear Zone indicate that the dominant foliation
here is Neoproterozoic in age. It probably relates in a general way to
slightly older Knoydartian orogenic events dated between 820 and
735Ma in the Moine Supergroup of mainland Scotland (Rogers
et al. 1998; Vance et al. 1998; Cutts et al. 2010; Cawood et al.
2015) and the Laurentian-derived Sørøy Succession of northern
Norway (Kirkland et al. 2006, 2008). The overall tectonic
significance of these orogenic events has been much debated, the
most recent syntheses suggesting that they correspond to accre-
tionary events along a proximal active margin of the Rodinia
supercontinent (Cawood et al. 2010, 2015; Kirkland et al. 2011).
Although there is evidence of Neoproterozoic metamorphism
within the Westing Group in western Unst at c. 930Ma (Cutts
et al. 2009), younger Cryogenian Knoydartian orogenesis has
hitherto been unreported in Shetland. This is important for regional
tectonic models, as Knoydartian events are now shown to extend
significantly northwards from northern mainland Scotland to
Shetland. This sector of North Roe is of particular importance, as

Fig. 7. Thin section photomicrographs in plane-polarized light from North Roe: (a) SW12-01; (b) SW12-02; (c) SW13-01; (d) SW13-03. Mineral name
abbreviations taken from Kretz (1983).
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it appears to be the only area in the Scottish Caledonides where the
dominant metamorphic fabrics are Knoydartian, and do not appear
to have been extensively reworked during subsequent Caledonian
events. However, some very localized Caledonian reworking may
be indicated by the Ordovician (466 ± 6Ma) 40Ar/39Ar muscovite
age reported by Flinn (2009). The new data reported here therefore
indicate that the Wester Keolka Shear Zone cannot be correlated
with the Silurian (c. 430Ma) Moine Thrust Zone in mainland
Scotland (see Andrews 1985; Ritchie et al. 1987; Flinn 1992, 1993;
McBride & England 1994). No evidence currently precludes the
suggestion that theWester Keolka Shear Zone is essentially a highly
tectonized basement–cover unconformity (Pringle 1970), and
therefore not a significant regional structure.

Timing of metamorphism and age of the Walls
Metamorphic Series

The white mica ages of c. 509 and c. 451Ma obtained from,
respectively, the eastern and western sectors of theWalls Metamorphic
Series are clearly consistent with Caledonian metamorphism, andmost
probably record more than one thermal event. The c. 509Ma age is
rather older than most published ages that have been related to the
Grampian orogenic event. However, broadly similar ages have been
recorded in western Ireland and the southwestern part of the Grampian
Highlands of Scotland and interpreted to represent the onset of
deformation and metamorphism (Chew et al. 2010). However, with a
lack of similar (c. 500Ma) ages from other dated samples in Shetland,
the significance of this age is difficult to assess.

The lack of any evidence from the present study for Neoproterozoic
metamorphism in the Walls Peninsula means that the interpretation of
Flinn et al. (1979) that the Walls Metamorphic Series represents a c.
1.0 Ga ‘Grenvillian’ metamorphic complex must be called into
question.

Extent and nature of Grampian orogenesis in Shetland

The ages reported here, in combination with published isotopic data
(Cutts et al. 2011; Crowley & Strachan 2015), constrain the main
deformation fabrics and metamorphic assemblages within the East
Mainland Succession and the Yell Sound Group to have formed
during the 480–460Ma Grampian orogenic event. Formation of the
gently dipping (thrust-related?) foliations on Unst and Fetlar, the late
retrogressive shear zone that underlies the Unst Ophiolite, and the
‘central steep belt’ onMainland are therefore bracketed between the c.
484Ma U–Pb zircon age obtained from the metamorphic sole of the
lower ophiolite sheet in Unst (Crowley & Strachan 2015) and the c.
460Ma ages reported above from Unst and Yell. The Grampian
structure of Shetland is dominated by the steep, possibly transpressive
fabrics of the ‘central steep belt’, in marked contrast to the Grampian
Highlands of Scotland, which are characterized by large, Alpine-
scale recumbent folds (e.g. Bailey 1922; Roberts & Treagus 1977;
Thomas 1979; Krabbendam et al. 1997). However, the ‘central steep
belt’ in Shetland could be analogous to, and a larger-scale example of,
belts of steep high strain in the Grampian Highlands such as the Geal
Charn–Ossian Steep Belt, which resulted from late-stage upright
reworking of early flat-lying foliations and fold nappes (Thomas
1979; Robertson & Smith 1999).

The significantly younger Late Ordovician white mica and biotite
ages are difficult to evaluate in the absence of additional data from
different chronometers and mineral phases. The central issue is
whether or not Shetland was affected by younger orogenic events, the
c. 450–445Ma ‘Grampian II’ accretionary event recognized in
northern mainland Scotland (Bird et al. 2013; Cawood et al. 2015)
and the c. 435–425Ma Scandian event. Although the U–Pbmonazite
ages obtained by Cutts et al. (2011) from eastern Yell (451 ± 4Ma)
and western Unst (462 ± 10Ma) overlap within error, the high

uncertainty of the latter age does not allow for correlation with either
the c. 450Ma Grampian II or the c. 480–460Ma Grampian event.
However, the c. 462–451Mawhite mica ages reported here fromYell
and Mainland Shetland are interpreted as dating deformation, and are
essentially identical to the U–Pb monazite age determinations of
Cutts et al. (2011) for Yell and Unst. Hence these ages may be
recording the Late Ordovician Grampian II orogenesis. The 451–447
Ma biotite ages may relate to cooling, as there is no evidence of a
biotite-bearing fabric overprinting an older muscovite-bearing fabric
in any of the samples.

The comparison of white mica and biotite Rb–Sr ages (468.9 ±
1.4 Ma and 451.2 ± 1.4 Ma respectively) from a migmatitic pelite
from the footwall of the ophiolite on Fetlar (SW12-14) shows a
difference between white mica and biotite ages of 17 myr, which
suggests that biotite may have been isotopically disturbed during a
later event. It is important to note that these conclusions are based on
a limited dataset of biotite ages in the immediate footwall of the
ophiolite, and that further work is needed to constrain differences in
the biotite and white mica Rb–Sr ages in Shetland.

The white mica age of c. 443Ma obtained from a strongly
deformed Sand Voe Group psammite immediately to the west of the
Virdibreck Shear Zone is thought to be dating deformation. The
450.8 ± 1.4 Ma white mica age obtained from the western Walls
Metamorphic Series (see above) suggests that the area west of the
Walls Boundary Fault may have been affected by the Late
Ordovician Grampian II orogenic event. Further detailed work is
necessary to establish the kinematic significance of the dated
fabrics.

The lack of Silurian Scandian ages in Shetland is attributed to a
likely location at a high structural level in the Scandian nappe pile
relative to the Northern Highland Terrane of mainland Scotland
where Silurian reheating was pervasive (Dallmeyer et al. 2001).

Significance of Devonian ages in North Roe

The ages of c. 416 and c. 411Ma obtained from the Uyea Shear
Zone are consistent with an early Devonian age for this structure.
This is entirely feasible in the context of published data that indicate
diachronous, northward-younging evolution of the marginal thrust
belt that defines the western margin of the Laurentian Caledonides.
In Scotland, development of the Moine Thrust Zone is known to
have been essentially complete by c. 430Ma (Freeman et al. 1998;
Dallmeyer et al. 2001; Goodenough et al. 2011). In contrast,
marginal thrusting in East Greenland continued until at 400–380Ma
(Dallmeyer et al. 1994), a necessary requirement to accommodate
early Devonian (c. 400Ma) high-pressure metamorphismwithin the
internal sector of the orogen (Gilotti et al. 2004). This difference
indicates the long-lived nature of the collision between Baltica and
the East Greenland sector of Laurentia. Marginal thrusting on the
Baltica side of the orogeny in west Norway also continued into the
early Devonian (Fossen & Dunlap 1998).

In light of the above considerations, could the Uyea Shear Zone be
structurally analogous to the Moine Thrust, and the Uyea Group
orthogneisses therefore represent the Caledonian foreland? The Uyea
Group and Wilgi Geos Group orthogneisses have similar protolith
ages and chemical compositions (S.Walker, unpublished data), and it
could be argued that these features are consistent with relatively
limited displacement across the shear zone, although they are not
definitive. An alternative solution is that the western margin of the
Caledonides in NW Shetland is located some distance offshore of
North Roe. However, we acknowledge that we cannot preclude
significant extensional displacement(s) across the Uyea Shear Zone,
and note the close correspondence in age to extensional detachments
in East Greenland and Scandinavia (Krabbendam & Dewey 1998;
Hartz et al. 2001; Fossen 2010). The tectonic significance of the Uyea
Shear Zone is therefore uncertain at present.
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Conclusions

(1) White mica ages of 723–702Ma obtained from the vicinity of
the Wester Keolka Shear Zone in the North Roe area indicate that
the dominant foliation here is Neoproterozoic in age, and probably
relates to Knoydartian orogenic events dated in mainland Scotland.
This is the only area in the Scottish Caledonides where the dominant
metamorphic fabrics are Knoydartian, and do not appear to have
been extensively reworked during Caledonian events. The Wester
Keolka Shear Zone cannot therefore be correlated with the Silurian
Moine Thrust Zone in mainland Scotland and it may simply
represent a highly tectonized basement–cover unconformity (see
Pringle 1970).

(2) The oldest white mica age obtained from the Walls
Metamorphic Series is c. 509Ma. Although this age is difficult to
interpret given the absence of similar ages within the Caledonides of
Shetland, no evidence supports the view that the Walls
Metamorphic Series represents a c. 1.0 Ga ‘Grenvillian’ meta-
morphic complex (see Flinn et al. 1979)

(3) White mica ages of c. 481–459Ma obtained from the East
Mainland Succession and Yell Sound Group, in combination with
published isotopic data, constrain the main deformation fabrics and
metamorphic assemblages to have formed during the c. 480–460
Ma Grampian orogenic event, approximately contemporaneous
with peak Grampian orogenesis in the Moine and Dalradian
supergroups of mainland Scotland.

(4) Significantly younger white mica ages of c. 454–443Ma on Yell
andMainland Shetland, and biotite ages of c. 444Ma, are interpreted as
most probably recording fabric development during the c. 450Ma
‘Grampian II’ event identified in the Moine Nappe of the Northern
Highland Terrane.

(5) Ages of c. 416 and c. 411Ma fromwithin the Uyea Shear Zone
are consistent with an early Devonian or slightly older age for this
structure, consistent with published data that indicate diachronous,
northward-younging evolution of the marginal thrust belt that defines
the western margin of the Laurentian Caledonides. Whether the Uyea
Shear Zone is structurally analogous to the Moine Thrust, or the
western margin of the Caledonides in NW Shetland is located some
distance offshore is uncertain. The paucity of ages that relate to the
Silurian Scandian (sensu stricto) event in Shetland is attributed to a
likely location at a high structural level in the Scandian nappe pile
relative to the Northern Highland Terrane, where Silurian reheating
was pervasive.
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5.2 Supplementary information for Walker et al. (2016)

5.2.1 Detailed appraisal of biotite petrography

In order to evaluate the integrity of biotite Rb-Sr ages, it is important to conduct further
petrographic assessment of these samples, as biotite ages may be adversely affected by chlo-
ritization.

5.2.2 SW12-03 (biotite Rb-Sr age: 440.4±1.3 Ma)

Biotite in this sample is extremely fresh, with no chlorite observed in thin section (Fig. 5.1 A -
B). It is therefore extremely improbable that the age is affected by the effect of chloritization.
Further, the biotite within the sample is the most radiogenic of all samples analysed, with
87Sr/86Sr

biotite

of 2.662, indicating that minimal chlorite can be present. We therefore propose
that the biotite Rb-Sr age determined on this sample is robust.

5.2.3 SW12-06 (biotite Rb-Sr age: 417.1±1.2 Ma)

We consider that the age determined on the biotite from this sample is not robust. Firstly,
the 87Sr/86Sr of the biotite is only slightly more radiogenic than the muscovite (0.913525±12
compared with 0.900985±13). There is also up to 30% chloritization in some, although not
all, of the biotite grains (Fig. 5.1. C - E). Whilst every care was taken when picking grains
for isotopic analyses, it is impossible to state with certainty that no chlorite was incorporated
into the analysed fraction. The integrity of the biotite Rb-Sr age determined on this sample
therefore cannot be verified.

5.2.4 SW12-10 (biotite Rb-Sr age: 419.0±1.1 Ma)

The biotite in this sample is extremely coarse, up to 1cm in length. The majority of the large
crystals are chlorite free, however within several of the biotite grains, severe chloritization
has occurred with one observed to have been >50% replaced by chlorite (Fig. 5.2 A and B).
Although every care was taken during picking; it is difficult to say definitively that no chlorite
was contained in the analysed fraction.
Therefore, despite the very high 87Sr/86Sr

biotite

(2.143), that suggests the picked sample was
not affected by severe chloritization, it is impossible to definitively state that the biotite Rb-Sr
age has not been affected by the presence of chlorite.

5.2.5 SW12-11 (biotite Rb-Sr age: 410.4±1.1 Ma)

Biotite in this sample is very fine grained, typically <1mm in length, which may be the cause
of the relatively low 87Sr/86Sr

biotite

: 1.305 compared to the 87Sr/86Sr
muscovite

= 0.9543. There
is however, no evidence of chloritization within the biotite grains (Fig. 5.2 E and F), and no
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chlorite was observed during petrographic analysis. We therefore consider that chloritization
has not affected the biotite age determined on this sample.

5.2.6 SW12-14 (biotite Rb-Sr age: 444.0±1.0 Ma)

Chlorite and biotite are both observed within this sample, but chlorite appears to be primary
rather than a retrogressive feature caused by the chloritization of biotite (Fig 5.3). This,
combined with the high 87Sr/86Sr

biotite

(1.3706) compared to the 87Sr/86Sr
muscovite

(0.7572)
suggests that this age is not affected by chloritization.
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Figure 5.1: A - SW12-03 ppl; B - SW12-03 xpl; C - SW12-06 ppl; D - SW12-06 xpl; E -
SW12-06 ppl chloritised biotite. All mineral abbreviations from Kretz (1983).
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Figure 5.2: A - SW12-10 ppl; B - SW12-10 xpl; C - SW12-10 ppl; D - SW12-10 xpl; E -
SW12-11 ppl; F - SW12-11 xpl. All mineral abbreviations from Kretz (1983).
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Figure 5.3: A - SW12-14 ppl; B - SW12-14 xpl; C - SW12-14 ppl; D - SW12-14 xpl. All
mineral abbreviations from Kretz (1983).
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Chapter 6

Summary and conclusions

The late evening “Simmer Dim” over Olna Firth at Voe, western Mainland
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The main body of this thesis (Chapters 3, 4, and 5) provides new insights into the geological
history of Shetland. Each of these chapters act as stand alone contributions to the geology
of Shetland with its own discussions and conclusions. This chapter will therefore act to
synthesise the original work presented in each chapter and provide more cohesive insights into
the overall findings of this thesis. This chapter also indicates where there are still unanswered
questions, and makes suggestions for further work.

6.1 North Roe: foreland or inlier?

The geochemical and Nd isotopic constraints on the basement gneisses outlined in Chapter
3, along with the U-Pb zircon data of Davis (2012), suggest Neoarchaean formation, in a
geodynamic setting similar to that of Archaean TTGs worldwide. However, given that the
metamorphic history of this area is polyorogenic, apparently spanning from at least the Neo-
proterozoic to the Devonian (see Chapter 5), is it sensible to correlate the gneisses in this
region with the Lewisian Gneisses in northwest Mainland Scotland?
Although there are very obvious similarities between the chemistry and protolith age of the
North Roe basement gneisses and the Lewisian gneisses in mainland Scotland, that these
lithologies have been reworked at c. 715 Ma, show evidence of garnet growth at c. 425 Ma,
and fabric development at c. 415 Ma precludes their direct correlation with the Lewisian
gneisses. This is because the Lewisian gneisses have been, with the exception of the forma-
tion of pseudotachylite-bearing faults of Silurian age (Kelley et al. 1994, Sherlock et al. 2009),
essentially undisturbed since the Palaeoproterozoic (Kinny & Friend 1997, Kinny et al. 2005).
Another possibility is that the North Roe basement gneisses represent an inlier similar to
those that crop out in the Northern Highland Terrane (NHT). These inliers are temporally
well constrained (Friend et al. 2008), but no systematic studies of their (geo)chemical prop-
erties have been undertaken. However, given the age and appearance of these lithologies it
is likely that geochemical signatures would not be particularly useful for understanding their
provenance. The protolith ages of the NHT basement inliers are broadly comparable with
those of those of the younger gneisses of the Lewisian (between c. 2.8 - 2.7 Ga), and the
difference between the ages from the NHT inliers and the Lewisian are not more significant
than the age differences within either (Friend et al. 2008).
The post-Archaean tectonic history of the North Roe basement gneisses is therefore likely to
yield the most information on their provenance. No evidence of pre-Knoydartian metamor-
phism has been found in the North Roe region, although this may partly be due to the relative
paucity of garnets and micas in the region. Indeed only one garnetiferous sample was found
in the North Roe region to the west of the Wester Keolka Shear Zone: a mafic amphibolite
that cross cuts the felsic orthogneisses. It may therefore be that the Silurian garnet age deter-
mined on this sample reflects the fact that the protolith was emplaced during the (possibly)
late stages of the Caledonian orogeny. Similarly, Devonian ages from the Uyea Shear Zone
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implies that late Caledonian tectonism has affected these lithologies. Late Caledonian fab-
ric development is not found in mainland Scotland, where Caledonian tectonism (movement
along the Moine Thrust which marks the contact between the Caledonized Moine Supergroup
and the foreland to the orogen) had essentially ceased by the mid Silurian (Goodenough et al.
2011).
In light of the metamorphic history of the North Roe basement gneisses (see Chapters 4 and
5) it seems most likely that the region represents a basement inlier. However this is difficult
to reconcile with the study of the basement rocks offshore (Chambers et al. 2005) which shows
that these basement gneisses extend for (at least) several tens of kilometres to the west of
Shetland. It is important to note however, that the study of Chambers et al. (2005) used bore-
hole samples, and may therefore not yield a comprehensive understanding of the pre-Mesozoic
lithologies offshore to the west of Shetland.

6.1.1 Significance of metamorphic ages from North Roe

Some of the more puzzling results to have come from this research are the c. 715 Ma Rb-Sr
mica ages from the Wester Keolka Shear Zone in North Roe (see figure 6.1 for the geological
map of North Roe and all of the metamorphic ages from this region). This structure was
presviously considered to be the northward continuation of the Silurian Moine Thrust (e.g.
Flinn et al. (1979)), but given the robust Neoproterozoic ages for mica fabric development,
this is not correct. The Wester Keolka Shear Zone itself is a sharply defined boundary zone,
formed parallel to the 40o-60o easterly dipping D4 schistosity, with lithologies in this shear
zone carrying an s-tectonite fabric.
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Figure 6.1: (a) Geographical location of Shetland and the North Roe peninsula in relation to the Scottish mainland. MTZ – Moine Thrust
Zone; GGF – Great Glen Fault; HBF – Highland Boundary Fault; SUF – Southern Uplands Fault; WBF – Walls Boundary Fault; NR – North
Roe; IS – Iapetus Suture (b) Geological sketch map of the North Roe Peninsula from the Isle of Uyea to Sand Voe, including localities of samples
that have had metamorphic minerals dated, including samples dated using Rb-Sr mica geochronology and Lu-Hf garnet geochronology. USZ –

Uyea Shear Zone; WKSZ – Wester Keolka Shear Zone
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It is not particularly surprising that there is evidence of the Knoydartian orogeny in
Shetland, as there is widespread evidence of the c.930 Ma Renlandian orogeny in Unst, Yell,
and eastern Mainland (Cutts et al. 2009, Jahn et al. 2017), and an earlier phase of the
Knoydartian (c. 860 Ma) in Yell (Bird 2011). However, it is difficult to conceptualise a way
in which the fine grained micas within the Wester Keolka Shear Zone (as seen in figure 6.2)
were not reset during the pervasive Caledonian metamorphism in the area. Similarly, it is
difficult to reconcile the development of the Uyea Shear Zone just 2 km to the west when the
WKSZ was not exploited as an existing crustal weakness.
A detailed study of the structures on the North Roe peninsula is beyond the scope of this

study, as it would have detracted from the original purpose of this work, which was to provide
an overall geochronological framework for metamorphic events in Shetland rather than be
based on just one small area. Nevertheless, this would undoubtedly help to delineate the
structures of different ages in this region. Nevertheless, as outlined in Chapter 5, it is unlikely
that the Wester Keolka Shear Zone is an important regional structure but instead represents
a tectonised basement-cover unconformity, as the original work by Pringle (1970) suggests.
Despite the lack of a detailed structural analysis of the North Roe region of Shetland, some
insights can be drawn from the age of of the metamorphic lithologies determined on these
rocks, and the general structural trends in the area. From the map in figure 6.1, the trend in
the metamorphic ages becomes older from west to east. The oldest ages are the c. 715 Ma
Rb-Sr mica ages from the Wester Keolka Shear Zone, followed by a Silurian Lu-Hf garnet age
from an amphibolite that cross-cuts the basement gneisses approximately 450m to the west of
the WKSZ (see figure 6.3). As discussed above, the Silurian age for this sample may be due to
a relatively young (post-Knoydartian) emplacement age for the protolith of the amphibolite.
Further to the west, the Uyea Shear Zone has Devonian Rb-Sr white mica ages. The Uyea

Shear Zone is cross cut by the Ronas Hill granite, which has been dated by Lancaster et al.
(2017) using zircon U-Pb as being emplaced at 427 Ma, which is significantly older than the
c. 411 Ma Rb-Sr mica age from the Uyea Shear Zone. This suggests that the interpretation
in chapter 5 for these ages may not be correct, and that instead of dating deformation of
the Uyea Shear Zone, the micas here are recording a resetting caused by heat and/or fluids
related to the emplacement of the Ronas Hill granite.

6.2 Neoproterozoic orogeny in Shetland

Previous geochronological studies of the metamorphic rocks of Shetland have found that Neo-
proterozoic tectonothermal events related to the Valhalla orogen are common (Cutts et al.
2009, 2011, Jahn et al. 2017). It is therefore somewhat surprising that in this more compre-
hensive study, relatively few ages relating to these events have been uncovered. Ages related
to Neoproterozoic orogenic events are presented in figure 6.4, where those from Shetland are
compared with other areas around the North Atlantic region.
There are three areas of Shetland that have been shown to have metamorphic events that
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Figure 6.2: Example of mica fabrics from the North Roe peninsula. A) is from the sample
SW12-01 which is a micaceous felsic orthogneiss from immediately below the contact of
this lithology and the overlying Sand Voe Group psammite in the Wester Keolka Shear
Zone. B) is the sample SW12-02 which is an example of the Sand Voe Group psammite
immediately above the WKSZ. Both samples have fine-grained micas and show the regional
D4-parallel s-tectonite fabric that is pervasive in the region of the Wester Keolka Shear
Zone. C) sample SW13-01 and D) sample SW13-03 are the samples from the Uyea Shear
Zone that yield Devonian Rb-Sr white mica ages. Within this sample, the micas and the
quartz/feldspar matrix material mostly show evidence of dynamic recrystallisation. However,
both samples do show possible evidence of feldspar recrystalisation or fluid-infiltration at the
crystal boundaries. This may be indicative of late fluid percolation as a result of the intrusion

of the Ronas Hill Granite.
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Figure 6.3: Field photograph of the sample SW15-12. The pen lid at the bottom of the
photograph is 0.8cm wide. Note that there is a pervasive linear fabric in the sample, and
that garnets in the sample are extremely small (c.1 mm). The linear fabric within the sample
plunges moderately towards the SE, which is the same as the prominent regional lineation
in the North Roe area. The fine-grained nature of the garnets and the sample as a whole, in
the absence of significant evidence of dynamic mylonitic re-crystallisation, suggests that the
metamorphic grade is relatively low. However, the coexistence of metamorphic amphibole
and plagioclase, along with the garnet, indicates lower amphibolite facies metamorphism.
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Figure 6.4: Samples around the North Atlantic region that provide evidence of metamor-
phism during the Neoproterozoic. The areas of grey shading refer to the approximate time
spans of the Neoproterozoic Renlandian and Knoydartian Orogenies as defined by Cawood
et al. (2010). References for the ages are as follows: Shetland - This thesis, Cutts et al.
(2009a), Bird (2011); Scotland - Giletti et al. (1961), Tanner & Evans (2003), Rogers et al.
(1998), Vance et al. (1998), Friend et al. (1997), Millar (1999); Norway - Gee et al. (1995),
Johansson et al. (2004), Pettersson et al. (2009), Svalbard - Kirkland et al. (2006), Paulsson
& Andréasson (2002), Lundmark et al. (2007), Bingen & van Breemen (1998), Wang et al.

(1998), Andersson et al. (2002), Söderlund et al. (2002), Möller et al. (2007).



Chapter 6. Summary and conclusions 152

relate to the Valhalla Orogeny based on previous geochronological studies. Those are the
Westing Group in Unst (Cutts et al. 2009), and the Yell Sound Group in Yell and eastern
Mainland (Bird 2011, Cutts et al. 2011, Jahn et al. 2017). The Neoproterozoic garnet ages
from Yell determined by Bird (2011) are presented in the paper draft in Chapter 4, and are
the only garnets that currently provide evidence of metamorphism at this time in Shetland.
No new garnets analysed in this study provide evidence of the Valhalla orogeny. This may be
the result of a sampling bias, as it was deemed superfluous to re-analyse areas or lithologies
that had perviously been constrained using other techniques. Nonetheless, it is interesting
that the c. 860 Ma (both Lu-Hf and Sm-Nd) garnet ages from Yell are significantly younger
than the U-Pb zircon and monazite c. 930 Ma ages from this region, and that there is no
independent evidence of garnet growth during the Renlandian event (Cutts et al. 2009, 2011,
Jahn et al. 2017).
Two samples analysed for garnet geochronology came from areas that were affected by the
c. 930 Ma Renlandian event: one from the Westing Group in Unst, and another from the
Lunna Ness peninsula in eastern Mainland. In both cases, multiple garnet zones were observed
in thin section and during mineral separation, and yet neither sample recorded evidence of
Tonian metamorphism. Instead, the sample from the Westing Group provides evidence of
Ediacaran metamorphism, and the sample from Lunna Ness records three discrete pulses of
Caledonian metamorphism.
It is unlikely that the lack of evidence for Tonian garnet growth in Shetland is a consequence
of resetting at high metamorphic temperatures. There is no evidence of extremely high meta-
morphic temperatures in this region and the garnets are sufficiently large for this to not be a
problem (Bloch & Ganguly 2015). Pressure-temperature constraints on the Tonian metamor-
phic event in Unst are sufficiently high to have formed garnet, and the prograde assemblage
includes garnet (Cutts et al. 2009). Further, some of the monazites used to constrain the
timing of this Tonian metamorphic event were determined in-situ from within garnet. When
picking garnet separates for age dating, those without inclusions are picked preferentially as
inclusions have the potential to detrimentally affect a garnet age. It may therefore be that,
by picking only fragments without visual inclusions, a garnet population of Tonian age has
been missed.

6.3 Ediacaran garnet ages

Three samples yield ages that appear to relate to an Ediacaran metamorphic episode between
630 - 585 Ma. Two samples from the Walls Metamorphic Series (WMS) record evidence of
metamorphic garnet growth at this time, and another from the Westing Group (WG) in Unst.
The small number of samples with these ages, and the limited amount of information that
can be gained regarding the exact mode of garnet growth and metamorphic grade means
that it is difficult to draw definite conclusions on these cryptic ages. Nonetheless, there are
similarities between these Ediacaran ages from Shetland and others from Svalbard (Majka
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et al. 2008) and possibly NW Ireland (Sanders et al. 1987, Flowerdew & Daly 2005). The
metamorphic characteristics of samples from the WMS and the WG are very different from the
high-pressure granulites of the Slishwood Division which yields garnets of this age from NW
Ireland (Flowerdew & Daly 2005). Although the regions in Shetland that yield Ediacaran
ages have been extensively reworked during the Caledonian orogenic cycle, no evidence of
such high grade metamorphism has been found. Instead, it is more likely that these ages, at
least in the WMS, relate to the early phase of amphibolite metamorphism (Mykura 1976).
In light of this, there may be more similarities with the amphibolite facies metamorphism
from the Caledonides in Svalbard (Majka et al. 2008) during the Ediacaran, but this is highly
speculative and requires further investigation.

6.4 Caledonian tectonism in Shetland

The majority of ages determined in this study relate to the Caledonian orogeny. There is
evidence of all three of the major Caledonian tectonic episodes in the metamorphic rocks
of Shetland, including both Ordovician accretionary orogens and the Silurian continental
collision. The first garnet ages that appear to relate to the Caledonian orogeny are from the
metamorphic sole of the Shetland Ophiolite Complex in Fetlar which yield Lu-Hf ages of c. 490
Ma. These garnet ages are in good agreement with the U-Pb ages for the metamorphic sole in
Unst determined by Crowley & Strachan (2015), and are similar to the ages of metamorphic
soles from other ophiolitic fragments in the mainland Scottish and Irish Caledonides (Chew
et al. 2010).
Following this, Barrovian metamorphism initiated rapidly, and the oldest garnet related to
Caledonian regional metamorphism yields a Lu-Hf age of 482.7±2.6 Ma (the core of sample
AB08-15, from Unst). On the regional scale, these garnet ages relate to the onset of the
Grampian orogeny, and the accretion of the Grampian arc onto the Laurentian margin which
is constrained to have occurred between c. 480-465 Ma in mainland Scotland, Ireland, and
in the Laurentian derived allochthon in Norway, (Lambert & McKerrow 1976, Oliver et al.
2000, Dewey 2005, Smit et al. 2011). The work undertaken as part of this thesis shows that
the c. 480-465 Ma Grampian episode was pervasive.
Many mica ages determined as a part of this thesis also relate to the c. 470 Ma Grampian
arc accretion event, and this event appears to be particularly important in the East Mainland
Succession (EMS) in central Mainland. A very tight cluster of white mica Rb-Sr ages between
481-471 Ma from the EMS in central Mainland indicates that the development of the upright
fabric in this region certainly occurred during the Grampian I arc accretion event. Remarkably,
there appears to be very little resetting (or cooling) of micas from this region which is in stark
contrast with the Rb-Sr ages from the Grampian Highlands determined by Dempster (1985)
and Dempster & Bluck (1995).When corrected for the new recommended decay constant for
87Rb (Villa et al. 2015), the Rb-Sr white mica ages from Dempster (1985) spread between c.
522 - 407 Ma. This spread was attributed to varying cooling/uplift rates in the Grampian
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Highlands after the Grampian orogeny.
That the Rb-Sr white mica ages from the East Mainland Succession fall within such a tight
time window, and their similarity to garnet ages from other areas in Shetland, it seems likely
that they record close to peak metamorphism as discussed in Chapter 5. This supports
other studies of Rb-Sr geochronology that suggest that the “closure temperature” for the Rb-
Sr system in white micas can be in excess of c. 600oC (Glodny et al. 2008), and that Rb-Sr
mica ages are more likely to represent deformation induced recrystallisation than temperature
driven diffusional processes.
Both garnet and mica ages determined in this study show that, like the Moine Supergroup in
the Northern Highland Terrane (Bird et al. 2013) and the Laurentian derived allochthon in
Norway (Smit et al. 2011), there is evidence of the c. 450 Ma Grampian II accretionary event
in the metamorphic rocks of Shetland. These Late Ordovician ages are widespread, with the
noticeable exception of Yell, suggesting that there is garnet growth at this time throughout
the metamorphic rocks of Shetland. Although there are no robust Late Ordovician garnet
ages from Yell, there is evidence for development of mica fabrics during the Grampian II
event. Similarly, the Yell Sound Group amphibolite from the Lunna Ness peninsula does
show evidence of garnet growth during the Late Ordivician. The Yell Sound Group on Lunna
Ness is only separated from the YSG on Yell by the post-Caledonian Nesting Fault (Flinn
1977) and hence should be considered as part of the same stratigraphic and structural unit.
Very few ages related to the Silurian Scandian collisional episode have been determined in
this study, with the majority of tectonothermal events instead relating to the Ordovician
accretionary events. This suggests that the metamorphic history in Shetland has more in
common with that of the Scottish and Irish sectors of the orogenic belt than with Laurentian
margin farther north in East Greenland and the Laurentian derived allochthons in Norway.
Notably this is not the case in the North Roe peninsula where fabric development continued
until the Devonian. The two Devonian Rb-Sr ages from the Uyea Shear Zone are somewhat
complicated by a new Silurian (427.5±5.1 Ma) U-Pb age from the undeformed Ronas Hill
Granite which cross cuts the Uyea Shear Zone (Lancaster et al. 2017). They suggest that the
Rb-Sr age for the Uyea Shear Zone relates to cooling after the emplacement of this granite
body however, the Ronas Hill granite also cross-cuts the Wester Keolka Shear Zone but has
not reset these micas despite their smaller size (see Fig. 7 in Chapter 5). It may be that fluids
originating from the granite percolated through the Uyea Shear Zone and effectively reset
the system by removing radiogenic Sr and replenishing Rb. Although this is still difficult to
reconcile with the Neoproterozoic age preserved in the WKSZ, it is easier to envision fluid as
a localised cause of Rb-Sr resetting than temperature, which would surely have had a more
regional effect.
In mainland Scotland, the Great Glen Fault (GGF) acts as a terrane boundary between the
Northern Highland and Grampian Highland Terrane. These two terranes appear to share a
metamorphic history until at least the middle Ordovician, but no evidence of the c. 450 Ma
Grampian II accretionary orogen, nor the c. 430 Ma Scandian collisional orogen are found
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to the south of the GGF in the Grampian Highland Terrane. As there is evidence for all
three of the major episodes of the Caledonian orogeny on both sides of the Walls Boundary
Fault, it may no longer sensible to correlate this fault with the Great Glean Fault in mainland
Scotland. As seen in figure 6.5, the lineation that marks the Walls Boundary Fault to the
south of Shetland does not link up to the region in the Moray Firth where the Great Glen
Fault crops out. The two structures must appear to diverge somewhere close to the east of
the Orkney Islands. Further to the geochronological evidence that the main Great Glen Fault
does not crop out on Shetland, this bathymetry map shows that the two structures cannot be
followed offshore. Indeed, there would have to be a very stark change in strike of the Great
Glen Fault to accommodate the strike of the Walls Boundary Fault (from NE-SW to almost
N-S) in a very restricted area, for which there is no evidence in the bathymetry data.

6.5 Diagrammatic overview of geological events in Shetland

The work undertaken in this thesis has shown that Shetland has undergone several episodes
of metamorphism and deformation. A summary of those events is shown in Figure 6.6. Meta-
morphism and deformation in Shetland is remarkably similar to that of mainland Scotland,
with all of the three major Caledonian metamorphic events (the Grampian I, II, and Scandian
events) having deformed the metamorphic rocks of Shetland. Commonly, the deformational
fabrics dated by Rb-Sr mica ages slightly pre-date the general age of the garnet growth (this
is discussed further in Section 6.6), which supports the general field and petrological observa-
tions that the micas fabrics post-date peak metamorphic assemblages.
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Figure 6.5: Offshore bathymetry map for the area between northeast mainland Scotland
and Shetland. Warmer colours indicate highs and colder colours indicate lows in sea-floor
topography. WBF = Walls Boundary Fault. Map kindly provided by Mr. Thomas Utley of

the University of Durham.
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Figure 6.6: Summary of metamorphic and deformational events Shetland has been subjected to from the Mesoarchaean to the Devonian. Note
the changes in scale of ages at 1000Ma and 500Ma. References cited: 1Davis (2012), 2Jahn et al. (2017), 3 Cutts et al (2009), 4Lancaster et al.
(2017), 5Crowley & Strachan (2015). Red indicates an igneous or protolith age, buff indicates geochronologically constrained sedimentation,
blue indicates ages of garnet growth, and green indicates the timing of formation of mica fabrics. All ages apart from those cited are from the
work presented in this thesis. The shaded areas on the diagram relate to regionally defined orogenic events during the Neoproterozoic Valhalla

Orogeny (Cawood et al. 2010) and the Caledonian Orogeny (Strachan et al. 2002, Bird et al. 2013).
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6.6 Relationship between garnet and mica ages

Only one sample was successfully dated for garnet Lu-Hf, Sm-Nd, and white mica Rb-Sr,
so relatively little empirical information regarding the relationship between the systems can
be derived. The sample, SW12-07, was collected from central Mainland and is extremely
radiogenic for each of the three systems, hence yields robust ages. As expected, the Lu-Hf age
is the oldest (478.4±1.4 Ma), followed by the Sm-Nd and Rb-Sr ages which are just within
error: 472.0±0.7 Ma and 473.6±0.9 Ma respectively.
Another sample, SW12-14 from the Lamb Hoga Block on Fetlar a yields precise and robust
(multi-point isochrons) age for Lu-Hf, as well as two-point Rb-Sr ages for both white mica and
biotite. For this sample, the Lu-Hf is nearly 10 Ma older than the Rb-Sr

WM

age (478.7±1.3
Ma vs. 468.9±1.4 Ma). Unfortunately, no Sm-Nd age was determined for this sample, but
the difference between the Lu-Hf age and the Rb-Sr

WM

age is similar to that for the sample
SW12-07 described above.
Although only one sample was dated using all three chronometers, it is still possible to draw
some broad comparisons between the systems because fabrics and structures can be traced for
some distance on Shetland. As seen in Figure 6.7, garnet ages are typically older than mica
ages. One of the best example of this is from northern Yell, where garnets yield an Sm-Nd age
of 467.5±1.4 Ma and the fabric that wraps these garnets yields an Rb-Sr

wm

age of 459.4±1.4
Ma. This can be complicated by fabrics that have been reworked, or are composite, which
may be the case in Unst. In the Saxa Vord Block in northern Unst, a 452±7 Ma garnet age
is older than the c. 440 Ma mica fabric that wraps the garnets, which is geologically sensible.
Conversely, further to the south in Unst, a similar garnet age of c. 447 Ma (SW12-15b) is
apparently wrapped by a fabric that has been dated to have formed at c. 460 Ma (SW12-18).
This can be explained by the observation that there is a late, post-kinematic metamorphic
episode in sample SW12-15b, as shown in Figure 3 in Chapter 4.
On the Walls Peninsula, there is evidence of garnet growth between c.620 - 515 Ma, which
supports one of the more puzzling Rb-Sr ages from the region. In Chapter 5, the robust
multi-point c. 508 Ma mica age was ascribed to dating an early phase of deformation relating
to the Caledonian orogeny. With the supporting evidence of the Ediacaran garnet ages from
this region, it seems most likely that the fabric related to the cryptic phase of Ediacaran
metamorphism. Further garnet growth during the c. 470 Ma Grampian orogeny has affected
the Walls Peninsula, and the fabrics that wrap these garnets indicate reworking during the
c. 450 Ma Grampian II orogeny. This example from the Walls Metamorphic Series shows the
importance of coupling geochronological techniques, as corroboration between the systems is
possible. For example, the Ediacaran garnet ages support the otherwise cryptic Rb-Sr age,
and evidence of lower-grade deformational events can be uncovered using Rb-Sr geochronology
that would otherwise have been missed.
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Figure 6.7: Samples that have been dated by garnet geochronology which either have
also been dated for Rb-Sr geochronology or have samples that have been dated for Rb-Sr
geochronology nearby. This provides comparisons between the garnet Lu-Hf and Sm-Nd

systems with the Rb-Sr system. wm = white mica; bt = biotite
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6.7 Suggestions for further work

A comprehensive study of structures on the North Roe peninsula would help delineate those
of Neoproterozoic age from those that relate to the more pervasive Caledonian overprint. This
would be useful for understanding the extent of the c. 715 Ma event in Shetland, as well as
trying to further understanding the importance of the intrusion of the Ronas Hill granite on
the structural geology of the peninsula and how this relates to the other metamorphic ages
determined on the geology in North Roe.
A more detailed and quantitative assessment of the metamorphic conditions using phase
modelling (e.g. Thermocalc) would compliment the age data determined in this study. There
are some quantitative estimates of the PT conditions for the region in the immediate footwall
of the ophiolite and in northeast Mainland (e.g. Cutts et al. (2009, 2011)), but the area to
the west of the Walls Boundary Fault currently has no PT constraints. It was not possible
to do these PT determinations as part of this thesis because of lacking funds to undertake
EMPA analysis on important metamorphic minerals that would have allowed for accurate PT
analysis to be undertaken.
Further effort should be made into understanding the c. 620 Ma event that has now, along
with Svalbard and NW Ireland, been found in samples from Shetland. The Walls Metamorphic
Series is an area of Shetland that is not at all well understood, and further research into the
relationship (if any) between these lithologies and other metamorphic rocks to the west of the
Walls Boundary Fault, would help provide insights into the geodynamic significance of this
cryptic event.
The way in which cores and rims of garnets that have undergone multiple metamorphic
episodes are picked and separated could certainly be improved. Although considerably more
time consuming and difficult for small garnets, a micro-sampling technique similar to that of
Pollington & Baxter (2011) could be utilised to this end, and individual metamorphic ages
could more easily be assigned to a specific part of the analysed garnet.
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Appendix A

Standard data

This appendix is presented as a supplementary Excel Spreadsheet with this thesis.
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Appendix B

Data Tables for Chapter 3



	 SW12-1	 SW13-1	 SW13-2	 SW13-4b	 SW13-05	 SW13-13b	 SW13-12	 11FG04	 11FG05	

	 Wilgi	Geos	Group	 Uyea	Group	
Major	elements	(Wt.	%)	 	 	 	 	 	 	 	 	
SiO2	 65.05	 70.41	 62.62	 57.35	 61.47	 77.90	 65.05	 66.95	 68.88	
Al2O3	 16.74	 14.66	 17.28	 18.45	 16.95	 12.54	 16.74	 15.73	 15.35	
Fe2O3	 4.38	 3.39	 4.95	 7.15	 6.24	 1.06	 4.38	 3.65	 3.29	
MgO	 1.84	 0.89	 2.01	 3.14	 2.44	 0.13	 1.84	 1.36	 1.13	
CaO	 3.51	 3.10	 4.54	 5.67	 5.39	 1.15	 3.51	 2.68	 1.99	
Na2O	 4.63	 4.39	 5.31	 4.53	 4.89	 5.15	 4.63	 5.01	 4.28	
K2O	 1.993	 1.898	 1.125	 1.296	 1.363	 1.090	 1.993	 2.03	 3.16	
TiO2	 0.542	 0.378	 0.660	 0.990	 0.771	 0.065	 0.542	 0.50	 0.42	
MnO	 0.061	 0.040	 0.060	 0.093	 0.079	 0.015	 0.061	 0.04	 0.05	
P2O5	 0.267	 0.130	 0.325	 0.472	 0.370	 0.010	 0.267	 0.20	 0.16	
SO3	 0.009	 0.039	 0.042	 0.014	 0.014	 0.006	 0.039	 -	 -	
LOI	 1.78	 1.16	 1.46	 2.43	 1.50	 0.47	 1.16	 1.93	 1.75	
	 	 	 	 	 	 	 	 	 	
Trace	elements	(ppm)	 	 	 	 	 	 	 	 	
Ni	 12.9	 9.9	 20.6	 28.8	 24.8	 4.3	 16.3	 0	 0	
Co	 15.6	 17.3	 23.7	 19.8	 17.0	 1.5	 3.8	 -		 -	
Cr	 11.1	 15.2	 13.9	 20.4	 17.6	 2.3	 10.1	 19	 21	
V	 71.6	 58.4	 81.5	 124.9	 98.8	 9.9	 67.7	 50	 49	
Sc	 5.0	 3.2	 6.1	 12.1	 8.7	 -	 6.2	 0	 0	
Cu	 7.4	 15.9	 4.4	 34.9	 10.1	 4.8	 21.9	 36	 11	
Zn	 74.2	 32.6	 53.7	 112.6	 97.2	 7.8	 57.1	 48	 50	
As	 0.2	 0.4	 0.2	 0.5	 0.4	 0.7	 0.8	 -	 -	
Ga	 22.5	 18.3	 21.9	 24.9	 22.6	 12	 24.1	 -	 -	
Pb	 9.7	 7.2	 4.1	 8.2	 8.5	 156	 12.7	 11	 15	
Sr	 732.1	 531.7	 762.4	 938.6	 980.0	 74	 719.5	 709	 720	
Rb	 41.0	 32.4	 31.9	 38.3	 55.0	 0.7	 25.8	 40	 47	
Ba	 954.7	 789.2	 577.0	 738.6	 593.3	 15.0	 752.9	 867	 1467	
Zr	 146.2	 238.5	 201.0	 223.8	 189.1	 3.0	 204.3	 204	 179	
Nb	 8.3	 3.5	 5.0	 7.2	 7.4	 250.4	 5.8	 4	 3	
Ta	 1.1	 0.5	 0.3	 -	 0.6	 18.9	 0.0	 0.41	 0.37	
Mo	 0.3	 0.2	 0.3	 0.2	 0.4	 361.8	 0.3	 -	 -	
Th	 5.0	 6.3	 5.4	 5.3	 7.9	 39.0	 1.6	 1	 1	
U	 0.9	 0.7	 0.4	 0.8	 0.9	 0.3	 0.8	 1	 1	
Y	 10.7	 5.1	 14.6	 25.4	 23.3	 0.7	 10.3	 12	 10	
REE	(ppm)	 	 	 	 	 	 	 	
La	 30.3926	 46.2546	 61.328	 75.7036	 62.6463	 12.7554	 45.0217	 34.7	 26.5	
Ce	 77.1314	 80.3459	 124.1561	 165.9544	 134.2215	 11.6764	 88.6635	 68.4	 50.1	
Nd	 28.8203	 26.7161	 51.9041	 78.2427	 63.8771	 1.6891	 34.7721	 29.6	 21.3	
Sm	 5.0385	 3.3461	 7.848	 12.5141	 11.2314	 0.1402	 4.8273	 4.50	 3.27	
Eu	 1.3376	 1.0786	 1.8444	 2.2377	 2.5361	 1.102	 1.5007	 1.34	 1.25	
Gd	 3.2949	 2.0211	 5.037	 8.204	 7.7024	 0.0889	 3.0038	 2.78	 2.00	
Dy	 1.9501	 0.9979	 2.7908	 4.8645	 4.7124	 0.0648	 1.8621	 1.73	 1.13	
Er	 0.912	 0.4347	 1.2208	 2.1689	 2.0848	 0.4	 0.8316	 0.74	 0.48	
Yb	 0.8449	 0.3583	 0.8958	 1.6664	 1.5886	 0.0454	 0.6471	 0.63	 0.40	
Lu	 0.1225	 0.0577	 0.1185	 0.2253	 0.2075	 0.0578	 0.0968	 0.09	 0.06	
	 	 	 	 	 	 	 	 	 	
Mg#	 45.41	 34.18	 44.57	 46.54	 43.67	 19.47	 35.51	 42.47	 40.49	
Nb/Zr	 0.057	 0.015	 0.025	 0.032	 0.039	 0.0065	 0.029	 9.8	 8.1	
Sr/Y	 68.25	 104.520	 52.124	 37.130	 42.110	 671.139	 70.118	 59.08	 72.00	
K2O/Na2O	 0.43	 0.43	 0.21	 0.29	 0.28	 0.21	 0.34	 0.41	 0.74	
Sm/Nd	 0.1748	 0.1252	 0.1512	 0.1599	 0.1758	 0.0830	 0.1388	 0.152	 0.153	
Eu/Eu*	 1.0092	 1.2750	 0.9018	 0.6789	 0.8382	 30.3437	 1.2115	 1.17	 1.50	
(La/Yb)n	 24.05	 86.32	 45.78	 30.38	 26.37	 0.0830	 46.52	 37.09	 44.52	
(Dy/Yb)n	 1.48	 1.79	 2.00	 1.87	 1.90	 147.53	 1.85	 1.77	 1.82	
	 	 	 	 	 	 	 	 	 	
143Nd/144Nd	 0.511048	 0.510477	 0.510803	 0.510908	 0.511081	 0.509969	 0.510659	 0.510744	 0.510780	
2se	 0.000004	 0.000004	 0.000004	 0.000004	 0.000006	 0.000016	 0.000005	 0.000005	 0.000003	
147Sm/144Nd	 0.10566	 0.07568	 0.09137	 0.09666	 0.10626	 0.05015	 0.084556	 0.089081	 0.088631	
2se	 0.00032	 0.000023	 0.00027	 0.00029	 0.00032	 0.00015	 0.000029	 0.000029	 0.000029	
	 	 	 	 	 	 	 	 	 	

 



	 08NR01	 08NR04	 11FG01	 11FG02	 11FG03	 08NR03	 08NR02	 08NR05	 11FG06	 08NR07	 08NR08	 SW13	14	 	

	 Fugla	Ness	metagabbro	 	 	 	 	 	 	 Blue	Head	metagabbro	
Major	elements	(Wt.	%)	 	 	 	 	 	 	 	 	 	 	 	
SiO2	 46.80	 48.32	 47.48	 48.68	 48.24	 48.90	 49.98	 56.49	 51.74	 50.50	 51.05	 50.57	 	
Al2O3	 17.77	 18.49	 19.26	 18.57	 10.07	 9.37	 18.27	 17.10	 17.57	 13.90	 13.74	 14.39	 	
Fe2O3	 11.53	 7.42	 7.74	 11.07	 10.66	 10.74	 9.84	 8.01	 9.06	 13.18	 12.96	 12.57	 	
MgO	 7.19	 7.85	 8.12	 5.70	 15.89	 17.36	 5.57	 3.30	 5.72	 7.81	 8.19	 7.07	 	
CaO	 9.05	 9.43	 11.47	 7.54	 9.89	 10.56	 7.86	 5.12	 4.85	 10.79	 10.44	 10.11	 	
Na2O	 3.35	 2.54	 2.11	 3.93	 1.55	 1.26	 4.48	 4.83	 5.32	 2.03	 2.07	 2.69	 	

K2O	 1.69	 1.61	 1.07	 1.36	 1.06	 0.96	 1.51	 2.57	 0.08	 0.38	 0.46	 0.485	 	
TiO2	 1.89	 0.42	 0.48	 0.85	 0.59	 0.63	 1.13	 0.98	 1.83	 1.01	 1.01	 1.028	 	
MnO	 0.10	 0.18	 0.14	 0.12	 0.16	 0.16	 0.14	 0.10	 0.15	 0.20	 0.20	 0.201	 	
P2O5	 0.24	 0.13	 0.14	 0.15	 0.18	 0.17	 0.46	 0.48	 0.92	 0.09	 0.10	 0.082	 	
SO3	 -	 -	 -	 -	 -	 -	 -	 -	 -	 	 	 0.013	 	
LOI	 1.08	 3.18	 1.56	 1.37	 1.64	 1.32	 1.15	 1.68	 2.11	 1.01	 1.04	 1.26	 	
	 	 	 	 	 	 	 	 	 	 	 	 	 	
Trace	elements	(ppm)	 	 	 	 	 	 	 	 	 	 	 	
Ni	 57	 89	 85	 48	 575	 538	 25	 21	 30	 59	 60	 54.6	 	
Co	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 54.0	 	
Cr	 8	 13	 1	 12	 741	 610	 4	 17	 22	 105	 112	 81.1	 	
V	 468	 168	 172	 400	 191	 213	 263	 125	 118	 308	 306	 305.4	 	
Sc	 40	 29	 20	 11	 33	 44	 51	 24	 33	 45	 128	 45.2	 	
Cu	 98	 115	 88	 145	 16	 86	 109	 35	 65	 70	 29	 40.9	 	
Zn	 77	 69	 71	 101	 90	 87	 140	 112	 142	 109	 102	 103.1	 	
As	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 	
Ga	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 	
Pb	 4	 21	 11	 12	 37	 4	 12	 6	 16	 6	 4	 4.9	 	
Sr	 878	 1016	 1022	 1012	 338	 333	 744	 692	 715	 206	 250	 306.8	 	
Rb	 48	 54	 29	 38	 25	 19	 35	 56	 2	 8	 8	 10.0	 	
Ba	 687	 373	 234	 462	 196	 297	 524	 617	 61	 100	 43	 89.3	 	
Zr	 117	 51	 108	 130	 73	 68	 54	 286	 267	 61	 61	 57.0	 	
Nb	 10	 3	 2	 5	 3	 3	 22	 9	 25	 2	 3	 2.7	 	
Ta	 1.32	 0.24	 0.15	 0.41	 0.30	 0.36	 1.89	 1.15	 0.78	 0.62	 0.59	 -	 	
Mo	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 0.4	 	
Th	 3	 1	 0	 2	 4	 1	 1	 14	 3	 1	 0	 1.0	 	
U	 2	 1	 1	 1	 1	 0	 1	 1	 0	 0	 0	 0.5	 	



Y	 33	 13	 14	 16	 17	 16	 96	 44	 56	 25	 24	 20.4	 	
	 	 	 	 	 	 	 	 	 	 	
La	 40.1	 19.3	 15.7	 25.4	 21.3	 18.7	 6.85	 6.70	 -	 6.85	 6.70	 -	 	
Ce	 87.9	 38.3	 34.8	 50.9	 46.4	 41.4	 13.3	 13.1	 -	 13.3	 13.1	 -	 	
Nd	 48.6	 19.6	 19.4	 23.5	 26.7	 24.5	 8.22	 8.13	 -	 8.22	 8.13	 -	 	
Sm	 9.72	 3.55	 3.86	 4.16	 5.22	 4.91	 2.37	 2.24	 -	 2.37	 2.24	 -	 	
Eu	 2.33	 1.20	 1.16	 1.15	 1.29	 1.33	 0.87	 0.84	 -	 0.87	 0.84	 -	 	
Gd	 7.16	 2.60	 2.89	 3.07	 3.72	 3.66	 2.61	 2.74	 -	 2.61	 2.74	 -	 	
Dy	 5.33	 1.91	 2.10	 2.18	 2.75	 2.71	 3.20	 3.17	 -	 3.20	 3.17	 -	 	
Er	 2.65	 1.05	 0.95	 1.00	 1.32	 1.42	 2.02	 2.04	 -	 2.02	 2.04	 -	 	
Yb	 2.30	 0.82	 0.88	 0.89	 1.11	 1.18	 1.93	 1.89	 -	 1.93	 1.89	 -	 	
Lu	 0.34	 0.13	 0.13	 0.13	 0.15	 0.17	 0.28	 0.29	 -	 0.28	 0.29	 -	 	
	 	 	 	 	 	 	 	 	 	 	 	 	 	
Mg#	 55.27	 67.70	 67.52	 50.50	 74.70	 76.20	 52.86	 44.94	 55.57	 54.00	 55.59	 52.69	 	
Nb/Zr	 0.0855	 0.0588	 0.0185	 12.2	 10.0	 8.3	 0.4074	 0.0315	 0.0936	 0.0328	 0.0492	 0.0469	 	
Sr/Y	 26.606	 78.154	 73.000	 63.250	 19.882	 20.813	 7.750	 15.727	 12.768	 8.240	 10.417	 15.064	 	
K2O/Na2O	 0.50	 0.63	 0.51	 0.35	 0.68	 0.76	 0.34	 0.53	 0.02	 0.19	 0.22	 0.18	 	
Sm/Nd	 0.200	 0.181	 0.199	 0.1769	 0.1957	 0.2007	 0.2237	 0.1466	 0.1939	 0.2888	 0.2750	 -	 	
Eu/Eu*	 0.200	 0.181	 0.199	 0.99	 0.90	 0.97	 0.40	 0.42	 0.40	 1.07	 1.05	 -	 	
(La/Yb)n	 11.66	 15.72	 11.98	 19.03	 12.89	 10.62	 5.71	 37.30	 15.47	 2.38	 2.36	 -	 	
(Dy/Yb)n	 1.49	 1.49	 1.54	 1.57	 1.60	 1.48	 1.36	 1.85	 1.99	 1.07	 1.07	 -	 	
	 	 	 	 	 	 	 	 	 	 	 	 	 	
143Nd/144Nd	 -	 -	 -	 -	 0.511227	 -	 0.511571	 0.51078	 0.511206	 -	 0.512257	 -	 	
2se	 -	 -	 -	 -	 0.000004	 -	 0.000008	 0.000003	 0.000004	 -	 0.000009	 -	 	
147Sm/144Nd	 -	 -	 -	 -	 0.11401	 -	 0.13621	 0.09085	 0.11438	 -	 0.17201	 -	 	
2se	 -	 -	 -	 -	 0.00034	 -	 0.00041	 0.00027	 0.00034	 -	 0.00052	 -	 	
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Appendix C

Supplementary Information for

Chapter 4



Detailed	sample	descriptions	
	
West	of	the	Walls	Boundary	Fault	
	
AB08-11	–	Benigarth	pelite	–	Fethaland	
	
This	 semi-pelitic	 schist	 was	 collected	 from	 the	 Fethaland	 peninsula	 in	 northern	Mainland	
Shetland,	at	HU	37230	93435.	A	sample	from	the	Benigarth	garnet-mica	schist,	it	forms	part	
of	the	‘Eastern	Gneisses’	basement	to	the	west	of	the	Walls	Boundary	Fault,	and	east	of	the	
Wester	Keolka	 Shear	 Zone.	 This	 sample	does	not	 show	 the	pervasive	mylonitic	 fabric	 that	
characterises	 the	 surrounding	 orthogneisses,	 but	 has	 nonetheless	 been	 mapped	 as	
‘Lewisian’	equivalent.	In	the	Fethaland	area,	Moine	and	Dalradian	equivalents	are	in	tectonic	
contact,	 as	 either	 infolds	 of	 tectonic	 slices.	 The	 sample	 was	 collected	 with	 the	 aim	 of	
constraining	 the	 timing	 of	 peak	 metamorphism	 within	 the	 basement	 rocks	 between	 the	
Walls	Boundary	Fault	and	the	Wester	Keolka	Shear	zone.	
	
In	thin	section	
Qtz+wm+bt+chl+grt+opaque+tourmaline	
Qtz	 is	dynamically	 recrysallised,	and	wm	defines	 the	main	 fabric	which	wraps	garnets.	The	
garnets	are	retrogressing	to	chlorite	which	is	also	forming	pressure	shadows.		
Quartz	is	the	dominant	mineral	forming	inclusion	trails	which	join	up	to	the	mica	fabric.	
	

	
	
	
A	LA-ICPMS	traverse	of	garnets	from	this	sample	indicate	normal	prograde	zoning	in	major	
elements	and	trace	elements	with	high	concentrations	of	compatible	elements	in	the	centre	
of	 the	 crystal,	 decreasing	 towards	 the	 rim.	 The	 zoning	 pattern	 of	 Lu	 is	 atypical	 for	 what	
would	 be	 expected	 from	 true	 prograde	 growth,	 as	 the	 central	 peak	 is	 broad.	 This	 may	
indicate	that	some	intracrystalline	diffusion	has	occurred,	and	that	the	sample	was	held	at	a	
moderately	high	temperature	for	an	extended	time.		
A	high	central	peak	of	Sm	is	observed	within	the	analysed	garnet,	which	 is	mirrored	 in	the	
other	 LREE,	 but	 not	 P2O5.	 This	 suggests	 that	 either	 a	 LREE	 inclusion	 other	 than	monazite	
(epidote?)	is	the	cause	of	the	high	central	LREE	concentration,	or	that	the	high	central	peak	
relates	to	normal	prograde	growth.		
Generally,	the	concentration	of	Hf	in	this	sample	is	low,	but	several	peaks	that	correlate	with	
peaks	in	Zr	contents	indicate	that	small	zircon	inclusions	are	the	probable	cause.		
MgO	concentrations	 are	 zoned	 in	 the	garnet	 from	 this	 sample	 and	decreases	 towards	 the	
centre,	indicating	prograde	growth.		
	



	
	
	
AB08-12	–	Fethaland	garnet	amphibolite	–	Fethaland	
	
This	 sample	 was	 collected	 from	 HU	 37388	 93234	 in	 close	 proximity	 to	 AB08-11,	 and	 is	 a	
garnet	amphibolite	forming	part	of	the	same	‘Eastern	Gneisses’	basement.	The	sample	has	
very	 large,	 fresh,	euhedral	garnets.	The	sample	was	collected	with	 the	aim	of	constraining	
the	timing	of	peak	metamorphism	within	the	basement	rocks	between	the	Walls	Boundary	
Fault	 and	 the	 Wester	 Keolka	 Shear	 zone.	 And	 to	 provide	 a	 comparison	 to	 the	 age	
determined	from	the	pelite	sampled	nearby.	
	
In	thin	section	
Qtz+Pl+Mc+amph+grt+ttn+zoisite+rt	(only	as	inclusions	in	grt)	+wm+ap+chl	
In	 thin	 section,	 there	 is	 no	 evidence	 of	 garnet	 core	 and	 rims.	 Very	 high	 proportion	 of	
inclusions	in	the	garnets,	and	are	formed	mostly	of	quartz,	titanite,	rutile,	and	amphibole.	
	

	
	
Garnet	LA-ICPMS	traverses	indicate	normal	prograde	zoning,	with	high	concentrations	of	Lu	
in	 the	 centre	 of	 the	 crystals,	 decreasing	 towards	 the	 rim.	 However	 the	 Lu	 peak	 is	 broad	



rather	 than	 a	 tall,	 narrow	 peak	more	 commonly	 associated	with	 prograde	 garnet	 growth.	
This	may	indicate	that	the	garnet	was	held	at	moderately	high	temperatures	for	some	time,	
allowing	some	degree	of	intracrystalline	diffusion.	Concentration	of	Sm,	Nd,	and	Hf	are	low	
throughout	 the	 crystal,	 with	 little	 evidence	 of	 zoning	 of	 these	 elements.	 There	 is	 not	
evidence	for	major	element	zoning	in	this	garnet.	
	

	
	
	
AB08-13	Sand	Voe	Group	pelite	
	
This	sample	was	collected	from	the	west	side	of	the	Walls	Boundary	Fault	near	the	village	of	
North	Roe	at	HU	37410	89054	and	is	part	of	the	‘Sand	Voe	Schuppen	Zone’	(Flinn	1988).	This	
forms	a	zone	to	the	west	of	the	Wester	Keolka	Shear	Zone,	where	the	Eastern	Gneisses	and	
the	Sand	Voe	Group	are	 interleaved	by	a	 series	of	 imbricate	 structures.	 The	 sample	has	a	
steep	schistose	fabric	that	wraps	the	garnets,	often	forming	pressure	shadows.				
	
Grt+Wm+Qtz+Chl+Ttn+Chd	
The	white	mica	bearing	fabric	wraps	euhedral	garnets	that	are	up	to	8mm	in	diameter.	The	
cores	of	the	garnets	are	more	inclusion-rich	than	the	rim.	Inclusion	trails	are	oblique	to	the	
mica	fabric	and	comprise	Chd,	Qtz,	and	opaques.		
Pressure	shadows	of	qtz	and	wm	are	common.	



	
	
No	LA-ICPMS	traverse	was	undertaken	on	this	sample.	
	
SW15-01	Walls	Metamorphic	Series	pelite	
	
This	 sample	 is	 from	 the	 Neeans	 Group	 of	 the	Walls	 Metamorphic	 Series	 collected	 at	 HU	
27817	59096.	 The	 sample	 is	 a	 coarse	grained	pelite	and	has	a	 strongly	developed	mineral	
stretching	 lineation	 that	 plunges	 towards	 217o.	 The	 sample	 also	 has	 a	 moderately	 well-
developed	planar	fabric	that	dips	at	c.	40o	towards	the	SE.		
	
Qtz+kspar+plag+wm+bt+chl+grt+opaque	
There	 are	 coarse	 and	 fine	 grained	 layers	 in	 this	 lithology,	 but	 they	 are	 mineralogically	
identical.		
Large	white	micas	define	the	coarse-grained	portion	while	the	main	fabric	is	mostly	defined	
by	biotite.	
Garnets	are	at	least	ten	times	larger	in	the	coarse	section	and	are	wrapped	by	the	fabric.	In	
the	finer-grained	region	however,	the	garnets	are	wrapped	by	the	white	micas	but	truncate	
the	biotite	in	the	fabric.		
	

	
	
	
LA-ICPMS	traverse	for	this	sample	shows	a	very	high	central	peak	for	Lu,	indicating	a	normal	
prograde	 zoning	 pattern.	 A	 second	 smaller	 peak	 can	 be	 observed	 approximately	 0.2	 mm	
from	 the	 outer	 surface	 of	 the	 garnet	 crystal.	 This	may	 indicate	 a	 second	 period	 of	 garnet	
growth.	 There	 is	 a	 large	 amount	 of	Hf	 in	 the	 centre	 of	 the	 crystal,	 presumably	 radiogenic	
after	the	decay	of	the	extremely	high	concentration	of	Lu	at	the	same	position.		



Major	element	compositions	also	suggest	that	these	garnets	grew	on	the	prograde	path	of	
the	metamorphic	history	of	this	rock,	with	higher	MgO	concentrations	towards	the	rims	of	
garnets,	whilst	CaO	has	a	slightly	higher	concentration	in	the	core	of	the	garnet.	
	

	
	
SW15-03	–	WMS	pelite	from	Central	Walls	
	
This	pelite	was	collected	in	the	northern	part	of	the	Walls	peninsula	at	HU	27249	59112,	and	
forms	part	of	the	Neeans	Group	in	the	Walls	Metamorphic	Series.	
	
In	thin	section	
Qtz+kspar+wm+chl+bt+ep+zrn+grt+rt	
Fabric	 is	defined	by	wm	and	bt,	 the	 latter	of	which	 is	almost	entirely	 replaced	by	chlorite.	
Similarly,	almost	all	garnet	is	retrograded	to	chlorite.	Where	the	garnets	are	not	replaced	by	
chlorite,	 they	 are	 inclusions	 of	 rutile	 and	 qtz.	 However,	 it	 is	 difficult	 to	 see	 any	 core-rim	
relationships	due	to	retrogression.		
	

	
	



The	 LA-ICPMS	 garnet	 traverse	 from	 this	 sample	 shows	 two	 peaks	 in	 Lu	 concentration,	
indicating	that	there	was	likely	two	episodes	of	garnet	growth.	A	high	central	Lu	peak	shows	
a	 normal	 prograde	 zoning	 pattern.	 The	 second	 peak	 is	 near	 the	 rim	 of	 the	 garnet	 which	
appears	to	be	within	0.2	mm	of	the	outer	edge	of	the	crystal.	Hafnium	concentration	in	the	
pure	garnet	 is	very	 low.	There	does	not	appear	to	be	any	observable	zoning	pattern	in	the	
Sm	concentration,	 although	a	 coincident	peak	 in	both	Sm	and	Nd	near	 the	 rim	at	 c.	 1mm	
may	relate	to	a	LREE-rich	inclusion.	No	major	element	zoning	is	preserved	in	these	garnets,	
with	the	exception	of	the	outermost	part	of	the	garnet,	where	CaO	concentration	increases	
and	MgO	concentration	decreases	significantly	
	

	
	
SW15-06	–	WMS	amphibolite	from	Central	Walls		
	
This	amphibolite	was	collected	at	HU	24896	56918	from	the	Snarra	Ness	Group	within	the	
Walls	Metamorphic	Series.	There	are	large,	golf-ball	sized	garnets	at	this	locality	suggesting	
that	 there	was	 fluid	 flow	 related	 to	metamorphism	 here.	 There	 is	 a	mingling	 relationship	
between	 the	 mafic	 amphibolite	 sampled	 and	 felsic	 sheets,	 as	 well	 as	 evidence	 for	 later	
intrusion	of	undeformed	felsic	sheets.	All	 the	deformed	material	shares	a	strong	gneissose	
fabric	that	dips	towards	the	south-southeast.		
	
In	thin	section	
Qtz+kspar+pl+bt+chl+grt+zrn+opaque+hbl+ap+rt	
Grts	are	euhedral	but	very	fractured.	Pressure	shadows	of	chlorite	are	seen	in	some	of	the	
garnets.	Inclusions	of	rt,	qtz,	bt	and	zrn	are	common.	
There	 is	 large	 zoned	 plagioclase	 in	 the	 more	 mafic	 (ie	 amph-rich)	 regions,	 which	 are	
generally	coarser	grained.		



	
	
The	LA-ICPMS	traverse	of	garnets	from	this	sample	again	appear	to	indicate	there	were	two	
periods	 of	 garnet	 growth.	 A	 rather	 high	 central	 peak	 (at	 0.35mm)	 in	 Lu	 concentration	 is	
followed	by	a	second	peak	at	c.	0.1	mm.	This	second	peak	is	not	seen	on	the	other	side	of	
the	garnet,	but	 this	may	be	due	 to	not	cutting	 through	the	 true	hemisphere	of	 the	garnet	
during	preparation	for	analysis.	Samarium	concentrations	are	mostly	flat,	but	not	low,	apart	
from	a	peak	at	c.	0.65	mm	that	 is	coincident	with	a	peak	of	Nd,	perhaps	indicating	a	LREE-
rich	 inclusion.	 Major	 element	 concentrations	 show	 that	 CaO	 is	 zoned,	 with	 higher	
concentration	in	the	rim	of	the	garnet	compared	to	the	core,	whilst	there	is	no	observable	
zoning	in	the	concentration	of	MgO	in	the	garnet	from	this	sample.	
	

	
	
SW15-12	–	Wilgi	Geos	amphibolite	–	W	of	WKSZ	in	North	Roe	
	
This	example	of	Wilgi	Geos	garnet	amphibolite	was	collected	at	HU	34860	91768	between	
the	 Wester	 Keolka	 Shear	 Zone	 and	 the	 Uyea	 Shear	 Zone	 on	 the	 North	 Roe	 region	 of	
Northwest	Mainland	Shetland.	The	sample	is	fine	grained	and	garnets	are	small	(of	the	order	
of	 a	 few	 mm’s	 in	 diameter).	 A	 planar	 fabric	 is	 not	 well	 developed	 in	 this	 sample,	 but	 a	
pronounced	mineral	stretching	lineation	plunges	moderately	southwards.			



	
In	thin	section	
Hbl+ep+qtz+grt+bt+opaque	
This	 sample	 is	 extremely	 fine	 grained,	 and	 where	 there	 are	 garnets,	 they	 are	 small	 and	
fragmented.	 Epidote	 is	 the	main	 inclusion	within	 the	garnets.	Biotite	 in	 the	matrix	 is	 rare,	
and	not	observed	as	inclusions	in	garnets.		
	

	
	
The	 LA-ICPMS	 garnet	 traverse	 of	 this	 sample	 show	 a	 central	 peak	 of	 Lu	 concentration	
indicating	 a	 prograde	 zoning	 pattern,	 with	 a	 peak	 Lu	 concentration	 of	 c.	 13	 ppm.	
Concentration	of	Sm	on	the	other	hand,	is	very	low	throughout	the	crystal,	and	will	probably	
not	yield	a	useful	age	from	Sm-Nd	dating.	Several	small	peaks	of	Hf	concentration	perhaps	
indicate	 Hf-bearing	 inclusions.	 Neodymium	 concentrations	 throughout	 the	 crystal	 are	
comparable	to	the	Sm	concentration,	with	coincident	peaks.	
No	 major	 element	 zoning	 is	 observed	 in	 this	 sample,	 and	 the	 very	 sharp	 trough	 in	 the	
concentration	of	both	CaO	and	MgO	at	c.	0.1mm	is	most	likely	an	inclusion.	
	

	
	



	
SW13-08	–	Upper	Niddister	Gneiss	–	Burra	Voe	Mainland	
	
This	garnetiferous	amphibolite	was	collected	at	HU	37340	89159,	and	 is	part	of	 the	Upper	
Niddister	Gneiss	of	the	Eastern	(basement)	Gneisses.	Collected	fairly	close	to	the	sample	the	
Sand	Voe	Group	sample	AB08-13	dated	by	Bird	 (2011)	at	472.6±7.7	Ma	and	450.9±4.1	Ma	
for	the	core	and	rim	of	the	garnet,	using	Sm-Nd	and	Lu-Hf	respectively.		 	
	
In	thin	section	
Amph+qtz+grt+wm+bt+czt+ap+zrc+rt	
Grts	 have	 preferentially	 grown	 in	 the	more	 felsic	 layers	 and	 therefore	may	 be	 related	 to	
migmatisation.	 Some	 of	 the	 garnets	 are	moderately	 euhedral	 but	most	 are	 anhedral.	 The	
cores	of	the	more	euhedral	garnets	are	more	inclusion-rich	than	the	rim	which	are	lacking	in	
inclusions.		
	

	
	
A	 high	 central	 peak	 in	 the	 Lu	 concentration	 of	 this	 sample	 when	 analysed	 by	 LA-ICPMS	
indicates	prograde	growth.	The	asymmetrical	nature	of	this	peak	is	most	likely	due	to	cutting	
the	garnet	obliquely	to	the	true	central	axis	when	preparing	the	sample.	The	concentration	
of	Hf	 is	 low	 throughout	 of	 the	 analysed	 garnet,	with	 no	 apparent	 peaks	 caused	 by	 zircon	
inclusions.		
Major	 element	 concentrations	 in	 this	 sample	 show	 some	 zoning	 from	 core	 to	 rim	 of	 the	
analysed	garnet.	MgO	has	a	very	 slight	decrease	 in	 concentration	 from	core	 to	 rim,	whilst	
the	opposite	is	true	for	CaO.	The	zoning	in	CaO	is	more	prominent	than	that	for	MgO.		
		



	
	
SW13-27	–	Hillswick	Group	Pelite	-	Mainland	
	
This	 sample	 of	 the	 Sand	 Voe	 Group	was	 collected	 at	 HU	 27319	 76453	 from	 the	 Hillswick	
Peninsula	 on	 the	 northern	margin	 of	 St.	Magnus’	 Bay	 in	western	Mainland	 Shetland.	 The	
pelite	is	cross	cut	by	a	mafic	amphibolite	pod	that	is	also	garnetiferous.	Garnets	within	the	
pelite	 are	 up	 to	 a	 cm	 in	 diameter,	 and	 are	 wrapped	 by	 the	 dominant	 south	 dipping	
micaceous	 foliation.	 There	 is	 evidence	 of	 two	 apparent	 garnet	 growth	 phases,	 shown	 by	
distinct	cores	and	rims	when	inspected	using	a	hand	lens.	
	
In	thin	section	
Amph+qtz+plag+wm+rt+grt+chl+zrc+bt	
The	 main	 fabric	 which	 is	 defined	 by	 amphibole,	 white	 mica,	 and	 quartz,	 wraps	 euhedral	
garnets.	The	garnets	have	inclusion-rich	cores	with	inclusion	trails	that	are	perpendicular	to	
the	current	fabric.	The	inclusions	are	predominately	quartz,	opaque,	and	biotite.		
Rutile	has	a	good	crystal	shape	and	follow	the	amphibole-bearing	fabric.	 In	places,	garnets	
appear	to	be	reacting	to	chlorite.	
	

	
	



The	LA-ICPMS	garnet	 traverse	of	 this	 sample	 indicates	a	 core-rim	profile	 that	 is	 consistent	
with	 a	 garnet	 that	 has	 undergone	 two	 distinct	 phases	 of	metamorphism.	 The	 core	 of	 the	
analysed	 garnet	 has	 a	 broad	 peak	 of	 Lu	 concentration,	 and	 the	 run	 has	 a	 lower	
concentration,	 with	 a	 minor	 secondary	 peak.	 It	 is	 therefore	 likely	 that	 any	 Lu-Hf	 ages	
obtained	 from	 the	 central	 core	 will	 represent	 the	 timing	 of	 peak	 conditions	 of	 the	 first	
metamorphic	 event	 observed	 in	 this	 rock,	 whilst	 the	 rim	 age	will	 represent	 the	 timing	 of	
peak	 metamorphic	 conditions	 for	 the	 second	 thermal	 event.	 The	 concentration	 of	 Sm	 is	
fairly	 constant	 throughout	 the	 garnet	with	 the	 exception	of	 several	 peaks	with	 coincident	
Nd,	Ce,	and	P2O5	peaks,	indicating	probable	monazite	inclusions.	Peaks	of	Hf	and	Zr	indicate	
that	the	garnet	has	zircon	inclusions.		
Major	 elements	 show	 some	 zoning	 in	 the	 garnets	 from	 this	 sample,	 with	 a	 higher	
concentration	of	MgO	 in	 the	 rim	compared	 to	 the	core,	and	 the	converse	 is	 true	 for	CaO.	
This	suggests	that	these	garnets	grew	on	the	prograde	path	of	the	metamorphic	history	of	
this	rock.	
	

	
	
SW15-05	–	Queyfirth	amphibolite	-	Queyfirth	
	
This	sample	was	collected	from	the	Queyfirth	area	of	western	Mainland	at	HU	354	829,	and	
forms	part	of	the	Queyfirth	Group,	a	supposed	Dalradian	equivalent	to	the	west	of	the	Walls	
Boundary	Fault.	This	is	a	rare	example	of	an	amphibolite	from	the	Queyfirth	Group.	Garnets	
are	small	and	somewhat	retrogressed	to	chlorite,	but	inclusion	poor.		
	
In	thin	section	
Amph+qtz+ep+bt+grt+ap+zrc+ttn	
Garnets	are	 somewhat	 fragmented	and	most	are	anhedral	with	many	cracks.	No	 inclusion	
trails	are	visible.		
Where	garnets	are	more	fresh,	they	are	associated	with	regions	of	higher	%	qtz.	Here,	some	
of	the	garnets	are	sub-euhedral.	
Minerals	observed	in	the	matrix	are	the	same	as	those	observed	as	inclusions	in	the	garnets,	
with	the	exception	of	titanite.		



	

	
	
Garnet	 LA-ICPMS	 traverse	 of	 this	 sample	 indicates	 a	 typical	 prograde	 zoning	 pattern	
suggesting	that	any	Lu-Hf	age	obtained	from	this	sample	will	pertain	to	peak	metamorphism	
and	 prograde	 growth.	 The	 Hf	 concentration	 of	 the	 pure	 garnet	 in	 this	 sample	 is	 low,	 but	
there	appears	to	be	several	small	inclusions	of	somewhat	higher	Hf	concentration.	
The	major	elements	show	no	real	zoning	in	this	sample,	and	decreases	in	concentrations	for	
each	of	the	species	appear	coincidental,	indicating	they	are	probably	due	to	inclusions.	
	

	
	
	
East	of	the	Walls	Boundary	Fault	
	
	
SW12-07	–	EMS	semi-pelitic	gneiss	–	East	Burrafirth	Mainland	
	



The	 East	Mainland	 Succession	 semi-pelitic	 gneiss	 was	 collected	 from	 HU	 3695	 5080	 near	
Weisdale	just	to	the	east	of	the	Walls	Boundary	Fault.	Garnets	are	not	common	within	this	
lithology,	but	are	wrapped	by	a	fabric	defined	by	white	micas.	The	micas	in	this	sample	were	
dated	by	Rb-Sr	and	yielded	an	age	of	473.6±0.9	Ma,	which	was	interpreted	as	the	timing	of	
formation	for	the	micaceous	fabric	(Walker	et	al.	2016).	
	
In	thin	section	
Qtz+plag+wm+ep+grt	
The	 one(!)	 garnet	 observed	 in	 this	 thin	 section	 is	 euhedral	 but	 has	 an	 atoll	 characteristic.	
Large	inclusions	of	wm	and	qtz.		
Biotite	 is	 found	 as	 a	 garnet	 inclusion	 but	 not	 in	 the	matrix.	 The	 white	mica	 fabric	 wraps	
feldspars	that	have	undergone	ductile	recrystallized.		

	
	
The	LA-ICPMS	garnet	traverse	of	this	sample	indicates	as	extremely	high	concentration	of	Lu	
within	a	broad	central	peak.	The	garnet	also	has	a	comparatively	high	concentration	of	Sm	
with	three	pronounced	peaks	that	do	not	correlate	with	peaks	in	other	analysed	elements.	
Both	Nd	and	Hf	have	a	central	peak	 in	concentration	most	 likely	due	to	the	decay	of	 their	
(high	concentration)	respective	parent	isotopes.	There	does	not	appear	to	be	any	zoning	in	
the	major	elements	of	this	sample,	with	flat	patterns	for	both	CaO	and	MgO.		
	



	
	
AB08-18	–	Valayre	Gneiss	garnet	amphibolite	–	Mainland		
	
This	garnet	amphibolite	was	collected	 from	the	Lunna	Ness	peninsula	at	HU	51842	74106,	
and	is	part	of	the	Valayre	Gneiss.	At	Lunna	Ness,	the	Valayre	Gneiss	was	emplaced	into	the	
surrounding	Yell	Sound	Group	syn-tectonically.		
Several	 samples	 from	 Lunna	Ness	were	 dated	 by	 Cutts	 et	 al	 (2011),	 using	 LA-ICPMS	U-Pb	
monazite	dating.	They	concluded	that	there	were	multiple	phases	of	metamorphism	within	
the	area,	with	ages	of	monazite	growth	at	c.	913	Ma,	c.470	Ma,	and	c.460	Ma.	Cutts	et	al	
(2011)	 also	 constrained	 the	 peak	 metamorphic	 conditions	 for	 the	 Caledonian	 phase	 (as	
opposed	to	the	Neoproterozoic)	of	monazite	growth	to	10	kbar,	775oC.		
	
In	thin	section	
Qtz+amph+plag+grt+opaque+ttn	
The	 cores	 of	 the	 garnets	 have	parallel	 inclusion	 trails	 but	 the	 current	 granoblastic	 texture	
means	it	is	impossible	to	say	whether	they	are	oblique	or	parallel	to	recent	stress.	
There	are	three	obvious	phases	of	garnet	growth	
	 1	–	an	inclusion-rich	core	
	 2	–	inclusion-poor	rim		
	 3	–	nucleation	new	garnets	on	the	side	of	the	inclusion-poor	rims.		



	

	
	
The	LA-ICPMS	traverse	of	garnets	 from	this	sample	 is	 somewhat	 fragmented	and	 inclusion	
rich,	which	 is	 typical	 for	 large	 garnets.	Broadly	however,	 Lu	 concentration	 is	 higher	 in	 the	
centre	of	 the	crystal	and	Hf	concentrations	are	higher	 towards	 the	 rims.	 It	 is	 important	 to	
note	that	the	structure	of	the	garnets	observed	in	thin	section	suggests	that	the	outermost	
rim	of	garnets	from	this	sample	form	delicate	domes,	and	hence	may	have	been	lost	during	
preparation	for	LA-ICPMS	analysis.	The	part	of	this	traverse	closest	to	the	rim	has	a	very	high	
concentration	of	both	MgO	and	CaO	suggesting	a	secondary	growth	event.	
	

	
	
	
	
Unst	
	
	
AB08-14	–	Westing	Group	paragneiss	–	Unst	
	
In	thin	section	
Qtz+plag+wm+by+grt+ky+stau+opaque+zrc+sill	



Fabric	defined	by	white	mica,	bt,	qtz	and	fspar.	
Garnets	are	very	large	(up	to	2cm),	although	the	largest	are	becoming	disaggregated.	Where	
the	garnets	are	disaggregated,	cracks	are	infiltrated	by	biotite	and	smaller	amounts	of	white	
mica.	
	

	
	
LA-ICPMS	data	 from	whole	garnets	 from	this	 sample	were	not	undertaken.	 Instead,	 tracks	
across	representative	samples	of	the	two	different	coloured	garnet	fractions	were	analysed:	
orange	and	pink	representing	the	core	and	rim	respectively.		
	
	
AB08-15	–	Valla	field	pelite	–	Unst	
	
This	pelitic	 sample	was	 collected	 from	 the	west	of	Unst	within	 the	Valla	 Field	Block	at	HP	
58766	11098.	It	was	collected	from	the	same	lithology	as	the	sample	KSH07-12	in	Cutts	et	al	
(2011),	where	they	constrained	the	timing	of	peak	metamorphic	conditions	to	7.5	Kbar,	and	
650oC	 at	 462±10.	 This	 age	 was	 determined	 using	 LA-ICPMS	 U-Pb	 dating	 of	 monazite	
inclusions	within	the	rims	of	garnets.	They	note	that	garnets	in	this	sample	had	distinct	cores	
and	rims,	with	different	peak	assemblages	related	to	them.	The	timing	of	formation	of	the	
garnet	core	was	not	constrained	due	to	a	paucity	of	monazite	inclusions,	but	they	speculate	
a	 possible	Neoproterozoic	 age	due	 to	 similar	 ages	 from	 the	Westing	Group	nearby	 to	 the	
west.		
	
In	thin	section	 	
Qtz+plag+wm+bt+st+ky+and+sill+grt+chd+chl+zrc+opaque	
There	are	obvious	cores	and	rims	in	the	garnets	in	this	rocks,	so	need	to	distinguish	which	of	
the	many	metamorphic	minerals	relate	to	which	metamorphic	episode.	
Fabrics	
White	mica	and	biotite,	with	small	staurolite	wraps	garnets	that	have	oblique	inclusion	trails.	
Kyanite	is	mostly	reacting	out	but	still	obvious	due	to	large	size.	Sillimanite	is	rare,	but	where	
it	is	visible,	it’s	reacting-in	from	the	andalusite.	Indicating	an	increase	in	temperature.	
Andalusite	is	skeletal	and	has	inclusion	trail,	oblique	to	the	current	mica-bearing	fabric.		
Staurolite	 is	 fresh	 but	 is	 rotated	 oblique	 to	 the	mica	 fabric.	 A	 few	 of	 the	 staurolite	 have	
inclusions	of	biotite.	
Chlorite	is	found	reacting	in	from	biotite.		
First	 phase	 of	 metamorphism	 relates	 to	 an	 increase	 in	 temperature	 (andalusite	 to	
sillimanite).	
The	second	metamorphism	relates	to	an	increase	in	pressure	(sillimanite	to	kyanite?).	
	



	
	
The	LA-ICPMS	traverse	for	a	garnet	from	this	sample	indicates	shows	that	the	central	part	of	
the	 garnet	 crystal	 has	 a	 flat	 concentration	of	 Lu	 at	 c.	 5ppm,	with	 two	progressively	 larger	
peaks	towards	the	edge	of	the	crystal.	This	most	likely	suggests	that	there	was	at	least	two,	
possibly	three,	discrete	phases	of	garnet	growth.	The	concentration	of	Hf	is	low	apart	from	
two	peaks	 that	appear	 to	 relate	 to	zircon	 inclusions.	Concentrations	of	Sm	appear	broadly	
constant	 throughout	 the	 garnet	 crystal	 at	 c.	 1ppm.	However,	 coincident	peaks	with	Nd	at	
1.4mm	and	1.7mm	suggest	LREE-rich	inclusions.	Increase	in	concentration	of	MgO	from	core	
to	 rim,	 and	 vice-versa	 for	 CaO	 suggests	 that	 these	 garnets	 grew	 during	 prograde	
metamorphism.	 Slightly	 steeper	 concentrations	 increases	 suggest	 that	 the	 garnets	 in	 this	
sample	grew	during	more	than	one	metamorphic	event.	
	

	
	
	
SW12-15b	–	Valla	Field	pelite	-	Unst	
	
This	Valla	 Field	pelite	was	 collected	 from	western	Unst	 at	HP	5814	0548,	 south	of	 sample	
AB08-15.		



	
In	thin	section	
Qtz+wm+ilm+staur+ky+sil+chd+chl	
Garnets	are	fractured	and	disarticulated	and	are	wrapped	by	the	mica	shear	fabric.	Chlorite	
is	both	a	primary	mineral	and	as	a	retrograde	mineral	from	garnet.		
Inclusions	within	the	garnets	are	quartz	and	opaque.	Kyanite	are	reacting	to	(synkinematic)	
sillimanite.	Prekinematic	porphyroblasts	of	both	chloritoid	and	staurolite	can	be	observed.	
	

	
	
The	 LA-ICPMS	 garnet	 traverse	 for	 this	 sample	 shows	 a	 peak	 of	 Lu	 near	 the	 centre	 of	 the	
garnet	as	well	as	another,	larger	peak	at	the	rim	(note	the	logarithmic	scale	on	the	Lu	axis).	
This	second	peak	 in	Lu	 in	the	rim	of	the	garnet	occurs	 just	a	 few	fractions	of	a	millimetres	
after	 a	 considerable	 peak	 in	 Sm.	 Zoning	 can	 be	 observed	 in	 the	major	 element	 LA-ICPMS	
traverse	for	this	sample,	and	suggests	more	than	one	phase	of	metamorphic	growth,	with	an	
significant	increase	in	CaO	concentration	from	the	inner	part	of	the	crystal	to	the	outer	part.	
There	is	a	similar	rise	in	MgO	concentration	at	the	same	part	of	the	crystal,	but	the	increase	
in	concetration	is	not	as	great	compared	to	CaO.			
	

	
	



SW12-16	–	Saxa	Vord	pelite	–	Unst	
	
The	 Saxa	 Vord	 pelite,	 collected	 from	HP	 6315	 1652	 is	 a	 pelitic	 schist	 from	 the	 Saxa	 Vord	
Block	in	northern	Unst.	This	sample	was	collected	from	the	same	unit	as	sample	FRQ-1	from	
Cutts	 et	 al.	 (2011)	 and	 was	 collected	 with	 the	 aim	 of	 providing	 a	 timing	 of	 the	 peak	
metamorphic	assemblage	determined	by	Cutts	et	al	(2011),	of	7.5	kbar	and	550oC.		
	
In	thin	section	
Wm+chd+grt+chl+opaque+staur+qtz	
The	sample	is	generally	very	fine	grained	apart	from	garnet,	staurolite,	and	chloritoid.	Most	
of	the	chloritoid	is	small	and	incorporated	in	the	same	mica-dominated	fabric.		
Garnets	 are	 c.	 4mm	and	 euhedral.	 Some	have	 reaction	 rims	 to	 chlorite.	Most	 garnets	 are	
inclusion-poor	but	where	there	are	inclusions,	they	do	not	form	inclusion	trails.		
Quartz	only	appears	rarely,	where	ribbons	form	shear	bands	around	the	garnet.		
	

	
	
The	LA-ICPMS	traverse	of	this	sample’s	garnet	shows	a	very	strong	prograde	growth	pattern	
in	Lu,	with	a	high	central	peak,	rapidly	decreasing	towards	the	rim.	Any	Lu-Hf	age	from	this	
sample	would	therefore	represent	prograde	metamorphic	garnet	growth.	Concentrations	of	
Sm,	Nd,	and	Hf	are	low	and	relatively	consistent	throughout	the	crystal.	The	major	element	
profiles	for	the	garnet	from	this	sample	do	not	show	significant	zoning	in	either	CaO	or	MgO.	
	



	
	
Yell	
	
SW12-20	–	YSG	Pelite	-	Yell	
	
This	Yell	Sound	Group	pelite	was	collected	from	the	east	coast	of	Yell	at	HP	5501	9696.	Here,	
the	 Yell	 Sound	 Group	 forms	 interbanded	 psammites,	 semi-pelitic	 gneisses,	 and	 quartzites	
(Flinn	et	al	2009).	The	foliation	dips	steeply	to	the	west	with	a	stretching	mineral	 lineation	
plunging	gently	northward.	Within	some	layers	of	the	semi-pelitic	gneisses,	kyanite	laths	of	
up	to	several	centimeters	in	length	are	found.	
Cutts	et	al	(2011)	estimate	the	peak	metamorphic	assemblage	of	this	lithology	as	9kbar	and	
650oC	 and	 dated	 a	 sample	 from	 along	 strike	 with	 almost	 identical	 peak	 metamorphic	
conditions	 using	 monazite	 U-Pb	 geochronology	 (LA-ICPMS)	 to	 451±4	 Ma,	 which	 they	
interpret	as	the	timing	of	peak	metamorphism.	
	
In	thin	section	
Qtz+Kspar+bt+wm+chl+grt+ky+zrc+Gr+Rt	
Fabric	defined	by	biotite,	white	mica	and	qtz.		
The	fabric	is	truncated	by	large	kyanite	crystals	that	are	somewhat	altered	and	found	in	the	
coarser	layers.		
Garnets	are	large	but	mostly	skeletal	with	cured	inclusion	trails	that	are	oblique	to	the	mica	
defined	fabric.	
Qtz	pressure	shadows	are	common	and,	with	biotite,	make	up	most	of	the	inclusions	within	
the	garnets.		



	
	
The	LA-ICPMS	garnet	traverse	from	this	sample	indicates	a	prograde	zoning	pattern,	with	a	
high	 central	 concentration	of	 Lu	and	 the	other	HREE.	 The	 concentration	of	 Sm	 is	 low,	but	
constant	 throughout	 the	 crystal,	 apart	 from	 near	 the	 edge	 where	 there	 is	 a	 spike	 in	 Sm	
concentration	 likely	 due	 to	 a	 LREE-rich	 inclusion	 such	 as	 monazite.	 This	 is	 supported	 by	
coincident	spike	in	Nd	concentration.	Apart	from	this	spike,	the	concentrations	of	Nd	and	Hf	
are	 low	 and	 constant	 throughout	 the	 analysed	 garnet.	 The	 major	 element	 profiles	 for	
garnets	from	this	sample	do	not	appear	to	show	any	zoning	pattern	for	CaO	or	MgO.	
	

	
	
AB08-04	-	Yell	Sound	Group	pelitic	gneiss	
	
This	pelitic	gneiss	was	collected	from	the	Yell	Sound	Group	next	to	the	Brekon	granite	gneiss	
at	the	Sands	of	Brekon,	at	HP	52751	05341.	The	sample	has	been	migmatized	and	sheared,	
and	carries	a	vertical	fabric.	The	direction	of	shear	is	dextral	and	top-down	to	the	NNE.	The	
same	vertical	shear	fabric	is	observed	in	the	granite	gneiss,	but	the	fabric	decreases	towards	
the	west,	where	the	fabric	becomes	steeper	and	undulates.	The	granite	gneiss	was	intruded	
into	the	Yell	Sound	Group	and	was	deformed	as	a	coherent	rock	package.	Towards	the	end	
of	the	formation	of	the	shear	fabric,	synkinematic	pegmatite	dykes	were	intruded.		
	
Qtz+pl+wm+bt+grt+opaque+ap+zrc+ttn+rt+chl	



Main	fabric	defined	by	wm	and	bt	
Garnets	 are	 post-kinematics	 and	 subhedral,	 often	 surrounded	 by	 qtz/fspar	 so	most	 likely	
relates	to	the	timing	of	migmatisation	of	the	YSG.		
Inclusions	in	garnets	include	qtz	and	zrc.	
	

	
	
Garnets	from	this	sample	were	not	analysed	by	LA-ICPMS	
	
AB08-06	–	Migga	Ness	amphibolite	
	
This	sample	was	also	collected	from	the	Hascosay	Slide	in	the	northeast	of	Yell	at	HP	53974	
05230.	There	are	no	meta-sediments	within	 the	high	strain	zone	of	 the	Hascosay	Slide;	all	
the	rocks	are	either	amphibolites	or	felsic	gneisses.	The	amphibolite	sampled	for	this	study	
had	 been	 boudinaged	 and	 the	 surrounding	 fabric	 wraps	 these	 large	 boudins.	 In	 hand	
specimen	the	fabric	suggests	that	this	sample	has	been	highly	strained.	The	rationale	for	this	
sample	was	to	establish	whether	it	is	truly	part	of	the	basement	if	these	meta-igneous	rocks	
instead	intruded	the	Yell	Sound	Group.		

Grt+Cpx+Amph+Pl+Ttn+Opaques	

The	 sample	 is	 coarse-grained	 with	 garnets	 up	 to	 25	 mm	 in	 size	 with	 large	 inclusions	 of	
amphibole,	 pyroxene	 and	 opaques.	 The	 clinopyroxene	 is	 green	 and	 is	 surrounded	 by	
reaction	 rims	 of	 amphibole,	 indicating	 retrogression.	 Many	 of	 the	 plagioclase	 are	
symplectitic,	perhaps	suggesting	interaction	with	fluid	or	retrogression	textures.	Due	to	the	
coarseness	of	the	sample,	study	of	the	fabric	 in	thin	section	 is	difficult,	however	there	 is	a	
fabric	 made	 up	 of	 quartz	 and	 amphibole	 which	 appears	 to	 be	 migmatitic-like	 and	 is	
metamorphically	segregated.		

	
AB08-08	-	Kirkrabister	amphibolite	
	
This	garnet	amphibolite	was	collected	at	HU	54004	95401	and	intrudes	the	surrounding	YSG	
pelitic	gneiss.	The	amphibolite	forms	a	narrow	(<1	m)	body	with	large	garnets.	The	garnets	
are	 larger	at	 the	margin	of	 the	body	suggesting	that	there	may	have	been	fluid	 flow	along	
the	edges	of	the	body.		
	
Grt+amph+Pl+qtz+opaques+zrc	
Fabric	defined	by	elongate	amphibole	that	wrap	the	large	≥6mm	garnets.	The	garnets	have	
slightly	 curved	 inclusion	 trails,	 formed	 of	 qtz,	 hornblende	 and	 rutile.	 Feldspar	 is	 partially	
sericitised	in	places.		



	
	
A	 LA-ICPMS	 traverse	 of	 garnets	 from	 this	 sample	 indicates	 a	 mostly	 homogeneous	
chemistry,	with	a	slight	change	towards	the	core.	MgO	shows	peaks	that	are	also	observed	
in	 the	 Sm	 profile,	 which	 correlate	 with	 TiO2	 suggesting	 that	 they	 represent	 inclusions	 of	
rutile	of	magnatite.	The	peaks	seen	in	the	Sm	profile	have	coincident	peaks	in	the	CaO	and	
Nd	profiles,	which	may	 indicate	 that	 at	 least	 some	of	 them	may	be	phosphate	 inclusions.	
There	is	one	(moderate)	peak	in	the	Hf	profile	which	may	relate	to	a	zircon	inclusion.	The	Lu,	
MgO	 and	 CaO	 profiles	 have	 a	 normal	 prograde	 zoning	 pattern,	 although	 this	 is	 not	 very	
pronounced.		
	
Fetlar	
	
SW15-07	–	metamorphic	sole	of	the	ophiolite	-	Fetlar	
	
This	 sample	 was	 collected	 in	 northern	 Fetlar	 at	 HU	 64449	 92009	 and	 forms	 part	 of	 the	
metamorphic	 sole	 to	 the	ophiolite.	At	outcrop,	 the	 lithology	 is	not	extensive	and	carries	a	
very	 strong,	 near	 horizontal	 fabric,	 parallel	 to	 the	 contact	 with	 the	 overlying	
metaharzburgite.	 The	 lithology	 appears	 to	 have	 distinct	 relict	 garnet-clinopyroxene	 layers,	
which	have	a	very	pronounced	boundary	with	the	stable	garnet-amphibolite	assemblage.		
	
Thin	Section	
Cpx+amph+grt+Ttn+calcite+chl	
Areas	 of	 clinopyroxene	 are	 very	 distinct	 from	 areas	 of	 amphibole,	 and	 are	 typically	more	
garnetiferous.	
The	garnets	are	quite	large	in	places,	but	fragmented	and	partly	replaced	by	chlorite.		
Titanite	 is	 seen	 in	 both	 regions	 and	 appear	 to	 be	 more	 common	 in	 the	 ‘border	 regions’	
between	the	prograde	and	retrograde	regions,	indicating	a	late	Ca	infiltration.	
The	boundaries	between	the	pyroxene	and	amphibole	assemblages	are	further	shown	to	be	
distinct.	 Along	 these	 boundaries,	 accessory	 titanite	 appears	 to	 be	 more	 common	 than	
throughout	the	rest	of	the	samples,	perhaps	indicating	that	the	retrogression	from	granulite	
facies	was	caused	by,	or	at	least	accompanied	by,	Ca-rich	fluid	percolating	through	the	rock.		



	
	
The	LA-ICPMS	element	 zoning	of	garnets	 from	this	 sample	 indicates	 that	 there	are	a	 large	
number	of	inclusions,	supporting	the	same	observation	in	the	thin	section.	In	general,	there	
appears	to	be	a	core	where	the	concentrations	of	the	Lu	and	MgO	are	higher,	indicative	of	
prograde	growth.	Concentration	of	Hf	 is	 low	and	constant	throughout	the	analysed	crystal,	
but	Nd	is	variable	indicating	LREE-rich	inclusions	(most	likely	titanite).		
The	concentration	of	MgO	increases	to	a	second	peak	near	the	rim	of	the	garnet,	suggesting	
a	 second	 stage	 of	 garnet	 growth.	 Again	 this	 supports	 the	 petrological	 observations	 of	 a	
second	amphibole-forming	(dehydration?)	reaction	and	associated	garnet	growth.	
	

	
	
SW12-14	–	Lamb	Hoga	pelitic	gneiss	-	Fetlar	
	
This	sample	was	collected	from	the	Lamb	Hoga	block	in	western	Fetlar,	at	HU	5789	9287.	It	
forms	 part	 of	 the	 metamorphic	 footwall	 to	 the	 ophiolite	 on	 Fetlar	 and	 is	 a	 migmatitic	
garnetiferous	gneiss.	Leucosomes	have	formed	parallel	to	the	prominent	foliation	that	dips	
moderately	 to	 the	northwest.	Garnets	within	 the	 sample	 are	 small	 but	 abundant,	 and	are	
wrapped	by	the	micaceous	foliation.		
	
In	thin	section	
Qtz+plag+kspar+wm+bt+grt+chl+opaque+melt+zrc+rt	



Garnets	 are	euhedral	 and	are	wrapped	by	 the	dominant	mica-bearing	 fabric.	 Inclusions	of	
biotite,	qtz,	and	opaques	in	garnets	are	not	common	and	do	not	form	trails.	
Garnets	are	most	commonly	found	in	the	melanosome	layers.		
	

	
	
The	LA-ICPMS	transect	of	garnets	from	this	sample	indicate	a	probable	diffusional	zooming	
pattern.	This	is	evident	by	the	relatively	low	concentration	of	Lu	in	the	centre	of	the	crystal,	
and	a	sharp,	high	peak	in	Lu	concentration	in	the	rim	of	the	garnet.	Hafnium	concentration	
within	the	crystal	 is	mostly	 low	and	flat,	with	the	exception	of	a	high-Hf	 inclusion	(zircon?)	
near	the	rim	of	the	crystal.	This	diffusional	pattern	indicates	that	any	Lu-Hf	age	determined	
on	 this	 sample	 will	 likely	 be	 a	 minimum	 age	 for	 the	 timing	 of	 peak	 metamorphism.	 The	
diffusional	 pattern	 observed	 in	 garnets	 from	 this	 sample	 also	 indicates	 that	 the	 sample	
reached	 above	 the	 temperature	 of	 diffusion	 for	 Lu.	 The	 major	 element	 profiles	 of	 this	
sample	don’t	appear	 to	show	any	zoning,	with	 the	exception	of	 the	very	high	peak	 in	CaO	
near	the	outer	rim	of	the	garnet.	However,	this	peak	is	coincident	with	a	peak	in	Sm	which	
suggests	a	Ca-LREE	rich	inclusions.	
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Appendix D

LA-ICPMS garnet traverses

The LA-ICPMS data for each analysed garnet samples are provided as a supplementary Excel
spreadsheet with this thesis.



193

References

Anczkiewicz, R., Platt, J. P., Thirlwall, M. F. & Wakabayashi, J. (2004), ‘Franciscan sub-
duction off to a slow start: evidence from high-precision Lu–Hf garnet ages on high grade-
blocks’, Earth and Planetary Science Letters 225(1-2), 147–161.
URL: http://linkinghub.elsevier.com/retrieve/pii/S0012821X04003796

Anczkiewicz, R., Szczepanski, J., Mazur, S., Storey, C., Crowley, Q., Villa, I. M., Thirlwall,
M. F. & Jeffries, T. E. (2007), ‘Lu-Hf geochronology and trace element distribution in
garnet: Implications for uplift and exhumation of ultra-high pressure granulites in the
Sudetes, SW Poland’, Lithos 95(3-4), 363–380.

Anczkiewicz, R., Thirlwall, M., Alard, O., Rogers, N. W. & Clark, C. (2012), ‘Diffusional
homogenization of light REE in garnet from the Day Nui Con Voi Massif in N-Vietnam:
Implications for Sm-Nd geochronology and timing of metamorphism in the Red River shear
zone’, Chemical Geology 318-319, 16–30.
URL: http://dx.doi.org/10.1016/j.chemgeo.2012.04.024

Anczkiewicz, R. & Thirlwall, M. F. (2003), ‘Improving precision of Sm-Nd garnet dating by
H2SO4 leaching : a simple solution to the phosphate inclusion problem’, Journal of the
Geological Society, London 220, 83–91.

Andersson, J., Möller, C. & Johansson, L. (2002), ‘Zircon geochronology of migmatite gneisses
along the mylonite zone (s sweden): a major sveconorwegian terrane boundary in the baltic
shield’, Precambrian Research 114(1), 121–147.

Andrews, I. J. (1985), ‘The deep structure of the Moine Thrust, southwest of Shetland’,
Scottish Journal of Geology 21(2), 213–217.
URL: http://sjg.lyellcollection.org/cgi/doi/10.1144/sjg21020213

Ashley, K. T., Thigpen, J. R. & Law, R. D. (2015), ‘Prograde evolution of the Scottish
Caledonides and tectonic implications’, Lithos 224-225, 160–178.
URL: http://linkinghub.elsevier.com/retrieve/pii/S002449371500095X

Barker, F. (1979), ‘Trondhjemite: definition, environment and hypotheses of origin’, Trond-
hjemites, dacites and related rocks. Elsevier, Amsterdam pp. 1–12.

Baxter, E. F., Ague, J. A. Y. J. & Depaolo, D. J. (2002), ‘Prograde temperature – time
evolution in the Barrovian type – locality constrained by Sm / Nd garnet ages from Glen
Clova , Scotland’, Journal of the Geological Society 159(1985), 71–82.



REFERENCES 194

Baxter, E. F. & Scherer, E. E. (2013), ‘Garnet Geochronology: Timekeeper of Tectonometa-
morphic Processes’, Elements 9(6), 433–438.
URL: http://elements.geoscienceworld.org/cgi/doi/10.2113/gselements.9.6.433

Bingen, B. & van Breemen, O. (1998), ‘U-pb monazite ages in amphibolite-to granulite-facies
orthogneiss reflect hydrous mineral breakdown reactions: Sveconorwegian province of sw
norway’, Contributions to Mineralogy and Petrology 132(4), 336–353.

Bird, A. F. (2011), Age resolution of peak metamorphism within the Caledonides of Northern
Scotland and Shetland, PhD thesis, Royal Holloway University of London.

Bird, A. F., Thirlwall, M. F., Strachan, R. A. & Manning, C. J. (2013), ‘Lu – Hf and Sm
– Nd dating of metamorphic garnet : evidence for multiple accretion events during the
Caledonian orogeny in Scotland’, Journal of the Geological Society 170, 301–317.

Bloch, E. & Ganguly, J. (2015), ‘176Lu–176Hf geochronology of garnet II: numerical simula-
tions of the development of garnet–whole-rock 176Lu–176Hf isochrons and a new method
for constraining the thermal history of metamorphic rocks’, Contributions to Mineralogy
and Petrology 169.
URL: http://link.springer.com/10.1007/s00410-015-1115-x

Bloch, E., Ganguly, J., Hervig, R. & Cheng, W. (2015), ‘176Lu–176Hf geochronology of
garnet I: experimental determination of the diffusion kinetics of Lu3+ and Hf4+ in garnet,
closure temperatures and geochronological implications’, Contributions to Mineralogy and
Petrology 169.
URL: http://link.springer.com/10.1007/s00410-015-1109-8

Bluck, B. J. (1983), ‘Role of the midland valley of scotland in the caledonian orogeny’, Trans-
actions of the Royal Society of Edinburgh: Earth Sciences 74, 275–295.

Bluck, B. J. (1984), ‘Pre-carboniferous history of the midland valley of scotland’, Transactions
of the Royal Society of Edinburgh: Earth Sciences 75, 275–295.

Bluck, B. J., Dempster, T. J. & Rogers, G. (1997), ‘Allochthonous metamorphic blocks on the
hebridean passive margin, scotland’, Journal of the Geological Society, London 154, 921–
924.

Bluck, B. J., Gibbons, W. & Ingham, J. (1992), ‘Terranes’, Geological Society, London. Mem-
oirs 13, 1–4.

Buchan, K. L., Mertanen, S., Park, R. G., Pesonen, L. J., Elming, S. Å., Abrahamsen, N. &
Bylund, G. (2000), ‘Comparing the drift of Laurentia and Baltica in the Proterozoic: The
importance of key palaeomagnetic poles’, Tectonophysics 319(3), 167–198.

Cawood, P. A., Nemchin, A. A., Strachan, R., Prave, T. & Krabbendam, M. (2007), ‘Sedi-
mentary basin and detrital zircon record along East Laurentia and Baltica during assembly



REFERENCES 195

and breakup of Rodinia’, Journal of the Geological Society 164, 257–275.
URL: http://www.intl-jgs.geoscienceworld.org/content/164/2/257.short

Cawood, P. a., Strachan, R., Cutts, K., Kinny, P. D., Hand, M. & Pisarevsky, S. (2010),
‘Neoproterozoic orogeny along the margin of Rodinia: Valhalla orogen, North Atlantic’,
Geology 38(2), 99–102.
URL: http://geology.gsapubs.org/cgi/doi/10.1130/G30450.1

Chambers, L., Darbyshire, F., Noble, S. & Ritchie, D. (2005), Nw uk continental margin:
chronology and isotope geochemistry, BGS Commissioned Report CR/05/095N BGS-NIGL
Programme, BGS.

Chew, D. M., Daly, J. S., Magna, T., Page, L. M., Kirkland, C. L., Whitehouse, M. J. &
Lam, R. (2010), ‘Timing of ophiolite obduction in the Grampian orogen’, Bulletin of the
Geological Society of America 122(11), 1787–1799.

Chew, D. M. & Strachan, R. A. (2014), The Laurentian Caledonides of Scotland and Ireland,
in F. Corfu, D. Gasser & D. Chew, eds, ‘New perspectives on the Caledonides of Scandinavia
and related areas’, Vol. 390, Geological Society.
URL: http://sp.lyellcollection.org/cgi/doi/10.1144/SP390.16

Condie, K. C. (1986), ‘Origin and early growth rate of continents’, Precambrian Research
32, 261–278.

Coward, M. P. (1990), ‘The Precambrian, Caledonian and Variscan framework to NW Europe’,
Geological Society, London, Special Publications 55(1), 1–34.
URL: http://sp.lyellcollection.org/cgi/doi/10.1144/GSL.SP.1990.055.01.01

Crowley, Q. G. & Strachan, R. a. (2015), ‘U-Pb zircon constraints on obduction initiation of
the Unst Ophiolite: an oceanic core complex in the Scottish Caledonides?’, Journal of the
Geological Society 172(3), 279–282.
URL: http://jgs.lyellcollection.org/cgi/doi/10.1144/jgs2014-125

Cutts, K. a., Hand, M., Kelsey, D. E. & Strachan, R. a. (2011), ‘P-T constraints and timing
of Barrovian metamorphism in the Shetland Islands, Scottish Caledonides: implications for
the structural setting of the Unst ophiolite’, Journal of the Geological Society 168(6), 1265–
1284.
URL: http://jgs.lyellcollection.org/lookup/doi/10.1144/0016-76492010-165

Cutts, K. a., Kinny, P. D., Strachan, R. a., Hand, M., Kelsey, D. E., Emery, M., Friend,
C. R. L. & Leslie, a. G. (2010), ‘Three metamorphic events recorded in a single garnet:
Integrated phase modelling, in situ LA-ICPMS and SIMS geochronology from the Moine
Supergroup, NW Scotland’, Journal of Metamorphic Geology 28(3), 249–267.
URL: http://doi.wiley.com/10.1111/j.1525-1314.2009.00863.x



REFERENCES 196

Cutts, K., Hand, M., Kelsey, D., Wade, B., Strachan, R., Clark, C. & Netting, a. (2009),
‘Evidence for 930 Ma metamorphism in the Shetland Islands, Scottish Caledonides: impli-
cations for Neoproterozoic tectonics in the Laurentia-Baltica sector of Rodinia’, Journal of
the Geological Society 166(6), 1033–1047.
URL: http://jgs.lyellcollection.org/cgi/doi/10.1144/0016-76492009-006

Dallmeyer, R. D., Peucat, J. J., Hirajima, T. & Ohta, Y. (1990), ‘Tectonothernal chronology
within a blueschist-eclogite complex , west-central Spitsbergen , Svalbard : Evidence from
40Ar / 39Ar and Rb-Sr mineral ages’, Lithos 24, 291–304.

Daly, J. S., Muir, R. J. & Cliff, R. A. (1991), ‘A precise U-Pb zircon age for the Inishtrahull
syenitic gneiss, County-Donegal, Ireland’, Journal of the Geological Society 148(1975), 639–
642.

Davies, J. H. F. L. & Heaman, L. M. (2014), ‘New U-Pb baddeleyite and zircon ages for
the Scourie dyke swarm: A long-lived large igneous province with implications for the
Paleoproterozoic evolution of NW Scotland’, Precambrian Research 249, 180–198.
URL: http://dx.doi.org/10.1016/j.precamres.2014.05.007

Davis, S. P. (2012), Geological relationships of the basement gneisses of north roe, shetland,
Master’s thesis, Curtin University of Technology.

Day, J. M. D., Driscoll, B. O., Strachan, R. A., Daly, J. S. & Walker, R. J. (2016), ‘Identifica-
tion of mantle peridotite as a possible Iapetan ophiolite sliver in south Shetland , Scottish
Caledonides’, Journal of the Geological Society .

de Meyer, C. M., Baumgartner, L. P., Beard, B. L. & Johnson, C. M. (2014), ‘Rb–Sr ages
from phengite inclusions in garnets from high pressure rocks of the Swiss Western Alps’,
Earth and Planetary Science Letters 395, 205–216.
URL: http://linkinghub.elsevier.com/retrieve/pii/S0012821X14002027

Dempster, T. J. (1985), ‘Uplift patterns and orogenic evolution in the Scottish Dalradian’,
Journal of the Geological Society 142(1), 111–128.
URL: http://jgs.lyellcollection.org/cgi/doi/10.1144/gsjgs.142.1.0111

Dempster, T. J. & Bluck, B. J. (1995), ‘Regional metamorphism in transform zones dur-
ing supercontinent breakup: late Proterozoic events of the Scottish Highlands’, Geology
23(11), 991–994.

Dewey, J. F. (2005), ‘Orogeny can be very short.’, Proceedings of the National Academy of
Sciences of the United States of America 102(43), 15286–93.
URL: http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1266104&tool=pmcentrez&rendertype=abstract

Dewey, J. F. & Strachan, R. A. (2003), ‘Changing Silurian–Devonian relative plate motion in
the Caledonides: sinistral transpression to sinistral transtension’, Journal of the Geological



REFERENCES 197

Society 160, 219–229.
URL: http://jgs.lyellcollection.org/content/160/2/219.short

Dodson, M. H. (1973), ‘Closure Temperature in Cooling Geochronological and Petrological
Systems’, Contributions to Mineralogy and Petrology 40, 259–274.

Dragovic, B., Baxter, E. F. & Caddick, M. J. (2015), ‘Pulsed dehydration and garnet growth
during subduction revealed by zoned garnet geochronology and thermodynamic modeling,
Sifnos, Greece’, Earth and Planetary Science Letters 413, 111–122.
URL: http://dx.doi.org/10.1016/j.epsl.2014.12.024

Drummond, M. S. & Defant, M. J. (1990), ‘A model for trondhjemite-tonalite-dacite gen-
esis and crustal growth via slab melting: Archaean to modern comparisons’, Journal of
Geophysical Research 95, 21503–21521.

Flinn, D. (1954), ‘On the time relations between regional metamorphism and permeation in
delting, shetland’, Quarterly Journal of the Geological Society 110, 177–199.

Flinn, D. (1958), ‘on the Nappe Structure of North-East Shetland’, Quarterly Journal of the
Geological Society 114(1-4), 107–136.
URL: http://jgslegacy.lyellcollection.org/cgi/doi/10.1144/gsjgs.114.1.0107

Flinn, D. (1961), ‘Continuation of the Great Glen Fault beyond the Moray Firth’, Nature
191, 589–591.

Flinn, D. (1977), ‘Transcurrent faults and associated cataclasis in Shetland’, Journal of the
Geological Society 133(3), 231–247.
URL: http://jgs.lyellcollection.org/cgi/doi/10.1144/gsjgs.133.3.0231

Flinn, D. (1985), The caledonides of shetland, in J. A. Winchester, ed., ‘The Caledonides
Orogen - Scandinavia and related areas’, Wiley, pp. 1158–1171.

Flinn, D. (1988), The moine rocks of shetland, in J. A. Winchester, ed., ‘Later Proterozoic
stratigraphy of the Northern Atlantic Regions’, Blackie, pp. 74–85.

Flinn, D. (1992), ‘The history of the Walls Boundary fault, Shetland: the northward continu-
ation of the Great Glen fault from Scotland’, Journal of the Geological Society 149(5), 721–
726.
URL: http://jgs.lyellcollection.org/cgi/doi/10.1144/gsjgs.149.5.0721

Flinn, D. (1994), Geology of Yell and some of the neighbouring islands in Shetland, Memoir
of the British Geological Survey, BGS, London.

Flinn, D. (2000), ‘The architecture of the Shetland Ophiolite’, Scottish Journal of Geology
36(2), 123–135.
URL: http://sjg.lyellcollection.org/cgi/doi/10.1144/sjg36020123



REFERENCES 198

Flinn, D. (2007), ‘The Dalradian rocks of Shetland and their implications for the plate tec-
tonics of the northern Iapetus’, Scottish Journal of Geology 43(2), 125–142.

Flinn, D. (2009), Uyea to north roe coast, in J. Mendum, A. Barber, R. Butler, D. Flinn,
K. Goodenough, M. Krabbendam, R. Park & A. Stewart, eds, ‘Lewisian, Torridonian and
Moine rocks of Scotland’, Joint Nature Conservation Committee.

Flinn, D., Frank, P. L., Brook, M. & Pringle, I. R. (1979), ‘Basement-cover relations in
Shetland’, Geological Society, London, Special Publications 8(1), 109–115.
URL: http://sp.lyellcollection.org/cgi/doi/10.1144/GSL.SP.1979.008.01.09

Flinn, D. & Oglethorpe, R. J. D. (2005), ‘A history of the Shetland Ophiolite Complex’,
Scottish Journal of Geology 41(2), 141–148.

Flinn, D. & Pringle, I. R. (1976), ‘Age of the migmatisation in the Dalradian of Shetland’,
Nature 259, 299–300.

Flinn, D., Stone, P. & Stephenson, D. (2013), ‘The Dalradian rocks of the Shetland Islands,
Scotland’, Proceedings of the Geologists’ Association 124(1-2), 393–409.
URL: http://linkinghub.elsevier.com/retrieve/pii/S0016787812000867

Flowerdew, M. J. & Daly, J. S. (2005), ‘Sm-Nd mineral ages and P-T constraints on the pre-
Grampian high-grade metamorphism of the Slishwood Division, Northwest Ireland’, Irish
Journal of Earth Sciences 23, 107–123.

Friend, C. & Kinny, P. (2001), ‘A reappraisal of the Lewisian Gneiss Complex: geochronolog-
ical evidence for its tectonic assembly from disparate terranes in the Proterozoic’, Contri-
butions to Mineralogy and Petrology 142(2), 198–218.
URL: http://link.springer.com/10.1007/s004100100283

Friend, C., Kinny, P., Rogers, G., Strachan, R. A. & Patterson, B. (1997), ‘U-Pb zircon
geochronological evidence for Neoproterozoic events in the Glenfinnan Group ( Moine Su-
pergroup): the formation of the Ardgour granite gneiss , north-west Scotland’, Contribu-
tions to Mineralogy and Petrology 128, 101–113.

Friend, C., Strachan, R. & Kinny, P. (2008), ‘U-Pb zircon dating of basement inliers within the
Moine Supergroup, Scottish Caledonides: implications of Archaean protolith ages’, Journal
of the Geological Society 165(4), 807–815.
URL: http://jgs.lyellcollection.org/cgi/doi/10.1144/0016-76492007-125

Friend, C., Strachan, R., Kinny, P. & Watt, G. (2003), ‘Provenance of the Moine Super-
group of NW Scotland: evidence from geochronology of detrital and inherited zircons
from (meta)sedimentary rocks, granites and migmatites’, Journal of the Geological Soci-
ety 160(2), 247–257.
URL: http://jgs.lyellcollection.org/cgi/doi/10.1144/0016-764901-161



REFERENCES 199

Ganguly, J. (2010), ‘Cation Diffusion Kinetics in Aluminosilicate Garnets and Geological
Applications’, Reviews in Mineralogy and Geochemistry 72, 559–601.

Ganguly, J. & Tirone, M. (1999), ‘Diffusion closure temperature and age of a mineral with
arbitrary extent of diffusion : theoretical formulation and applications’, Earth and Planetary
Science Letters 170, 131–140.

Gasser, D. (2014), ‘The Caledonides of Greenland, Svalbard and other Arctic areas: status of
research and open questions’, Geological Society, London, Special Publications 390(1), 93–
129.
URL: http://sp.lyellcollection.org/cgi/doi/10.1144/SP390.17

Gee, D. G., Johansson, Å., Ohta, Y., Tebenkov, A. M., Balashov, Y. A., Larionov, A. N., Gan-
nibal, L. F., Ryungenen, G. I. et al. (1995), ‘Grenvillian basement and a major unconformity
within the caledonides of nordaustlandet, svalbard’, Precambrian Research 70(3-4), 215–
234.

Gee, D. G., Kumpulainen, R., Roberts, D., Stephens, M., Thon, A. & Zachrisson, E. (1985),
Scandinavian caledonides, tectonostratigraphic map, scale 1:2000000, in D. G. Gee &
B. Sturt, eds, ‘The Caledonide Orogen - Scandinavia and related areas’, Wiley, Chichester.

Giletti, B. J., Moorbath, S. & Lambert, R. S. J. (1961), ‘a Geochronological Study of the
Metamorphic Complexes of the Scottish Highlands’, Quarterly Journal of the Geological
Society 117(1-4), 233–264.
URL: http://jgslegacy.lyellcollection.org/cgi/doi/10.1144/gsjgs.117.1.0233

Gilotti, J. A., Jones, K. A. & Elvevold, S. (2008), ‘Caledonian metamorphic patterns in
Greenland’, The geological society of America memoir 202(08), 201–225.
URL: http://memoirs.gsapubs.org/content/202/201.abstract

Glodny, J., Kühn, A. & Austrheim, H. (2008), ‘Geochronology of fluid-induced eclogite and
amphibolite facies metamorphic reactions in a subduction-collision system, Bergen Arcs,
Norway’, Contributions to Mineralogy and Petrology 156(1), 27–48.

Goodenough, K. M., Millar, I., Strachan, R. a., Krabbendam, M. & Evans, J. a. (2011),
‘Timing of regional deformation and development of the Moine Thrust Zone in the Scottish
Caledonides: constraints from the U-Pb geochronology of alkaline intrusions’, Journal of
the Geological Society 168(1), 99–114.
URL: http://jgs.lyellcollection.org/cgi/doi/10.1144/0016-76492010-020

Grimmer, J. C., Glodny, J., Druppel, K., Greiling, R. O. & Kontny, a. (2015), ‘Early- to
mid-Silurian extrusion wedge tectonics in the central Scandinavian Caledonides’, Geology
43(4), 347–350.
URL: http://geology.gsapubs.org/cgi/doi/10.1130/G36433.1



REFERENCES 200

Gromet, L. P. & Gee, D. G. (1998), ‘An evaluation of the age of high-grade metamorphism
in the Caledonides of Biskayerhalvøya, NW Svalbard’, GFF 120(2), 199–208.

Halliday, A. & Lee, D. (1998), ‘Applications of multiple collector-ICPMS to cosmochemistry,
geochemistry, and paleoceanography’, . . . et Cosmochimica Acta 62(6), 919–940.
URL: http://www.sciencedirect.com/science/article/pii/S001670379800057X

Heilimo, E., Halla, J. & Hölttä, P. (2010), ‘Discrimination and origin of the sanukitoid series:
Geochemical constraints from the Neoarchean western Karelian Province (Finland)’, Lithos
115(1-4), 27–39.
URL: http://dx.doi.org/10.1016/j.lithos.2009.11.001

Higgins, A. K. & Leslie, A. G. (2008), ‘Architecture and evolution of the east greenland
caledonides - an introduction’, Geological Society of America Memoirs 202(02), 29–53.

Holdsworth, R. E., Alsop, G. I. & Strachan, R. a. (2007), ‘Tectonic stratigraphy and structural
continuity of the northernmost Moine Thrust Zone and Moine Nappe, Scottish Caledonides’,
Geological Society, London, Special Publications 272(1), 121–142.
URL: http://sp.lyellcollection.org/cgi/doi/10.1144/GSL.SP.2007.272.01.08

Hughes, H. S. R., McDonald, I., Goodenough, K. M., Ciborowski, T. J. R., Kerr, A. C., Davies,
J. H. F. L. & Selby, D. (2014), ‘Enriched lithospheric mantle keel below the Scottish margin
of the North Atlantic Craton: Evidence from the Palaeoproterozoic Scourie Dyke Swarm
and mantle xenoliths’, Precambrian Research 250, 97–126.
URL: http://dx.doi.org/10.1016/j.precamres.2014.05.026

Jahn, B.-M., Glikson, A. Y., Peucat, J.-J. J. & Hickman, A. H. (1981), ‘REE geochemistry and
isotopic data of Archean silicic volcanics and granitoids from the Pilbara Block, Western
Australia: implications for the early crustal evolution’, Geochimica et Cosmochimica Acta
45(9), 1633–1652.
URL: http://linkinghub.elsevier.com/retrieve/pii/S0016703781800026

Jahn, I., Strachan, R. A., Fowler, M., Bruand, E., Kinny, P. D., Clark, C. & Taylor, R. J. M.
(2017), ‘Evidence from U – Pb zircon geochronology for early Neoproterozoic ( Tonian )
reworking of an Archaean inlier in northeastern Shetland , Scottish Caledonides’, Journal
of the Geological Society 174, 217–232.

Johansson, Å., Larionov, A. N., Gee, D. G., Ohta, Y., Tebenkov, A. M. & Sandelin, S. (2004),
‘Grenvillian and caledonian tectono-magmatic activity in northeasternmost svalbard’, Ge-
ological Society, London, Memoirs 30(1), 207–232.

Kalsbeek, F., Higgins, A. K., Jepsen, H. F., Nutman, A. P., Thrane, K., Nutman, A. P.
& Jepsen, H. F. (2008), ‘Granites and granites in the East Greenland Caledonides’, The
Greenland Caledonides: Evolution of the Northeast Margin of Laurentia 202(09), 227–249.
URL: http://jgs.lyellcollection.org/content/157/6/1215.short



REFERENCES 201

Kelley, S. P., Reddy, S. M. & Maddock, R. (1994), ‘Laser-probe 40Ar/39Ar investigation
of a pseudotachylyte and its host rock from the Outer Isles thrust, Scotland’, Geology
22(5), 443–446.

Kinny, P. D. & Friend, C. R. L. (1997), ‘U-Pb isotopic evidence for the accretion of differ-
ent crustal blocks to form the Lewisian Complex of northwest Scotland’, Contributions to
Mineralogy and Petrology 129(4), 326–340.
URL: http://link.springer.com/10.1007/s004100050340

Kinny, P., Friend, C. & Love, G. (2005), ‘Proposal for a terrane-based nomenclature for the
Lewisian Gneiss Complex of NW Scotland’, Journal of the Geological Society 162(1), 175–
186.
URL: http://jgs.lyellcollection.org/cgi/doi/10.1144/0016-764903-149

Kinny, P., Strachan, R., Friend, C., Kocks, H., Rogers, G. & Patterson, B. (2003), ‘U – Pb
geochronology of deformed metagranites in central Sutherland , Scotland : evidence for
widespread late Silurian metamorphism and ductile deformation of the Moine Supergroup
during the Caledonian orogeny’, Journal of the Geological Society, London 160, 259–269.

Kirkland, C., Daly, J. & Whitehouse, M. (2006), ‘Granitic magmatism of Grenvillian and late
Neoproterozoic age in Finnmark, Arctic Norway—Constraining pre-Scandian deformation
in the Kalak Nappe Complex’, Precambrian Research 145(1-2), 24–52.
URL: http://linkinghub.elsevier.com/retrieve/pii/S0301926805002287

Kirkland, C. L., Bingen, B., Whitehouse, M. J., Beyer, E. & Griffin, W. L. (2011), ‘Neopro-
terozoic palaeogeography in the North Atlantic Region: Inferences from the Akkajaure and
Seve Nappes of the Scandinavian Caledonides’, Precambrian Research 186(1-4), 127–146.
URL: http://dx.doi.org/10.1016/j.precamres.2011.01.010

Kirkland, C. L., Daly, J. S. & Whitehouse, M. J. (2007), ‘Provenance and terrane evolu-
tion of the kalak nappe complex, norwegian caledonides: Implications for neoproterozoic
palaeogeography and tectonics’, Jounrnal of Geology 115, 21–41.

Kirkland, C., Strachan, R. & a.R. Prave (2008), ‘Detrital zircon signature of the Moine
Supergroup, Scotland: Contrasts and comparisons with other Neoproterozoic successions
within the circum-North Atlantic region’, Precambrian Research 163(3-4), 332–350.
URL: http://linkinghub.elsevier.com/retrieve/pii/S0301926808000168

Knudsen, T.-L. (2000), ‘The provenance of Devonian sandstones from Shetland: a Sm-Nd and
trace element study’, Scottish Journal of Geology 36(1), 61–71.
URL: http://sjg.lyellcollection.org/cgi/doi/10.1144/sjg36010061

Kohn, M. J. (2009), ‘Models of garnet differential geochronology’, Geochimica et Cosmochim-
ica Acta 73(1), 170–182.
URL: http://dx.doi.org/10.1016/j.gca.2008.10.004



REFERENCES 202

Kretz, R. (1983), ‘Symbols for rock-forming minerals’, American mineralogist 68, 277–279.

Kuznetsov, N. B., Soboleva, A. A., Udoratina, O. V., Hertseva, M. V. & Andreichev,
V. L. (2007), ‘Pre-Ordovician tectonic evolution and volcano-plutonic associations of the
Timanides and northern Pre-Uralides, northeast part of the East European Craton’, Gond-
wana Research 12(3), 305–323.

Lambert, R. S. J. & McKerrow, W. S. (1976), ‘The Grampian Orogeny’, Scottish Journal of
Geology 12(4), 271–292.

Lancaster, P. J., Strachan, R. A., Bullen, D., Fowler, M., Jaramillo, M. & Saldarriaga, A. M.
(2017), ‘U – Pb zircon geochronology and geodynamic significance of ‘ Newer Granite ’
plutons in Shetland , northernmost Scottish Caledonides’, Journal of the Geological Society
.

Leslie, A. G., Smith, M. & Soper, N. J. (2008), ‘A template for Scotland and East Greenland’,
The geological society of America memoir 1202(November 2009), 307–343.

Leslie, A. G., Stephenson, D., Mendum, J. R., Fettes, D. J., Smith, C. G., Gould, D., Tanner,
P. W. G. & Smith, R. a. (2013), ‘The Dalradian rocks of the north-east Grampian Highlands
of Scotland’, Proceedings of the Geologists’ Association 124(1-2), 318–392.
URL: http://dx.doi.org/10.1016/j.pgeola.2012.07.010

Love, G. J., Friend, C. R. L. & Kinny, P. D. (2010), ‘Palaeoproterozoic terrane assembly in
the Lewisian Gneiss Complex on the Scottish mainland, south of Gruinard Bay: SHRIMP
U-Pb zircon evidence’, Precambrian Research 183(1), 89–111.
URL: http://dx.doi.org/10.1016/j.precamres.2010.07.014

Luais, B., Telouk, P. & Albarède, F. (1997), ‘Precise and accurate neodymium isotopic
measurements by plasma-source mass spectrometry’, Geochimica et Cosmochimica Acta
61(22), 4847–4854.
URL: http://linkinghub.elsevier.com/retrieve/pii/S0016703797002937

Ludwig, K. R. (2008), User manual for Isoplot 3.70 - A geochronological toolkit for Microsoft
Excel, Berkley Geolchronology Center.

Lugmair, G. & Marti, K. (1978), ‘Lunar initial 143nd/144nd: Differential evolution of the
lunar crust and mantle’, Earth and Planetary Science Letters 39(3), 349 – 357.
URL: http://www.sciencedirect.com/science/article/pii/0012821X78900213

Lundmark, a., Corfu, F., Spurgin, S. & Selbekk, R. (2007), ‘Proterozoic evolution and prove-
nance of the high-grade Jotun Nappe Complex, SW Norway: U–Pb geochronology’, Pre-
cambrian Research 159(3-4), 133–154.
URL: http://linkinghub.elsevier.com/retrieve/pii/S0301926807000800



REFERENCES 203

Majka, J., Stanislaw, M., Manecki, M., Czerny, J. & Holm, D. (2008), ‘Late neoproterozoic
amphibolite-facies metamorphism of a pre-caledonian basement block in southwest wedel
jarlsberg land, spitsbergen: new evidence from u-th-pb dating of monazite’, Geological
Magazine 145(5), 822–830.

Manecki, M., Holm, D. K., Czerny, J. & Lux, D. (1998), ‘Thermochronological evidence
for late Proterozoic (Vendian) cooling in southwest Wedel Jarlsberg Land, Spitsbergen’,
Geological Magazine 135(1), 63–69.

Manning, C. J. & Thirlwall, M. F. (2014), ‘Isotopic evidence for interaction between Öraefa-
jökull mantle and the Eastern Rift Zone, Iceland’, Contributions to Mineralogy and Petrol-
ogy 167(1), 1–22.

Marcantonio, F., Dickin, A., McNutt, R. & Heaman, L. M. (1988), ‘A 1,800-million-year-old
Proterozoic gneiss terrane in Islay with crustal implications for the crustal structure and
evolution of Britain’, Nature 335, 62–64.

Martin, H. (1993), ‘The Mechanisms of Petrogenesis of the Archean Continental-Crust - Com-
parison with Modern Processes’, Lithos 30(3-4), 373–388.

May, F. (1970), ‘Movement, metamorphism, and migmatization in the scalloway region of
shetland’, Bulletin of the Geological Survey of Great Britain 31(205-226).

McBride, J. H. & England, R. W. (1994), ‘Deep seismic reflection structure of the Caledonian
orogenic front west of Shetland’, Journal of the Geological Society 151(1), 9–16.
URL: http://jgs.lyellcollection.org/cgi/doi/10.1144/gsjgs.151.1.0009

McKerrow, W. S., Leggett, J. K. & Eales, M. H. (1977), ‘Imbricate thrust model of the
Southern Uplands of Scotland’, Nature 267, 237–239.

Millar, I. L. (1999), ‘Neoproterozoic extensional basic magmatism associated with the West
Highland granite gneiss in the Moine Supergroup of NW Scotland’, Journal of the Geological
Society 156(6), 1153–1162.
URL: http://jgs.lyellcollection.org/cgi/doi/10.1144/gsjgs.156.6.1153

Möller, C., Andersson, J., Lundqvist, I. & Hellström, F. (2007), ‘Linking deformation,
migmatite formation and zircon u–pb geochronology in polymetamorphic orthogneisses,
sveconorwegian province, sweden’, Journal of Metamorphic Geology 25(7), 727–750.

Moorbath, S., Welke, H. & Gale, N. H. (1969), ‘The significance of lead isotope studies in
ancient, high-grade metamorphic basement complexes, as exemplified by the Lewisian rocks
of Northwest Scotland’, Earth and Planetary Science Letters 6, 245–256.

Mørk, M., Kullerud, K. & Stabel, A. (1988), ‘Sm-nd dating of seve eclogites, norrbotten,
sweden - evidence for early caledonian (505 ma) subduction’, Contributions to Mineralogy
and Petrology 99, 344–351.



REFERENCES 204

Moyen, J.-F. & Martin, H. (2012), ‘Forty years of TTG research’, Lithos 148, 312–336.
URL: http://linkinghub.elsevier.com/retrieve/pii/S0024493712002332

Müller, W., Dallmeyer, R. D., Neubauer, F. & Thöni, M. (1999), ‘Deformation-induced reset-
ting of Rb / Sr and 40 Ar / 39 Ar mineral systems in a low-grade , polymetamorphic terrane
( Eastern Alps , Austria )’, Jounrnal of the Geological Society, London 156, 261–278.

Müller, W., Shelley, M., Miller, P. & Broude, S. (2009), ‘Initial performance metrics of a new
custom-designed ArF excimer LA-ICPMS system coupled to a two-volume laser-ablation
cell’, Journal of Analytical Atomic Spectrometry 24(2), 209.
URL: http://xlink.rsc.org/?DOI=b805995k

Mykura, W. (1976), Orkney and Shetland, Institute of Geological Sciences Memoir.

Nebel, O. & Mezger, K. (2006), ‘Reassessment of the NBS SRM-607 K-feldspar as a high
precision Rb/Sr and Sr isotope reference’, Chemical Geology 233(3-4), 337–345.
URL: http://linkinghub.elsevier.com/retrieve/pii/S0009254106001513

Nebel, O., Mezger, K., Scherer, E. & Münker, C. (2005), ‘High precision determinations of
87Rb/85Rb in geologic materials by MC-ICP-MS’, International Journal of Mass Spectrom-
etry 246(1-3), 10–18.
URL: http://linkinghub.elsevier.com/retrieve/pii/S1387380605001934

Oliver, G. J. H., Chen, F., Buchwaldt, R. & Hegner, E. (2000), ‘Fast tectonometamorphism
and exhumation in the type area of the Barrovian and Buchan zones’, Geology 28(5), 459–
462.

Palme, H., Lodders, K. & Jones, A. (2014), Solar System Abundances of the Elements, Vol. 2,
2 edn, Elsevier Ltd.
URL: http://dx.doi.org/10.1016/B978-0-08-095975-7.00118-2

Palme, H. & O’Neill, H. S. C. (2014), Cosmochemical estimates of mantle composition BT -
Treatise on Geochemistry, Vol. 2, 2 edn.

Park, R., Stewart, A. & Wright, D. (2002), The hebridean terrane, in N. Trewin, ed., ‘The
Geology of Scotland’, 4 edn, Geological Society, pp. 45–80.

Paulsson, O. & Andréasson, P.-G. (2002), ‘Attempted break-up of rodinia at 850 ma:
geochronological evidence from the seve–kalak superterrane, scandinavian caledonides’,
Journal of the Geological Society 159(6), 751–761.

Peach, B. N., Horne, J., Gunn, W., Clough, C. & Hinxman, L. W. (1907), The geological
structure of the Northwest Highlands of Scotland, The Geological Survey of Great Britain.

Pettersson, C. H., Tebenkov, A. M., Larionov, A. N., Andresen, A. & Pease, V. (2009),
‘Timing of migmatization and granite genesis in the Northwestern Terrane of Svalbard ,



REFERENCES 205

Norway : implications for regional correlations in the Arctic Caledonides.’, Journal of the
Geological Society 166, 147–158.

Pickering, K. T., Bassett, M. G. & Siveter, D. J. (1988), ‘Late Ordovician - early Silurian de-
struction of the Iapetus Ocean: Newfoundland, British Isles and Scandinavia: a discussion’,
Transactions of the Royal Society of Edinburgh: Earth Sciences 79, 361–382.

Polat, A. & Hofmann, A. W. (2003), ‘Alteration and geochemical patterns in the 3.7-3.8 Ga
Isua greenstone belt, West Greenland’, Precambrian Research 126(3-4), 197–218.

Pollington, A. D. & Baxter, E. F. (2010), ‘High resolution Sm–Nd garnet geochronology
reveals the uneven pace of tectonometamorphic processes’, Earth and Planetary Science
Letters 293(1-2), 63–71.
URL: http://linkinghub.elsevier.com/retrieve/pii/S0012821X10001214

Pollington, A. D. & Baxter, E. F. (2011), ‘High precision microsampling and preparation of
zoned garnet porphyroblasts for Sm–Nd geochronology’, Chemical Geology 281(3-4), 270–
282.
URL: http://linkinghub.elsevier.com/retrieve/pii/S0009254110004614

Prave, A. R., Strachan, R. & Fallick, A. (2009), ‘Global C cycle perturbations recorded in
marbles: a record of Neoproterozoic earth history within the Dalradian succession of the
Shetland Islands, Scotland’, Journal of the Geological Society 166, 129–135.
URL: http://dx.doi.org/10.1144/0016-76492007-126

Prichard, H. M. (1985), The Shetland ophiolite, in D. G. Gee & B. Stewart, eds, ‘The Cale-
donide Orogen - Scandinavia and related areas’, Wiley, pp. 1173–1184.

Pringle, I. R. (1970), ‘The structural geology of the North Roe area of Shetland’, Geological
Journal 7(1), 147–170.

Read, H. (1934), ‘The Metamorphic Geology of Unst In The Shetland Islands’, Quarterly
Journal of the Geological Society xc(360).

Ritchie, J. D. & Darbyshire, D. P. F. (1984), ‘Rb-Sr dates on Precambrian rocks from marine
exploration wells in and around the West Shetland Basin’, Scottish Journal of Geology
20(1), 31–36.
URL: http://sjg.lyellcollection.org/cgi/doi/10.1144/sjg20010031

Ritchie, J. D. & Hitchen, K. (1993), ‘Discussion on the location and history of the Walls
Boundary fault and Moine thrust north and south of Shetland’, Journal of the Geological
Society 150(5), 1003–1008.
URL: http://jgs.lyellcollection.org/cgi/doi/10.1144/gsjgs.150.5.1003

Ritchie, J. D., Hitchen, K. & Mitchell, J. G. (1987), ‘The offshore continuation of the Moine
Thrust north of Shetland as deduced from basement isotopic ages’, Scottish Journal of



REFERENCES 206

Geology 23(2), 163–173.
URL: http://sjg.lyellcollection.org/cgi/doi/10.1144/sjg23020163

Roberts, D. (2003), ‘The Scandinavian Caledonides: event chronology, palaeogeographic set-
tings and likely modern analogues’, Tectonophysics 365(1-4), 283–299.
URL: http://linkinghub.elsevier.com/retrieve/pii/S004019510300026X

Rogers, G., Hyslop, E. K., Strachan, R. a., Paterson, B. a. & Holdsworth, R. E. (1998), ‘The
structural setting and U-Pb geochronology of Knoydartian pegmatites in W Inverness-shire:
evidence for Neoproterozoic tectonothermal events in the Moineof NW Scotland’, Journal
of the Geological Society 155(4), 685–696.
URL: http://jgs.lyellcollection.org/cgi/doi/10.1144/gsjgs.155.4.0685

Rollinson, H. (2012), ‘Geochemical constraints on the composition of Archaean lower con-
tinental crust: Partial melting in the Lewisian granulites’, Earth and Planetary Science
Letters 351-352, 1–12.
URL: http://linkinghub.elsevier.com/retrieve/pii/S0012821X12003858

Rollinson, H. R. (1996), ‘Tonalite-trondhjemite-granodiorite magmatism and the genesis of
Lewisian crust during the Archaean’, Geological Society Special Publication (112), 25–42.

Russell, W. A., Papanastassiou, D. A. & Tombrello, T. A. (1978), ‘Ca Isotope Fractionation on
Earth and Other Solar-System Materials’, Geochimica et Cosmochimica Acta 42(8), 1075–
1090.

Sanders, I. S., Daly, J. S. & Davies, G. R. (1987), ‘Late Proterozoic High-pressure granulite fa-
cies metamorphism in the north-east Ox inlier, north-west Ireland’, Journal of Metamorphic
Geology 5(1), 69–85.

Schaltegger, U., Schmitt, A. K. & Horstwood, M. S. A. (2015), ‘U-Th-Pb zircon geochronology
by ID-TIMS, SIMS, and laser ablation ICP-MS: Recipes, interpretations, and opportuni-
ties’, Chemical Geology 402, 89–110.
URL: http://dx.doi.org/10.1016/j.chemgeo.2015.02.028

Scherer, E., Münker, C. & Mezger, K. (2001), ‘Calibration of the Lutetium-Hafnium Clock’,
Science 293, 683–687.

Schmidt, A., Pourteau, A., Candan, O. & Oberhänsli, R. (2015), ‘Lu–Hf geochronology on
cm-sized garnets using microsampling: New constraints on garnet growth rates and dura-
tion of metamorphism during continental collision (Menderes Massif, Turkey)’, Earth and
Planetary Science Letters 432, 24–35.
URL: http://linkinghub.elsevier.com/retrieve/pii/S0012821X15005828

Sherlock, S. C., Strachan, R. a. & Jones, K. a. (2009), ‘High spatial resolution 40Ar/39Ar
dating of pseudotachylites: geochronological evidence for multiple phases of faulting



REFERENCES 207

within basement gneisses of the Outer Hebrides (UK)’, Journal of the Geological Soci-
ety 166(6), 1049–1059.
URL: http://jgs.lyellcollection.org/cgi/doi/10.1144/0016-76492008-125

Skora, S., Baumgartner, L. P., Mahlen, N. J., Johnson, C. M., Pilet, S. & Hellebrand, E.
(2006), ‘Diffusion-limited REE uptake by eclogite garnets and its consequences for Lu–Hf
and Sm–Nd geochronology’, Contributions to Mineralogy and Petrology 152(6), 703–720.
URL: http://www.springerlink.com/index/10.1007/s00410-006-0128-x

Skora, S., Baumgartner, L. P., Mahlen, N. J., Lapen, T. J., Johnson, C. M. & Bussy, F.
(2008), ‘Estimation of a maximum Lu diffusion rate in a natural eclogite garnet’, Swiss
Journal of Geosciences 101(3), 637–650.
URL: http://link.springer.com/10.1007/s00015-008-1268-y

Smit, M. a., Brocker, M., Kooijman, E. & Scherer, E. E. (2011), ‘Provenance and exhumation
of an exotic eclogite-bearing nappe in the Caledonides: a U-Pb and Rb-Sr study of the
Jaeren nappe, SW Norway’, Journal of the Geological Society 168(2), 423–439.
URL: http://jgs.lyellcollection.org/cgi/doi/10.1144/0016-76492010-096

Smit, M. A., Scherer, E. E., Bröcker, M. & van Roermund, H. L. M. (2010), ‘Timing of
eclogite facies metamorphism in the southernmost Scandinavian Caledonides by Lu-Hf and
Sm-Nd geochronology’, Contributions to Mineralogy and Petrology 159(4), 521–539.

Smit, M. a., Scherer, E. E. & Mezger, K. (2013), ‘Peak metamorphic temperatures from cation
diffusion zoning in garnet’, Journal of Metamorphic Geology 31(3), 339–358.
URL: http://doi.wiley.com/10.1111/jmg.12024

Söderlund, U., Möller, C., Andersson, J., Johansson, L. & Whitehouse, M. (2002), ‘Zir-
con geochronology in polymetamorphic gneisses in the sveconorwegian orogen, sw sweden:
ion microprobe evidence for 1.46–1.42 and 0.98–0.96 ga reworking’, Precambrian Research
113(3), 193–225.

Soper, N. J. & Harris, A. L. (1997), ‘Report: Highland field workshops 1995-1996’, Scottish
Journal of Geology 33, 187–190.

Soper, N. J., Strachan, R. a., Holdsworth, R., Gayer, R. A. & Greiling, R. O. (1992), ‘Sinistral
transpression and the Silurian closure of Iapetus’, Journal of the Geological Society, London
149, 871–880.

Spray, G. (1991), ‘Late Caledonian northeastward ophiolite thrusting in the Shetland Islands,
U.K. - Discussion of the obduction process’, Tectonophysics 188, 393–397.

Spray, J. G. (1988), ‘Thrust-related metarnorphism beneath the Shetland Islands oceanic
fragment, northeast Scotland’, Canadian Journal of Earth Sciences 25, 1760–1776.



REFERENCES 208

Spray, J. G. & Dunning, G. R. (1991), ‘A U/Pb age for the Shetland Islands oceanic frag-
ment, Scottish Caledonides: evidence from anatectic plagiogranites in ’layer 3’ shear zones’,
Geological Magazine 128, 667–671.

Stephenson, D., Mendum, J. R., Fettes, D. J. & Leslie, a. G. (2013), ‘The Dalradian rocks of
Scotland: an introduction’, Proceedings of the Geologists’ Association 124(1-2), 3–82.
URL: http://linkinghub.elsevier.com/retrieve/pii/S0016787812000600

Stone, P. (2014), ‘The Southern Uplands Terrane in Scotland – a notional controversy revis-
ited’, Scottish Journal of Geology (2).
URL: http://sjg.lyellcollection.org/content/early/2014/09/11/sjg2014-001.abstract

Stone, P., Floyd, J. D., Barnes, R. P. & Lintern, B. C. (1987), ‘A sequential back-arc and
foreland basin thrust duplex model for the Southern Uplands of Scotland’, Journal of the
Geological Society 144(5), 753–764.
URL: http://jgs.lyellcollection.org/cgi/doi/10.1144/gsjgs.144.5.0753

Strachan, R. a. & Holdsworth, R. E. (1988), ‘Basement-cover relationships and structure
within the Moine rocks of central and southeast Sutherland’, Journal of the Geological
Society 145(1), 23–36.
URL: http://jgs.lyellcollection.org/cgi/doi/10.1144/gsjgs.145.1.0023

Strachan, R. a., Holdsworth, R. E., Krabbendam, M. & Alsop, G. I. (2010), ‘The Moine Super-
group of NW Scotland: insights into the analysis of polyorogenic supracrustal sequences’,
Geological Society, London, Special Publications 335(1), 233–254.
URL: http://sp.lyellcollection.org/cgi/doi/10.1144/SP335.11

Strachan, R. A., Nutman, A. P. & Friderichsen, J. D. (1995), ‘Shrimp u-pb geochronology an
metmamorphic history of the smallefjord sequence, ne greenland caledonides’, Journal of
the Geological Society, London 152, 779–784.

Strachan, R. a., Prave, a. R., Kirkland, C. L. & Storey, C. D. (2013), ‘U-Pb detrital zircon
geochronology of the Dalradian Supergroup, Shetland Islands, Scotland: implications for
regional correlations and Neoproterozoic-Palaeozoic basin development’, Journal of the Ge-
ological Society .
URL: http://jgs.lyellcollection.org/cgi/doi/10.1144/jgs2013-057

Strachan, R. A., Smith, M., Harris, A. L. & Fettes, D. J. (2002), The northern highland and
grampian terranes, in N. Trewin, ed., ‘The Geology of Scotland’, 4 edn, Geological Society,
pp. 81–147.

Tanner, P. W. G. & Evans, J. (2003), ‘Late Precambrian U – Pb titanite age for peak regional
metamorphism and deformation ( Knoydartian orogeny ) in the western Moine , Scotland’,
Journal of the Geological Society, London 160, 555–564.



REFERENCES 209

Tarney, J. & Weaver, B. L. (1987), ‘Mineralogy, petrology and geochemistry of the Scourie
dykes: petrogenesis and crystallization processes in dykes intruded at depth’, Geological
Society, London, Special Publications 27(1), 217–233.
URL: http://sp.lyellcollection.org/cgi/doi/10.1144/GSL.SP.1987.027.01.19

Thirlwall, M. (1991a), ‘Long-term reproducibility of multicollector Sr and Nd isotope ratio
analysis’, Chemical Geology 94(2), 85–104.
URL: http://linkinghub.elsevier.com/retrieve/pii/S000925411080021X

Thirlwall, M. & Anczkiewicz, R. (2004), ‘Multidynamic isotope ratio analysis using MC–ICP–
MS and the causes of secular drift in Hf, Nd and Pb isotope ratios’, International Journal
of Mass Spectrometry 235(1), 59–81.
URL: http://linkinghub.elsevier.com/retrieve/pii/S1387380604001447

Thirlwall, M. F. (1991b), ‘High-precision multicollector isotopic analysis of low levels of Nd
as oxide’, Chemical Geology 94, 13–22.

Vance, D., R.A. Strachan & Jones, K. (1998), ‘Extensional versus compressional settings for
metamorphism : Garnet chronometry and pressure-temperature-time histories in the Moine
Supergroup , northwest Scotland’, Geology 26(10), 927–930.

Vance, D. & Thirlwall, M. (2002), ‘An assessment of mass discrimination in MC-ICPMS using
Nd isotopes’, Chemical Geology 185(3-4), 227–240.
URL: http://linkinghub.elsevier.com/retrieve/pii/S0009254101004028

Villa, I., De Bièvre, P., Holden, N. & Renne, P. (2015), ‘IUPAC-IUGS recommendation on
the half life of 87Rb’, Geochimica et Cosmochimica Acta 164, 382–385.
URL: http://linkinghub.elsevier.com/retrieve/pii/S0016703715003208

Waight, T., Baker, J. & Willigers, B. (2002), ‘Rb isotope dilution analyses by MC-ICPMS
using Zr to correct for mass fractionation: towards improved Rb–Sr geochronology?’, Chem-
ical Geology 186(1-2), 99–116.
URL: http://linkinghub.elsevier.com/retrieve/pii/S000925410100420X

Waldron, J. W. F., Schofield, D. I., Dufrane, S. a., Floyd, J. D., Crowley, Q. G., Simonetti,
a., Dokken, R. J. & Pothier, H. D. (2014), ‘Ganderia-Laurentia collision in the Caledonides
of Great Britain and Ireland’, Journal of the Geological Society .
URL: http://jgs.lyellcollection.org/cgi/doi/10.1144/jgs2013-131

Walker, S., Thirlwall, M., Strachan, R. A. & Bird, A. F. (2016), ‘Evidence from Rb-Sr mineral
ages for multiple orogenic events in the Caledonides of Shetland, Scotland’, Journal of the
Geological Society, 173, 489–503.

Wang, X.-D., Söderlund, U., Lindh, A. & Johansson, L. (1998), ‘U–pb and sm–nd dating of
high-pressure granulite-and upper amphibolite facies rocks from sw sweden’, Precambrian
Research 92(4), 319–339.



REFERENCES 210

Wasserburg, G., Jacousen, S., DePaolo, D., McCulloch, M. & Wen, T. (1981), ‘Precise deter-
mination of ratios, Sm and Nd isotopic abundances in standard solutions’, Geochimica et
Cosmochimica Acta 45(Table 1), 2311–2323.

Waters, F. G., Cohen, A. S., O’Nions, R. K. & O’Hara, M. J. (1990), ‘Development of
Archaean lithosphere deduced from chronology and isotope chemistry of Scourie Dykes’,
Earth and Planetary Science Letters 97(3-4), 241–255.

Watson, J. S. (1996), ‘Fast , Simple Method of Powder Pellet Preparation for X-Ray Fluores-
cence Analysis’, X-Ray Spectrometry 25(February), 173–174.

Watts, L., Holdsworth, R., Sleight, J., Strachan, R. & Smith, S. (2007), ‘The movement
history and fault rock evolution of a reactivated crustal-scale strike-slip fault: the Walls
Boundary Fault Zone, Shetland’, Journal of the Geological Society 164(5), 1037–1058.
URL: http://jgs.lyellcollection.org/cgi/doi/10.1144/0016-76492006-156

Whitehouse, M. J. (1989), ‘Sm-Nd evidence for diachronous crustal accretion in the Lewisian
complex of northwest Scotland’, Tectonophysics 161(200), 245–256.


	Declaration of Authorship
	Abstract
	Acknowledgements
	Introduction and a geological framework for Shetland
	Introduction
	Geological overview of the British and Irish Caledonides
	The Hebridean Terrane
	The Northern Highland Terrane
	The Grampian Highland Terrane
	Intermediate accreted terranes

	Shetland
	Geological overview
	Tectonostratigraphy
	Basement
	Sand Voe, Yell Sound, and Westing Groups
	Walls Metamorphic Series
	East Mainland Succession
	Shetland Ophiolite Complex

	Post Caledonian igneous rocks

	The wider Caledonian orogenic belt
	East Greenland and Svalbard
	Scandinavia

	Orogenic events
	Neoproterozoic
	Cambrian-Devonian


	Thesis aims and objectives
	Thesis objectives

	Thesis overview

	Methodological review and analytical techniques
	Introduction
	Choice of garnet and mica dating
	Age Calculations and equations
	Closure temperatures
	What do garnet ages represent?
	Dating of garnet cores and rims
	Rb-Sr mica geochronology

	Sample Preparation
	Sample Collection
	Rock Crushing
	Mineral Separation

	X-Ray Fluorescence Spectrometry
	Fused discs - major elements
	Pressed powder pellets - trace elements
	Analysis

	LA-ICPMS
	Spiking and Dissolution for isotope dilution analysis
	Whole-rock REE pattern analysis by Isotope Dilution
	Micas and Feldspars
	Garnets

	Ion exchange chromatography
	Rb-Sr geochronology
	Lu-Hf and Sm-Nd

	Mass Spectrometry
	TIMS Neodymium
	Mica geochronology
	Garnet geochronology


	Petrogenesis of the North Roe basement gneisses
	Synopsis
	Introduction
	Geological background
	Archaean and Palaeoproterozoic rocks of the North Atlantic
	Basement rocks in Shetland
	Previous geochronological constraints on the North Roe gneisses

	Field relationships
	Analytical techniques
	Geochemistry
	Felsic orthogneisses
	Fugla Ness metagabbro
	Blue Head metagabbro

	Nd isotopes

	Discussion
	Assessment of post magmatic alteration
	Petrogenesis
	Felsic orthogneisses
	Fugla Ness metagabbro
	Blue Head metagabbro

	Neodymium isotopes
	Geodynamic and regional implications

	Conclusions

	Garnet dating of peak metamorphism
	ARTICLE: Constraining the timing of orogenesis in Shetland using garnet geochronology

	Rb-Sr dating of mica fabrics
	ARTICLE: Evidence from Rb-Sr mineral ages for multiple orogenic events in the Caledonides of Shetland, Scotland
	Supplementary information for Walker2016
	Detailed appraisal of biotite petrography
	SW12-03 (biotite Rb-Sr age: 440.4pm1.3 Ma)
	SW12-06 (biotite Rb-Sr age: 417.1pm1.2 Ma)
	SW12-10 (biotite Rb-Sr age: 419.0pm1.1 Ma)
	SW12-11 (biotite Rb-Sr age: 410.4pm1.1 Ma)
	SW12-14 (biotite Rb-Sr age: 444.0pm1.0 Ma)


	Summary and conclusions
	North Roe: foreland or inlier?
	Significance of metamorphic ages from North Roe

	Neoproterozoic orogeny in Shetland
	Ediacaran garnet ages
	Caledonian tectonism in Shetland
	Diagrammatic overview of geological events in Shetland
	Relationship between garnet and mica ages
	Suggestions for further work

	Standard data
	Data Tables for Chapter 3
	Supplementary Information for Chapter 4
	LA-ICPMS garnet traverses

