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Abstract

EMPA U-Th-Pb and LA-ICPMS U-Pb monazite data and pressure-temperature calculations on
lower to upper amphibolite facies rocks in the Shetland Islands constrain the evolution of
Caledonian metamorphism and have identified an carly Neoproterozoic metamorphic basement
to the Dalradian Supergroup. EMPA monazite and LA-ICPMS data suggest that peak
metamorphism occurred at ¢. 460 Ma in the central and northern Shetland Islands, and at c. 910
Ma in the basement sequences. These Neoproterozoic age samples have no evidence of
Caledonian aged monazite and have been interpreted to be a metamorphic basement to the
Dalradian, possibly forming part of the Moine Supergroup. Low-grade rocks immediately
beneath the Shetland ophiolite on the island of Unst are characterised by garnet-staurolite-
chloritoid-chlorite assemblages with up-P prograde paths culminating in peak conditions of ¢.
550°C and 7-8 kbars. In the slightly higher-grade rocks on Yell, prograde staurolite-biotite-
muscovite assemblages have been replaced by peak gamet-kyanite assemblages that formed at c.
650°C and 8 kbar. At Lunna Ness on North-eastern Mainland, metapelites had peak assemblages
of gamet-sillimanite-biotite-rutile-quartz, which replaced the earlier garnet-biotite-muscovite-
kyanite-quartz assemblages. In mafic lithologies, the peak assemblages are defined by garnet-
hornblende-plagioclase-quartz. Peak assemblages were associated with partial melting and local
granite emplacement and formed at around 700-800°C and 9-10 kbar. Based on available data,
the thickness of the Shetland ophiolite is insufficient to have generated the peak metamorphic
pressures via obduction. It is therefore likely that peak Caledonian metamorphism predates the

ophiolite obduction event.

The Caledonian Orogen (Fig. 1A) marks the collision of Baltica and Laurentia in an event that
produced an orogenic belt of Himalayan scale. The products of this orogenic event arc preserved
in east Greenland (Kalsbeek et al. 2000; Watt et al. '2000; Watt & Thrane 2001; Gilotti &
Elvevold 2002), western Scandinavia (Schwab et al. 1988; Daly et al. 1991; McKerrow et al.
2000; Roberts 2003), the British Isles (Noble et al. 1996; Highton et al. 1999; Millar 1999,
Soper ef al. 1999; Strachan 2000; Strachan ef a/. 2002) and in the Appalachian belt of the eastern
United States (Schwab et al. 1988; McKerrow et al. 2000; Murphy et al. 2004; Murphy et al.
2004).

In recognition of the importance of the Caledonian Orogeny in shaping the tectonic architecture

of northemn Scotland and Ireland (e.g. Highton et al. 1999; Soper et al. 1999; Strachan 2000;



Strachan et al. 2002), there has been an enormous amount of work undertaken to understand the
stratigraphic development of the basins and their basement, which were deformed in the
Caledonian Orogeny, the timing of events, the structural architecture and evolution and the
metamorphic conditions that accompanied deformation (e.g. Schwab et al. 1988; Millar 1999;
Soper et al. 1999; McKerrow et al. 2000; Strachan 2000; Strachan et al. 2002). In many ways,
the early work on the Caledonian marked the birth of modern tectonic analysis and was pivotal in

seminal works such as Ramsay (1963).

The Caledonian is defined by two phases of orogenesis. The earliest event is the Grampian
Event, which occurred between about 480 to 460 Ma with probable peak metamorphism at c.
470 Ma (Soper ef al. 1999; Oliver ef al. 2000; Strachan et al. 2002). In the Scottish Highlands,
the Grampian orogenic event caused deformation in the Grampian Highlands (the region
between the Great Glen Fault and the Highland Boundary Fault; (Fig. 1B) an area consisting
primarily of Dalradian Supergroup sequences). Deformation in the Dalradian Supergroup
consists of the formation of large-scale recumbent folds such as the Kinlochleven antiform.
Folding was accompanied by shear zone formation. Several generations of folding occurred,
deformation was accompanied by regional prograde metamorphism to amphibolite facies
(Phillips et al. 1999). The Grampian orogenic event is thought to have been caused by the onset
of closure of the Iapefus Ocean, specifically by the collision between an oceanic arc and
Laurentia (Dewey & Ryan 1990; Soper et al. 1999; Phillips ef af. 1999; Strachan 2000; Strachan
et al. 2002).

The later Scandian Event {435-410 Ma; Strachan ef al. 2002; Kinny et al. 2003) is thought to
mark the completion of closure of the Iapetus Ocean with the collision between Baltica and
Laurentia. The Scandian Event principally affected the Moine Supergroup, creating the tectonic
form surface within the Moine metasediments (Friend et al. 1997; Kinny et al. 1999; Strachan ef
al. 2002; Kinny ef af. 2003) and generating west-vergent basement-cored nappe systems (Friend
et al. 1997; Rogers et al. 1998; Storey et al. 2004). It was probably also at this time that most of
the movement occurred along the large thrusts and sinistral strike slip faults in the region
(Strachan et al. 2002; Storey et al. 2004). These structures include the Moine Thrust, which
transported the orogen for up to 150 km westwards across Cambrian limestones and
Palaeoproterozoic basement in the Caledonian foreland (Friend et al. 1997; Rogers et al. 1998,
Strachan et al. 2002; Friend et al. 2003). It is thought that the strike slip faults have taken up to
2000 km of slip, with the Great Glen Fault taking up to 200 km alone and juxtaposing the



Northern Highland and Grampian terranes. For this reason the effects of the Scandian Event are
restricted to the Northern Highland terrane since the two regions were not in close proximity
during the Scandian. In the Northern Highland terrain, the Scandian Event was associated with
Barrovian metamorphism with the development of garnet-staurolite-kyanite-bearing assemblages
that formed at around 8 kbar and 650°C (Strachan ef al. 2002).

The vast bulk of the work on the Caledonian of the British Isles has focussed on Scotland and
Northern Ireland (Highton et al. 1999; Phillips et al. 1999; Robertson & Smith 1999; Smith et al.
1999; Strachan 2000; Strachan et al. 2002). In contrast, comparatively little effort has been
focussed on the part of the orogen preserved in the Shetland Islands (e.g. Flinn & Pringle 1976;
Flinn 1985; Prichard 1985; Fig. 2). This is despite the Shetland Islands containing an equivalent
stratigraphic architecture to the Northern Highland and Grampian terranes (Flinn 1985; Strachan
et al. 2002), which are separated by the interpreted extension of the Great Glen Fault (Flinn
19835; Ritchie et al. 1987; Flinn & Oglethorpe 2005). The western margin of the orogen in the
Shetland region is bounded by the extension of the Moine Thrust, which carries the orogen
across an undeformed Palacoproterozoic foreland (Ritchie et al. 1987). Additionally the Shetland
Islands contain a well-preserved ophiolite package sitting at the top of the structural section
(Flinn 1985; Prichard 1985; Spray 1988; Spray & Dunning 1991; Strachan et al. 2002; Flinn &
Oglethorpe 2005). Therefore the Shetlands arguably preserves the best cross section of the
Caledonian Orogen in the British Istes. Despite easy accessibility and extensive outcrop there has
been comparatively little work done to constrain the timing of tectonic events and the P-T

evolution associated with Caledonian deformation.

In this study an integrated approach using metamorphic pressure-temperature calculations and
EMPA U-Th-Pb and LA-ICPMS U-Pb monazite dating is used to determine the physical
conditions and evolution of metamorphic assemblages in the Shetland Islands, and to constrain
the timing of tectonism. This represents one of the few studies of this type undertaken in the
Shetland section of the Caledonian Orogeny, and is the first study to directly date the timing of
peak metamorphism in that part of the orogen. The results of this study show that Barrovian
prograde Caledonian metamorphism at ¢. 465 Ma was associated with up-pressure P-T paths
culminating in burial depths of around 30 km under modest geothermal gradients. This
metamorphic expression is consistent with crustal thickening in a convergent orogen. The
geochronological data has also identified the presence of an early Neoproterozoic metamorphic

basement to the Dalradian sequences.



Geological setting
The geology of the Shetland Islands can be roughly divided into five time slices (Fig. 2):

1.  Lewisian >1800 Ma,

2.  Moine Superoup sedimentary succession ¢. 950-850 Ma,

3. Dalradian Supergroup sedimentary succession ¢. 600-480 Ma,

4.  Caledonian Orogenesis (including emplacement of the Shetland Ophiolite) c. 480-410 Ma,
5.  Silurian to recent units (post 430 Ma)

Lewisian

In the west of the Shetland Islands are the Archaean to Paleoproterozoic rocks that comprise the
foreland to the Caledonian Orogen. These are exposed in North Mainland and parts of Yell (Fig.
2). There are two types of basement gneiss, the western and the eastern. The western gneisses are
banded orthogneisses with some interbanded amphibolites, which are cut by foliated pegmatites
(Flinn 1985). A zone of mylonitization and shearing is present within these gneisses. Hornblende
grains taken from an intrusion into these gneisses have given K-Ar ages of 2873-2661 Ma (Flinn
et al. 1979; Flinn 1985). The eastern gneisses are very similar to the Lewisian inlier of Scotland
(Flinn 1985). These gneisses are schistose, feldspathic rocks with bands of amphibolite and
contain lenses of serpentinite ranging in size from a few cm to tens of metres. A large body of
serpentinised ultrabasic rock gave K-Ar ages ranging from 2313-1043 Ma (Flinn et al. 1979;
Flipn 1985).

Moine Supergroup

Directly to the east of the Archaean-Palacoproterozoic Lewisian is the Moine Supergroup, which
outcrops in North Mainland and makes up all of the island of Yell, where it is locally known as
the Yell Sound Division (Fig. 2; Flinn 1985; Flinn 1994). ‘The Moine sequences of North
Mainland are interleaved with the Lewisian basement gneisses discussed above (Fig. 2; Flinn
1985; Strachan et al. 2002). The rocks of North Mainland are predominantly silicious psammites
however, garnet-mica psammites and metapelites are also present. The entire sequence is highly
schistose and this increases near contacts with the basement gneisses. Bands of pelitic gamet-
mica schists occur frequently in the sequence but are more common near contacts with the

basement gneisses (Flinn 1985).



The Yell Sound Division lies to the east of the Walls Boundary Fault in the Shetland Islands and
has also been equated with the Moine Supergroup of Scotland, which was deposited between c.
1000 and 900 Ma (Noble et al. 1996; Millar ef al. 1999; Tanner & Bluck 1999; Strachan et al.
2002). This sequence may have been separated by 200 km laterally from the Moine rocks of
North Mainland (Flinn et al. 1972; Flinn 1985; Strachan et al. 2002). The Yell Sound Division
consists of steeply dipping silicious psammites and interbedded homblende schists with
occasional, widely scattered pelites containing staurolite and kyanite. Garnet is present
throughout the Yell Sound Division (Flinn 1985; Flinn 1994). The division contains a number of
gneissic belts up to several hundred metres wide. These have developed by recrystallization of
the psammite or by tectonism of early granitic intrusions (Flinn 1985). Thin slices of Lewsian-
type basement gneiss are also interleaved with the rocks of the Yell Sound Division (Strachan et
al. 2002). Lithologiocally the Moine rocks on North Mainland bears a strong resemblance to the
Morar Group in the Scottish Highlands (Flinn 1988; Strachan et a/. 2002). Conceivably the Yell
Division correspond to the Glenfinnan Group, which overlies the Morar Group in Scotland
(Flinn 1985; Flinn 1988; Strachan et al. 2002). The total stratigraphic thickness of the Moine
sequences is difficult to estimate due to the intensity of deformation, however it is thought to be
around 10 km (Tanner & Evans 2003; Cawood ef al. 2004).

The interpreted Morar Group equivalents on North Mainland have been thrust westward across
the Lewisian basement along a gently to moderately east-dipping zone of mylonites up to 1 km
thick (Flinn 1985; Ritchie et al, 1987; Strachan et al. 2002). This mylonite zone almost certainly.
represents a continuation of the Scandian-aged Moine Thrust, which separates the same

lithological divisions in the Northwestern Highlands terrain (Ritchie e al. 1987).

The Morar Group and possible Glenfinnan equivalents on Yell are separated by the Walls
Boundary Fault, which is interpreted (Ritchic et al. 1987; Strachan et al. 2002; Flinn &
Oglethorpe 2005) to be the extension of the Great Glen Fault. If this interpretation is correct,
then the sequences on either side may record distinctly different Scandian histories, as is the case

in the Scottish Highlands (Strachan et al. 2002).

Dalradian Supergroup

The Dalradian sequences make up most of Mainland and the western half of the islands of Unst
and Fetlar (Fig. 2). The boundary between the correlative Moine sediments of the Yell Sound
Division and the Dalradian Supergroup of Shetland is represented by the Boundary Zone on the



eastern edge of Yell. The Boundary zone is a narrow zone a few hundred meters wide made up
of a combination of laminated and coarsely bedded psammitic rocks. On the eastern side of the
boundary zone is a sequence of mylonites known as the Harcosay Slide and on its western side is
the Valayre Gneiss. The Valayre Gneiss is an augen gneiss containing porphyroblasts of K-
feldspar up to 4 cm in size, which separates the inferred Dalradian and Moine sequences
throughout the Shetland Islands. The Valayre gneiss runs from the top of the island of Yell, south
along the eastern edge of Yell, through the peninsula of Lunna Ness on Mainland where it is
truncated by the Nesting Fault and then also along the western side of mainland, separating the
Dalradian and Moine units there (Flinn 1985; Flinn 1994).

In the Shetlands, the Dalradian Supergroup has been split into three divisions. The Scatsca
Division which outcrops on eastern Unst and Fetlar along with central Mainland directly east of
both the Nesting and Walls boundary faults. This division is probably the equivalent of the
Lower Dalradian {or Appin Group) of Scotland, and consists of impure quartzites interlayered
with psammopelitic schists and metapelitic schists, which contain staurolite, kyanite and garnet.
In some localities mafic layers of hornblende schist are present {Flinn 1985). The Whiteness
Division outcrops in central Mainland between the Walls Boundary and Nesting Faults and
consists predominantly of limestone units with interlayered laminated psammites and
semipelites. This division is probably the equivalent of the Argyll Group of Scotland. The Clift
Hills Division outcrops in Southern Mainland and consists of metavolcanic-clastic units followed
by a 3km thick sequence of psammopelitic phyllites with some interbedded quartzite and
limestone bands (Flinn 1985). It is probably equivalent to the Southern Highland Division of
Scotland (Miller & Flinn 1966; Flinn 1985; Strachan et al. 2002).

The Dalradian Supergroup has an apparent total thickness of 25 km, although this complete
vertical thickness was probably not deposited in one place. Age constraints on Dalradian
sedimentation are poor. Sedimentation started some time after ¢. 800 Ma. This is the age of
pegmatites that intrude the Glen Banchor sucession, which underlies the Grampian Group in
Scotland (Highton et al. 1999; Strachan ef al. 2002). St/Sr whole rock isotope data from
metacarbonate rocks from the Grampian Group have values consistent with the global strontium
seawater signature between 800 Ma and ¢. 670 Ma (Strachan et al. 2002). The Port Askaig Tillite
at the base of the Argyll Group in Scotland is thought to correlate with either Sturtian glaciation
{720 Ma) or the Varangerian tillites of Norway that are 620-590 Ma in age (Condon & Prave
2000; Gorokhov et ¢l. 2001; Brasier & Sheilds 2000; Strachan et al. 2002). Depdsition of the



Dalradian Supergroup is thought to have lasted between 300 and 150 Ma depending on the onset
of deposition (between 800 and 670 Ma) and the reliability of age indicators in the upper
Dalradian (Strachan ef al. 2002)

Caledonian Orogenesis

The Shetland Ophiolite was emplaced during Caledonian Orognesis. It outcrops on Unst and
Fetlar but is best preserved on the island of Unst. It consists of two thrust sheets that represent an
original structural thickness around 8-10 km each (Spray 1988; Spray & Dunning 1991; Strachan
2000; Strachan et al. 2002). The ophiolite does not display a full sequence of oceanic crust,
rather a partial section through the crust. Four distinct rock units are present: a basal
serpentinised harzburgite tectonite (up to 2 km thick), a dunite-wehrlite-clinopyroxenite
cumulate unit (up to 3 km thick), a gabbro unit (up to 1.5 km thick) and a discontinuously
exposed basic dyke sequence (usually greater than 500 m in thickness; Spray 1988). A sequence
of sedimentary rock is present between the two thrust sheets. These packages were thought to
have been deposited after the obduction of the first ophiolite thrust sheet due to erosion of the
thrust sheet and nearby metamorphic basement forming a sequence of fine-grained laminated
silicious sediments locally conglomeratic (an example of which is the Funzie comglomerate, a
thick sequence, mostly consisting of quartzite pebbles but with some pebbles of ophiolite
affinity, which is exposed on the island of Fetlar; Flinn 1985; Flinn & Oglethorpe 2005).

U-Pb dating of a zircon from a plagiogranite within the gabbro unit of the ophiolite has yielded
an age of 492 + 3 Ma (Spray & Dunning 1991). This plagiogranite was formed by the partial
melting of amphibolitized gabbros near the spreading centre, and is likely to constrain the age of
the oceanic crust, which makes up the ophiolite (Spray & Dunning 1991). Age data has also been
gathered from the metamorphic sole sequence of the ophiolite, a sequence of hornblendic and
graphitic schists known as the Norwick hornblendic schists. K-Ar dating of homblende from this
unit has yielded ages of 465 £ 6 Ma, 471 £ 3 Ma, 473 £ 6 Ma, 476 £ 6 Ma and 479 + 6 Ma
(Spray 1988). These ages are interpreted as the age of obduction of the ophiolite (Spray 1988;
Flinn et al. 1991; Spray & Dunning 1991; Flinn & Oglethorpe 2005).

The deformation in the Shetland Islands during the Caledonian Orogeny occured in two phases.
During the Grampian Event (470-460 Ma), the Shetland Ophiolite nappe was thrust westward

over Moine and Dalradian sequences that are now exposed on the islands of Unst and Fetlar.



These Moine and Dalradian sediments underwent Barrovian metamorphism along with regional
folding (Strachan ef al. 2002).

The later Scandian Event (435-410 Ma) resulted in the formation of strike-slip faults such as the
Walls Boundary Fault, the Nesting Fault and its splays, the Arisdale Fault and the Bluemull
Sound Fault. Additionally the extension of the Moine Thrust is interpreted to pass through North
Mainland, carrying Morar Group sequences westward across the Caledonian Foreland. Packages
in the hanging wall of the Moine Thrust are highly deformed by regional-scale mylonite fabrics

that interleave cover and basement (Strachan ez al. 2002).

The Moine and Dalradian sequences east of the Walls Boundary Fault have undergone lower to
upper amphibolite-grade metamorphism (Flinn 1985; Strachan ef al. 2002). In general, there is
westward increase in metamorphic grade from chloritoid-bearing assemblages in the immediate
footwall of the ophiolite sequence on Unst and Fetlar to kyanite-bearing assemblages on Yell and
Mainland (Flinn 1994; Flinn et al. 1996). In aluminous metapelitic rocks, peak assemblages
generally contain garnet and kyanite, and in mafic rocks garnet-hornblende. West of the Walls
Boundary Fault, the Morar Group has undergone amphibolite-grade metamorphism producing
coarse-grained garnet-bearing assemblages that have subsequently been deformed by an intense
greenschist-grade west-directed mylonitic fabric, which is probably Scandian in age, based on

structural correlations with the NW highland terrain in Scotland (Flinn 1985).

Existing P-T data from the Shetlands is limited to the metamorphic sole of the ophiolite, and
rocks belonging to the Yell Sound Division (Spray 1988; Flinn et al. 1991; Flinn 1994). P-T
estimates using garnet-clinopyroxene thermobarometry from assemblages in the ophiolite sole
give ¢. 750°C and an estimated pressure of 3 kbars (Spray 1988). In contrast Flinn et al. (1991),
using similar assemblages and an assumed plagioclase composition suggested that ophiolite sole
conditions were around 750°C and 10 kbar (Flinn et al. 1991). On Yell, conventional
thermobarometry from metapelitic assemblages and interlayered garnet-bearing mafic rocks give
conditions between 620-680°C and 7-10 kbar (Flinn 1994). However, aside from limited
petrological descriptions (Spray 1988; Flinn 1994; Flinn et al. 1996) there has not yet been a
systematic attempt to understand the textural evolution of the metamorphic rocks in the Shetland
Islands. Additionally there has been no attempt to directly date high-T minerals associated with
peak or near peak metamorphism in the Shetland Islands. The goal of this work is to constrain
the timing of metamorphism in the Shetland Islands, and to determine the P-T evolution

associated with Caledonian tectonism.



Analytical Methods

Mineral Chemistry

Mineral compositions for selected samples were obtained using a Cameca SX51 Electron
Microprobe at Adelaide Microscopy, located at the University of Adelaide. The analyses were
obtained using wavelength dispersive spectrometers. Quantitative analyses were run at an
accelerating voltage of 15 kv and a beam current of 20 nA, with a beam diameter of 2-3 um.
Representative mineral compositions are given in Appendix 1. For selected garnet grains,
compositional maps were also run. These were conducted by setting each of the four
spectrometers to measure the peaks of Mg, Ca, Fe and Mn. Mapping conditions were an
accelerating voltage of 15 kv and a beam current of 100 nA. To quantify the maps, a traverse of

each garnet was also conducted.

PT Calculations

Pressure and temperature calculations were conducted using analyses obtained from the electron
microprobe (Appendix 1). All samples chosen for analysis were garnet bearing. P-T calculations
were conducted using two assemblages for each sample. The first assemblage consists of core
compositions from minerals that experience zoning such as garnet, hornblende and plagioclase
along with matrix minerals such as muscovite and biotite. The second assemblage uses the rim
compositions of zoned minerals. This was done in order to discern the P-T evolution of the

sample during minerat growth.

Pressures and temperatures for the formation of metamorphic mineral assemblages present in
Shetland Islands samples were calculated utilising the average-P and average-T approach
(Powell & Holland 1994) using the computer program THERMOCALC v3.21 (Powell &
Holland 1988) and the updated internally consistent dataset of Holland and Powell (1998).

The average P, average T, average PT approaches are multiple equilibria techniques which
utilise a least-squares method to calculate the optimal P-T conditions from the thermodynamic
data of end-members involved in a series of independent reactions that entirely specify the
thermodynamics of the system (Powell & Holland 1994). The average-P approach allows the
calculation of pressure for a chosen temperature, while the average-T approach calculates the
temperature for a given pressure. The average-PT approach is the most powerful in estimating

metamorphic conditions, calculating pressure and temperature simultaneously. This approach
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however, cannot always be used as some assemblages or assemblage compositions may not
allow an average-PT calculation due to an insensitivity to either pressure or temperature. In these

cases, the average-P or average-T must be used.

P-T calculations done with THERMOCALC include uncertainties on the activities and enthalpys
of mineral end-members, which are propagated through to the final results (Powell & Holland
1994). Each independent reaction is enclosed in an uncertainty envelope, the width of which
plays a crucial role in determining the optimal P-T conditions. Thus a reaction with a large
uncertainty envelope will contribute relatively little to the final result. As the reactions in the
independent set involve overlapping subsets of end-members, the equilibria are constrained to
move in a correlated way that results in the P-T intersection moving in a predictable manner. The
results are subject to a % test, If this is passed it means that a solution has been found that is
consistent with input data and their uncertainties. These calculations allow the identification of
end-members, which strongly influence the result as well as activities, which are not well fitted
by the average result. Samples that fail the +* tests will usually pass once outlying end-members
have been identified and either omitted from the dataset or down played by increasing the
uncertainty on their activities. The ability to identify end-members that either strongly influence
the results or are significant outliers means that the robustness of the P-T results and the degree

of equilibrium between the chosen mineral compositions can be assessed.

All samples used in this study had > 4 independent reactions utilised during the average P-T
calculations. Some samples had low variance assemblages with up. to 11 independent reactions
being found. If an end-member was a stgnificant outlier, it was removed from the dataset and the
calculations were redone. Only one end-member was removed in one sample. This did not
obviously change the P-T estimate but it did improve the ¥ fit of the result such that it passed at
95% confidence. Reasons why end-members occur as outliers include 1) inadequacies in activity
models for particular ranges of mineral compositions and 2) analytical problems derived from

the microprobe (e.g. Mawby 2000).

A variable that is difficult to constrain using the average P-T approach is that of fluid
composition. Since all the samples used in this study contain hydrous minerals such as biotite,
muscovite and hornblende, it is likely there was a free fluid phase present during the
metamorphism of these rocks (Guiraud et al. 2001). In this case it is possible that the

composition of the fluid may exert a strong influence on the apparent P-T stability of the

11



observed mineral assemblages (e.g Spear 1993; White et al. 2003). In order to understand this
dependency, P-T calculations were undertaken using a range of assumed fluid compositions that
were modelled as HyO-CO, mixtures defining XH,O in the fluid (Fig. 3).

The samples collected from the Lunna Ness region on Mainland contain the products of partial
melting, which means that in general, all available fluid in the rock would have been
incorporated into the melt. Calculations on these samples were conducted using an activity for

water, which was determined using a similar process to that outlined above for XH,O.

Electron Microprobe Monazite Geochronology

This geochronological technique is based on the chemical dating of monazite using an electron
microprobe to measure the amounts of U, Th and Pb. Monazite is typically very rich in the
radioactive elements U and Th, and therefore radiogenic Pb accumulates at a rate such that
measurable quantities (>300 ppm) of Pb are reached in about 100 Ma (Montel et al. 2000).
Previous studies (e.g. Parrish 1990) have demonstrated that monazite contains negligible
common lead compared with the radiogenic component, therefore it can be assumed that all
measured lead in monazite is the result of the radiogenic breakdown of U and Th. The most
recent estimate of the closure temperature for lead diffusion in monazite is ~900°C at a cooling
rate of 10°C/Ma in a 10 um grain (Pyle et al. 2005). This means that monazite dating should be
an effective tool for the amphibolite facies rocks of the Shetland Islands as it will almost

certainly record growth ages.

Analyses of monazite were undertaken using a Cameca SX51 Electron Microprobe at Adelaide
Microscopy in the University of Adelaide. The analyses were run at an accelerating voltage of 20
kV and a beam current of 100 nA. Th, U and Pb were analysed concurrently with PET crystals
using Mo lines for Th and MJ} lines for Pb and U. The standards used were huttonite (Th), UO;
and a synthetic Pb glass. The full range of elements which are typically partitioned into monazite
were analysed (Table 1). Analyses below 97% total concentration were rejected for age
determination and all analyses had their background lead concentrations corrected with respect to
the known standard. Offline corrections were made to account for the overlap of the second order
Ce Lo escape peak with the required Pb Mp peak (Pyle et al. 2005). The ages for each spot were
then determined using the U-Th-Pb concentrations and the statistical methods outlined in Montel
et al. (1996). Probe performance was monitored by comparison with a standard 514 Ma monazite

of known U-Th-Pb concentrations. Reproducibility of the standard (n = 140) was 511 £ 8 Ma.
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LA-ICPMS Monazite Geochronology

Single grain U-Pb monazite dating was carried out using the LA-ICPMS at the University of
Adelaide. A few grains were imaged using BSE and CL imaging on a Phillips XI.20 SEM with
attached Gatan CL. Grains were also mapped during analysis by the electron microprobe to
ensure that probe points did not lie between two growth zones. Monazite grains were taken from

the matrix or garnet grains of most samples and considered to be metamorphic in origin.

U-Pb isotopic analyses were acquired using a New Wave 213 nm Nd-YAG laser in a He ablation
atmosphere, coupled to an Agilent 7500cs ICP-MS. For monazite analysis, a spot size of 15 pm
is used, a 50 second gas blank is analysed first, followed by 10 seconds where the laser is on but
shuttered, then 60 seconds of actual sample analysis. The laser is fired for 10 seconds with the

shutter closed to allow crystal and beam stabilisation.

U-Pb fractionation was corrected using the Madel monazite standard (TIMS normalisation data
207ph/2%pp=495.7 Ma, 2°°Pb/A**U=513.8 Ma and *’Pb/***U=510.6 Ma; Payne et al. submitted)
and accuracy was checked using an internal standard of known age. Over the duration of this
study, the average normalisation ages were 207pb/2%Ph=490.2 Ma, *Pb/**UU=523.7 Ma and
207pp/B5U=518.2 Ma (n=26). If Pb 204 (or common lead) is present in the monazite grains, they
are plotted on a Terra-Wasserberg plot to get a correct age (Payne ef al. 2006).

Sm-Nd Analysis

Garnets were separated from the whole rock using a diamond saw, the two grains used in the
analysis had their edges ground off to remove any remaining rock and also to remove any
possible outer growth zone. The garnet depleted whole rock was then crushed and milled while
the garnets were crushed using a mortar and pestle. The gamet separates were sieved, to a
grainsize between 75 and 150 microns and then put through magnetic and heavy liquid

separation techniques to remove impurities such as oxide, quartz and epidote.

Between 160-190 mg and approximately 45 mg of sample was used for garnet separates and
whole rocks respectively. To further reduce the risk of inclusions, before isotopic analysis was
carried out, the garnet separates were leached in either 6M HCI or 50% HF and left on a hotplate
at 150°C for approximately one hour. The leachate was pipetted from the residual solid material

and the solid material washed three times in deionised water separately to remove any trace of
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the leachate fraction. Following this the leached garnet fractions and the whole rock fractions
were spiked with a mixed '¥’Sm-""Nd spike prior to dissolution. Both the garnet separates and
the whole rocks were dissolved in HNO; — HF acid mixtures for periods between 2 and 18 days.
Sm and Nd isotopic compositions were measured on a Finnigan MAT 262 TIMS with Sm being
measured in static mode while Nd was measured in both static and dynamic mode. The isotopic
ratios were corrected for fractionation to 146Nd/mNd = 0.7120903 and to a *2Sm/'*’Sm ratio of
1.9347. Reported errors on the measured 3Nd/M™Nd are 2 standard error analytiéal
uncertainties. Throughout the duration of this study blanks ranged from 104 to 240 pg Nd, and
the long term average for the La Jolla standard is 0.511838 + 0.000008 (15, n =6).

Age calculations were conducted using Isoplot v. 3.00 (Ludwig 2001) with values (reported at

95% confidence) based on a decay constant for Sm of 6.54 x 10772y,

Metamorphic Petrology
The samples used in this study were collected from several regions of the Shetland Islands (Fig.
4).

Unst

The major geological feature of this island is the large ophiolite complex that sits structurally on
top of the Dalradian sequences (Fig. 5A). Samples SH-13 and FRQ-1 were collected directly to
the west of this from a muscovite-chlorite-garnet schist sequence (Fig. SB). Both of these
samples are characterised by a lack of biotite with the foliation being predominantly defined by
muscovite and chlorite. The minerals in SH-13 are muscovite, chlorite, garnet, plagioclase,
quartz and ilmenite with some minor tourmaline. Garnets are small (around 2 mm in diameter at
most) and generally appear to be shattered or broken (Fig. 6A). A foliation in this sample is
defined by muscovite, ilmenite and chlorite and this is interpreted as a retrograde assemblage on

the basis that it overprints the peak assemblage.

FRQ-1 contains garnet, staurolite, chlorite, chloritoid, muscovite, ilmenite and quartz (Fig. 6B).
Garnet grains are large (up to 1 cm in diameter) and contain inclusions of staurolite, chlorite,
chloritoid and muscovite, suggesting a prograde staurolite-chloritoid association. Garnet grains
along with staurolite (around 2 mm long) are enclosed by a finer grained foliated fabric of.
muscovite, chlorite, chloritoid and quartz (Fig. 6B). Based on its fine-grain size and evidence
that the peak garnet-staurolite porphyroblasts are wrapped by the fabric, the matrix assemblage is
interpreted to be a retrograde feature.
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The island of Unst is split down the middle (north-south) by the Burra Firth Lineament which
separates the eastern part of Unst (dominated by the ophiolite) from sequences to the west that
are interpreted to be Dalradian. Samples SH-10, SH-11 and SH-14 were collected from the
garnet-biotite-plagioclase-quartz-muscovite * kyanite schists of Western Unst (Fig. SC).

Sample SH-10 contains a mineral assemblage of garnet-quartz-biotite-muscovite-chlorite-
plagioclase-ilmenite. Garnet grains are up to 3 mm in size, most are broken up and partially
replaced by chlorite (Fig. 6C). The foliation in this sample wraps garnet grains and is defined by
chlorite, biotite, muscovite and ilmenite. This is interpreted as a retrograde assemblage since
chlorite resorbs peak metamorphic garnet. Some plagioclase grains are also partially to

completely replaced by unfoliated, fine-grained muscovite (Fig. 6D).

The minerals present in SH-11 are biotite-garnet-muscovite-kyanite-plagioclase-ilmenite-rutile-
quartz. Garnets are large (up to 1.5 cm in diameter), and in places are partially replaced by
biotite. Garnet grains contain inclusions of sillimanite, muscovite and biotite, which suggest a
prograde assemblage of sillimanite-muscovite-biotite-plagioclase-quartz (Fig. 6E). The foliation
in this sample is defined by biotite, muscovite, ilmenite and kyanite this is interpreted as the

retrograde assemblage.

Sample SH-14 has a peak assemblage of muscovite-biotite-garnet-plagioclase-ilmenite-quartz
(Fig. 6F). Porphyroblasts of muscovite are present with grains up to 5 mm in size (Fig. 6F).
These grains generally lie within the foliation plane but are wrapped by smaller foliated grains.
Garnet grains are up to 3 mm in size and contain inclusions of muscovite, biotite, quartz and
ilmenite, this is interpreted as a prograde assemblage. The foliation is defined by retrograde

muscovite and biotite.

Yell

Samples SH-9 and SH-24 were collected from kyanite-garnet-staurolite-quartz-muscovite-biotite
+ plagioclase-bearing metapelitic schist (Fig. 5D) in eastern Yell (Fig. 4). These samples have
similar mineral assemblages except that SH-9 contains plagioclase. Both contain the minerals
garnet, quartz, muscovite, biotite, kyanite ilmenite, rutile and relict staurolite armoured in either
large quartz grains (SH-24, Fig. 6G) or large plagioclase grains (SH-9, Fig. 6H). In SH-24,

staurolite in quartz is present as an inclusion in garnet, suggesting a prograde assemblage of
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garnet, staurolite, muscovite, biotite and quartz. The foliation is defined by biotite, muscovite
and kyanite. In both samples kyanite is poorly lineated. Garnet grains are up to lcm in diameter

in SH-24 and about 3mm in diameter for sample SH-9.

Lunna Ness
Lunna Ness is a narrow peninsula off of central Mainland. The rocks in this region are both felsic

and mafic in composition, with minor pelitic layers and have undergone migmatisation (Fig. SE).

SH-30a, and SH-31 were sampled from the mafic rocks with an assemblage of garnet-
hornblende-plagioclase-ilmenite-quartz-titanite * biotite. Sample SH-30a has an assemblage of
hornblende-garnet-plagioclase-titanite-quartz-ilmenite (Fig. 6I). Homblende is anhedral in
appearance, garnet grains are up to lem in diameter and garnets contain inclusions of ilmenite,
quartz and titanite indicating a prograde assemblage. SH-31 contains an assemblage of
homblende-biotite-garnet-plagioclase-titanite-ilmenite-quartz. The foliation in SH-31 is defined
by biotite and hornblende, although biotite-rich and hornblende-rich domains are restricted to
separate layers (Fig. 6]). The gamets in this sample are large (up to 1.5 cm in diameter) and
contain abundant inclusions of quartz, ilmenite and biotite, _giying the prograde assemblage for

this sample.

Sample SH-29 is granitic with an assemblage of biotite-garnet-plagioclase-K-feldspar-
muscovite-quartz (Fig. 6K). Garnet grains (up to 2 mm in size) have inclusions of muscovite,
biotite and quartz indicating the prograde assemblage of the sample. Fine-grained muscovite
replaces K-feldspar in places (Fig.r 6K).

Samples SH-31c and FRQ-20a and b were collected from migmatised metapelites. Sample SH-
31c has the assemblage garnet-biotite-plagioclase-quartz-ilmenite. A foliation is present defined
by biotite; ilmenite also appears to follow this foliation. Garnet grains are about 3mm in size,
many containing inclusions of ilmenite, quartz and biotite. Some garnets also appear to be
reacting to produce biotite (Fig. 6L). From this it is apparent that the prograde assemblage of this
sample is plagibclase, biotite, quartz and ilmenite. The peak metamorphic assemblage 1s gamnet,
biotite, plagioclase, ilmenite and quartz. The retrograde assemblage is biotite, plagioclase, quartz

and ilmenite.
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The FRQ-20 samples come from the same outcrop but have slightly different mineral
assemblages. FRQ-20b contains the assemblage garnet-biotite-kyanite-sillimanite-plagioclase-K-
feldspar-rutile-ilmenite, which represents the peak assemblage of this sample (Fig. 6M). Garnet
in sample FRQ-20b is up to 2 mm in size and contains inclusions of kyanite, muscovite and
biotite. FRQ-20a contains the same assemblage as FRQ-20b, however foliated muscovite has
replaced sillimanite (Fig. 6N). Garnet in sample FRQ-20a is up to 3 mm in size and also contains
inclusions of kyanite, muscovite and biotite, indicating a prograde assemblage of kyanite,
muscovite, biotite, garnet and plagioclase (Fig. 6N). In sample FRQ-20a, kyanite appears to have
been partially replaced by muscovite (Fig. 60). The repiacement of sillimanite by muscovite
indicates a retrograde assemblage of garnet-kyanite-plagioclase-biotite-muscovite. A foliation

defined by sillimanite (muscovite in FRQ-20a) and biotite is present in these samples.

North Mainland

The rocks of this region are possible equivalents of the Morar Group of the Moine Supergroup in
Scotland. Sample SH-16 was taken from highly schistose rocks (Fig. 5F) and contains the
assemblage garnet-muscovite-quartz-chlorite-biotite-ilmenite. Garnets are large with most being
greater than lcm in diameter, and contain abundant inclusions of quartz and minor ilmenite that
define helitical inclusion trails (Fig. 6P). This is interpreted as the prograde assemblage of the
sample. The gamets are enclosed in an intense foliation defined by chlorite-muscovite-quartz.
Chlorite partially to completely replaces garnet, suggesting that the matrix fabric is a retrograde
feature.

Mineral Chemistry
Mineral compositions were analysed in samples FRQ-1, FRQ-20b, SH-9, SH-11, SH-13, SH-14,
SH-24, SH-30a, SH-31 and SH-31c. The procedure for mineral composition analysis is given

above and representative mineral compositions are given in Appendix 1.

Garnet

Garnets from samples SH-9, SH-11, SH-14, SH-16, SH-31c and FRQ-1 were analysed and
mapped.

The remaining samples (SH-13, SH-24, SH-30a, SH-31 and FRQ-20b) had core and rim analyses
conducted on the gamets. Gamet cores have an XFe from 0.54 to 0.72 and an XMn of 0.01 to
0.13, rims have an XFe between 0.55 to 0.76 and an XMn of 0.0005 to 0.2. Samples FRQ-1,
SH16, SH-9 and SH-31¢ were quite Fe rich (Table 2).
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Compositional mapping of garnets (Fig. 7) reveal three distinct styles of garnet zonation in the
metamorphic rocks of the Shetland Islands. Samples SH-16 (Figs. 7A and 7B) and FRQ-1 (Fig.
7C) display characteristic growth zonation, with cores rich in Mn, decreasing dramatically
toward the rim. This decrease in XMn is mirrored by increasing XFe and modest increases in
XMg, consistent with growth during increasing temperature (e.g. Spear 1993). Sample FRQ-1
shows a narrow enrichment of Mn at the rim of the garnet, suggesting minor garnet resorption by
Mn-poor matrix minerals. This rim enrichment in Mn is consistent with the petrological
evaluation (above) that the matrix assemblage in FRQ-1 is a retrograde feature. The second type
of garnet zonation is shown by samples SH-31c (Fig. 7D) and SH-9 (Fig. 7E). These samples
contain essentially homogenous compositions for most cations.

These homogenous compositions can be interpreted in several ways. One alternative is that they
represent compositions that have been homogenised an extended duration (> 5-10 Ma) at high (>
700°C) temperatures (e.g. Spear 1993). This explanation is plausible for SH-31c which comes
from a region of migmatisation in the Lunna Ness area. However existing thermobarometry
from Yell (Flinn 1994; Flinn et al. 1996), suggests that Sample SH-9 was subject to temperatures
< ¢. 650°C. For temperatures in this range, diffusion is extremely inefficient (e.g. Spear 1993),
suggesting that diffusional modification is unlikely to have homogenized the garnet
compositions. In this case the homogeneous compositions may result from the garnet-producing
reaction being overstepped, with fast garnet growth being unable to record changes in P-T and
‘hence compositional zoning (e.g. Spear 1993). The third variety of garnet zonation is shown by
SH-11 (Fig. 7F) and SH-14 (Fig. 7G). In SH-11, gamets are fractured with the fragments
showing rim-ward compositional modification as though they were separate grains. In SH-14,
garnet shows a distinct overgrowth of high-Ca garnet that is also enriched in Mn and depleted in
Mg. The rim-ward enrichment in Mn suggests that prior to the growth of new high Ca gamet,
the original garnet had been partially resorbed, leading to a mmward enrichment in Mn.
Subsequent growth of new gamet inherited the Mn-rich composition. The compositional
patterns in both SH-11 and SH-14 suggest that these samples experienced a polymetamorphic

history that contrasts with the simple gamnet zoning patterns in the remainder of the samples.
Staurolite

Staurolite is present in samples SH-9, SH-24 and FRQ-1. XFe from samples SH-9 and SH-24 is
similar with values for SH-9 being 0.65-0.7 and XFe for SH-24 being 0.67-0.7. XZn values for
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these samples are fairly different with values ranging between 0.01-0.05 for SH-24 and 0.09-0.15
for SH-9. Sample FRQ-1 is slightly different with XFe~0.79 and XZn~0.05.

Muscovite

Muscovite is present in samples SH-9, SH-11, SH-13, SH-14, SH-24 and FRQ-1. Overall, XFe
(Fe/(Fet+tMg)) varies from 0.3-0.7 with the highest values (of 0.7} in sample FRQ-1. Values for
XNa vary between 0.05 to 0.33. While values for Al" are between 3.55 to 3.81 (based on 11

oxygens).

Biotite

Biotite occurs in samples SH-9, SH-11, SH-14, SH-24, SH-31, SH-31c and FRQ-20b. Biotites
have XFe?" values that range between 0.40 to 0.54, XNa values which range between 0.01 to
0.07, titanium contents up to 3.1 wt% (sample FRQ-20b) and an Al 0f 0.43 to 0.78 (based on 11

oxygens).

Chlorite

Chlorite is present‘in samples FRQ-1 and SH-13. Chlorite has XFe?* (Fe_2+/(F e2++Mg) values that
range between 0.36 to 0.52, XMg (Mg/(Fe**+Mg) values range between 0.48 to 0.63 and an Al"
0f 2.7 to 3.0 (based on 14 oxygens).

Feldspars

Plagioclase is present in samples SH-9, SH-11, SH-13, SH-14, SH-30a, SH-31, SH-31¢, FRQ-
20. Compositions range from albite 0.23-0.83 and anorthite 0.17-0.76 (based on 8 oxygens). The
most Ca rich samples are SH-9, SH-13 and SH-14. In SH-9 rims are more Na rich, while in SH-
13 and SH-14, cores have higher XNa than rims. Sample SH-30a shows rim-ward enrichment in
Ca. However in contrast, SH-31 shows the opposite zonation.

FRQ-20 contains K-Feldspar, this has a composition of orthoclase 0.85-0.91 and albite 0.09-
0.15.

Hornblende

Homblende occurs in samples SH-30a and SH-31. Homblende from these samples is not very
aluminous with Al" varying from 0.59-0.64 in SH-30a and 0.92-1.15 in sample SH-31. XFe
(Fez+/(Fe2++Mg)) of hornblende varies in SH-31 (0.48-0.52) but not in SH-30a (0.37-0.38).

Hornblende cores seem to have slightly lower XFe contents than rims with 0.37 (core)-0.38 (rim)
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in SH-30a and 0.48(core) -0.50(rim). Garnet grains from both of these samples also have slightly

lower XFe contents in the cores (Table 2).

Chloritoid

Only sample FRQ-1 contains chloritoid. XFe (Fe/(Fe+Mg)) varies between 0.77-0.79. A
chloritoid grain sampled from inside a garnet grain had an XFe of 0.77 while those sampled from
the matrix gave XFe around 0.78.

P-T Calculations

Activity and composition relationships for mineral end-members used in THERMOCALC v3.21
were calculated using the software AX2000 (Powell ef al. 1998). Appendix 2 contains an
example of an output file from AX2000 while Appendix 3 contains an example of a
THERMOCALC v3.21 output file. The results of the PT calculation are summarized in Table 3.

PT calculations were undertaken on samples SH-9, SH-11, SH-13, SH-14, SH-24, SH-30a, SH-
31, SH-31¢, FRQ-1 and FRQ-20b. From the results of these calculations (Table 3) it was
apparent that different parts of the Shetland Islands had experienced different PT conditions, and
that the samples could be split on this basis into four groups: East Unst, West Unst (separated by
the Burra Firth Lineament), Yell and Lunna Ness. The pressures experienced by all of these
groups is similar, with most around the 8-9 kbar region. Only the samples from Lunna Ness are
slightly higher, with pressures around 10 kbar. The calculated temperatures show a variation

between groups with samples from eastern Unst giving temperatures of ¢. 550°C and those from

Lunna Ness giving 700-800°C.

P-T pseudosection Interpretation

While the P-T calculations give an estimate of the peak metamorphic conditions, the
metamorphic evolution (P-T path) can be inferred using calculated P-T pseudosections (Powell
et al. 1998). These are forward modelled phase diagrams that show what mineral assemblages
will develop in different parts of P-T space for a rock of specified composition. In the present
study, whole rock major oxide compositions were determined for a number of samples. These
compositions were then used as a basis to select published P-T pseudosections for similar

compositions in order to evaluate the P-T evolution of selected samples.
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Several samples were chosen for representation of their metamorphic evolution using published
P-T pseudosections calculated for compositions appropriate to Shetlands metapelites. These
samples were SH-9, SH-24, FRQ-1 and FRQ-20. These samples were chosen due to their large
assemblage of minerals that give constrained P-T conditions using the program
THERMOCALC.

Sample SH-9 was modelled using a P-T pseudosection from Tinkham et al. (2001; Fig. 8A).
Based on the mineralogy discussed above, the prograde mineral assemblage for SH-9 consists of
staurolite-gamet-plagioclase-biotite-muscovite-quartz. This is based on the presence of relict
staurolite grains armoured inside of large grains of plagioclase. The peak assemblage of SH-9 is
garnet-plagioclase-kyanite-muscovite-biotite-quartz. These two assemblages define P-T path that
tracks out a significant increase in pressure for a relatively small increase in temperature. This
style of P-T path indicates burial to approximately 30 km of material (based on the peak pressure
of ca. 8 kbar), with a burial segment of around 10 km (3 kbar), recorded by the mineral textures.

Sample FRQ-1 was modelled using a P-T pseudosection from Tinkham & Ghent (2005; Fig.
8B). The prograde assemblage in this sample is defined by the association chloritoid-muscovite-
chlorite-ilmenite-quartz which occurs as inclusions in garnet. Staurolite, which is also included
in garnet grains is interpreted to have grown at the same time as garnet.

The peak assemblage of the sample is interpreted to be the assemblage of garnet-staurolite-
muscovite-chlorite-chloritoid-ilmenite-quartz. The foliation, which wraps both the garnet and-
staurolite grains, is interpreted to be a retrograde assemblage of chlorite-muscovite-chloritoid-
ilmenite-quartz, consistent with the presence of rim resorption of garnet (above). These three
mineral assemblages define the P-T path for this sample. The prograde and peak assemblages
define a burial path with a larger increase in pressure than temperature, once again indicating
burial to approximately 30 km (based on peak pressures around 8 kbar). The retrograde P-T path

tracks out a P and T decreasing evolution.

Sample SH-24 was modelled using a P-T pseudosection taken from Wei et al. (2004; Fig. 8C).
The prograde assemblage of this sample is interpreted to be staurolite-quartz-garnet-muscovite-
biotite based on the presence of relict staurolite grains armoured within large quartz grains. The
peak metamorphic assemblage is garnct-muscovite-kyanite-biotite-quartz. As with samples
FRQ-1 and SH-9 the P-T path shows a significant increase in pressure with a modest temperature

increase.
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Sample FRQ-20 was modelled using a P-T pseudosection taken from White et al. (2001; Fig.
8D). The prograde mineral assemblage for this sample is defined by mineral inclusions in garnet
giving an assemblage of gamet-kyanite-muscovite-biotite-plagioclase-quartz. The peak
assemblage is interpreted to be kyanite-garnet-biotite-K-felspar-plagioclase-sillimanite-ilmenite-
quartz. Kyanite is partially replaced by muscovite, while sillimanite is almost completely
replaced by muscovite, this suggests the retrograde evolution crossed fields containing kyanite-
muscovite bearing assemblages. Based on the textural relationship involving kyanite-muscovite,
the retrograde assemblage is interpreted to be muscovite-kyanite-garnet-biotite-plagioclase-
quartz. These three assemblages define a P-T path that has a dramatic prograde increase in
temperaturc with comparatively little increase in pressure (this is defined by the growth of
sillimanite). Following this the path shows an increase in both pressure and temperature,
indicating burial. The retrograde P-T evolution is marked by the loss of sillimanite from the rock

and the partial retention of kyanite.

Age constraints on metamorphism

EMPA

Monazite U-Th-Pb chemical dating was undertaken on a number of samples. The mean ages for
each sample are summarized in Table 4 and Fig. 9, individual spot ages are given in Appendix 4
for each sample. Analysed monazites were typically subhedral grains up to 200 pm long (Fig.
10). Of the six samples that were analyséd, monazites were in the matrix and as inclusions in
gamet grains for samples SH-11, SH-9, SH-29, SH-31c¢. In sample SH-24 they were only present
in the matrix while in SH-10 they were only present as inclusions in garnet. Samples SH-9, SH-
31c and SH-24 give pooled metamorphic ages of ca. 460 Ma with SH-9 giving 458 £ 9 Ma (20,
MSWD: 1.3), SH-31c giving 449 + 7 Ma (20, MSWD: 1.2) and SH-24 giving 460 * 21 Ma (20,
MSWD: 0.61; Fig. 9). SH-29 shows two age populations giving 459 + 9 Ma (26, MSWD: 1.01)
and 923 + 30 Ma (26, MSWD: 2.0; Fig. 9) SH-11 and SH-10 produce pooled metamorphic ages
0of 912 7 Ma (26, MSWD: 1.09 and 896 + 24 Ma (26, MSWD: 1.2) respectively (Fig. 9).

LA-ICPMS

Monazite from samples SH-9, SH-11 and SH-29 were also analysed by LA-ICPMS (Table 5).
All of the samples were plotted as Terra-Wasserberg plots due to the presence of common lead in
many of the analyses (Fig. 11). Ages given by the intercepts with the concordia line for each
sample (Table 4) are 454 + 4 Ma for SH-9 (MSWD= 0.82), 915 £+ 15 Ma for SH-11 (MSWD=
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0.38) and 455 £ 5 Ma for SH-29 (MSWD= 1.09). Analyses that were greater than 50%
discordant were removed from the data along with analyses, which had an excessive amount of

common lead.

Sm-Nd analysis

Four individual syn-tectonic euhedral garnet grains were analysed from this sample, these were
from two separate rocks obtained from the same outcrop. The garnets were up to 1.5 c¢cm in
diameter. The results from the Sm-Nd analysis are given in Fig. 12 and Table 6. From Fig. 12 it
is apparent that the results all plot close together as 1479m/"*Nd only varies between 0.12 and
0.16. This is not a wide enough range to produce a useful isochron. In order to explore why the
analysed garnets had such a narrow range of isotopic compositions, the Sm-Nd compositions of
garnet from one of the dated samples was analysed by LA-ICPMS (Table 7). The results showed
that the garnet from SH-16 had exceptionally low Sm and Nd concentrations. As a result, the
garnet separates would have been very susceptible to contamination by LREE-rich inclusions

such as apatite and epidote.

Interpretation of Age Data

There has been considerable work done in recent years to understand the significance of
monazite ages in metamorphic rocks. It is well recognised that monazite grows during prograde
metamorphism (Smith & Barreiro 1990) and is generally present in metapelites from mid
amphibolite-grade and above conditions (Rubatto ef al. 2001). Several studies have shown
monazite may grow over a considerable timing duration, apparently tracking the rate of prograde
heating (Smith & Barreiro 1990; Rubatto et al. 2001). In these cases there are systematic age
differences between monazite grains in different textural positions, with grains included in hosts
such as garnet generally being younger that grains in the matrix of amphibolite-grade rocks.
Additionally Fitzsimons et al. (2005) suggested that monazite may grow at different times in
rocks of different bulk composition, making it difficult to easily interpret the significance of

monazite ages in metamorphic rocks.

However in the samples analysed in this study, the insitu electron microprobe data revealed no
systematic age differences between monazites in different textural locations. Additionally, aside
from SH-10 and SH-11 which gave ages around 900 Ma, all samples gave ages within error,
suggesting that the monazite age data from the Shetland samples probably equates to the timing
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of peak or near peak metamorphism. The older ages obtained from SH-10 and SH-11 were also

within error of each other suggesting they record a significant older metamorphic event.

Discussion

Caledonian metamorphism in the Shetland Islands

Monazite U-Pb LA-ICP MS and U-Th-Pb EPMA data (Fig. 13) from samples SH-9, SH-24, SH-
29 and SH-31c suggest that peak Caledonian metamorphism in the Shetland Islands occurred at
c. 460 Ma (Table 4). This is similar in timing to the Grampian Event recorded in the Scottish
Highlands (Soper et al. 1999; Oliver ef al. 2000; Strachan et al. 2002), and is also similar to the
K-Ar ages obtained from hornblende in the metamorphic sole of the ophiolite (Spray, 1988).
The age data also suggest that the effects of the Scandian Event are comparatively minor, at least

in terms of high-T mineral growth, east of the Walls Boundary Fault.

Published P-T psuedosections applied to samples FRQ-1, FRQ-20, SH-9 and SH-24 (Fig. 8) all
show P-T paths which indicate burial during heating. P-T conditions for samples FRQ-1, SH-13,
SH-11, SH-14, SH-9, SH-24, SH-30a, SH-31, SH-31c and FRQ-20b give pressures of 8-9 kbar
and temperatures of 550-850°C, increasing from Unst to Lunna Ness (Table 3). The average
geothermal gradients obtained from all samples lies in the range 20 to 24°C/km. This relatively
cool geothermal gradient is typically for terrains undergoing burial as a consequence of crustal
thickening (Sandiford & Powell 1990; Sandiford & Powell 1991), and implies that the

metamorphic record in the Shetlands reflects collision.

The samples examined in this study all come from structurally beneath the Shetland Ophiolite,
and therefore the obduction of this sheet represents a plausible mechanism to drive the burial
recorded by the metamorphic assemblages. The age of Shetland Ophiolite (Fig. 13) has bff:en
dated at 492 + 3 Ma (U-Pb zircon age from a plagiogranite; Spray & Dunning 1991}, and it was
thought to have been obducted around ¢. 470 Ma (based on four K-Ar ages: 465 + 6, 471 + 3,
473 + 6 and 479 + 6 Ma from homblende taken from the metamorphic sole of the ophiolite;
Spray 1988). However, the significance of the K-Ar ages from the ophiolite sole is uncertain.
Based on the available thermobarometry (Spray 1988; Flinn et al. 1991; Flinn 1994), the K-Ar
ages will reflect cooling of the sole thrust rather than deformation, indicating that obduction
would have occurred prior to ¢. 470 Ma. However, it is also possible that the K-Ar homblende
ages are too old due to the K-Ar method being unable to detect excess Ar (Baxter et al. 2001).

Nevertheless, the ages are similar to the monazite ages obtained in this study from the
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metapelitic assemblages beneath the ophiolite, suggesting that burial and heating of the

Dalradian and Moine sequences occurred more or less around the time of obduction.

The ophiolite is thought to have been obducted in two sheets (Flinn 1985; Spray 1988; Spray &
Dunning 1991; Flinn & Oglethorpe 2005) and its total thickness is estimated at 8-10 km (Spray
1988; Spray & Dunning 1991; Strachan 2000; Strachan et al. 2002). Thus even at its thickest, the
ophiolite is not thick enough to produce the overburden to cause the metamorphism identified in
this study. Conceivably the ophiolite was imbricated at higher structural levels to create a much
larger structural thickness that has been subsequently removed by erosion. However the
presently preserved ophiolite sheets are separated by the Funzie Conglomerate, which is a
weakly metamorphosed sedimentary package (Flinn 1985). If the metamorphic overburden had
been generated by imbrication of the ophiolite, the sequence between the ophiolite sheets would
have to contain assemblages of similar metamorphic intensity (e.g. FRQ-1) to those observed
beneath the basal ophiolite. For this reason, it seems likely that the peak metamorphism in the
Shetland metasedimentary rocks must predate obduction in order to explain the contrast in
metamorphism between the sequences immediately below the ophiolite and the metasedimentary

packages between the sheets.

The magnitude of burial (c. 30 km) recorded by the metamorphic assemblages in northern and
central Shetland requires a significant collisional event. A number of workers (Bluck 1983;
Dewey & Ryan 1990; Phillips et al. 1999; Soper et al. 1999; Strachan, 2000; Dalziel & Soper
2001; Strachan et al. 2002) have suggested that the 470-460 Ma Grampian Event in the Scottish
Highlands records the collision of Laurentia with an oceanic arc (Fig. 14). In Scotland, the
Grampian event was associated with nappe development and Barrovian metamorphism, with
peak pressures up to 10 kbar. The similarity in the timing and style of metamorphism between
the Grampian Event in Scotland and the metamorphism recorded in the Shetlands suggests that
they reflect the same collisional event. If the conclusion that peak metamorphism in the
Shetlands predated ophiolite obduction is correct, the obduction event may reflect closure of a
back-arc system and thrusting of the comparatively young (c. 25 Ma old) Shetland ophiolite crust
onto the deformed orogenic margin (Fig. 14C). The subsequent Scandian Event (430-420 Ma)
imbricated Moine rocks and basement, as well as Dalradian units west of the Walls Boundary
Fault. The major expression of the Scandian Event was the westward transport of the Moine

packages across the Caledonian Foreland (Strachan et al. 2002). The Scandian shortening is
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interpreted to reflect terminal collision and oceanic closure between Baltica and Laurentia (Fig.

14D).

Neoproterozoic age rocks on Unst

Monazite U-Th-Pb EMPA and U-Pb LA-ICP MS geochronology (Fig. 13) for the two samples
taken from Western Unst give peak metamorphic ages of ¢. 910 Ma. The samples, SH-10 and
SH-11 were taken from a region interpreted to be Dalradian (Flinn 1985; Strachan et al. 2002).
However the Neoproterozoic ages preclude this interpretation, and indicate that the
metasedimentary rocks on western Unst belong to a previously unrecognised stratigraphic

succession in the Shetland Islands.

Although the significance and origin of this sequence is unknown at this stage, there are two
logical possibilities. The first poSsibility is that the sequence represents a piece of exotic crust
accreted onto the Caledonian margin during convergence. The second possibility is that the
sequence represents basement to the Dalradian succession on Unst. In the Grampian Terrain in
the central Scottish Highlands, the Glen Banchor and Dava successions stratigraphically underlie
the Dalradian and underwent metamorphism between 830-800 Ma (Highton 1999; Robertson &
Smith 1999; Smith ez al. 1999; Strachan ef al. 2002). These metamorphic ages are similar fo
ages obtained for medium pressure Barrovian metamorphism in the Moine Supergroup in the
Western Highlands Terrain (e.g. Vance et al. 1998), and suggest that the Glen Banchor and Dava
successions are Moine equivalents. Additionally the Moine was intruded by the protolith of the
West Highland Granite Gneiss at 873 £ 7 Ma (Millar 1999; Strachan et al. 2002). This has been
interpreted to have been associated with extension, and potentially high geothermal gradient
metamorphism (Millar 1999; Dalziel & Soper 2001; Strachan et al. 2002), and provides a

minimum depositional age constraint for the Moine Supergroup in Scotland.

In the Shetlands, the c¢. 910 Ma EMPA monazite U-Th-Pb and LA-ICPMS U-Pb ages obtained
from metamorphic rocks on western Unst are essentially identical to the timing of 920-930 Ma
S-type granites that intrude the Krummedal Supracrustal sequence within the Caledonian Orogen
in eastern Greenland (Kalsbeek et al. 2000; Watt ef al. 2000; Watt & Thrane 2001; Gilloti &
Elvevold 2002). The Krummedal Supracrustal sequence has been interpreted to be an equivalent
on the Moine Supergroup (Kalsbeek et al. 2000; Watt & Thrane 2001). If this correlation is
warranted, the timing of metamorphism in western Unst suggests the presence of a widespread c.

900 Ma tectonothermal event in the North Atlantic. Conceivably the 873 = 7 Ma protoliths of
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the West Highland Granite Gneiss represent part of this event, which has affected Moine
correlatives. The style and evolution of this ¢. 900 Ma tectonothermal events is not clear at this
stage. Sample SH-11 from western Unst contains a foliated sillimanite-garnet-biotite-bearing
assemblage suggesting a relatively high geothermal gradient regime associated with deformation.
An important outcome of this study is the recognition of Neoproterozoic (c¢. 900 Ma)
metamorphism in the Shetland region, and future work should concentrate on both constraining
the. origin of the metamorphosed sequences, and examinirig the preserved structural and

metamorphic record in order to understand the nature of this early tectonic event.

Conclusions

The are two major conclusions of this work.

1. The Shetlands experienced the Grampian Event of the Caledonian Orogeny with peak
metamorphic temperatures in the central and northern Shetlands between 550°C (eastern Unst)
and 800°C (Lunna Ness) and peak metamorphic pressures of ~8-10 kbar. Metamorphism was
associated with Barrovian-style prograde metamorphic paths that reflect modest geothermal
gradients, consistent with collisionally-driven metamorphism. Monazite EPMA and LA-ICPMS
age constraints indicatec prograde and peak metamorphism occurred at around 460 Ma. The
driver for burial to depths around 30 km appears to have been crustal thickening prior to west-
directed obduction of the Shetland Ophiolite which appears to have been too thin to have
resulted in deep burial of its footwall.. Instead the thickening event was probably caused by an

arc terrane colliding with Laurentia.

2. Rocks on the western part of Unst, which were previously mapped as the Dalradian
Supergroup give a pre-Dalradian peak metamorphic age of c. 910 Ma for upper amphibolite-
grade mineral assemblages. These ages are similar to S-type granites in the Krummedal
Supracrustal sequence (equivalent to the Moine Supergroup of Scotland) in eastern Greenland,
and slightly older than protoliths to the West Highland Granite Gneiss, which intrudes the Moine
Supergroup in Scotland. Conceivably these early mid-Neoproterozoic events represent part of an
extensive tectonothermal event affecting early Neoproterozoic sequences in the North Atlantic

region.
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Figure captions

Fig. 1. A. Map of the North Atlantic region with the extent of the Caledonian Orogeny marked
on in black (Taken from Kocks et al. 2006). B. Map of Scotland taken from Tanner & Evans
(2003).

Fig. 2. Map of the Shetland Islands. A Location of the Shetland Islands with respect to Great
Britain. B Simplified geological map of the islands.

Fig. 3. A. Plot of pressure against XH,G (mole fraction of HyO in a HyO-CO; fluid) at a
temperature of 650°C Note that as the XH;O decreases, the pressure increases. The calculated
pressures are within 95% confidence when the fit value is below 1.54. B. Plot of temperature
against XH,O at a pressure of 10 kbar. Note that temperature decreases with decreasing XH,O.

The calculated temperatures are within 95% confidence when the fit value is below 1.54.

34



Fig. 4. Sample locations in the Shetlands. Southern mainland is omitted from this Figure for

simplification.

Fig. 5. Field photographs of the Shetlands. A. Shetland ophiolite, which sits along the east coast
of Unst and Fetlar, The ophiolite is comprised of 2 sheets of oceanic crust that have been
obducted onto the continental crust of the islands (hammer is 40cm long; Photograph courtesy of
Martin Hand). B. Low-grade rocks of Unst directly to the west of the obducted ophiolite, GR:
63123, 16449 (pencil is 15cm long). C. Higher-grade rocks on the western side of Unst, GR:
56933, 05872 (west of the Burra Firth Lineament, hammer is 40cm long; Photograph courtesy of
Dave Kelsey). D. Schistose rocks of Yell, GR: 49991, 81530 (Photograph courtesy of Dave
Kelsey). E. High-grade rocks of Lunna Ness, partial melt is visible and mafic rocks appear to
make up about 20% of the outcrop, GR: 52301, 73112 (Photograph courtesy of Martin Hand). F.
Shows the Moine rocks of Shetland from North Mainland, GR: 37174, 94000 (Photograph
courtesy of Martin Hand).

Fig. 6. Photomicrographs of key petrological relationships. A. SH-13 showing a shattered
garnet, partially altered to chlorite. Cl is chlorite, Gt is garnet, Ilm is ilmenite, Ms is muscovite,
Pl is plagioclase and Qtz is quartz. B. Sample FRQ-1 showing the peak assemblage of the
mineral. St is staurolite, Gt is garnet, Cl is chlorite, Ctd is Chloitoid, Ms is muscovite and Ilm is
ilmenite. C. SH-10 showing the replacement of garnet by chlorite. Cl is chlorite, Gt is garnet, Ms
is muscovite, Ilm is ilmenite, Bt is biotite, Pl is plagioclase and Qtz is quartz. D. Replacement of
plagioclase by unfoliated muscovite in SH-10. Ms is muscovite, Bt is biotite, Pl is plagioclase
and Qtz is quartz. E. Sillimanite inclusions in a gamet from sample SH-11. Gt is garnet, Sil is
sillimanite, Ms is muscovite, Bt is biotite, Ilm is ilmenite and Qtz is quartz. F. Sample SH-14
giving the peak assemblage, a muscovite porphyroblast can be seen at the edge of the image. Gt
is garnet, Ms is muscovite, Bt is biotite, P1 is plagioclase and Qtz is quartz. G. Peak assemblage
for sample SH-9. Gt is garnet, Ms is muscovite, Bt is biotite, Ky is kyanite, St is staurolite, P is
plagioclase and Qtz is quartz. H. Peak assemblage of SH-24. Gt is garnet, Ms is muscovite, Bt is
biotite, Ky is kyanite, St is staurolite and Qtz is quartz. I. Peak assemblage in SH-30a. Gt is
garnet, Hb is hornblende, Ti is titanite, Pl is plagioclase and Qtz is quartz. J. Distinct layers of
hornblende and biotite in sample SH-31. Hb is hornblende, Bt is biotite, Gt is gamet, Ilm is
ilmenite, Ti is titanite, Pl is plagioclase and Qtz is quartz. K. Sample SH-29, K-feldspar is being
replaced by fine-grained muscovite. Gt is garnet, Ms 1s muscovite, Kfs is K-feldspar, PI is

plagioclase, Bt is biotite and Qtz is quartz. L. Garnet in SH-31¢ being replaced by biotite. Gt is
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garnet, Bt is biotite, Pl is plagioclase, [lm is ilmenite and Qtz is quartz. M. Peak mineral
assemblage of sample FRQ-20B. Gt is garnet, Bt is biotite, P1 is plagioclase, Ky is kyanite, Sil is
sillimanite, Kfs is K-feldspar and Qtz is quartz. N. Sample FRQ-20A showing inclusions of
muscovite in a garnet, the replacement of sillimanite by muscovite is also apparent. Gt is gatnet,
Ms is muscovite, Bt is biotite, Ilm is ilmenite, Pl is plagioclase and Qtz is quartz. O. Kyanite,
partially replaced by muscovite from Sample FRQ-20A. Gt is garnet, Ky is kyanite, Ms is
muscovite, Bt is biotite and Qtz is quartz. P. Helitical inclusion trail in a garnet of SH-16, the
yellow line highlights the trend of the inclusions. Gt is garnet, Cl is chlorite, Bt is biotite, Ms is

muscovite and Qtz is quartz.

Fig. 7. i) Compositional maps of the garnet grains, ii) shows the zoning profiles of the mapped
grains. A is sample SH-16a, B is sample SH-16b, C is sample FRQ-1, D is sample SH-31c, E is
sample SH-9, F is sample SH-11 and G is sample SH-14. Note: samples SH-16a and SH-16b are

two grains taken from the same sample.

Fig. 8. A. Phase diagram for sample SH-9 based on one from Tinkham et al. (2001). The
diagram was calculated using rocks of a similar composition to those of SH-9. Based on
mineralogy, the peak mineral assemblage of SH-9 is garnet-biotite-muscovite-plagioclase-
kyanite-quartz. Relict staurolite grains armoured within large plagioclase grains give a prograde
assemblage for the sample of staurolite-gamet-plagiociase-biotite-muscovite-quartz. Using both
of these assemblages a, PT path can be defined (red arrow). The white ellipses represent
calculated PT conditions with 16 errors (¢ represents the core, r the rim; Table 3) that are
plotting over the peak mineral assemblage. 1. Shows the prograde assemblage in thin-section. 2.

Shows the peak mineral assemblage in thin-section.

Fig. 8 B. Phase diagram for sample FRQ-1, based on one from Tinkham & Ghent, (2005). The
PT path here is defined by the mineralogy. The peak assemblage is given by the stable mineral
assemblage of gamet-staurolite-muscovte-chlorite-chloritoid-ilmenite-quartz. The mineral
inclusions present in the garnet represent the prograde assemblage of chloriteid-muscovite-
chlorite-ilmentite-quartz. Staurolite is also present in the gamet which probably indicates that it
grew at the same time. The foliation which wraps the staurolite and garnet gives the retrograde
assemblage of muscovite-chlorite-chloritoid-ilmenite-quartz. The white ellipses give the
calculated PT conditions with 1o errors (c is for core, r for rim). The red arrow indicated the PT

path of the sample. 1. Shows the prograde assemblage in thin-section, present as garnet

36



inclusions. 2. Shows the peak assemblage in thin-section. 3. Shows the retrograde assemblage as

the foliation surrounding the garnet and staurolite.

Fig. 8 C. Phase diagram for sample SH-24 based on one taken from Wei et al. (2004). The
diagram is based on Tocks of a similar composition to SH-24. The peak assemblage of this
sample is garnet-muscovite-kyanite-biotite-quartz. This sample also contains relict staurolite
grains (similar to SH-9), which are armoured inside quartz grain, some of which are included in
garnet grains. This gives a prograde assemblage for this sample of staurolite-quartz-muscovite-
biotite and indicates the growth of garnet subsequent to this. The PT path is represent by the red
arrow. The white ellipse gives the calculated PT conditions for the sample with 16 errors (rim
only). 1. Shows the staurolite inclusion within a garnet, which indicates the prograde

assemblage. 2. Shows the peak mineral assemblage in thin-section.

Fig. 8 D. Phase diagram for sample FRQ-20, based on a diagram from White et al. (2001). The
P-T path is defined by the prograde, peak and retrograde assemblages. The peak mineral
assemblage for this sample is kyanite-garnet-biotite-plagiocalse-k-felspar-sillimanite-ilmenite-
quartz based on the stable mineral assemblage of the sample. Inclusions of muscovite, biotite and
kyanite in gamet give a prograde assemblage of garnet-kyanite-muscovite-biotite-plagioclase-
quartz. Kyanite is seen to be slightly replaced and sillimanite almost completely replaced by
mica. This could indicate moving through a kyanite unstable field and moving out of the
sillimanite stable field. Thus a retrograde assemblage for this sample is gamet-kyanite-
muscovite-biotite-plagioclase-quartz. The P-T path is represented by the red arrow. The white
ellipse shows the calculated pressure and temperature conditions with 16 errors (c is core, 1 is
rim) this plots over the peak assemblage. 1. Shows the inclusions of kyanite and muscovite in the
garnet grains (SH-20A). 2. Shows the peak assemblage of SH-20B in thin-section. 3. Shows the
almost complete replacement of sillimanite by muscovite. 4. Shows the slight replacement of
‘kyanite by muscovite, indicating that the rock probably went through a field where kyanite is

unstable, then re-entered a stable field,
Fig. 9. Monazite age data acquired from the electron microprobe in the form of histograms

obtained using the isoplot add on to Microsoft excel. A is from sample SH-10, B is sample SH-
11, C is sample SH-24, D is sample SH-29, E is sample SH-31¢ and F is sample SH-9.
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Fig. 10. Monazite grains analysed on the electron microprobe where A is sample SH-9 from Yell
with a GR: 54080 98765, B is sample SH-11 from Western Unst with a GR: 56886 05954, C is
sample SH-24 from Yell with a GR: 54996 96973, D is SH-29 from Lunna Ness with a GR:
51620 74106 and E is SH-31c from Lunna Ness with a GR: 51851 74117. The blue spots
represent places where the grain has been probed and the numbers indicate the analysis number

for that sample.

Fig. 11. Concordia plots obtained from the LA-ICPMS. A is from sample SH-9, inset are some
images taken on the laser of the grains analysed. B is from sample SH-11, inset are images of
some of the grains analysed taken on the laser. C is from sample SH-29. All figures are given as

Terra-Wasserberg plots due to excess common lead in the samples.

Fig. 12. Isochron obtained from the Sm-Nd isotopic data. An age cannot be acquired from this

plot as all the points plot too close together to define an accurate isochron.

Fig. 13. Simplified geological map of the Shetlands (omitting southern mainland) including all
data collected during this project and all data collected previously. Pressure and temperature
information is given in rectangles with all black data collected during this f)roj ect, asterixed data
represents PT calculations using minerals cores while the rest are done using mineral nims. Red
pressure and temperature data has been taken from Flinn (1994). Geochronological data is given
in ovals with the black once again representing data gathered from this project where the asterix
mark the LAICPMS data, while the rest of the geochronology is from the EMPA data. Blue
represents data taken from papers.1. U/Pb zircon age of a plagiogranite from the Shetland
Ophiolite, taken from Spray & Dunning (1991). 2. At/Ar isochron of a hornblende grain from the
Norwick hornblendic schist, Flion et al. (1991). 3. Temperature data acquired using the
hornblende-gamet geothermometer of Powell (1985), Pressure data acquired using the gamet-
amphibolite geobarometer of Kohn & Spear (1990), Flinn et al. 1991. 4-7. K-Ar ages of
hornblende grains taken from beneath the Shetland Ophiolite, Spray (1988). This shows a
metamorphic pattern with rocks directly to the west of the ophiolite (e.g. FRQ-1) being low
grade, rocks to the west of the Burra Firth lineament (e.g. SH-14) being a higher grade. The
rocks on Yell are mid-amphibolite grade, and the rocks of Lunna Ness are upper amphibolite

transitional granulite.
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Fig. 14. This Fig. shows a cross-section of the Caledonian collision, which caused the ophiolite
obduction and thrusting throughout Shetland (adapted from Strachan et al. 2002; Strachan 2000).
A. Shows the onset of the closure of the Iapetus ocean, with subduction beneath 2 mid-ocean arc,
interpreted to be the Midland Valley terrane of Scotland. Arrows represent plate movement at
this time. B. Shows the onset of Grampian orogenesis with the collision of Laurentia with the
mid-ocean arc, this is interpreted to have caused the ca. 460 Ma metamorphism found in the
Shetland Islands. Arrows represent plate movement at this time. C. This shows the late phase of
the Grampian Event where continuéd pressure from the east caused the obduction of the Shetland
Ophiolite. This pressure has also caused further subduction beneath the Laurentia-arc plate. D.
Ilustrates the Scandian event caused by the complete closure of the lapetus Ocean with the

collision between Laurentia and Baltica.
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A. ~500 Ma, early closure of the lapetus Ocean
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D. ~410 Ma, Scandian Orogeny

Midland
W Valley arc ghetland E

phiolite
Layrentia « A
[ o

Reactivated Shetl_and
thrusts Region

Baltica

64 Figure 14 cont.



59

G2z666 |0S9Z°L0L  [6S8e’LOL  |626SL0L |veez'e6  |£1/9°001L |¥2e2'00L [1S90°00L |£996°'86 B60ZE66 |£E£29'66 S|ej0 |
12020 |Z1L£8°0 L¥2. 0 998%'0 OLY O 9191'0 0z.Z'0 £0€Z°0 1ZET0 9€.2'0 8¥EZ0 ( N)%M
oL12'9  |6280'S £EoL'S 55L6'Y gLy’ 12082 8eL12 R R 6ZS8'¥ eviTY 0LiY'¥ (yD%m
19610 |€08L°0 Z861°0 81210 96210 176070 2610°0 Zroz'0 ¥221°0 L9610 9/02'0 (Ad)%M
80Z1L'0- (€0ZL0 £680°0 veZL0 29900 9/91°0 ¥150°0 ZZro'0 90900 £ZY0°0 60100 (43)%M
GEEZ0  |£5080 LEGS0 LZer 0 €880 GOLL'L 92840 99Z0°0 ¥¥61°0 £2¥0°0 $050°0 (AQ)%m
PrLg0  |LrSO'L 60251 6S01°L 1816°L IE167L WL #9820 Zv18°0 ¥29Z°0 11620 (POY%M
6£92'L  |v60°2 £626L 6086°) 988" L ov9L'Z SOY0'2 g50°L 6602°1 G660°L 8c0'L (WS)%M
¥'6 LEGE 0L ¥1€9°01 zesyoL 19196 8P6E0L  |GESS0L  [9ov0S 0L 618201 LO8P' 0L |OFLSOL (PN)% M
€287 |¥8%9'2 €609°'Z ¥0L5°Z G/8t'2 8/£9°7 6612 s TA TN £169°C A I A v6E8°Z {(4d)% M
ote o AT AN [ A 9LIE P2 $p86'2Z |6levEe 908l vz  |FoZ 698292 Z8Z'52 LE8Z'9Z  |P6ERST (8D)% M
2068°LY  |8¥BS 0L 121601 zzZes oL |verL'oL  [ovOcOL  |L0Z°)) 6920°CL 1£19°21 z889'zl |zesrzL {(e7)%Mm
¥829°0 |Z180°L 1120 61720 6/81°L £106°C 69LY'L 21900 999¢€°0 £160°0 GG0L'0 ( A)%M
15820  |6L96°0 10260 11202 16890 1v9¥0 SH8E0 GEYS 0 £6¥50 £6£5°0 LESSO (eD)%Mm
GLGZZL |Li2oEL LLSOEL 9906'€l  {9590'€l |L0EL'EL  |€000°EL  |SEVEZL 1862°2) ¥68°ZL €00LEL ( d)%m
L2ZL'0  |sviLO [ri6L°0 ¥0.2°0 Zivro £0Z°0 18¥Z°0 19820 §582°0 65520 e T Al (1S)%M
£000°0  |Z£00°0 62000 ZZe0'0 S6%0°0 ¥Z£0'0 1660°0 8£10°0 Z600°0 72000 z0zZo'0 {(IV)%M
185292 |spOv .2 8ELY L2 0986582 |v06z'lz  |ZLl0922  |z21542  |6eoliz  |vlegoz ££86'9Z . levve iz { 0)%M
prepuels|yL-LN-62HS| 9-LW-6ZHS| 2-LW-6ZHS|L-EN-FEHS| #-#N-+ZHS| L-¥N-FZHSPL-LN-LLHS] 6-LW-LLHS|9-LIN-LLHS] #-LIN-LLHS [oqeT

suoljisodwod a)Zeuoll aAleluasalday (L a|gel




Table 2. End member compositions of garnet grains.

sample |Almandine Grossular Pyrope Spessartine
core rim core rim core rim core rim

SH-9 0.715 0.73 0.03 0.04 0.18 0.18 0.04 0.03
SH-11 0.55 0.7 0.08 0.09 0.3 0.17] 0.01 0.03
SH-13 0.65 0.65 0.03 0.1 0.165 0.1 0.09 0.15
SH-14 0.68 0.62 0.08 0.05 0.15 0.1 0.1 0.2
SH-16a 0.66 0.7 0.22 0.16 0.06 0.15 0.06 0.001
SH-16b 0.58 0.7 0.24 0.9 0.04 0.1 0.13 0.0005
SH-24 0.63 0.69 0.08 0.06 0.19 0.18 0.12 0.07
SH-30a 0.54 0.55 0.25|. 0.22 0.1 0.20 0.08 0.03
SH-31 0.55 0.62 0.28) 0.15 0.09 0.2 0.1 0.02
SH-31¢ 0.68 0.74 0.08 0.07 0.23 0.17 0.02 0.03
FRQ-1 0.65 0.76 0.18 0.10 0.08 0.1 0.1 0.04
FRQ-20B 0.64 0.68 0.08] 0.06 0.23 0.23 0.02 0.02
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Table 3: PT conditions calculated using THERMOCALC v3.21

(GSrid Referen;:e

Average P {kbar)

Sample (OSGB) Average T (°C) Average PT (°C, kbar)
_Unst : ‘

East of BFL (Reference=8kbar) [(Reference=550°C)

FRQ-1 cores’ 63123, 16449 535.1+8 8.9+1.5 53319 71217

FRQ-1 rims' 63123, 16449 542418 8.3£1.5 541 %9 75+18

SH13 cores 61355, 14036 581 + 13 (5.5kbar)  [5.5 % 0.9 (600°C) 578+16 51x09

SH13 rims 61355, 14036 577 £ 14 8.7 + 0.9 (600°C) 579+18 81+1.0

West of BFL (Reference=8kbar) |[(Reference=650°C)

SH14 cores 61064, 14234 662 £ 23 7.6+08 666 +34 81112

SH14 rims 61064, 14234 650 £ 21 (10kbar) 08+07 636 + 31 94+1.1

SH11 rims 56886, 05954 627 £ 13 8.7x0.7 633+20 83109

Yell (Reference=8kbar) |(Reference=650°C)

SH-9 cores’ 54080, 98765 631.5 £ 40 8.6+1.0 644 + 51 85+1.2

SH-9 rims' 54080, 98765 644 + 54 8.1+£1.0 657 + 81 82114

SH-24 rims’ 54006, 96973 661.1 £ 99 8.0+ 2.0 661+96 8.0zx21
Lunna Ness (Reference=10kbar) |(Reference=800°C)

FRQ-20B cores’  [52301, 73112 790+ 5 10.2+ 0.1 843+£49 11.2%+1.1

FRQ-20B rims' 52301, 73112 807 + 50 95114 809 + 56 96215

SH31c cores 51851, 74117 845 1 96 94+20 *

SH31c rims 51851, 74117 734 £ 88 101+ 2.0 i

SH31 cores 51851, 74117 717 £ 45 8.9 + 1.0 (700°C) 698 +55 89+£13

SH31 rims 51851, 74117 708 £43 +19.2 £ 1.0 {700°C) 692+50 9112

SH30a rims? 51851, 74117 694 + 50 10 % 0.9 (700°C) 711+60 10.2111

SH30a cores® 51851, 74117 707 £ 49 9.8 + 0.8 (700°C) 71554 10.0+1.0

NB XH,0=0.75 for Yell and Unst samples, aH,0=0.75 for Lunna Ness samples.
* Insufficient independent reactions to define an average PT.
~ aH20=0.5 for this sample.
BFL is the Burra Firth Lineament (Figure 2)

' These samples have had a PT diagram made.
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Table 4: Monazite EPMA and LA ICP MS ages

Monazite LAICPMS age
Sample | Monazite EPMA age (Ma) (Ma)
SH-9 459 + 9 (n=177) | 4563+ 4 (n=14)
SH-10 | 896 x 24 (n=28) .
SH-11 [ 912 £ 7 (n=235) 911 £ 28 (n=8)

SH-24 | 460 & 21(n=22)

459 % 9 (n=81), 923 30
SH-29 | (n=20) 455 + 5 (n=16)

SH-31c | 449 £ 7 (n=256)
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