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Abstract

Combining high-spatial resolution and high-precision geochronology and geochemistry of zircon
provides constraints on the timing and duration of ultrahigh-pressure (UHP) metamorphism
resulting from the collision of Baltica—Avalonia and Laurentia during the Scandian orogeny in
the Western Gneiss Region of Norway. Zircons were extracted from a layered eclogite in the
Saltaneset region (southern UHP domain) and from an eclogite in the Ulsteinvik region (central
UHP domain). Zircons were first analyzed for U-Pb and trace element compositions by laser
ablation split-stream (LASS) inductively coupled plasma mass spectrometry (ICP-MS), followed
by analysis of those same zircons that yielded Scandian dates by integrated U-Pb isotope
dilution—thermal ionization mass spectrometry and Trace Element Analysis (TIMS-TEA). LASS
results from a garnet—quartz layer within the Saltaneset eclogite give Scandian dates of ca. 413—
397 Ma, with subsequent ID-TIMS analyses ranging from 408.9 + 0.4 Ma to 401.4 + 0.2 Ma
(20). An omphacite-rich layer from the same eclogite yields LASS dates of ca. 414-398 Ma and
a single ID-TIMS date of 396.7 + 1.4 Ma. In comparison, the Ulsteinvik eclogite LASS results
give dates spanning ca. 413-397 Ma, whereas ID-TIMS analyses range from 409.6 + 0.6 Ma to
401.3 + 0.4 Ma. ID-TIMS zircon data from the eclogites reveals two age populations: 1) ca. 409—
407 Ma and 2) ca. 402 Ma. Both in situ and solution trace element data show a distinct pattern
for Scandian zircons, with strongly-depleted HREE and weakly-negative Eu anomalies (Eu/Eu*),
whereas inherited zircon REE patterns are distinguished by steep HREE slopes and marked
negative Eu/Eu*. When coupled with partition coefficients calculated for zircon and garnet, these
REE patterns indicate that zircon (re)crystallized during eclogite-facies metamorphism at ca.

409-407 Ma and ca. 402 Ma at two widely separated UHP localities.
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1. Introduction

The Western Gneiss Region (WGR) of western Norway is one of the largest and best-exposed
ultrahigh-pressure (UHP) terranes on Earth. Because of this, the WGR has been extensively
studied to better understand the geodynamics of subduction and subsequent exhumation of
30,000 km? (5,000 km? of which are UHP rocks) of continental crust (e.g., Krogh et al., 1974,
2011; Krogh, 1977, 1982; Lappin and Smith, 1978; Griffin and Brueckner, 1980, 1985;
Austrheim, 1987; Tucker et al., 1990; Andersen et al., 1991; Wain, 1997; Cuthbert et al., 2000;
Wain et al., 2000; Terry et al., 2000a, 2000b; Root et al., 2005; Hacker, 2007; Kylander-Clark et
al., 2009; Hacker et al., 2010). Since the initial discovery of a coesite-eclogite province in the
southern WGR (Smith, 1984, 1988), thermobarometry and identification of microdiamonds,
coesite, and polycrystalline quartz grains within eclogite and quartzofeldspathic gneiss has aided
in the recognition of three separate UHP domains (Root et al., 2005): the southern (Nordfjord),
central (Sgrgyane), and northern (Nordgyane) domains (Fig. 1a) (e.g., Dobrzhinetskaya et al.,
1995; Wain, 1997; Cuthbert et al., 2000; Terry et al., 2000a; Wain et al., 2000; Carswell and
Cuthbert, 2003; Carswell et al., 2003a; Walsh and Hacker, 2004; Young et al., 2007; Butler et
al., 2013; Smith and Goddard, 2013).

A general increase in peak UHP pressure and temperature (P—T) to the northwest across the
WGR points to the coherent nature of the terrane during subduction and exhumation from mantle
depths (e.g., Krogh, 1977; Lappin and Smith, 1978; Griffin et al., 1985; Andersen et al., 1991;
Cuthbert et al., 2000; Carswell and Cuthbert, 2003; Carswell et al., 2006; Hacker et al., 2010).
Characterizing the processes involved in the deep subduction and exhumation of such a large

tract of continental crust requires a detailed understanding of the timescales of peak UHP
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metamorphism (e.g., Terry et al., 2000b; Carswell et al., 2003a, 2003b; Root et al., 2004;
Kylander-Clark et al., 2007, 2009; Krogh et al., 2011).

Some (U)HP terranes were likely at mantle depths for tens of millions of years prior to
exhumation (Kylander-Clark et al., 2012). This was first recognized in the Dabie Shan of China
(Hacker et al., 1998), and then in the WGR of Norway (Kylander-Clark et al., 2008), where
geochronological data suggests (U)HP metamorphism from ca. 430-400 Ma (Table 1; Section
2.2). Previous efforts to determine the timing of (U)HP metamorphism in the WGR have relied
on techniques that analyze minerals that can be directly linked to the metamorphic evolution of
eclogites (e.g., garnet and clinopyroxene) as well as more refractory accessory minerals (e.g.,
zircon and monazite) (Table 1). However, limitations in some previous geochronological studies
of the WGR include: (1) data sets consisting of relatively few analyses (e.qg., two-point
isochrons); (2) dating of zoned garnet, for which isotopic ages may be averaging dates from
multiple, distinct growth zones; (3) dating of multi-grain separates by U-Pb ID-TIMS that may
result in inaccurate and/or mixed ages; and (4) ambiguities in how the dated minerals relate to
the (U)HP metamorphism. This study builds upon these previous efforts by obtaining U-Pb dates
from the same zircon domains via both laser ablation—inductively coupled plasma mass
spectrometry (LA-ICP-MS) and from single-grain chemical abrasion—isotope dilution—thermal
ionization mass spectrometry (ID-TIMS)—combining a high-spatial resolution technique and a
high-precision technique on the same zircon.

In order to interpret geochronological data obtained from eclogites, it is crucial to link dates
to different parts of the P—T path. The trace element composition of zircon can be used as a tool
in age interpretations, particularly when coupled with the trace element composition of

coexisting garnet. Zircon that (re)crystallizes at high pressure will likely display a flat



89  normalized heavy rare earth element (HREE) pattern (e.g., Lu/Gd ~ < 3), due to the presence of
90 garnet. Moreover, high-pressure zircon may have a flat-to-positive Eu anomaly (e.g., EUW/EuU* >
91  0.75), indicating (re)crystallization when plagioclase was unstable (Hinton and Upton, 1991;
92  Schaltegger et al., 1999; Hoskin and Ireland, 2000; Rubatto, 2002; Hoskin and Schaltegger,

93  2003; Rubatto and Hermann, 2003; Rubatto and Hermann, 2007a). In addition, empirically and

94  experimentally determined REE partition coefficients allow assessment of equilibrium between

95  zircon and garnet (e.g., Hinton and Upton, 1991; van Westrenen et al., 1999; Rubatto, 2002;

96  Whitehouse and Platt, 2003; Kelly and Harley, 2005; Harley and Kelly, 2007; Rubatto and

97  Hermann, 2007b; Taylor et al., 2014), an additional test to determine whether zircon

98  (re)crystallized in the presence of garnet.

99 This study presents new U-Pb zircon dates from two coesite- and polycrystalline quartz-
100  bearing eclogites to further evaluate the timescales of UHP metamorphism within the southern
101  and central WGR. Trace element analyses of zircon provide insight into the P-T conditions
102  under which zircon (re)crystallization occurred. The results reveal two separate populations of
103  zircon that (re)crystallized under eclogite-facies conditions at ca. 409-407 Ma and ca. 402 Ma
104  within the Ulsteinvik eclogite of the central UHP domain and the Saltaneset eclogite of the
105  southern UHP domain. These results suggest a UHP metamorphic history for the Ulsteinvik
106  eclogite older than the previously recognized 401.6 + 1.6 Ma age (multi-grain zircon; Carswell et
107  al., 2003a; Tucker et al., 2004), and a UHP history for the Saltaneset eclogite younger than the
108  previously measured 408.3 + 6.7 Ma age (Sm-Nd isochron; Carswell et al., 2003b).

109
110 2. Geologic Background

111 2.1 Western Gneiss Region



112  The autochthonous basement of the WGR, the Western Gneiss Complex (WGC) (Fig. 1), is a
113 polymetamorphic terrane composed mainly of granodioritic—tonalitic intrusive rocks

114  predominantly formed between ca. 1690-1620 Ma (Brueckner, 1972; Carswell and Harvey,
115  1985; Tucker et al., 1990; Skar et al., 1994; Skar, 2000; Austrheim et al., 2003; Corfu et al.,
116 2013) during the Gothian orogeny (Gaal and Gorbatschev, 1987). The WGC was intruded by
117  mafic magmas at ca. 1470-1450 Ma and ca. 1260-1250 Ma (Austrheim et al., 2003; Tucker et
118 al.,, 2004; Krogh et al., 2011; Corfu et al., 2013; Beckman et al., 2014). Moreover, a ca. 1000
119 900 Ma granulite-facies overprint related to the Sveconorwegian orogeny accompanied pluton
120  and dike emplacement and migmatization chiefly southwest of Molde (Brueckner, 1972, 1979;
121  Skar et al., 1994; Austrheim, 2003; Skar and Pederson, 2003; Rghr et al., 2004, 2013; Tucker et
122 al.,, 2004; Root et al., 2005; Glodny et al., 2008; Kylander-Clark et al., 2008; Krogh et al., 2011;
123 Corfuetal., 2013).

124 This study focuses on metamorphism of the WGR during the Scandian orogeny, the final
125  stage of the early Paleozoic Caledonian orogeny (Roberts and Gee, 1985; Stephens and Gee,
126 1989; Roberts, 2003; Brueckner and van Roermund, 2004; Hacker and Gans, 2005: Hacker et al.,
127  2010). The Scandian orogeny included a series of tectonic events: (1) closure of the lapetus

128  Ocean resulted in thrusting of oceanic and continental allochthons east—southeastward over the
129  autochthonous basement of the WGR from ca. 430-415 Ma (Roberts, 2003; Tucker et al., 2004;
130  Hacker and Gans, 2005); (2) westward continental subduction of the Baltica basement and

131  segments of overlying allochthons beneath Laurentia from ca. 430-400 Ma (Andersen et al.,
132 1991, 1998; Terry et al., 2000a; Bingen et al., 2004; Root et al., 2004, 2005; Kylander-Clark et
133 al.,, 2007, 2009; Spengler et al., 2009; Krogh et al., 2011); and (3) ca. 400-385 Ma near-

134 isothermal decompression and exhumation of the subducted crust from mantle to shallow crustal
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depths (Andersen et al., 1998; Tucker et al., 1990, 2004; Terry et al., 2000a; Scharer and
Labrousse, 2003; Walsh and Hacker, 2004; Root et al., 2005; Hacker, 2007; Kylander-Clark et
al., 2008; Krogh et al., 2011; Gordon et al., 2013; Spencer et al., 2013; Kylander-Clark and
Hacker, 2014).

The Scandian collision between Laurentia and Baltica—Avalonia produced an extensive area
(30,000 km?) of (U)HP eclogites that record P-T conditions of 1.5-3.9 GPa and 600-820 °C
(Krogh, 1977, 1982; Lappin and Smith; 1978; Griffin et al., 1985; Cuthbert and Carswell, 1990;
Wain, 1997; Cuthbert et al. 2000; Terry et al., 2000b; Ravna and Terry, 2004; Walsh and Hacker,
2004; Root et al., 2005; Hacker, 2006; Carswell et al., 2006; Young et al., 2007; Butler et al.,
2013). Root et al. (2005) used the spatial distribution of eclogites and K-white mica “°Ar/*°Ar
ages to conclude that the UHP rocks crop out in three east—southeast-plunging antiforms: the
southern (Nordfjord), central (Sgrgyane), and northern (Nordgyane) UHP domains (Fig. 1a).

There is an overall northwestward increasing gradient in the peak P—T conditions recorded
across the WGR (e.g., Krogh, 1977; Lappin and Smith, 1978; Griffin et al., 1985; Cuthbert et al.,
2000; Labrousse et al., 2004; Hacker et al., 2010). The southern UHP domain contains a
transition from HP quartz eclogite (2.4 GPa and 600 °C) to UHP coesite and microdiamond
eclogite (> 3.5 GPa and 750 °C; Cuthbert et al., 2000; Young et al., 2007; Smith and Goddard,
2013). The central UHP domain records P-T conditions up to 3.2 GPa and 795 °C (Krogh Ravna
in Carswell et al., 2003b; Root et al., 2005). Peak P-T conditions reached a maximum of 3.8-3.9
GPa and 820-850 °C for eclogites and microdiamond-bearing paragneiss within the northern
UHP domain (Terry et al., 2000b; Carswell et al., 2006). Even greater P—T estimates have been
suggested for peridotite within the host gneiss of the northern WGR (e.g., Vrijmoed et al., 2006,

2008; Scambelluri, et al., 2008; Spengler et al., 2009; van Roermund, 2009).
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2.2 Geochronological overview of WGR Scandian UHP metamorphism

Over the past ~35 years, many studies of the WGR have focused on the timing of peak UHP
metamorphism during the subduction of Baltica—Avalonia beneath Laurentia during the Scandian
orogeny. These studies and the techniques used to resolve the timing and duration of the UHP
event are summarized below and in Table 1. Reported uncertainties are at the 2-sigma or 95%

confidence level unless otherwise stated.

2.2.1 Sm-Nd geochronology

The first Sm-Nd eclogite ages ever obtained were garnet—-omphacite isochron dates from the
WGR (Griffin and Brueckner, 1980, 1985); they yielded an average age of ca. 425 Ma,
discrediting initial suggestions of a Precambrian age for the eclogite-facies metamorphism (e.qg.,
Krogh, 1977). Additional Sm-Nd studies of eclogites throughout the WGR gave younger
isochron dates of ca. 412-408 Ma (Mearns, 1986; Mark and Mearns, 1986; Jamtveit et al., 1991,
Carswell et al., 2003Db; see section 2.3). Peridotites within the northern UHP domain yielded Sm-
Nd garnet-omphacite isochron dates interpreted to represent prograde subduction at 429.5 + 3.1
Ma (Spengler et al., 2009) and cooling at 393.4 + 3.4 Ma and 380.7 + 5.7 Ma (Vrijmoed et al.,
2006). More recent studies that combined the Lu-Hf and Sm-Nd isotopic systems for HP
eclogites across the WGR show a ~20 Myr range of prograde garnet growth during eclogite-
facies metamorphism from ca. 419-410 Ma (Lu-Hf) and ca. 414-397 Ma (Sm-Nd) (Kylander-

Clark et al., 2007, 2009).

2.2.2 Rb-Sr geochronology
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Isochron dates using the Rb-Sr system have also been described from southern WGR eclogites.
Griffin and Brueckner (1985) reported an Rb-Sr isochron date of 397 + 8 Ma (2%) (recalculated
by Root et al., 2004) using whole-rock and mineral fractions of the Verpeneset eclogite in the
southern UHP domain. Three eclogites collected ~65 km south of the southern UHP domain
yielded a weighted-mean multi-mineral Rb-Sr isochron date of 404.0 + 2.1 Ma (Glodny et al.,

2008).

2.2.3 U-Th-Pb monazite

Terry et al. (2000b) employed secondary ion mass spectrometry (SIMS) and electron-microprobe
(EMP) techniques on a microdiamond-bearing gneiss to constrain UHP metamorphism in the
northern UHP domain using U-Th-Pb monazite geochronology. Monazite inclusions within
inferred UHP garnet of the microdiamond sample yielded a SIMS weighted-mean “°Pb/?*®U age
of 415.0 + 6.8 Ma. The first LASS study of monazite obtained four weighted-mean *°Pb/?*®U
ages of 426.5 + 5.6 Ma, 408.8 + 6.3 Ma, 395.0 + 3.9 Ma, and 390.3 + 4.9 Ma from a HP garnet—
muscovite—kyanite gneiss from Leingya in the central UHP domain (Kylander-Clark et al.,
2013). Based on the variation in MREE—-HREE patterns, Sr abundances, and Eu anomalies,
Kylander-Clark et al. (2013) interpreted monazite (re)crystallization to have occurred at ca. 427—
395 Ma in the presence of garnet, and the breakdown and recrystallization of plagioclase to have

occurred between ca. 427 Ma and 390 Ma.
2.2.4 U-Th-Pb zircon
Much effort has focused on U-Pb zircon multi- and (sparse) single-grain ID-TIMS studies of

WGR (U)HP eclogite. The northern WGR at Avergya hosts a probable UHP eclogite with the

10
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oldest zircon age of 415.2 + 0.6 Ma (multi-grain weighted-mean 2°Pb/***U age), whereas
younger single zircon grains, interpreted to date an amphibolite-facies overprint, gave 2°°Pb/*®U
ages of 410.8 + 1.4 Ma and 409.6 + 1.5 Ma (Krogh et al., 2011). Furthermore, within the
northern UHP domain, multi-grain zircon fractions from the eclogitized margin of the Flem
Gabbro yielded a weighted-mean 2®®Pb/*®U age of 409 + 3 Ma, and a probable UHP eclogite
from Midsund Bruk yielded a *°Pb/*®U age of 405 + 1 Ma (Krogh et al., 2011). Lastly, a HP
hornblende eclogite from Lepsgya gave a weighted-mean, multi-grain °°Pb/?*®U age of 412 + 1
Ma (Krogh et al., 2011).

The same zircon separates from the ca. 405 Ma Midsund Bruk eclogite described above were
analyzed by LASS, which produced weighted-mean 207-corrected *°Pb/?8U ages of 420.6 + 8.4
Ma and 400.4 + 8.0 Ma and a range of dates from ca. 409-407 Ma (Kylander-Clark et al., 2013).
The three age populations are distinguished by different REE patterns (e.g., variation in MREE
and a lack of a steep, positive HREE pattern and negative Eu anomalies) and are interpreted to
record protracted (re)crystallization at eclogite-facies conditions (Kylander-Clark et al., 2013).

An early multi-grain ID-TIMS study of the Ulsteinvik eclogite within the central UHP
domain (Fig. 1b) gave an initial age of 401+ 20 Ma, marking the first record of a Devonian
history for the WGR (Krogh et al., 1974). Subsequent analyses of zircon multi-grain fractions
from the Ulsteinvik eclogite provided a more-precise weighted-mean %’Pb/*°Pb age of 401.6 +
1.6 Ma (Tucker et al., 2004). Some of these zircons contain omphacite or rutile, and coesite
inclusions were discovered in the zircon separates after the TIMS work (Carswell et al., 2003a),
leading these authors to interpret the 401.6 + 1.6 Ma age as the best record of UHP

metamorphism within the WGR.

11
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The first study to combine chemical-abrasion ID-TIMS (CA-TIMS, Mattinson, 2005), high-
spatial resolution SIMS, and trace-element analysis of zircon washes by solution ICP-MS was
completed in the WGR by Root et al. (2004). Multi-grain zircons analyses on the Flatraket
eclogite yielded discordant U-Pb dates interpreted to represent zircon (re)crystallization at ca.
405-400 Ma with minor discordance attributed to inherited cores. Eclogite-facies garnet
inclusions in the zircons and flat HREE zircon profiles revealed from the TIMS wash solutions
are compatible with (re)crystallization at or near peak metamorphism. Zircons from the eclogites
at Verpeneset and Langenes also yielded discordant CA-TIMS data compatible with ca. 400 Ma
metamorphic zircon and 1.6 Ga igneous zircon (Root et al., 2004). Finally, at Hjelmelandsdalen
near the southern UHP domain, two air-abraded single grains from a (U)HP eclogite gave an ID-

TIMS weighted-mean 2°°Pb/*®U age of 405 + 2 Ma (Young et al., 2007).

2.3 UHP eclogites of the central and southern domains

In this study, two UHP eclogites, Ulsteinvik and Saltaneset, were collected from the central and
southern WGR, respectively (Fig. 1a). These sample localities have been extensively studied and
are known to preserve or are interpreted to have once contained coesite (Cuthbert et al., 2000;
Wain et al., 2000; Carswell et al., 2003a, 2003b). The large Ulsteinvik eclogite of the central
UHP domain is exposed on Hareidlandet and extends to the nearby islands of Dimngya and
Hatlgy (Fig. 1b). This internally layered eclogite is one of the largest eclogite bodies within the
WGR (~6 km long by 0.2-1.5 km wide) and is hosted in predominantly garnet—biotite—kyanite
gneiss (Mysen and Heier, 1972). The quartz-bearing eclogite contains accessory rutile and minor
kyanite and amphibole. The eclogite is pervasively retrogressed with omphacite replaced by

multiple stages of symplectite with progressively less sodic-clinopyroxene and more-calcic

12
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plagioclase (Mysen, 1972; Mysen and Heier, 1972). Further evidence of retrogression includes
partial replacement of garnet by hornblende and biotite with plagioclase (Carswell et al., 2003a).
As described above, zircons with inclusions of omphacite, garnet, rutile, quartz, and coesite have
been identified from the Ulsteinvik eclogite (Krogh et al., 1974; Carswell et al., 2003a). ID-
TIMS dating provided a weighted-mean %*’Pb/*®Pb age of 401.6 + 1.6 Ma (n = 4, MSWD =
0.48); scatter in the isotopic dates was inferred to be a result of recent Pb loss (Tucker et al.,
2004).

The coesite-bearing Saltaneset eclogite, first reported in detail by Wain et al. (2000), is
located ~2 km south of Selje within the southern UHP domain (Fig. 1c¢). The main Saltaneset
eclogite is a tabular, compositionally layered body (20 m long by ~3-5 m wide), consisting of
mostly omphacite-rich layers and fewer garnet-rich, quartz layers that are 3-25 mm thick
(Carswell et al., 2003b; Renedo et al., 2014). The eclogite is within a mylonite zone of fine-
grained, quartzofeldspathic gneiss (Renedo et al., 2014). Relict coesite and polycrystalline quartz
are preserved within garnet from a quartz layer of the Saltaneset eclogite (Cuthbert et al., 2000;
Wain et al., 2000). Carswell et al. (2003b) described two generations of garnet within a garnet-
rich quartz layer and argued that the layers were originally garnet-bearing coesitites based on the
presence of abundant quartz pseudomorphs after coesite within the second generation of garnet.
An Sm-Nd isochron age (garnet-omphacite—whole rock) of 408.3 + 6.7 Ma (MSWD = 0.81) was

determined for this Saltaneset eclogite (Carswell et al., 2003b).

3. Methods

Representative samples of the Ulsteinvik eclogite and the garnet—quartz- and omphacite-rich

layers of the Saltaneset eclogite were collected. Zircon was extracted from the whole-rock
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Ulsteinvik sample, whereas individual garnet—quartz and omphacite-rich layers from the
Saltaneset eclogite were separated and then separately crushed to extract zircon from each layer.
Polished grain mounts were prepared and imaged by cathodoluminescence (CL) to reveal zoning
(Fig. 2). This study utilized two separate geochronologic techniques on the same zircons: 1)
high-spatial resolution laser ablation split-stream (LASS)-inductively coupled plasma—mass
spectrometry, allowing for the simultaneous collection of U-Th-Pb data and trace element data
for individual spot analysis (Kylander-Clark et al., 2013); and 2) high-precision, single-grain U-
Pb chemical abrasion ID-TIMS and trace element analysis (TIMS-TEA; Mattinson, 2005;
Schoene et al., 2010). Chemical abrasion removes high-U zones of the zircon susceptible to Pb
loss, therefore minimizing or wholly eliminating Pb-loss correction (Mattinson, 2005). TIMS-
TEA allows for the same zircon dated by U-Pb ID-TIMS to be analyzed for trace element
composition by solution ICP-MS (Root et al., 2004; Schoene et al., 2010).

Transects across different generations of garnet within the Ulsteinvik and Saltaneset eclogites
were analyzed by LA-ICP-MS in thin sections of the same rocks that were crushed (Fig. 6).
Trace-element data from both zircon and garnet are normalized to the chondrite values of Sun
and McDonough (1989).

LASS analyses were first performed to identify Scandian zircon. From there, Scandian whole
grains or Scandian subdomains within grains were targeted for ID-TIMS analysis. A combination
of single grains, fragments of grains, and multiple fragments from the same grain were analyzed
by ID-TIMS to try to identify grain-to-grain and intragrain heterogeneity that might cause
inaccurate and/or mixed ages (e.g., Mundil et al., 2001; Schoene, 2013). All grains were
annealed at 900 °C for 60 hours and chemically abraded at 220 °C for 12 hours (Mattinson et al.,

2005). ID-TIMS analyses have typical uncertainties of ~0.05% for Th-corrected 2°°Ph/**U
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weighted-mean dates and <0.2% for individual Th-corrected 2*°Pb/?®U dates that are inversely
proportional to the radiogenic/common Pb ratio (Pb*/Pbc; Table 3). Most ID-TIMS analyses do
not define a single population and are reported as individual Th-corrected 2°Pb/?*®U dates. In
comparison, LASS 2®Pb/?®U dates have typical uncertainties of ~1-2% for single spot analyses,
including both analytical and propagated uncertainties (Table 2). Reported uncertainties
throughout the text, data tables, and figures are at the 2-sigma or 95% confidence level unless
otherwise stated.

We first report zircon U-Pb and trace element data from grains that were analyzed by both
LASS and TIMS-TEA. These results are then compared to zircons analyzed by LASS only.
Finally, zircon-garnet trace element partition coefficients are calculated to link U-Pb dates to the
P-T history of the samples (Figs. 4a-b, 5, 6, and 7). All LASS and ID-TIMS inherited zircon
analyses are presented on concordia diagrams in Fig. S1. The online supporting information
provides a more-detailed description of the methodology for U-Pb LASS and TIMS-TEA zircon
analyses and data tables for the zircon and garnet trace-element analyses (Tables 4 and 5,

respectively).

4. Results

4.1 U-Pb zircon LASS and ID-TIMS geochronology

Zircons extracted from the Ulsteinvik eclogite within the central UHP domain are mostly
irregular to sub-rounded, and CL images reveal patchy- and polygonal-sector zoning (Fig. 2). In
comparison, zircons from the garnet—quartz and omphacite layers of the Saltaneset eclogite from
the southern UHP domain are rounded to sub-rounded and have patchy zoning and homogenous,

dark-CL rim overgrowths (Fig. 2). No difference in the CL patterns of the zircons from the two

15



318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

layers was detected. All zircons are interpreted to be metamorphic based on morphology, zoning
(e.g., Corfu et al., 2003), and low (< 0.04) Th/U ratios (Fig. S2a; Tables 2 and 3). LASS zircon

analyses targeted both the cores and rims of grains (Fig. 2; Table 2).

4.1.1 Ulsteinvik eclogite

Eclogite sample 8815E was collected from the layered body on the island of Hareidlandet,
approximately 1 km southeast of Ulsteinvik (Fig. 1b). Analysis of thirteen zircons by LASS
yields single-spot 2°Pb/**®U dates ranging from 412.8 + 5.4 Ma to 400.5 + 4.7 Ma (n = 24; Figs.
3b and 4a; Table 2). ID-TIMS results from thirteen whole grains or microsampled fragments of
the same zircons give Th-corrected *°Pb/?8U dates from 409.6 + 0.6 Ma to 401.3 + 0.4 Ma (n =
15; Figs. 3a and 4a; Table 3). To test for dispersion of ID-TIMS dates within a single grain, a
~200 pm zircon was microsampled, and the three fractions yield indistinguishable 2*°Pb/*®U
dates of 401.9 £ 0.2 Ma, 401.9 £ 0.4 Ma, and 402.1 + 0.3 Ma (z1 in Figs. 4a and 2; Table 3).
Overall, the ID-TIMS results cluster into two populations, ca. 409-407 Ma and ca. 402 Ma, but
only the youngest population yielded a weighted-mean 2°Pb/?*U date with a statistically
acceptable MSWD (401.9 + 0.1 Ma, MSWD = 1.9, n =5) (Fig. 4a). Ten additional zircons
analyzed by LASS alone yielded ?®°Pb/*®U dates ranging from 412.0 + 5.3 Ma to 397.2 £ 5.2 (n

= 10; Fig. 4a; Table 2) and older dates of ca. 475-430 Ma (n = 5; Fig. 3b; Table 2).

4.1.2 Saltaneset eclogite: garnet—quartz and omphacite layers
Sample NW13-02 was collected from an eclogite within the 60 m Saltaneset mylonite shear zone
(Fig. 1c) (Renedo et al., 2014). Zircon LASS analyses from four zircons extracted from the

garnet—quartz layer give *®°Pb/?8U dates of 407.8 + 5.1 Ma to 398.1 + 8.7 Ma (n = 4; Figs. 3b
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and 4b; Table 2). These same zircons yielded ID-TIMS 2*°Pb/*®U dates ranging from 409.0 +
0.4 Ma to 401.4 +£ 0.2 Ma (Figs. 3a and 4b; Table 3). These results reveal two populations with
weighted-mean 2°Pb/*®U dates of 408.8 + 0.2 Ma (n = 2) and 401.4 + 0.1 Ma (n = 2),
respectively (Fig. 4b). Nine additional zircons analyzed by ID-TIMS yield discordant dates,
which when combined with the Scandian ID-TIMS dates reveal weak discordia arrays with
upper-intercept ages of ca. 1560 Ma and ca. 943 Ma (Fig. S1; Table 3). The remaining zircons
analyzed by LASS produced Scandian *°Pb/*®U dates from 413.4 + 9.8 Ma to 396.8 + 8.8 Ma
(n=10; Figs. 3b and 4b; Table 2). Similar to the ID-TIMS results, LASS results also include
discordant analyses that define a discordia array with an upper-intercept of ca. 970 Ma (Fig. S1;
Table 2); however, LASS analyses do not reproduce the older ca. 1600 Ma discordia array
revealed by ID-TIMS analyses.

Only one zircon from the omphacite-rich layer (NW13-02-0) yielded a Scandian age for
both techniques. LASS analysis resulted in a 2°Pb/?*®U date of 404.1 + 5.1 Ma, and ID-TIMS
analysis yielded a 2°°Pb/?8U date of 396.7 + 1.4 Ma (Figs. 2, 3a, and 4b; Tables 2 and 3,
respectively). Other zircons from NW13-02-O yielded older, discordant ID-TIMS dates defining
a discordia array, suggesting a protolith age of ca. 936 Ma (Fig. S1; Table 2). Additional zircons
dated by LASS yielded ?®°Pb/*®U dates ranging from 414.4 + 5.8 Ma to 398.4 + 8.1 Ma (n = 5;
Figs. 3b and 4b; Table 2), as well as two discordia arrays with upper intercepts of ca. 1599 Ma

and 954 Ma (Fig. S1).

4.2 Zircon trace-element data
LASS trace element results are shown for the Ulsteinvik eclogite and the Saltaneset garnet—

quartz and omphacite layers in Figs. 5a—c. The solution ICP-MS trace element data obtained
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from the ID-TIMS washes are in Figs. 5d—e, S2a—b, and Table 4. All Scandian solution ICP-MS
analyses for the Saltaneset garnet—quartz and omphacite layers are combined in Fig. 5e as there

is only a single Scandian zircon ID-TIMS date from the omphacite layer.

4.2.1 Ulsteinvik eclogite LASS and solution ICP-MS zircon trace element data

The LASS zircon REE patterns from the Ulsteinvik eclogite reveal two distinct patterns.
Scandian (ca. 413-397 Ma) zircons analyzed by LASS record a flat HREE slope (Lun/Gdy =
0.62—4.40; n = 34) and mostly flat-to-positive Eu anomalies (Eu/Eu* = Eun/(Smy x Gdy)® =
0.75-1.93; n = 29), although slightly negative Eu anomalies were also obtained (Eu/Eu* = 0.56—
0.73; n =5) (Fig. 5a; Table 4). The individual REE patterns of most analyses reveal an overall
higher concentration of MREE and HREE for the younger Scandian analyses (ca. 405-397 Ma)
compared to the older Scandian analyses (ca. 413-406) (Fig. 5a; Table 4). The second pattern
represented by inherited dates (ca. 475-430 Ma; n = 5) is characterized by an increase in the
overall REE concentration, steep HREE slopes (Lun/Gdy = 42-128), and prominent-to-flat Eu
anomalies (Eu/Eu* = 0.35-0.94) (Fig. 5a; Table 4).

The solution ICP-MS trace element patterns of Scandian (ca. 409—402 Ma) Ulsteinvik
zircons are similar to laser ablation analyses of the same zircons: flat HREE slopes (Lun/Gdy =
0.54-5.51, n = 14) and a lack of strongly-negative Eu anomalies (Eu/Eu* = 0.88-1.53, n = 14)
(Figs. 5d and S2a). These analyses record an overall greater abundance of MREE-HREE for the
younger analyses in comparison to the laser-ablation analyses; however, similar to the LASS
analyses, there is a correlation between younger Scandian dates and higher MREE-HREE
abundances (Figs. 5d and S2b; Table 4). Furthermore, the younger Scandian ca. 402 Ma zircons

yielded greater Y/Sc and Zr/Hf ratios (Fig. S2b).
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4.2.2 Saltaneset garnet—quartz and omphacite layers zircon LASS and solution ICP-MS trace
element data

Zircon LASS trace element data from the garnet—quartz layer, NW13-02-G, also reveal two
separate REE patterns. The Scandian (ca. 413-397 Ma) zircons are characterized by flat
(Lun/Gdy = 1.87-3.93, n = 12) to slightly positive (Lun/Gdy = 5.81-10.38, n = 2) HREE slopes
and absent (0.75-1.24, n = 7) to slightly negative Eu anomalies (Eu/Eu* = 0.43-0.64, n =7)
(Fig. 5b; Table 4). In comparison, inherited (ca. 966-528 Ma) zircons show more enriched REE
patterns, with steep HREE slopes (Lun/Gdy = 7.95-97.87, n = 39) and prominently negative
(Eu/Eu* = 0.19-0.48, n = 35) to slightly negative Eu anomalies (Eu/Eu* = 0.57-0.70, n = 3)
(Fig. 5b; Table 4).

The omphacite-rich layer, NW13-02-0O, yielded LASS zircon REE patterns similar to the
Saltaneset garnet—quartz layer and the Ulsteinvik eclogite. The youngest population of zircons
(ca. 414-398 Ma) is represented by flat (Lun/Gdy = 1.95-3.24, n = 3) to slightly-positive HREE
slopes (Lun/Gdy = 5.33-8.89, n = 3). These grains lack negative Eu anomalies (Eu/Eu*=0.80—
1.47, n = 5), with the exception of a single analysis (Eu/Eu*=0.70) (Fig. 5c, Table 4). In
contrast, ca. 1600-433 Ma zircons are distinguished by enrichment in all REE, especially HREE.
These inherited grains have steep HREE slopes (Lun/Gdy = 4.34-150.7, n = 39). A variety of Eu
anomalies are preserved, from strongly negative to absent (Eu/Eu* = 0.23-0.83, n = 40) (Fig. 5c;
Table 4).

Individual Scandian zircon solution ICP-MS REE patterns for the Saltaneset garnet—quartz
layer (ca. 409-402 Ma) and a single analysis from the omphacite layer (ca. 397 Ma) have

positive Eu anomalies (Eu/Eu* = 0.75-1.05, n = 5) and are depleted in HREE, producing HREE

19



410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

slopes similar to Scandian LASS analyses for both layers. The depleted HREE signatures show
flat to slightly positive slopes (Lun/Gdy = 1.72-3.34, n = 5) (Figs. 5e and S2a-b; Table 4).
Similar to the Ulsteinvik solution ICP-MS analyses, the ca. 402 Ma grains from the Saltaneset
garnet—quartz layer have increased MREE-HREE abundances and greater Y/Sc and Zr/Hf ratios
(Fig. S2b). Solution ICP-MS analyses (ca. 1512-425 Ma) for the inherited grains are similar to
the LASS REE patterns of inherited zircons from both Saltaneset eclogite layers (Fig. 5e). The
individual zircon trace-element profiles show pronounced to slightly-negative Eu anomalies
(Eu/Eu* = 0.34-0.72, n = 5) and strong enrichment in HREE with steep slopes (Lun/Gdy = 5.29—

46.47, n = 5) (Fig. 5e; Table 4).

4.3 Garnet LA-ICP-MS trace element data

4.3.1 Ulsteinvik eclogite garnet LA-ICP-MS trace-element data

Garnet within the Ulsteinvik eclogite consists of large (1-4 mm), fractured porphyroblasts and
later polycrystalline garnet in the matrix and rimming some of the early porphyroblasts.
Transects across the porphyroblasts and the polycrystalline matrix garnet from the same portion
of the eclogite in which zircon was extracted revealed variable trace-element signatures. The
porphyroblasts have slight variation in LREE composition and flat MREE-HREE signatures
(Lun/Gdn=0.69-1.43, n = 141) (Fig. 6a; Table 5). In contrast, late polycrystalline garnet in the
matrix and rimming early garnet have lower and more variable LREE, with more consistent
MREE and HREE (Lun/Gdn = 0.77-3.74, n = 39) (Fig. 6b; Table 5). Both generations of garnet

preserve flat Eu anomalies (Eu/Eu* = 1.10-1.67, n = 198) (Figs. 6a—b; Table 5).

4.3.2 Saltaneset garnet—quartz and omphacite layers garnet LASS trace element data
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The Saltaneset eclogite contains garnet within both of its layers. The large (1-3 mm), subhedral
garnets located within the quartz vein have similar LREE, whereas core-to-rim variation in
MREE and HREE is preserved. The rims show flat patterns (Lun/Gdy = 2.21-4.79, n = 8) that
transition to negative HREE slopes for the garnet core (Lun/Gdy = 0.15-0.96, n = 17) (Fig. 6d;
Table 5). In comparison, small (0.5-0.8 mm) anhedral garnets from the omphacite-rich layer
have homogenous trace element profiles with slightly-positive HREE slopes (Lun/Gdy = 2.25—
5.72,n = 11) (Fig. 6¢; Table 5). Garnet analyses within both layers of the eclogite have positive

Eu anomalies (Eu/Eu* = 0.73-1.20, n = 36) (Figs. 6¢-d; Table 5).

4.3.3 Zircon-garnet trace-element partition coefficients
Rare earth element partitioning between zircon and garnet (i.e., Dree (zrn/grt)) was calculated for
the Ulsteinvik and Saltaneset eclogite layers to further assess whether zircon (re)crystallized in
equilibrium with garnet (Fig. 7). To determine Dgree (zrn/grt), average trace element
compositions for the two zircon populations (ca. 409—407 Ma and ca. 402 Ma) from each sample
were paired with the average composition of different garnet populations (see below). For
consistency, both solution ICP-MS (Fig. 7) and laser ablation ICP-MS (Fig. S3) trace-element
analyses are used separately in the partition coefficient calculations. However, the trends in REE
(Lun/Gdy and MREE-HREE abundances) versus age from both techniques are similar and thus
the calculated distribution coefficients are similar (Figs. 5 and S2a—b). As some LREE were
below detection limits for most of the zircon solution ICP-MS analyses, D\ ree Values were only
calculated from a few analyses.

Within the Ulsteinvik eclogite, there are two garnet populations: 1) early garnet

porphyroblasts; and 2) late, recrystallized garnet as a matrix phase and as rims on the
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porphyroblasts. The trace element data for the porphyroblasts show consistent LREE-HREE
patterns, whereas the later recrystallized garnet have more variably-depleted LREE (Figs. 6a—b;
Table 5). The overlap of some LREE-MREE analyses for the two garnet types may reflect
growth of early and late garnet under similar P-T conditions (Fig. 6b). Dree Was calculated from
pairing the older zircon population with the early garnet porphyroblasts and the younger zircon
population with the late-recrystallized garnet (Fig. 7). The young (ca. 402 Ma) zircons/late
garnets have Dree near unity for the MREE-HREE (Fig. 7). A similar, flat Dyree partitioning
pattern is observed for the old (ca. 409 Ma) zircons/early garnets; however, the values are
slightly less than unity (Fig. 7). In addition, the Dyree Values decrease with decreasing atomic
number for the old zircon/early-garnet pairs (Fig. 7).

For the Saltaneset eclogite, the garnet cores from the quartz layer have greater MREE (Sm—
Tb) and less HREE (Tm-—Lu) relative to their rims (Fig. 6d; Table 5). Dgee for the garnet—quartz
layer were calculated by pairing the trace element compositions of the older zircon population
with the garnet cores, and the younger zircon population with the garnet rims (Fig. 7). Dyree and
Dwmree for the young zircon/garnet rim compositions are consistent and greater than unity,
whereas the older zircon/garnet core pairs indicate preferential partitioning of the Lu into zircon
(DL, =5.81), with Dgee decreasing to near-unity values at Dy and for the remaining MREE (Fig.
7).

In comparison to the garnet—quartz layer, garnets from the Saltaneset omphacite-rich layer
have consistent core-to-rim trace element profiles, with weakly positive HREE slopes (Fig. 6c;
Table 5). Dgree for the Saltaneset omphacite layer were calculated with the zircon trace element

composition of the single ID-TIMS analysis and the LA-ICP-MS average trace element

22



478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

composition of the homogeneous garnet; these results show consistent Dgee values slightly

above unity from Lu-Sm (Fig. 7).

5. Discussion

The preservation of (U)HP eclogites and mantle peridotites across 30,000 km? of the WGR
provides irrefutable evidence for the deep subduction and exhumation of a large body of
continental crust during the late stages of the Caledonian orogeny. Previous geochronological
investigations have concluded that the rocks remained at eclogite-facies depths from ca. 425-400
Ma. In order for the subducted material to have remained at eclogite-facies conditions for > 20
Myr prior to exhumation, studies have argued that either multiple UHP events occurred at
different times across the WGR or that the subducted crust was thick and subduction was slow
(Root et al., 2005; Hacker, 2007; Kylander-Clark et al., 2009). Evaluating these endmember
models requires constraining the timing and duration of UHP metamorphism at different

locations across the WGR.

5.1 Zircon: Ulsteinvik and Saltaneset eclogites

LASS and solution ICP-MS analyses from all of the Scandian zircons from both the Ulsteinvik
and Saltaneset eclogites show REE patterns consistent with (re)crystallization during eclogite-
facies metamorphism, with depleted, flat HREE signatures and weak, negative Eu anomalies
(Figs. 5 and S2a). The LASS U-Pb zircon results from the Ulsteinvik eclogite presented in this
study reveal protracted Scandian zircon (re)crystallization at eclogite-facies conditions from ca.
413-397 Ma, with single-crystal ID-TIMS analyses suggesting two zircon (re)crystallization

events at ca. 409-407 Ma and 401.9 + 0.1 Ma (Figs. 3a and 4a). Previous studies of the
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Ulsteinvik eclogite had documented UHP eclogite-facies inclusions within zircon (i.e.,
omphacite, garnet, rutile, quartz, and coesite) and argued that the 401.6 + 1.6 Ma zircon age best
represents the timing of WGR UHP metamorphism (Krogh et al., 1974; Carswell et al., 2003a).
However, this Ulsteinvik zircon age is a multi-grain, weighted-mean *°’Pb/?°®Pb age derived
from four different U-Pb ratios; thus, this age may incorporate and average multiple generations
of zircon (re)crystallization. The younger of the two populations revealed by ID-TIMS is
equivalent to the earlier reported value of 401.6 + 1.6 Ma; however, the older population reveals
an earlier eclogite-facies history than previously reported, suggesting that the Ulsteinvik body
was at (U)HP conditions by at least ca. 409 Ma.

The layered Saltaneset eclogite previously yielded an Sm-Nd garnet-omphacite—whole rock
isochron date of 408.3 £ 6.7 Ma (n = 3, MSWD = 0.81) (Carswell et al., 2003b). In comparison
to the Sm-Nd age, U-Pb zircon results from the Saltaneset eclogite garnet—quartz layer suggest a
prolonged (U)HP history, with LASS analyses yielding a range of Scandian dates from ca. 413—
397 Ma and ID-TIMS results revealing a bimodal population of 408.8 + 0.2 Ma and 401.4 + 0.1
Ma (Figs. 3a and 4b; Tables 2 and 3). As only two zircons make up the ca. 409 Ma ID-TIMS
population, it is possible that this population represents mixing of minor inherited zircon
domains with the ca. 402 Ma age domains (Fig. S1); however, the calculated discordia arrays
show scatter (high MSWDs), the ca. 409 Ma dates overlap concordia within uncertainty (Fig.
3a), and the previously reported Sm-Nd isochron age is in good agreement with this U-Pb age.
Furthermore, the solution trace element data shows distinct MREE-HREE abundances and
steepness of the HREE patterns for the inherited, ca. 409 Ma, and ca. 402 Ma zircon populations
(Figs. 5a—e and S2b). Therefore, the ca. 409 Ma zircons in the Saltaneset garnet-quartz layer

likely record an eclogite-facies event that is also evident in the Ulsteinvik eclogite.
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Only a single Scandian zircon was dated by both techniques from the omphacite-rich layer,
as the majority of the grains were inherited (Figs. 3b and S1; Tables 2 and 3). This Scandian
zircon revealed the youngest ID-TIMS date of this study: 396.7 + 1.4 Ma (Fig. 4b; Table 3).
LASS analyses from this layer reveal a range of Scandian dates from ca. 414-398 Ma and a
similar inherited zircon population as recorded in the quartz-dominated layer (Figs. 4b and S1;
Table 2). Based on these similar zircon inheritance patterns, it is likely that the Saltaneset

omphacite and garnet—quartz layers underwent the same P—T history.

5.2 Zircon-garnet equilibrium patterns

Multiple studies have used trace element partitioning between zircon and garnet as a means of
assessing equilibrium between the two minerals across a range of temperatures in granulite-
facies rocks (e.g., Harley et al., 2001; Rubatto, 2002; Hermann and Rubatto, 2003; Rubatto and
Hermann, 2003; Hokada and Harley, 2004, Kelly and Harley, 2005; Buick et al., 2006; Rubatto
et al., 2006; Harley and Kelly, 2007) and to a lesser extent in eclogite-facies rocks (Fig. 7; e.g.,
Rubatto, 2002; Rubatto and Hermann, 2003; Baldwin et al., 2004; Monteleone et al., 2007;
Rubatto and Hermann, 2007b).

The calculated zircon—garnet partition coefficients for the Ulsteinvik eclogite and Saltaneset
eclogite layers show two different Dyree patterns (Fig. 7). The first is represented by constant
Dree values, as observed for the Ulsteinvik eclogite, the Saltaneset garnet—quartz young
zircon/rim garnet pairs, and the Saltaneset omphacite-layer (Fig. 7). The second, from the old
zircon/garnet core compositions from the Saltaneset garnet—quartz layer, is marked by a decrease

in HREE partitioning into zircon from Lu to Dy (Fig. 7).
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Both Dyree patterns described above for the Ulsteinvik and Saltaneset eclogites have previously
been suggested to be indicative of zircon/garnet equilibrium. The flat pattern with near-unity
Duree Values has been observed in natural eclogite- and granulite-facies rocks and in
experiments (e.g., Harley et al., 2001; Whitehouse and Platt, 2003; Hokada and Harley, 2004;
Kelly and Harley, 2005; Harley and Kelly, 2007; Monteleone et al., 2007; Taylor et al., 2014).
The second pattern, marked by a decrease in zircon partitioning from HREE-MREE, has been
inferred to represent equilibrium between zircon and garnet in eclogites and experimental studies
(e.g., Baldwin et al., 2004; Rubatto, 2002; Rubatto and Hermann, 2003, 2007b). In contrast to the
zircon/garnet pairings discussed above, if the different garnet and zircon REE compositions are
switched (i.e., young/core and old/rim), similar Dreg patterns are obtained. Based on these
results, it is suggested that the different zircon and garnet populations from both eclogites were
likely in equilibrium during this prolonged period of eclogite-facies metamorphism; thus,
(re)crystallization of zircon under garnet-stable conditions likely occurred from ca. 409-402
Ma.5.3 Older (>430 Ma) Caledonian Eclogite Ages

In addition to the Scandian dates, zircons from the Ulsteinvik eclogite also reveal a nearly
continuous spread of older concordant Caledonian dates that range from ca. 475-430 Ma (Fig.
3b; Table 2). Root et al. (2005) suggested that the Ulsteinvik eclogite is allochthonous based on
the similarity of the host rock lithologies, including garnet—biotite—kyanite schist, quartzite,
marble (Mysen and Heier, 1972), and coarse augen gneiss, to the allochthonous Blahg and
Risberget Nappes, exposed to the north (Robinson, 1995). Furthermore, the ca. 475-430 Ma
zircons overlap with ca. 459 Ma eclogite zircon ages, interpreted to be mainly igneous (Th/U =
0.19-0.72), from the Blahg Nappe exposed ~150 km to the east and ca. 440 Ma eclogite

metamorphic zircon (re)crystallization ages (Th/U = 0.03-0.13) from allochthons exposed ~60
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km to the southeast (Walsh et al., 2007). The metamorphic (re)crystallization ages are possibly
related to allochthon emplacement (e.g., Hacker and Gans, 2005).

In comparison, the Saltaneset layered eclogite records evidence of the Gothian and
Sveconorwegian orogenic events (e.g., Skar, 2000; Austrheim et al., 2003), with upper intercept
ages of ca. 1600-1560 Ma and ca. 970-936 Ma from two separate discordia arrays (Fig. S1).
These results suggest the metabasite protolith likely intruded the WGC basement rocks and
crystallized at ca. 1600 Ma. It was then reworked during the Sveconorwegian and Caledonian
orogenies. Similar eclogite protolith ages have been obtained across the WGR for both events
(e.g., Root et al., 2004; Walsh et al., 2007) in addition to the abundant record of these events
recorded by felsic basement rocks (e.g., Brueckner, 1972, 1979; Carswell and Harvey, 1985;
Tucker et al., 1990, 2004; Skar et al., 1994; Skar, 2000; Austrheim et al., 2003; Skar and
Pederson, 2003; Rehr et al., 2004, 2013; Root et al., 2005; Glodny et al., 2008; Kylander-Clark

et al., 2008; Krogh et al., 2011; Corfu et al., 2013).

5.4 UHP metamorphism in the central and southern UHP domains

New LASS and ID-TIMS results support previous conclusions that UHP metamorphism
occurred from ca. 410-400 Ma in the central and southern UHP domains (Krogh et al., 1974;
Mearns, 1986; Carswell et al., 2003a, 2003b; Root et al., 2004; Tucker et al., 2004; Young et al.,
2007). However, the new high-precision, single-crystal data also indicate that zircon
(re)crystallization was locally episodic, at ca. 409-407 Ma and at ca. 402 Ma, rather than
continuous. The possibility of prolonged subduction has been inferred on a larger scale from U-
Pb zircon, Lu-Hf garnet, and Sm-Nd garnet dates (Kylander-Clark et al., 2007, 2009; Krogh et

al., 2011). This is the first study, however, to record multiple discrete ages of (U)HP zircon
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(re)crystallization events within individual samples from two separate localities, with both events
occurring during the end stages of the previously-interpreted eclogite-facies history (425-400
Ma).

The younger zircon population (ca. 402 Ma) may represent (re)crystallization at HP during
the early stages of exhumation and retrogression. The use of Eu anomaly to assess zircon
(re)crystallization pressure is limited by the maximum pressure stability of plagioclase at ~ 1.6
GPa (depending on temperature and bulk composition), well below coesite stability (Bohlen and
Boettcher, 1982; Bose and Ganguly, 1995). Thus, these results may record HP events rather than
parts of the UHP history. A recent study of variably deformed felsic leucosomes and dikes across
the WGR revealed an overlap in the youngest eclogite ages and the oldest melt-crystallization
ages, suggesting that the younger zircon population detected in this study may be recording
(re)crystallization during retrogression (Kylander-Clark and Hacker, 2014). Moreover, the minor
population of zircon dates from both localities that cluster between ca. 398-396 Ma (n=7; Tables
2 and 3) may also reflect this subsequent (re)crystallization during exhumation at garnet-stable
conditions. Regardless, the results from the southern and central UHP domains provide evidence
for at least two eclogite-facies metamorphic events, revealing a shorter timescale of (U)HP
metamorphism in comparison to previous studies that suggested a >20 Myr long-term residence

at eclogite-facies depths for a large portion of the WGR (Kylander-Clark et al., 2007, 2009).

6. Conclusions
This study combines high-spatial resolution (LASS) and high-precision (ID-TIMS-TEA)
techniques on the same zircon from two UHP eclogites within the Western Gneiss Region of

Norway. The results capture metamorphism from 409.6 + 0.6 Ma to 401.3 + 0.4 Ma and 409.0 +
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0.4 Ma to 401.4 + 0.2 Ma, with the data suggesting two (U)HP zircon (re)crystallization events at
ca. 409-407 Ma and ca. 402 Ma. Trace-element analyses from both populations of zircon show
flat, depleted HREE signatures and weak negative Eu anomalies interpreted to represent
metamorphism under eclogite-facies conditions during these two events. Zircon and garnet trace-
element abundances yield distribution coefficients that imply equilibrium between the two
minerals. This study highlights the utility of coupled high-precision ID-TIMS and high-spatial
resolution LASS zircon studies of eclogites across the WGR to test models for the subduction

and exhumation of the WGR during the Scandian orogeny.
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Figures:

Figure 1. (a) Generalized geologic map of the Western Gneiss Region showing the southern,
central, and northern UHP domains after Hacker et al. (2010). Locations of (U)HP eclogites and
their respective U-Pb zircon dates are shown. Simplified geologic maps of (b) the Ulsteinvik
eclogite on Hareidlandet within the central UHP domain (after Mysen and Heier, 1972) and (c)
the SW coast of Saltaneset within the southern UHP domain showing the layered eclogite within
the Saltaneset mylonite zone (after Renedo et al., 2014). Stars and areas outlined mark sample

localities in a, b, and c.

Figure 2. Cathodoluminescence images from the Ulsteinvik eclogite and Saltaneset garnet-
quartz and omphacite layers displaying patchy- and polygonal-sector zoning, along with some
rim overgrowths, preserved within the metamorphic zircon of the two samples. Corresponding
ID-TIMS dates are also shown. Black lines denote microsampled fragments of Ulsteinvik z1.
Omphacite layer zircon (spot 20) did not yield a Scandian ID-TIMS date; therefore, the LASS

date is shown. Scale bar is 100 micrometers.

Figure 3. Concordia diagrams showing all of the Caledonian U-Pb zircon analyses from both the
Ulsteinvik and Saltaneset layered eclogite: (a) individual ID-TIMS analyses; (b) LA-ICP-MS

analyses. Insets show Scandian (U)HP dates from both techniques. Dates given in Ma.

Figure 4. U-Pb zircon analyses (LASS (green) and ID-TIMS (red) dates from the exact same

zircon) from the two eclogites: (a) Ulsteinvik and (b) Saltaneset (see Table 2), along with

additional LASS dates (blue). The numbers correspond to the laser spot (LASS) and zircon grain
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or fraction (ID-TIMS). The range of single grain or fraction of a grain ID-TIMS analyses are

reported as Th-corrected 2°°Pb/?**U dates.

Figure 5. Chondrite-normalized zircon trace element data collected by LASS and color-coded by
the corresponding LASS dates for (a) the Ulsteinvik eclogite, (b) the garnet—quartz layer of the
Saltaneset eclogite, and (c) the omphacite-rich layer of the Saltaneset eclogite. Shaded regions
show range of LASS analyses from inherited zircons. Solution ICP-MS analyses (TEA), color-
coded by the corresponding ID-TIMS dates, for (d) the Ulsteinvik eclogite and (e) the combined
Saltaneset eclogite garnet—quartz (G) and omphacite-rich (O) layers. LASS trace-element results

from the same samples (shaded regions) are shown for comparison.

Figure 6. Chondrite-normalized garnet trace element data collected by LA-ICP-MS for (a) early-
formed garnet porphyroblasts of the Ulsteinvik eclogite, (b) late-recrystallized garnet along some
of the early garnet rims and within the matrix of the Ulsteinvik eclogite, (c) the omphacite-rich
layer of the Saltaneset eclogite, and (d) garnet—quartz layer of the Saltaneset eclogite with Lu

profile across representative zoned garnet 3.

Figure 7. Zircon/garnet partition coefficients for the different populations and/or generations of
zircon (solution ICP-MS) and garnet analyses (LA-ICP-MS). Averaged zircon trace element
compositions of the two age populations are paired with the average of the different garnet trace-
element compositions observed in Ulsteinvik and Saltaneset eclogite layers. Also shown is the
range in previously calculated experimental and empirical zircon/garnet partition coefficients

discussed in the text.
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1064  Figure S1. Concordia diagrams showing U-Pb zircon results from the (a and b) Saltaneset

1065  garnet—quartz layer (NW13-02-G) and (c and d) the omphacite-rich layer (NW13-02-O)

1066  analyzed by ID-TIMS and LASS, respectively. Upper- and lower-intercept ages were calculated
1067  using the program U-Pb_Redux (Bowring et al., 2011; McLean et al., 2011). Each ellipse

1068  represents a single zircon or spot analysis and the 2-sigma uncertainties. Dates listed on

1069  concordia are in Ma.

1070

1071  Figure S2. Scandian zircon trace elements as a function of time. Plots are shaded for ca. 409—
1072 407 and ca. 402 Ma zircon populations. (a) Lun/Gdy, EU/Eu*, and Th/U data and (b) sum of
1073 absolute concentrations (ppm) of MREE-HREE, Y/Sc, and Zr/Hf data vs. ID-TIMS 2°°Pb/8U
1074  (Th-corrected) age for the Ulsteinvik eclogite, the garnet—quartz layer of the Saltaneset eclogite,
1075  and the omphacite-rich layer of the Saltaneset eclogite. Lun/Gdy and Eu/Eu* analyses are

1076  normalized to chondrite values of Sun and McDonough (1989).

1077

1078  Figure S3. Zircon/garnet partition coefficients for the different populations and/or generations of
1079  zircon (LASS) and garnet analyses (LA-ICP-MS). Average zircon trace element compositions of
1080 the young (ca. 405-397 Ma) and old (ca. 414-406 Ma) age populations are paired with the

1081  average of the different garnet trace-element compositions observed in Ulsteinvik and Saltaneset
1082  eclogite layers. Also shown is the range in previously published experimental and empirical
1083  zircon/garnet partition coefficients discussed in the text.
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Table 1

Table 1
Geochronological summary of various Scandian (U)HP eclogites from the Western Gneiss Region
Sm-Nd isochron age (minerals), sample MSWD, n location
418 + 11 Ma" * (grt-cpx), 1428; 418 + 27 Ma' (grt-cpx) *n=2 Tverrfjell (~15 km NE of Nordgyane)
423 + 30 Ma®“? (grt-cpx), N16; 422 + 19 Ma' (grt-cpx) *n=2 Ulsteinvik (Sorgyane)
423 + 12 Ma®“? (grt-cpx), 5/79; 423 + 8 Ma' (grt-cpx) *n=2 Vagsey (Nordfjord)
407 + 24 Ma®? (grt-cpx), K6; 407 £ 17 Ma' (grt-cpx) *n=2 Frei (~45 km NE of Nordgyane)
408 + 8 Ma’ (w.r.-grt-cpx), 8067; 408 + 6 Ma' (grt-cpx) *n=3;*n=2 Almklovdalen (Nordfjord)
407 £ 76 Ma' (w.r.-grt-cpx) MSWD =3.7,n=3
400 + 16 Ma* (w.r.-grt-cpx), EH13 *n=3 Flemsgya (Nordgyane)
410 £ 16 Ma' (w.r.-grt-cpx) MSWD=0.2,n=3
412 + 12 Ma’ (grt-cpx); 412 + 4 Ma' (grt-cpx) *n=2 Eiksunddal (Sorgyane)
408.3 + 6.7 Ma® (w.r.-grt-cpx), Salt00-48 MSWD =0.8, n =3 Salta (Nordfjord)
402.7 + 4.6 Ma’ (w.r.-grt), R3703A2 *n=2 Vigra (~20 km SW of Nordgyane)
398.3+5.5Ma’ (w.r.-grt-cpx), 9826J MSWD =2.0,n=3 NW Gurskgy (~5 km S of Sorgyane)
388 + 10 Ma’ (w.r.-grt-cpx), 8815B MSWD =0.2,n=3 Otrgy (Nordgyane)
384+ 11 Ma’ (w.r.-grt-cpx), 8906A11 MSWD =1.4,n=3 Remgya (Sorgyane)
397.1+ 4.8 Ma® (w.r.-grt-cpx), P5701A MSWD =1.7,n=4 Sandvik (Sorgyane)
398.3+8.1 Ma® (w.r.-grt-cpx), E1612Q5 MSWD =1.9,n=4 Geiranger (southern edge of Nordfjord)
413.9 + 3.7 Ma® (w.r.-grt-cpx), NOR205 MSWD =0.5,n=4 Gossa (Nordgyane)
393.4+3.4 Ma® (grt-cpx), 8 *n=2 Svartberget (Nordgyane)
380.7 £ 5.7 Ma’ (grt-cpx), 6 * n=2
429.5 +3.1 Ma™® (w.r.-grt-cpx), (DS0384, DS0380, FI99-26) *n=3 Otrgy and Flemsgy (Nordgyane)

Lu-Hf isochron age (minerals), sample

419.5 +4.3 Ma’ (w.r.-grt-cpx), 9901B1 MSWD =1.8, n=4 Verpeneset (Nordfjord)
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Table 2

Table 2
Zircon U-Th-Pb LA-ICP-MS isotopic data from the Western Gneiss Region: Ulsteinvik and Saltaneset eclogites
Composition Isotopic Ratios

Approx. Approx. Th/U *pp/ +20 2%pby/ +20

U (ppm) Th (ppm) 2y abs 28y abs
LA-ICP-MS results for Ulsteinvik and Saltaneset eclogite garnet-quartz and omphacite layers dated by ID-TIMS
8815E, Ulsteinvik
Sample, Laser spot number, ID-TIMS zircon fraction
Ulsteinvik_1_z1-1 280 7 0.03 0.480 0.007 0.0641 0.0008
Ulsteinvik_2_z1-3 330 10 0.03 0.487 0.008 0.0645 0.0009
Ulsteinvik_3_z1-4 416 14 0.03 0.487 0.007 0.0645 0.0008
Ulsteinvik_5_z1 263 9 0.03 0.484 0.008 0.0641 0.0009
Ulsteinvik_6_z1 269 10 0.04 0.492 0.007 0.0648 0.0008
Ulsteinvik_9_z2 246 7 0.03 0.496 0.008 0.0658 0.0009
Ulsteinvik_12_z3 243 6 0.03 0.499 0.007 0.0659 0.0009
Ulsteinvik_15_z4 258 7 0.03 0.498 0.007 0.0659 0.0008
Ulsteinvik_13_z5 437 8 0.02 0.497 0.007 0.0652 0.0008
Ulsteinvik_14_z5 413 5 0.01 0.490 0.007 0.0651 0.0009
Ulsteinvik_27_z8 193 3 0.02 0.488 0.008 0.0643 0.0009
Ulsteinvik_7_z10 195 6 0.03 0.495 0.009 0.0647 0.0009
Ulsteinvik_22_z12 297 9 0.03 0.504 0.008 0.0661 0.0009
Ulsteinvik_23_z12 391 16 0.04 0.502 0.007 0.0654 0.0008
Ulsteinvik_31_z13 239 6 0.03 0.494 0.008 0.0655 0.0009
Ulsteinvik_35_z14 252 8 0.03 0.493 0.008 0.0656 0.0009
Ulsteinvik_16_z15 511 11 0.02 0.484 0.007 0.0643 0.0009
Ulsteinvik_17_z15 523 11 0.02 0.489 0.007 0.0647 0.0009
Ulsteinvik_18_z15 373 6 0.02 0.494 0.007 0.0651 0.0009
Ulsteinvik_45_z16 413 15 0.04 0.496 0.007 0.0654 0.0009
Ulsteinvik_46_z16 263 7 0.03 0.498 0.008 0.0653 0.0009
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Table 3

Table 3
Zircon U-Pb ID-TIMS isotopic data from the Western Gneiss Region: Ulsteinvik and Saltaneset eclogites
Composition
mineral Pb*/ Pb*
Sample location® assemblageb Fraction Pbc" (pg) f
8815E-Ulsteinvik 32V 337447 6915556 Omp, Grt, Aug, z1-1 366 68
Pl, Qz, Amp, Bt, z1-3 48 8
Rt, Zrn z1-4 481 214
22 73 13
z3 80 14
74 49 11
25 110 20
z8 87 14
z10 56 10
z12 25 4
z13 23
214 19 45
z15 11 25
z16 53 139
z17 6 14
NW13-02-G 32V 308668 6882327 Qgz, Grt, Rt, Zr z1-1 394 109
Saltaneset garnet—quartz layer z1-2 682 194
z2-1 573 187
z2-2 315 54
23 72 21
z5-1 177 23
26 39 30
z7 26 4
79 461 90
z11 60 10
z14 4
z15
z16 11 24
NW13-02-0 32V 308668 6882327 Omp, Grt, Qz, z1-3 583 98
Saltaneset omphacite layer Pl, Amp,Rt, Zrn z1-4 238 74
z2 382 116
z3-2 97 21
z4-1 137 19
z4-3 83 15
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Table 4

Table 4

Chondrite normalized zircon LASS and solution ICP-MS trace-element data from the Western Gneiss Region: Uls
Zircons analyzed by ID-TIMS and LASS La Ce Pr
Ulsteinvik-8815E, eclogite

Ulsteinvik_z1_1 bdl 3.8 0.03
Ulsteinvik_z1_2 bdl 4.7 0.04
Ulsteinvik_z1_3 0.003 6.0 0.02
Ulsteinvik_z1_5 0.004 4.2 0.1
Ulsteinvik_z1_6 bdl 3.8 0.1
Ulsteinvik_z2_9 0.02 3.9 0.04
Ulsteinvik_z3_12 0.06 33 0.03
Ulsteinvik_z4_15 0.02 3.5 0.1
Ulsteinvik_z5_13 0.03 4.8 0.1
Ulsteinvik_z5_14 0.07 4.3 0.05
Ulsteinvik_z8_27 bdl 2.8 0.1
Ulsteinvik_z10_7 0.02 2.7 0.1
Ulsteinvik_z12_22 0.01 4.9 bdl
Ulsteinvik_z12_23 0.03 6.8 0.003
Ulsteinvik_z13_31 0.01 3.9 bdl
Ulsteinvik_z14_ 35 0.03 3.6 0.1
Ulsteinvik_z15_16 0.04 5.7 0.1
Ulsteinvik_z15_17 0.01 5.5 0.02
Ulsteinvik_z15_18 0.03 4.1 0.2
Ulsteinvik_z16_45 bdl 7.6 0.1
Ulsteinvik_z16_46 bdl 4.4 bdl
Ulsteinvik_z16_47 bdl 4.6 0.1
Ulsteinvik_z16_48 bdl 4.5 0.1
Ulsteinvik_z17_20 0.02 2.4 0.01

NW13-02-G, Saltaneset eclogite (garnet-quartz layer)

NW13_02_grt z1 3 0.03 5.4 bdl
NW13_02_grt z3_6 0.03 6.6 0.1
NW13_02_grt_z6_19 0.02 4.4 bdl
NW13_02_grt-z16_4 0.0001 3.0 bdl

NW13-02-0, Saltaneset eclogite (omphacite layer)
NW13_02_omph_z5_2 0.2 9.4 0.7

Zircons analyzed by LASS
Ulsteinvik-8815E, eclogite
Ulsteinvik_10 bdl 4.7 bdl
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Table 5

Table 5
Chondrite normalized garnet LA-ICP-MS trace-element data and calculated zircon-garnet partition coefficients fi

In situ garnet analyses La Ce Pr
8815E, Ulsteinvik eclogite

garnet 1 8815E-low-1 0.07 0.3 13
8815E-low-2 0.04 0.4 23
8815E-low-3 0.02 0.4 23
8815E-low-4 0.02 0.4 2.1
8815E-low-5 0.02 0.3 1.9
8815E-low-6 0.02 0.2 1.6
8815E-low-7 0.02 0.4 2.2
8815E-low-8 0.02 0.4 2.4
8815E-low-9 0.04 0.5 2.3
8815E-low-10 0.03 0.5 2.9
8815E-low-11 0.02 0.4 2.5
8815E-low-12 0.03 0.4 2.5
8815E-low-13 0.02 0.5 2.6
8815E-low-14 0.04 0.5 3.1
8815E-low-15 0.02 0.5 3.2
8815E-low-16 0.02 0.5 2.9
8815E-low-17 0.03 0.5 31
8815E-low-18 0.1 0.8 3.6
8815E-low-19 0.02 0.6 33
8815E-low-20 0.03 0.6 33
8815E-low-21 0.03 0.6 33
8815E-low-22 0.06 0.7 35
8815E-low-23 0.05 0.6 35
8815E-low-24 0.1 0.8 4.1
8815E-low-25 0.05 0.8 3.8
8815E-low-26 0.05 0.7 3.8
8815E-low-28 0.06 0.7 3.6
8815E-low-29 0.04 0.7 3.5
8815E-low-30 0.03 0.5 2.7
8815E-low-31 0.07 0.6 2.6
8815E-low-32 0.05 0.6 3.2
8815E-low-33 0.06 0.6 2.6
8815E-low-34 0.03 0.4 1.8
8815E-low-35 0.02 0.2 1.4
8815E-low-36 0.03 0.3 1.9

8815E-low-37 0.03 0.4 2.5
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