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The Western Gneiss Region (WGR) of Norway is divided by the Mare-Trendelag shear zone (MTSZ) into a south-
ern region that contains domains of Caledonian ultrahigh-pressure (UHP) metamorphic rocks (>2.5 GPa) and a
northern area of similar Caledonian-aged rocks that record a maximum pressure reported thus far of ~1.5 GPa.
Although both regions contain similar lithologies (primarily migmatitic quartzofeldspathic gneiss containing
mafic lenses) and structural relationship of basement rocks to infolded nappes, this difference in maximum pres-

ﬁigg:f é.neis s Region sure implies a difference in tectonic history (continental subduction south of the shear zone, none to the north)
Zircon and raises questions about the role of the MTSZ in the metamorphic history (including exhumation) of the WGR.
Split-stream Previous geochronology results indicated a difference in timing of peak metamorphism (older in north, younger
LA-ICPMS in south). In order to better understand the tectonic history of the northern WGR and the MTSZ, and in particular

Distribution coefficients the late- to post-Caledonian tectonic history, U-Pb zircon geochronology and trace-element abundances were
obtained using the split-stream, laser-ablation ICPMS technique from metabasaltic lenses and migmatitic
quartzofeldspathic host rocks from the structurally lowest exposed region of the northern WGR (Roan Peninsula
basement), as well as leucosomes from an intercalated portion of the Seve Nappe Complex and a pegmatite in the
MTSZ. Zircon from Roan gneiss and metabasite yield metamorphic ages of ca. 410-406 Ma, and zircon from a va-
riety of migmatite samples (foliation-parallel leucosome to dikes) indicate melt crystallization at ca. 410 to
405 Ma. The Seve Nappe leucosomes yield only early Caledonian dates that cluster at ca. 437 Ma and ca.
465 Ma, suggesting that the allochthons in this region did not experience (or record) the same Scandian tectonic
history as the basement rocks. Zircon from a weakly deformed pegmatite dike within the MTSZ crystallized at ca.
404 Ma, indicating that this shear zone was active during the end-stages of high-grade metamorphism in both
the southern and northern WGR domains. Results of this study show that the northern and southern WGR expe-
rienced a coeval Scandian metamorphic, magmatic and deformation history, despite a possible difference in max-
imum P-T conditions.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The Western Gneiss Region (WGR) of Norway (Fig. 1) is well known
as a giant ultrahigh-pressure (UHP) terrane that experienced continen-
tal subduction to mantle depths during the Paleozoic Caledonian orog-
eny. Eclogite-facies conditions, including coesite eclogite and locally,
diamond-bearing eclogite and gneiss, have been documented over
large areas (>25,000 km?) (e.g., DesOrmeau et al., 2015; Hacker et al,,
2010; Hacker et al., 2015; Holder et al., 2015; Krogh et al., 2011;
Kylander-Clark et al., 2007, 2008, 2009; Root et al., 2005; Terry et al.,
2000a, b; Vrijmoed et al., 2006; Wain, 1997; Walsh et al., 2007).
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However, although both the northern and southern WGR show the
same outcrop relationships of metabasite lenses enclosed within
migmatitic gneiss (Fig. 2), only the southern part of the WGR contains
a record of UHP metamorphism. This may indicate a significant tectonic
discontinuity from north to south across the Mgre-Trendelag shear
zone, a sinistral strike-slip shear zone that marks the boundary between
the northern and southern WGR (Fig. 1B).

Another apparent difference between the southern and northern
WAGR is the age of metamorphism. Numerous geochronology studies
of the southern WGR have shown that the main stage of Scandian
(U)HP metamorphism occurred between ~425-400 Ma (DesOrmeau
et al., 2015; Hacker et al., 2015; Krogh et al., 2011; Kylander-Clark
et al., 2007, 2008; Terry et al., 2000b; Walsh et al., 2007). In contrast,
in the northern WGR, where there has been much less geochronologic


http://crossmark.crossref.org/dialog/?doi=10.1016/j.lithos.2015.11.036&domain=pdf
mailto:staciag@unr.edu
http://dx.doi.org/10.1016/j.lithos.2015.11.036
www.elsevier.com/locate/lithos

S.M. Gordon et al. / Lithos 246-247 (2016) 134-148 135

A /‘/Or[b B 3
[ Allochthons (Caledonian nappe rocks) Kollstraumen T T 7100
[ Basement gneisses ; LS ST oh
7 UHP domains ”VV\\I’12-222—E|‘ .
[E Devonian basins ch/?é?:oé NORTHERN ) eclogite
WESTERN GNEISS REGION f Bt
NW13-103A,B | ol \
NW13-105B Roan (2,4 2 ﬂ? z
MORE-TRONDELAG b~3, = granulite g
SHEAR ZONE G | blueschist = 5
g 50
& / g
. northern( =
l . WGR 3
Py outhern o5
*
green-Jpmphibolite
schisrr
- L ]
Nordfjord-Sogn 0 c ' c 0
delalchmenlg 100 km 400 800
Temperature (°C)

Fig. 1. (A) Simplified geologic map of the Western Gneiss Region, Norway showing the southern, ultrahigh-pressure domain and the northern domain, separated by the Mere-Trgndelag
shear zone (after Braathen et al. (2000) and Fossen (2010)). Note the intercalated nature of the basement and the Allochthons along the western coast of Norway. The stars represent the
location of analyzed samples, and the box shows the location of the map in Fig. 3. Also shown are the locations of the previously dated metabasite and dike samples (indicated by the num-
bers in the northern WGR), including: 1) Sm-Nd cpx-opx-grt-whole rock isochron age of 432 + 6 Ma from a Roan metabasalt (Dallmeyer et al.,, 1992); 2) zircon U-Pb age of 434 4 22 Ma
for a leucosome (Schouenborg et al.,, 1991); 3) a late pegmatite at 404 + 2 Ma (zircon U-Pb; Schouenborg et al., 1991); 4) a folded pegmatite at 401 4- 3 Ma (zircon U-Pb; Schouenborg,
1988); and 4) a late (nondeformed) pegmatite at 398 4= 3 Ma (zircon U-Pb; Dallmeyer et al.,, 1992). (B) Pressure-temperature diagram showing the general differences between the pres-
sure/temperature history of the southern and northern WGR domains. The P-T path for the northern domain is based on data from Roan Peninsula metabasites and is bracketed by the
870 °C, 1.45 GPa P-T estimates of Johansson and Moller (1986). Texturally early clinopyroxene + garnet 4 kyanite observed in some Roan metabasites suggests the rocks may have

experienced an earlier higher pressure history.

work, one study of a metabasaltic pod in migmatite from the structural-
ly deepest exposed level reported an Sm-Nd isochron age of 432 Ma
(Dallmeyer et al., 1992).

As part of understanding why the northern and southern WGR seem
to differ in at least part of their tectonic history, it is necessary to under-
stand the timing of metamorphism, partial melting/crystallization,
magmatism (represented by granitic dikes), and deformation in and be-
yond the Mare-Trgndelag shear zone. Although the southern WGR has
been extensively studied, the P-T-t history of the northern WGR has
not been as well documented. In this study, we present new split-
stream, laser-ablation ICPMS zircon results from mafic and leucocratic
rocks exposed within the northern WGR and from a deformed pegma-
tite in the MTSZ to track the metamorphic and melt-crystallization his-
tory and to determine a minimum age for MTSZ motion. Moreover, as
the WGR basement rocks are commonly complexly intercalated with
overlying allochthonous units, two Seve Nappe Complex leucosomes
were also analyzed to compare their metamorphic and melt-

crystallization history with that of the basement rocks, providing data
for further comparison between the northern and southern WGR.

A significant result of this study is that the northern and southern
WGR record coeval metamorphism, melt crystallization, and deforma-
tion. This finding can be used to guide future investigations of possible
variations in the P-T history between different segments of giant
(U)HP terranes such as the WGR, and the possible role of shear zones
such as the Mare-Trgndelag.

2. Geologic setting

The Scandinavian Caledonides formed as a result of the Cambro-
Silurian closure of the lapetus Ocean and collision of Laurentia and
Baltica in the late Silurian (Gee, 1975). This continent-continent colli-
sional event, on the scale of Alpine-Himalayan orogenesis, caused
1) the amalgamation and translation of a series of thrust sheets to the
E-SE (the Lower, Middle, Upper, and Uppermost Allochthons; Roberts

Fig. 2. Outcrop photographs from the (A) southern WGR and (B) northern WGR showing meter-scale metabasite lenses within migmatitic, quartzofeldspathic gneiss.
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and Gee, 1985); and 2) during the end-stages of orogenesis, the subduc-
tion and UHP metamorphism of part of the Baltica basement and
overlying nappes (e.g., Gee, 1975; Walsh et al., 2007). Throughout
the Scandinavian Caledonides, numerous windows through the
Allochthons expose the basement rocks (Roberts, 2003; Roberts and
Gee, 1985). In many areas, thrust imbrication and later extensional de-
formation, including folding, has resulted in the juxtaposition and tight
interfolding of the nappes and basement rocks particularly along the
western coast of Norway (Gee, 1980; Krill, 1980; Tucker, 1986;
Robinson, 1995; Braathen et al., 2000; Robinson and Hollocher, 2008a).

2.1. Western Gneiss Region

The Western Gneiss Region (WGR) is a window into the Baltica
basement (Fig. 1) and represents the deepest exposed structural level
of the Scandinavian Caledonides (e.g., Gee, 1975). The WGR consists
mainly of polymetamorphosed, migmatitic quartzofeldspathic gneiss
(the Western Gneiss Complex) that formed from ~1690 to 1620 Ma
and was later reworked during Sveconorwegian (1100-950 Ma) and
Caledonian orogenesis (500-405 Ma) (e.g., Fossen, 2010) (Fig. 2a).
High-grade metamorphism (including eclogite-facies metamorphism)
occurred during the final stages of Scandian collision and during the
early stages of the following extension/exhumation (~425-400 Ma;
Gee, 1975; Fossen, 2000).

The eclogites exposed throughout the southern WGR have received
the most study because this region represents one of the largest and
best-exposed ultrahigh-pressure (UHP) terranes on Earth. The UHP
eclogites are found within three discrete areas, the Nordfjord, Serayane,
and Nordgyane domains (Fig. 1; Wain, 1997; Root et al., 2005; Vrijmoed
et al,, 2006; Hacker et al.,, 2010). Overall, the eclogites show a SE to NW
increase in P-T conditions, from 700 °C, ~2.8 GPa in the southern,
Nordfjord UHP domain to 850 °C, 3.2-3.6 GPa in the northern,
Nordgyane UHP domain (Cuthbert et al., 2000; Hacker, 2006; Krogh,
1977; Ravna and Terry, 2004; Young et al., 2007). Moreover, maximum
P-T conditions may have been as high as 7 GPa and 1000 °C, based on
the occurrence of majoritic garnet and the Al content of orthopyroxene
in some metaperidotite bodies (Scambelluri et al., 2008; van Roermund,
2009). The increase in P-T conditions to the northwest is also reflected
in an overall increase in the abundance of leucosomes and
migmatization toward the northwest in the southern WGR (Hacker
et al,, 2010).

Across the three UHP domains of the southern WGR, eclogite-facies
metamorphism has been proposed to have occurred from 425 to
400 Ma, followed by a lower-pressure (1.5-0.5 GPa), amphibolite-
facies overprint at 400-385 Ma (DesOrmeau et al.,, 2015; Hacker et al.,
2015; Holder et al., 2015; Krogh et al., 2011; Kylander-Clark et al.,
2007, 2008; Terry et al., 2000b; Walsh et al., 2007). Melt crystallization
in different generations of leucosomes and granitic dikes was coeval
with the end stages of eclogite-facies metamorphism (~410-400 Ma)
and continued during decompression and cooling of the UHP terrane
(~400-375 Ma) (Ganzhorn et al., 2014; Gordon et al., 2013; Krogh
et al.,, 2011; Kylander-Clark and Hacker, 2014; Schdrer and Labrousse,
2003). By ~375 Ma, the rocks had cooled below ~400 °C (“°Ar/**Ar mus-
covite dates; Hacker and Gans, 2005; Root et al., 2005; Walsh et al.,
2013). There is some disagreement about the exhumation mecha-
nism/modes, but most agree that the southern WGR was exhumed as
a coherent slab (e.g., Andersen et al., 1991; Brueckner and Cuthbert,
2013; Kylander-Clark et al., 2009).

The northern WGR, also termed the Vestranden Gneiss and the Cen-
tral Norway Basement Window, exhibits the same outcrop relationships
as seen in the southern WGR (e.g., metabasite enclosed within
migmatitic quartzofeldspathic gneiss; Fig. 2b) and has been refolded
on a regional scale into domal structures (Birkeland, 1958; Kjerulf,
1871; Ramberg, 1943, 1966). Some metabasites in the structurally low-
est part of the northern WGR (Roan Peninsula; Fig. 3) experienced mod-
erately high-pressure/high-temperature metamorphism in the stability

A Roan Peninsula

northern
Western Gneiss
A’ Region

V4 mafic bodies
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Fig. 3. (A) Simplified geologic map of the Roan Peninsula within the northern WGR (after
Johansson and Méller (1986), Maller (1988), and Gilotti and Hull (1993)), showing the lo-
cation of the metabasite within the dominantly quartzofeldspathic host gneiss. Red stars
indicate the location of the dated samples; (B) cross-section through the Roan Peninsula
(see A for location).

field of kyanite (Johansson and Méller, 1986; Mbller, 1988). These con-
tain an early garnet + clinopyroxene + kyanite assemblage that has
been partially replaced by orthopyroxene + plagioclase 4- amphibole +
sapphirine 4+ corundum. Johansson and Moller (1986) used
thermobarometry on a plagioclase-free garnet + clinopyroxene +
orthopyroxene 4+ amphibole + rutile metabasite to obtain a P-T
estimate of 870 £ 50 °C at 1.45 4 0.2 GPa. This metamorphism is
interpreted to have occurred at 432 + 6 Ma based on a Sm-Nd cpx-
opx-grt-whole rock isochron age from a Roan metabasalt (Dallmeyer
et al., 1992), and a zircon U-Pb age determined for a leucosome from
the northern Vestranden region (434 + 22 Ma; Schouenborg et al.,
1991; Fig. 1). Similar to the UHP rocks to the south, the Roan rocks
underwent near-isothermal decompression and reequilibrated at
amphibolite-facies conditions (Méller, 1988). Hornblende and musco-
vite “°Ar/3°Ar ages from northern WGR rocks indicate exhumation
through ~400 °C by 390 4 2 Ma (Dallmeyer et al.,, 1992).

As in the southern WGR, the Roan Peninsula rocks are highly
migmatitic and show multiple generations of melt, some of which
were likely generated in situ, whereas later generations clearly
were intrusive (Figs. 3, 4); partial melting and retrogression
(amphibolitization) also affected metabasaltic lithologies (Figs. 2B,
4A). Limited previous geochronometric work has been done on these
melt generations in the northern WGR: three dikes have been dated
using U-Pb zircon geochronometry throughout the northern WGR
(Fig. 1), revealing a wide range of ages: a late pegmatite at 404 +
2 Ma (Schouenborg et al., 1991), a folded pegmatite at 401 + 3 Ma
(Schouenborg, 1988), and a late (nondeformed) pegmatite at 398 +
3 Ma (Dallmeyer et al., 1992).

Overall, the Roan Peninsula rocks are very similar in field relations,
composition and texture to those exposed within the southern WGR
(Fig. 2). Notably, however, the northern WGR does not contain the
abundant peridotite and other ultramafic rocks that are found through-
out the southern WGR (e.g., Brueckner, 1969; Brueckner et al., 2002;
van Roermund and Drury, 1998).
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Fig. 4. Outcrop photographs of the samples studied here: (A) garnet amphibolite NW13-97A and gray gneiss NW13-97B; (B) fine-grained granitic leucosome NW12-22B; (C) foliation-
parallel granitic leucosome NW12-22C; (D) boudinaged granitic pegmatite NW12-22I; (E) leucosome collected in a shear band NW12-22A; (F) weakly folded dike NW12-22D (pink
line is an outline of the dike for clarity); (G) folded, foliation-parallel leucosome NW13-103B and folded, cross-cutting pegmatite NW13-103A; and (H) weakly deformed pegmatitic

dike NW13-105B.

2.2. Seve Nappe Complex

Along the western coast of Norway, the WGR rocks both north and
south of the MTSZ, are infolded with supracrustal units of the
Allochthons, and in particular the Seve Nappe Complex, also called the
Blahg Nappe, of the Middle Allochthon. The Seve Nappe Complex repre-
sents the rifted Baltoscandian margin and contains continent-ocean
transition zone rocks (Andréasson and Gee, 2008; Gee et al., 2013).

Within the northern Seve Nappe Complex, many investigations of
the Seve Nappe Complex have focused on two regions in Sweden:
Norrbotten and Jamtland. These areas contain early Caledonian HP to
UHP eclogite and gneiss (Brueckner and van Roermund, 2004; Janak
et al,, 2013; Merk et al.,, 1988; van Roermund, 1985; van Roermund
and Bakker, 1984), including the recent discovery of diamond (Majka
et al.,, 2014); (U)HP metamorphism has been dated at ~505-475 Ma
(Norbotten; Merk et al., 1988; Stephens and van Roermund, 1984;
Essex et al., 1997; Root and Corfu, 2012) and ~460-446 Ma (Jamtland;
Brueckner and van Roermund, 2007; Root and Corfu, 2012). A younger
tectonomagmatic event at ~442-428 Ma is recognized in the Jamtland
Seve Nappe rocks, and this event produced multiple generations

of leucosome and pegmatite (Ladenberger et al., 2014; Majka et al.,
2012).

Within the southern WGR, the diamond-bearing Fjortoft gneiss
(Dobrzhinetskaya et al., 1995) has been interpreted to represent the
Bldhg Nappe (Terry et al., 2000a, b), which is considered to be part of
the Seve Nappe Complex (e.g., Robinson, 1995). In the northwestern
area of the southern WGR, mapping of the basement rocks reveals
that they are narrowly infolded within the Seve Nappe (Fig. 1; Terry
et al,, 2000a), as is observed in the northern WGR. Monazite ages from
the Fjortoft gneiss suggest that the Seve Nappe Complex in the southern
WGR underwent UHP metamorphism from ~415-407 Ma (Terry et al.,
2000b). Walsh et al. (2007) dated multiple Seve Nappe Complex
metapelites from mainly east of the Nordfjord and Sergyane UHP do-
mains, and zircon from one sample yielded a concordia age of 480 +
12 Ma, whereas monazite revealed Caledonian ages from ~500 to
385 Ma. These results were used to argue that the allochthons were
emplaced onto the Baltica basement prior to subduction and (U)HP
metamorphism.

Overall, the rocks are strongly deformed (Gee et al., 2013).
Thus, the Seve Nappe and WGR ‘basement’ rocks, where in contact
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and interfolded, show very similar textural and metamorphic
relationships.

2.3. More-Trondelag Shear Zone

The southern and northern parts of the WGR, along with the associ-
ated infolded supracrustal rocks, are separated by the MTSZ (Fig. 1). The
MTSZ is a steep, complex strike-slip shear zone that acted as a ductile
shear zone that accommodated sinistral transtension in the Early
Devonian (e.g., Braathen et al., 2000; Fossen et al., 2013; Krabbendam
and Dewey, 1998; Osmundsen et al., 1998; Roberts, 1983). This struc-
ture was involved in at least the late-stage exhumation of the high-
grade rocks exposed in the WGR to the north and south of the shear
zone (Braathen et al., 2000; Krabbendam and Dewey, 1998). The rocks
within the MTSZ are complex and have been interpreted in multiple
ways: 1) the Gula Group of the Trondheim Nappe or Kéli Nappe
(Wolff, 1976); or 2) reworked Western Gneiss Complex basement
(Tucker et al., 2004). The host rock intruded by the pegmatite analyzed
in this study appears to be the typical migmatitic quartzofeldspathic
basement gneiss observed throughout the WGR.

3. Methodology

To investigate the timing of metamorphism and melt crystallization
in the northern WGR, we analyzed a total of 11 samples (Figs. 1, 3, 4;
Table 1). Eight samples from the Roan Peninsula were analyzed: two
metabasites, one gneiss, four leucosomes, and one granitic dike all col-
lected within the mapped “Proterozoic gneiss” body exposed through-
out the Roan Peninsula. In addition, we analyzed three samples from
two other localities: one pegmatite that intruded basement gneiss with-
in the MTSZ, and a leucosome and a pegmatite from a kyanite-garnet
migmatite in the Seve Nappe exposed between the Roan Peninsula
and the MTSZ (Fig. 1).

Zircon was extracted from the samples, using standard mineral-
separation techniques, mounted, and imaged via cathodoluminescence
(CL) (Fig. S1). For the leucosome samples, zircons were only extracted
from the leucosome; the mesosome was carefully avoided. The CL im-
ages revealed internal zonation that was used to guide the LA-ICPMS
analyses. For all the zircon analyses, the laser-ablation system at the

Table 1
Studied metabasite, leucosomes, and pegmatites from the northern WGR.

UC-Santa Barbara ICPMS facility was operated in split-stream mode, in
which half of the ablated material was sent to a Nu Plasma
multicollector-ICPMS (MC-ICPMS) and the other half of the material
to an Agilent 7700x quadrupole ICPMS (see summary of technique in
Kylander-Clark et al., 2013). Furthermore, a Photon Machines Analyte
193 laser-ablation system was used for the analyses. The laser fluence
was ~3-4 J/cm? for all analyses, producing an ablation rate of
0.05-0.10 um/pulse, and a typical pit depth of ~7 um. The spot size
was 20-30 pm depending upon the size of the zircon.

The U-Th-Pb isotopic zircon results, collected on the MC-ICPMS, are
presented in standard concordia diagrams for the Caledonian-age zir-
cons (Figs. 5, 7; U-Pb Redux 2.50, Bowring et al., 2011; McLean et al.,
2011). Results are also described in Table S1. All errors are reported at
the two-sigma level and typically are + 8-9 Myr for these Caledonian
ages (Table S1). Uncertainties associated with all the geochronometric
dates are a combination of analytical and propagated uncertainty,
which accounts for the long-term standard reproducibility of ~2% for
the standards run during all sessions on the instruments. Where the
MSWD suggests a single population, weighted-average ages and associ-
ated errors are reported.

Trace-element abundances were collected simultaneously with the
U-Th-Pb isotopic measurements on an Agilent quadrupole ICPMS as de-
scribed above. The rare-earth element results are shown on standard
REE diagrams, normalized to chondrite (Figs. 6, 8; Sun and
McDonough, 1989), and in Table S3. In addition, because garnet can
play a major role in controlling the trace-element abundances in a
rock (i.e., the heavy REEs), in situ laser-ablation line transects were per-
formed to measure the trace-element abundances and zoning within in-
dividual garnet crystals from the two Roan metabasites and the gneiss.
The analyses were done also using the Agilent quadrupole ICPMS at
UC-Santa Barbara. The results are shown in Fig. 9 and Table S2.

4. Results
4.1. Zircon split-stream analyses
To understand the timing of metamorphism, melt crystallization,

and deformation within the Roan Peninsula, we targeted an outcrop
that preserves metabasite pods hosted within migmatitic

Sample UTM location Rock Mineral Scandian 2°5Pb/238U Dates

Number Type Assemblage (Ma)?

NW13-97A 557216, Roan Peninsula Garnet amphibolite Garnet, hornblende, biotite, plag, ca. 417 to 395 Ma; WMA: 406.4 + 8.1 Ma
7113682 sphene, apatite, ilmenite (MSWD = 2.6; n = 32)

NW13-97B 557216, Roan Peninsula Gray gneiss Quartz, plagioclase, biotite, apatite, ca. 415 to 405 Ma; WMA: 410.3 + 8.2 Ma
7113682 titanite, ilmenite (MSWD = 1.6; n = 17)

NW12-22A 557216, Roan Peninsula Hornblende-bearing leucosome pooled Quartz, plagiocalse, hornblende ca. 411 to 399 Ma; WMA: 404.1 4 8.1 Ma
7113682 within a vein-like shear band (MSWD = 1.9; n = 28)

NW12-22B 557216, Roan Peninsula Fine-grained, granitic leucosome with Quartz, plagioclase, k'spar, biotite, ~ ca. 415 to 406 Ma; WMA: 408.6 + 8.2 Ma
7113682 cuspate margins garnet (MSWD = 0.88; n = 5)

NW12-22C 557216, Roan Peninsula Strongly folded hornblende-bearing Quartz, plagioclase, k'spar, biotite, ~ ca.417 to 401 Ma; WMA: 410.3 4 8.2 Ma
7113682 granitic leucosome hornblende, garnet (MSWD = 2.3; n = 29)

NW12-22D 557216, Roan Peninsula Folded, hornblende-bearing dike Quartz, plagiocalse, k'spar, minor ca. 417 to 401 Ma; WMA: 407.3 + 8.1 Ma
7113682 biotite (MSWD = 1.3; n = 84)

NW12-22] 557216, Roan Peninsula Foliation-parallel, boundinaged granitic Quartz, plagioclase, k'spar, biotite ca. 433 to 395 Ma; WMA: 405.3 4 8.1 Ma
7113682 pegmatite (MSWD = 2.1; n = 47)

NW13-100 557573, Roan Peninsula Granulite Garnet, opx, plagioclase, amphibole, ca. 416 Ma
7114911 biotite, ilmenite

NW13-103a 546472, Fersholman Folded, cross-cutting pegmatite Garnet, biotite, plagioclase, quartz,  ca. 492 to 431 Ma; WMA: 435.9 4 8.7 Ma
7087831 kyanite, titanite (MSWD =0.9; n=6)

NW13-103b 546472, Fgrsholman Fine-grained, folded leucosome cut by Garnet, biotite, plagioclase, quartz,  ca. 489 to 427 Ma; WMA: 438.8 4- 8.8 Ma
7087831 NW13-103a kyanite, titanite (MSWD = 3.2; n = 13),464.5 + 9.3 Ma

(MSWD = 1.5; n = 8)

NW13-105b 536647, Selva; Pegmatite Quartz, plagioclase, k'spar, biotite, ~ ca. 488 to 388 Ma; WMA: 403.8 4- 8.1 Ma

7054333 More-Trondelag hornblende (MSWD = 2.1; n = 51)
shear zone

2 WMA = weighted-mean age.
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quartzofeldspathic gneiss that is cut by deformed granitic dikes (Fig. 4). outcrop, these appear to have formed from boudinaged mafic dikes. In
The samples analyzed include: 1) a garnet-bearing amphibolite; 2) a addition, a grt-cpx metabasite containing texturally later orthopyroxene
gray gneiss that forms an ~30 cm thick corona around the amphibolite was collected from ~0.5 km west of the main targeted outcrop.

pod; 3) four leucosomes; and 4) one dike. The outcrop contains numer- For all of these samples, both mafic and leucocratic, the U-Pb analy-
ous meter-scale mafic pods and lenses; on some exposed surfaces of the ses reveal a ca. 1650 Ma upper-intercept age (Fig. S2). Most of the
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samples also yield Caledonian dates, and these are described for each
sample below. Unless specified, the ages reported are weighted-mean
206pp 238 ages.

The garnet amphibolite pod consists mainly of amphibole, garnet
and plagioclase, with lesser amounts of biotite and quartz, and accesso-
ry titanite and zircon. Garnet has undergone significant retrogression
and is typically surrounded by plagioclase rims. There is no evidence

that melt infiltrated the mafic pod. The gray gneiss, in comparison, con-
sists mainly of K-feldspar, plagioclase and quartz, with biotite and
quartz ribbons defining a strong foliation. The garnet is skeletal in the
gneiss and has significantly broken down.

From the garnet-amphibolite pod (sample NW13-97A; Fig. 4A), 32
analyzed zircons yield a weighted-mean average of 406.4 + 8.1 Ma
(MSWD = 2.6; Fig. 5A), and 17 zircons from the gray migmatitic gneiss
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(NW13-97B) surrounding the mafic pod (Fig. 4A) reveal an age of
410.3 4 8.2 Ma (MSWD = 1.6; Fig. 5B). The amphibolite zircons are
rounded to elongate, with core and rim textures (Fig. S1). The rims typ-
ically show sector zoning and yielded the majority of the Scandian dates
(Fig. 5A). They have relatively flat heavy rare-earth element (HREE) pat-
terns (Lu,/Dy, = 1-6), and most zircons lack a negative Eu anomaly
(Eu/Eu* = 0.5-1.7) (Fig. 6A). In comparison, the gray gneiss zircons
are generally more prismatic, also show core and rim textures, but the
rims show oscillatory zoning (Fig. 5B). The Scandian grains from the
gray gneiss yield a similar REE pattern, with Lu,/Dy, of 2-6 and Eu/
Eu* of 0.3-1.7 (Fig. 6B). The youngest grains (~405-406 Ma) yield a
more flat HREE pattern in comparison to the cluster of zircons at
~410 Ma (Fig. 6B). The boundary between these two rocks is diffuse
and intermingled (Fig. 4A).

The host quartzofeldspathic gneiss is strongly deformed, migmatitic,
and crosscut by multiple generations of leucocratic dikes, all of which
are deformed. Three leucocratic samples that are strongly deformed
and parallel-to-subparallel to foliation were collected. Sample NW12-
22B is a fine-grained granitic leucosome that has a biotite selvage,
cuspate margins with the host gneiss, and has been transposed into
the foliation (Fig. 4B). A second granitic leucosome (NW12-22C),
which contains hornblende, was also transposed into the foliation and
extensively folded and deformed (Fig. 4C). Zircons from NW12-22C
are prismatic and typically contain low-U cores and high-U rims; both
zones mainly show oscillatory zoning (Fig. S1). In comparison, zircons
from NW12-22B are high-U, elongate, and have core and rim textures.
The cores reveal either sector or oscillatory zoning, whereas the rims
are oscillatory zoned. Zircons from these two early melt generations
yield similar ages of 408.6 + 8.2 Ma (MSWD = 0.88; n = 5) and
410.3 £ 8.2 (MSWD = 2.3; n = 29), respectively (Fig. 5C, D), with
most of the Scandian dates revealed from the zircon rims. In compari-
son, NW12-221 is a boudinaged granitic pegmatite (Fig. 4D); zircons
from this sample are also prismatic, with oscillatory-zoned cores and
rims. The results are slightly younger, but within error of the strongly
deformed leucosomes, with a weighted-mean age of 405.3 + 8.1 Ma
(MSWD = 2.1; n = 47; Fig. 5E).

In comparison with the amphibolite and gray gneiss, the majority of
the leucosome zircons show steeper HREE patterns (Lu,/Dy, = 8-29),
although zircons from all three leucosomes, in particular, NW12-22C,
reveal some flat HREE patterns. The leucosomes also yield distinct
negative Eu anomalies (Eu/Eu* = 0.2-0.6; with the exception of grains
from NW12-22C that show some positive anomalies) (Fig. 6C, D, E).
Leucosome NW12-22C shows the most variety in REE patterns, with
some of the ca. 417-416 Ma zircons revealing flat HREE patterns and
weak Eu anomalies (Fig. 6D). There is also another group of zircons
that show intermediate HREE patterns and weak Eu anomalies, and a
third group that shows steep HREE patterns and strong Eu anomalies.
These three groups observed within NW12-22C zircons, however, do
not correlate with age, grain size or grain texture.

Two leucocratic samples that crosscut the main foliation were also
collected to track the later melting and deformation history. Sample
NW12-22A is a hornblende-bearing leucosome that has in-filled a series
of shear bands (Fig. 4E). Zircons from this leucosome are prismatic and
show core and rim textures in CL images (Fig. S1). The cores contain sec-
tor and oscillatory zoning, whereas the rim overgrowths are typically
oscillatory zoned. Like the more strongly deformed leucosomes, 28 zir-
cons from NW12-22A reveal a similar age of 404.1 4+ 8.1 (MSWD = 1.9)
(Fig. 5F); the Scandian dates are mainly from zircon rims. The majority
of these zircons show moderate HREE patterns (Lu,/Dy, = 2-7) and
weak negative Eu anomalies (Eu/Eu* = 0.4-1.5) (Fig. 6F). Dike
NW12-22D crosscuts the foliation, is continuous over several meters,
and is gently folded (Fig. 4F). The zircons are homogeneous high-U
grains with oscillatory zoning, and they yield a weighted-mean age
of 407.3 4+ 8.1 Ma (MSWD = 1.3; n = 84) (Fig. 5G). Moreover, the
majority of the grains reveal a steep HREE slope (Lu,/Dy, = 6-26)
and a negative Eu anomaly (Eu/Eu* = 0.3-0.8) (Fig. 6G). The older

Scandian zircons (ca. 416-417 Ma) typically reveal a less steep HREE
pattern.

In comparison with the analyzed garnet amphibolite pod, sample
NW13-100 contains grt + cpx + (later) opx and minor late hornblende.
Most of the garnet is euhedral to subhedral, contains abundant inclu-
sions of kyanite, and has undergone minor retrogression, with thin
plagioclase rims. Orthopyoxene is associated with plagioclase and
interpreted to represent a later overprinting of the cpx + grt + ky as-
semblage. The mafic outcrop is a ~3 m long block in a region with abun-
dant smaller mafic pods in garnet-bearing migmatitic hornblende
gneiss; there is no evidence for melt infiltration or partial melting of
the grt 4+ cpx + opx mafic pod that was crushed for zircons. Of 31
zircons analyzed, only one shows a Scandian date of 416 4+ 11 Ma
(Fig. 5H), with a moderately steep HREE pattern (Lu,/Dy, = 8) and
weak negative Eu anomaly (Eu/Eu* = 0.6) (Fig. 6H). All of the zircons
were large (>200 um) fragments, with sector zoning; the Scandian-
age grain did not show any distinguishing properties compared to the
older grains (Fig. S1).

South of the Roan Peninsula, closer to the Mgre-Trgndelag shear
zone (Fig. 1), the overall map pattern reveals prominently NE-
plunging anticline and syncline hinges that expose the Baltica basement
and supracrustal rocks of the Seve Nappe (Tucker et al., 2004). Near
Forsholman, ~25 km SW of the Roan Peninsula, migmatitic metapelitic
gneiss contains kyanite in both the mesosome and leucosome
(Fig. 4G). The leucosome layers are quartz and plagioclase-rich, with
lesser amounts of biotite, garnet and kyanite, whereas the mesosome
contains more abundant, large, skeletal garnets with biotite and kyanite
defining foliation and wrapping around the porphyroblasts. The kyanite
and garnet in the leucosome are texturally similar to the mesosome and
are not interpreted as peritectic phases. Two different generations of
leucosome were collected, and the mesosome was avoided when the
samples were crushed. Sample NW13-103B is a fine-grained, foliation-
parallel leucosome that is folded. Sample NW13-103A is a pegmatite
that cuts NW13-103B and is itself folded and strongly deformed. Both
the leucosome and pegmatite have a similar composition, with kyanite
and garnet present. Zircons from the samples are complicated, showing
a wide range of textures. Typically in NW13-103B, the cores show sector
zoning and the rims have oscillatory zoning; both zones are high U, gray
in CL (Fig. S1). In comparison, CL images of the zircons from pegmatite
NW13-103A reveal two different textural types: 1) low-U zircons with
sector zoning; and 2) high-U grains with weak oscillatory zoning.

Both samples reveal a similar zircon age population that is distinct
from the Roan Peninsula samples. The early leucosome, NW13-103B,
contains a range of Caledonian zircons, from ~489 to 427 Ma, with 13
zircons yielding a weighted-mean age of 438.8 + 8.8 Ma (MSWD =
3.2) and 8 zircons revealing an older weighted-mean age of 467.1 +
9.3 Ma (MSWD = 2.5) (Fig. 7A). Most of the ~439 Ma zircons show a
distinctly lower Lu,/Dy, ratio (average of 3) in comparison to the
~467 Ma population (average Lu,/Dy, = 15) (Fig. 8A). The Eu anomaly
is similar between the age populations: Eu/Eu* ranging from 0.03 to
2.25 for the ~439 Ma population and 0.14 to 1.42 for the ~467 Ma pop-
ulation. The sector-zoned zircon cores typically yield the younger
~467 Ma younger age population, whereas the oscillatory rims yield
the younger ~439 Ma age population (e.g., Fig. 7a; S1). The leucosome
also yields Proterozoic zircons, with a group of ~780-670 Ma dates
and individual concordant dates at ~1077 and 1586 Ma (Fig. S2).

In comparison, the pegmatite, NW13-103A, does not show any
evidence for Proterozoic inheritance, with only early Caledonian-aged
zircons that range from ~492 to 431 Ma (Fig. 7B). Similar to NW13-
103B, 6 zircons from the pegmatite yield a weighted-mean age of
435.9 + 8.7 Ma (MSWD = 0.91), which show the same flat HREE
pattern (Lu,/Dy, = 0.9-1.2) and negative Eu anomaly (Eu/Eu* =
0.14-0.21) of the ~439 Ma zircon population from NW13-103B
(Figs. 7B, 8B). The high-U, oscillatory-zoned zircons reveal this
~439 Ma population. The remaining low-U zircons yield steeper HREE
patterns (Lu,/Dy, = 5-23) and older dates ~490 to 450 Ma. Notably,
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no Scandian-aged zircons were found in either NW13-103A or -103B
(Fig. 8B).

A granitic pegmatite sample, NW13-105B, was also collected within
the Mere-Trgndelag shear zone near the town of Selva, ~60 km SW of
the Roan Peninsula (Figs. 1, 4H). The pegmatite is partially deformed
and transposed into the MTSZ foliation. The zircons are typically low-
U (bright in CL), with thin, high-U rims (Fig. S1). Most of the zircons
from NW13-105B yield a weighted-mean age of 403.8 4+ 8.1 Ma
(MSWD = 2.1; n = 51) (Fig. 7C). Where the rims were large enough,
spots were placed on both the low- and high-U portions of the grains.
Typically the high-U rims yield younger ages than the cores; however,
the ages are typically within uncertainty of each other. Four additional zir-
cons cluster at ~427 Ma, whereas five additional zircons yield concordant
dates ranging from ~488 to 450 Ma (Fig. 7C). These grains do not show
any textural or CL features that are unique from the Scandian-aged
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zircons. All of the zircons from this pegmatite reveal a steep HREE pattern
(Luy/Dy, = 59-277) and negative Eu anomaly (Eu/Eu* = 0.3-1.5)
(Fig. 8C).

4.2. Garnet trace-element analyses

Garnets from the Roan amphibolite pod sample NW13-97A are
typically small (50-200 um), inclusion-free, with plagioclase coronas
surrounding the grains. Given a spot size of 30 pm, only a single spot
analysis was possible for some grains. The results show some differ-
ences among garnet grains (Fig. 9A; Table S2). Four garnets have flat
HREE patterns (Lu,/Dy, = 0.7-0.9) and no negative Eu anomalies
(Eu/Eu* = 1.01-1.19), whereas three other grains show steeper
HREEs (Lu,/Dy, = 1.2-2.7) and weak negative Eu anomalies (Eu/
Eu* = 0.53-0.78).

Garnets from the gray gneiss (NW13-97B) that surrounds the am-
phibolite vary in size, with two larger (0.5-0.8 mm) grains (grt 1 and
2) and two smaller (0.1-0.15 mm) grains (grt 3 and 4) analyzed for
this study. The two larger grains are anhedral, whereas the smaller
grains are more euhedral, but all are surrounded by plagioclase, sug-
gesting they have broken down to some extent. Nearly all of the garnets
yield distinct negative Eu anomalies (Eu/Eu* = 0.09-0.65) and mainly
flat HREE patterns (Lu,/Dy, = 0.9-3.5) (Fig. 9B; Table S2). Individual
grains have weak zoning, with slightly steeper HREE patterns in the gar-
net cores and mantles compared to the rims (Lu,/Dy, ratios for
grtlm = 1.1 vs. grtlr = 0.9; grt2c = 2.7 vs. grt2r = 1.4; grt3c = 1.1
vs. grt3r = 0.9).

The grt-cpx rock, NW13-100, has the largest (~1-1.2 mm) and least
retrogressed garnets; these grains contain abundant kyanite inclusions.
The garnets from this rock show a distinct REE pattern compared to the
amphibolite (Fig. 9C; Table S2). Garnet 1 shows strong core to rim zon-
ing, with relatively flat HREE patterns in the garnet core (Lu,/Dy, =
~0.6) and rims that reveal negative HREE slopes (Lu,/Dy, = ~0.3).
Garnet 2 has rims that have a more negative slope (Lu,/Dy,, = 0.7) com-
pared to the garnet core (Lu,/Dy, = 0.3). The third analyzed garnet
does not show any zoning, but has a steep negative HREE slope (Lu,/
Dy, = 0.1-0.9). There is no evidence for a negative Eu anomaly in any
of the garnets (Eu/Eu* = 0.93-1.87).

4.3. Garnet/zircon partitioning

In order to evaluate if Scandian zircon grew under garnet-present con-
ditions, the REE partitioning between garnet and zircon (Drgg(grt-zirc))
was calculated for the two metabasites and the migmatitic gray gneiss
(Fig. 10). For the garnet from NW13-97A, we calculated an average garnet
composition that yielded a flat HREE profile, and an average was calculat-
ed for the portion of the garnet that yielded the measured steep HREE pat-
tern. Moreover, average garnet core and rim trace-element compositions
were calculated for NW13-97B. These different garnet core and rim
averages were paired with averages of the trace-element composition of
zircon from these samples. As only one zircon in the grt-cpx rock
(NW13-100) yielded a Scandian date, this zircon composition was paired
with an average core and an average rim value from the garnets in this
sample.

For the amphibolite (NW13-97A) Dggg(grt-zirc) Calculations, the
pairing of the average zircon with the garnet that revealed the steep
HREE pattern yielded values near unity for the MREE and dropped to a
plateau at 0.10 for the HREE, thus favoring garnet for the HREE
(Fig. 10A). In comparison, pairing the zircon with an average for the gar-
net that reveals a flat HREE pattern shows a moderate increase in slope
from the middle to the heavy REEs.

For the migmatitic gray gneiss (NW13-97B), the Dggg(grt—zirc) Calcula-
tions are very similar for both garnet compositions, revealing a positive
Eu anomaly, and a broad ‘concave-up’ shape for the remaining middle-
to-heavy REEs (Fig. 10B). The pairing of the zircon with the garnet rim
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shows a similar pattern but a slight preferential partitioning of the HREE
into zircon rather than garnet.

The Dreg(grt-zirc) Calculations for grt-cpx rock NW13-100 yield values
above unity for the middle and heavy REE for zircon paired with both
garnet core and rim values, and both pairings reveal a negative Eu
anomaly (Fig. 10C). Furthermore, both sets show a steep slope for the
middle-to-heavy REE suggesting significant partitioning (Dyy(grt-zirc) =
320) of these elements into zircon. Moreover, the zircon paired with the
garnet core shows a stronger partitioning of the HREE into zircon rather
than garnet.

5. Discussion

The U-Pb zircon geochronology results for all of the Roan Peninsula
samples, as well as the leucosomes from the Seve Nappe Complex and
the pegmatite from within the MTSZ, reveal strong evidence for meta-
morphism and melt crystallization during the Caledonian. There are,
however, some distinct differences in the timing of these events be-
tween the WGR basement versus the nappe samples. In the following
sections, we compare the results obtained from the Seve Nappe
Complex of the Middle Allochthon and Roan Peninsula samples to
other regional northern WGR samples previously dated within these
same units. Subsequently, we discuss how these results from the north-
ern WGR compare to the extensively studied southern WGR.

5.1. Seve Nappe Complex

The leucosome (NW13-103B) and pegmatite (NW13-103A) collect-
ed from a migmatitic garnet-kyanite metapelite that is part of an inter-
calated portion of the Seve Nappe Complex with the basement rocks
reveal nearly identical zircon results despite the fact that the folded peg-
matite (NW13-103A) crosscuts the early, foliation-parallel leucosome
(NW13-103B) (Figs. 4G, 7A, B). The early leucosome (NW13-103B)

has some evidence of Proterozoic zircon inheritance, with zircon core
ages ranging from ~1585 to 580 Ma, and this inherited signature is
not found in the pegmatite (Fig. S2). Zircons from both samples record
no evidence of Scandian metamorphism, but rather a wide range of
early Caledonian dates from ~490-430 Ma. Within this range, two dis-
tinct zircon populations are present: ~437 Ma and ~467 Ma. In addition
to these two Seve Nappe samples, the pegmatitic dike (NW13-105B)
collected from within the MTSZ reveals similar early Caledonian ages,
~488-450 Ma (Fig. 7C). This inheritance pattern suggests that the
protolith of the dike was from Seve Nappe Complex rocks.

The Seve Nappe leucosome and pegmatite studied here contain
zircons that record nearly all of the metamorphic, migmatitic, and
melt-crystallization events documented in the Norbotten and Jamtland
Seve Nappe Complex rocks found to the east (Brueckner and van
Roermund, 2007; Essex et al., 1997; Merk et al., 1988; Root and Corfu,
2012; Stephens and van Roermund, 1984). The dominant zircon signa-
ture in both the leucosome and cross-cutting pegmatite at ~437 Ma
likely records melt crystallization given the oscillatory zoning from the
zircons that yielded these ages, and the similarity of these dates to a pre-
viously interpreted melt-crystallization event (Ladenberger et al., 2014;
Majka et al,, 2012). The trace-element signature revealed by the
~437 Ma zircons suggest that the zircons grew under garnet and
plagioclase-stable conditions, with a flat HREE profile and distinct neg-
ative Eu anomaly (Fig. 8A, B).

The older dates observed in zircon cores and in some rims reveal dif-
ferent age patterns from the two samples, where the early leucosome
records a distinct event at ca. 467 Ma and the pegmatite reveals a con-
tinuous spread of ages from ca. 490 to 450 Ma, with no clear population
of dates (Fig. 7B). The ca. 467 Ma age population is slightly younger than
the HP ages from the Norbotten region and slightly older than the
(U)HP ages from the Jamtland region (Fig. 7A). Moreover, the trace-
element signature of these zircons and from the pegmatite, suggests
they grew under conditions in which garnet was not stable (i.e., a
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nets found in each sample. The garnets are normalized to chondrite (Sun and McDonough, 1989).
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Fig. 10. Calculated distribution coefficients between zircon and garnet for the rare earth elements. Average zircon trace-element compositions are paired with different generations of gar-
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Harley et al., 2001; Hokada and Harley, 2004; Kelly and Harley, 2005; Monteleone et al., 2007; Rubatto, 2002; Rubatto and Hermann, 2003, 2007; Taylor et al., 2014; Whitehouse and Platt,

2003).

steep HREE slope) (Fig. 8A, B). Thus, the ca. 467 Ma leucosome age and
the spread in ages from 490 to 450 Ma in the pegmatite may record the
continuation of metamorphism between the two HP events. Alterna-
tively, these Early Caledonian zircons may be inherited.

Our results, although based on only a few samples, may indicate a
fundamental difference in the history of the Seve Nappe Complex ex-
posed north and south of the MTSZ. To the south, the Seve Nappe
rocks experienced Scandian metamorphism (Terry et al., 2000a, b;
Walsh et al.,, 2007), whereas in the north, either new zircon growth in
the Seve Nappe rocks did not take place during Scandian orogenesis,
or the folding of the Seve Nappe rocks and the basement did not occur
until late- or post-Scandian times. In addition, the leucosome and peg-
matite also may be recording a new or continued metamorphic and/or
melt crystallization event that had not been previously documented in
the northern WGR Seve Nappe rocks at ca. 467 Ma. Alternatively, the
samples may not be part of the Seve Nappe; however, more detailed
mapping and isotopic analyses of the Allochthonous rocks exposed
throughout the northern WGR are necessary to evaluate the basement
versus nappe samples exposed throughout the region.

5.2. Northern WGR basement

Roan metabasite, migmatitic gneiss, and dikes reveal a strong record
of mid- to late(post)-Scandian metamorphism, deformation, and melt
crystallization similar to the timing of these events in the southern
WGR (Figs. 5, 11; e.g. Andersen et al., 1991; Tucker et al., 1990, 2004;
Terry et al., 2000a; Schdrer and Labrousse, 2003; Root et al., 2004,
2005; Hacker, 2007; Kylander-Clark et al., 2007, 2008, 2009; Krogh
et al., 2011; Gordon et al., 2013; Spencer et al., 2013; Kylander-Clark
and Hacker, 2014). Both the Roan grt-cpx rock (NW13-100) and the
garnet amphibolite (NW13-97A) samples contain zircons with weak
to no negative Eu anomalies, and a weakly positive slope for the HREE
patterns (Fig. 6A, H). The Dgeg(zircon/Gamer) Patterns suggest that zircon
grew when garnet with the flat HREE pattern was present in garnet am-
phibolite (Figs. 9A, 10A), whereas the single Caledonian zircon from the
grt-cpx rock suggests that garnet was unstable during its growth at
~416 Ma. More data need to be collected from this sample to better un-
derstand its metamorphic history; however, the garnet amphibolite
(NW13-97A) suggests that garnet-stable metamorphism occurred at
~405 Ma (Fig. 5A). This age is significantly younger than the previous
metamorphic age of ~432 Ma from a grt-cpx rock from the Roan
Peninsula (Dallmeyer et al,, 1992) and thus suggests high-grade meta-
morphism lasted until the late Scandian.

The zircons from all the melt generations studied here contain oscil-
latory zoning in either the entire crystal or in the dated zircon rims. In
addition, abundant zircon should grow during melt crystallization;

therefore, the significant zircon-age populations found between 410 to
404 Ma likely indicate the timing of melt crystallization (Fig. 5B-G).
The early melt generations, including the foliation-parallel granitic
leucosomes and pegmatite (NW12-22B, C, I) reveal melt crystallization
at~410to 405 + 8 Ma (Fig. 5B-E). The later crystallization of melt with-
in a shear band and a weakly folded dike overlap within uncertainty and
reveal crystallization ages of ~404 and 407 + 8 Ma, respectively (Fig. 5F,
G). Thus, despite the fact that the dike crosscuts the strongly deformed,
foliation-parallel granitic layers, these rocks all crystallized rapidly by
~404 Ma. The results from the multiple generations of crystallized
melt (e.g., from the gray gneiss that surrounds the garnet amphibolite
to foliation-parallel leucosomes to a weakly folded dike) suggest that
abundant in situ melting and melt emplacement occurred and crystal-
lized rapidly during the Scandian orogeny (Fig. 5B-G).

The majority of the zircon from these samples reveal similar steep
HREE profiles, suggesting crystallization post-garnet breakdown. How-
ever, there are a mix of REE patterns observed more commonly in the
earlier melt generations, including the gray gneiss and foliation-
parallel leucosomes. The spread in HREE patterns in these samples
does not correlate with age, except for the gray gneiss, where HREE pat-
terns from the youngest ages (~405 Ma) suggest garnet-stable
crystallization.

The similarity in ages from these samples implies that the northern
WGR remained at high temperature (above the solidus) until late in
the deformation history, before cooling and crystallization of all ana-
lyzed samples at essentially the same time. These results are consistent
with the near-isothermal decompression path determined from miner-
al reactions and thermobarometry (e.g., Johansson and Méller, 1986;
Moller, 1988).

Given the granitic composition of the leucosomes, pegmatites, and
dikes (NW12-22A,B,C,D,I; Table 1), these rocks were likely sourced
from the abundant host basement gneiss. There is also significant field
evidence that in some cases, the pods of metabasite have also under-
gone partial melting at their margins, producing a more mafic composi-
tion rock, herein described as the gray gneiss (NW13-97B) (Figs. 2B,
4A). This melting or disaggregation of some metabasite likely occurred
relatively early, as the gray gneiss generally forms a corona around the
metabasite pod but moving away from the metabasite, becomes strong-
ly deformed and shares the deformation observed within the host
gneiss. Zircons from the Roan gray gneiss reveal crystallization at
410 + 8 Ma (Fig. 5B). As described above, these zircons show a different
CL pattern from the garnet amphibolite, with the amphibolite zircons re-
vealing sector zoning whereas the gray gneiss zircons contain oscillatory
zoning (Fig. 5B). The zircon REE signatures from the gray gneiss are sim-
ilar to the garnet amphibolite (Fig. 6A, B); however, the Dggg(zircon/Garnet)
suggests that the zircon was not in equilibrium with garnet when it
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Fig. 11. Timeline of the metamorphic and melt-crystallization history of the southern and northern WGR and the Mere-Trendelag shear zone. Also shown is a cartoon depicting the tex-
tural location of the different samples studied here. The weighted-mean age results and corresponding two-sigma errors are shown below in addition to the previously studied southern
WGR (see Geologic Setting section for references for these ages) for reference. Note the similarity in ages from the northern versus the southern WGR.

crystallized (Fig. 10B), as the Drgg(zircon/Garnet) d0 Not match with any of
the experimental and natural data that suggests zircon-garnet equilibri-
um. Multiple sources for leucosomes have also been reported from the
southern WGR. Ganzhorn et al. (2014) used leucosome compositions,
experimental data, and multiphase-garnet inclusions to argue that
both felsic gneiss and (ultra)mafic rocks underwent continuous(?)
melting from high-pressure conditions through amphibolite-facies
retrogression.

5.3. Comparison of the southern to the northern WGR

Previous petrologic and geochronometric studies from the northern
WGR proposed an earlier high-pressure metamorphic history in com-
parison to the more extensively studied southern WGR (~432 Ma ver-
sus ~425-400 Ma, respectively) (Carswell et al., 2003; Glodny et al.,
2008; Griffin and Brueckner, 1980, 1985; Johansson and Maller, 1986;
Krogh et al., 2011; Kylander-Clark et al., 2007, 2009; Moller, 1988;
Root et al., 2004; Terry et al., 2000b; Young et al., 2007). The results
from this study, however, show that high-temperature metamorphism
continued into the late Scandian and that this later metamorphism and
melt crystallization were coeval across the entire WGR, with abundant
migmatization and leucosome intrusion from ca. 410 to 400 Ma
(Fig. 11; this study, Gordon et al., 2013; Kylander-Clark and Hacker,
2014).

Kyanite-bearing  garnet-clinopyroxene rocks with later
orthopyroxene (+ spinel + plagioclase) and, locally, corundum and
sapphirine, occur in both the southern WGR (Butler et al., 2013;
Hollocher et al., 2007; Straume and Austrheim, 1999) and northern
WGR (Roan Peninsula: Johansson and Méller, 1986). In one such locality
of the southern WGR (Ulsteinvik locality/central UHP domain), the P-T
path involved isothermal decompression from > 2 GPa (eclogite facies)
at 700-800 °C, with formation of the opx-bearing assemblage at

0.8-1.2 GPa (Straume and Austrheim, 1999). In the northern UHP
domain of the southern WGR, the P-T path involved heating during de-
compression from 3 GPa at 760 °Cto 1 GPa, ~810 °C (Butler et al., 2013).
In the Roan area of the northern WGR, the conditions of garnet +
clinopyroxene + orthopyroxene 4 amphibolite + rutile assemblage
have been estimated at ~1.45 GPa, 870 °C (Johansson and Méller,
1986). It is conceivable that higher pressures were attained, although
more petrologic work is necessary to test this possibility.

The exhumation of the entire WGR occurred within an extensional
tectonic regime, as evidenced by the tectonic windows of the southern
and northern WGR being bounded by detachment-fault systems, in-
cluding the Nordfjord-Sogn detachment in the south (e.g., Norton,
1986, 1987; Séranne and Séguret, 1987; Johnston et al., 2007) and the
Hoybakken-Kollstraumen detachment (e.g., Braathen et al., 2000,
2002; Séranne, 1992) to the north (Fig. 1). The Heybakken and
Kollstrammen detachments exhumed the northern WGR in a manner
similar to a metamorphic core complex (Braathen et al., 2000, 2002),
whereas the southern WGR was likely exhumed from mantle depths
as a relatively coherent slab by eduction and, secondarily and more effi-
ciently, by the formation of a hinterland-dipping detachment zone
(e.g., Fossen, 2000; Kylander-Clark et al., 2009). This differential exhu-
mation was accommodated by sinistral shearing along the Mgre-
Trondelag shear zone, which acted as a transfer fault between the two
regions (Braathen et al., 2000; Séranne, 1992). The Devonian extension
within an oblique divergent setting resulted in the simultaneous activity
of these normal and sinistral strike-slip shear zones, deposition of large
Devonian basins, and transtensional exhumation of the WGR
(Andersen, 1998; Braathen et al., 2000; Dewey and Strachan, 2003;
Fossen, 2010; Fossen et al., 2013; Krabbendam and Dewey, 1998;
Osmundsen et al.,, 2006; Séranne, 1992; Torsvik et al., 1996).

Strain patterns consistent with transtensional exhumation
(e.g., constrictional strain, lineation-parallel upright folds) developed
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under amphibolite-facies conditions during the final stages of WGR ex-
humation (Dewey and Strachan, 2003; Fossen et al., 2013; Krabbendam
and Dewey, 1998), but the switch from transpression to transtension
may have occurred even earlier, potentially at (U)HP conditions
(Renedo et al., 2015). Previous work (Fossen and Dunlap, 1998)
suggests that the switch occurred around 405 Ma, assuming that it is
recorded by the kinematic switch form thrusting to back-sliding (educ-
tion) of the overlying orogenic wedge represented by the Jotun Nappe.
Samples with contractional fabrics from the basal Caledonian thrust
(décollement) zone yielded ca. 415-408 Ma Ar-Ar white mica and bio-
tite dates, whereas samples exhibiting extensional fabrics yielded youn-
ger dates of ca. 402-395 Ma, bracketing the timing of the switch. The
pegmatite studied here (NW13-105B) is weakly deformed but crosscuts
the main host gneiss, which contains the dominant sinistral fabric pro-
duced due to MTSZ shearing. Zircons from this pegmatite yield a crystal-
lization age of ca. 404 Ma (Fig. 7C), confirming that the MTSZ transfer
zone was active while the northern WGR was undergoing metamor-
phism and melt crystallization and while the southern WGR was still
at eclogite-facies (Carswell et al., 2003; Glodny et al., 2008; Griffin and
Brueckner, 1980, 1985; Johansson and Moller, 1986; Krogh et al.,
2011; Kylander-Clark et al., 2007, 2009; Moller, 1988; Root et al.,
2004; Terry et al., 2000a, b; Young et al., 2007), further supporting
that transtensional strain along this transfer fault was present early in
the exhumation history of the WGR (Fig. 11). The ~404 Ma crystalliza-
tion age is also coeval with the switch from thrusting to back sliding
of the overlying orogenic wedge (Fossen and Dunlap, 1998).

Both the southern and northern WGR contain abundant evidence
for migmatization and intrusion of melt (Figs. 2, 4), and the
geochronometric results from both domains suggest that high strain de-
veloped under melt-present conditions (this study, Labrousse et al.,
2002; 2011; Gordon et al., 2013; Ganzhorn et al., 2014). The presence
of melt has significant rheological implications (e.g., Rosenberg and
Handy, 2005; Rutter and Neumann, 1995) and could have induced
bulk weakening across the WGR and/or allowed the subducted crustal
material to detach from the subducting slab (e.g., Ganzhorn et al,,
2014; Gordon et al., 2013; Labrousse et al., 2011), although recent
models suggest that melting was an important influence likely only
during the exhumation path of the WGR (Butler et al., 2015). While
P-T differences between the southern and northern WGR cannot yet
be comprehensively evaluated, during the mid-to-late Scandian, the
southern and northern WGR domains shared the same history of
metamorphism, deformation, and melt crystallization. The rheologic
weakening induced by the presence of abundant melt within the north-
western portion of the southern WGR domain and in the northern WGR
combined with simultaneous activity on a combination of normal
(Nordfjord-Sogn, Heybakken, and Kollstraumen detachments) and
strike-slip (MTSZ) faults aided in the exhumation of this giant high-
grade terrane, exposing numerous windows into the deepest structural
levels of the Scandinavian Caledonides (Fig. 12).

6. Conclusions

The new U-Pb zircon dates from metabasites, leucosomes, and dikes
from the Roan Peninsula indicate that metamorphism and melt crystal-
lization was coeval with the end stages (ca. 410-400 Ma) of eclogite-
facies metamorphism and accompanying migmatization in the south-
ern, UHP-portion of the WGR. However, the Seve Nappe leucocratic
samples found intercalated with the basement rocks in the northern
WGR show pre-Scandian ages, with no evidence of zircon recrystalliza-
tion during the eclogite facies metamorphism in the southern WGR.
These Seve Nappe samples thus show a much different history than
the equivalent rocks found in the southern WGR domain that were
emplaced on the basement rocks prior to subduction and (U)HP meta-
morphism. Overall, the southern and northern WGR basement rocks
underwent significant migmatization within a transtensional tectonic
setting. The buoyancy of this large high-grade metamorphic terrane as
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Fig. 12. Schematic diagram revealing the overall structural context of the northern and
southern WGR (after Braathen et al., 2000). An oblique divergent tectonic system consists
of a single detachment (the Nordfjord-Sogn detachment) that exhumes the (U)HP south-
ern domain of the WGR and two detachments (the Kollstraumen-Hgybakken system)
that exhume the northern WGR, separated by the Mere-Trendelag shear zone system.
The results from this study reveal that the northern and southern WGR shared a similar
Scandian metamorphic, magmatic, and deformation history.

well as activity on a combination of normal and strike-slip faults, includ-
ing the Mere-Trgndelag shear zone, added to the exhumation of the
WGR within two domains beginning by at least ~404 Ma.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lithos.2015.11.036.
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