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The Rogaland—Vest Agder Sector of southwestern Norway comprises high-grade metamorphic rocks
intruded by voluminous plutonic bodies that include the ~1000 km? Rogaland Igneous Complex (RIC).
New petrographic observations and thermodynamic phase equilibria modelling of three metapelitic
samples collected at various distances (30 km, 10 km and ~10 m) from one of the main bodies of RIC
anorthosite were undertaken to assess two alternative P—T—t models for the metamorphic evolution of
the area. The results are consistent with a revised two-phase evolution. Regional metamorphism fol-
lowed a clockwise P—T path reaching peak conditions of ~850—950 °C and ~7—8 kbar at ~1035 Ma
followed by high-temperature decompression to ~5 kbar at ~950 Ma, and resulted in extensive anatexis
and melt loss to produce highly residual rocks. Subsequent emplacement of the RIC at ~930 Ma caused
regional-scale contact metamorphism that affected country rocks 10 km or more from their contact with
the anorthosite. This thermal overprint is expressed in the sample proximal to the anorthosite by
replacement of sillimanite by coarse intergrowths of cordierite plus spinel and growth of a second
generation of garnet, and in the intermediate (10 km) sample by replacement of sapphirine by coarse
intergrowths of cordierite, spinel and biotite. The formation of late biotite in the intermediate sample
may suggest the rocks retained small quantities of melt produced by regional metamorphism and
remained at temperatures above the solidus for up to 100 Ma. Our results are more consistent with an

accretionary rather than a collisional model for the Sveconorwegian Orogen.
© 2016, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

tectonic models have been proposed to explain the evolution of the
Sveconorwegian Orogen, one involving continent-continent colli-

The Rogaland—Vest Agder Sector of SW Norway is a meta-
morphic province dominated by high-grade gneisses and intrusive
igneous rocks (Maijer et al., 1981; Tobi et al., 1985; Jansen and Tobi,
1987; Maijer, 1987). Together these rocks represent the core of the
ca. 1200—900 Ma Sveconorwegian Orogen (Falkum and Petersen,
1980; Falkum, 1985). The intrusive rocks include the Rogaland
Igneous Complex (RIC) that is exposed over ~1000 km? and
comprised largely of three massif-type anorthosite plutons
emplaced around 930 Ma (Schdrer et al., 1996). Two contrasting
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sion (Bingen et al., 2008) and the other involving protracted sub-
duction-accretion (Slagstad et al., 2013a,b; Coint et al., 2015;
Roberts and Slagstad, 2015). Collisional models generally require
long timescales for the rocks to reach high-grade metamorphism
(Clark et al., 2011; Slagstad et al., 2013a,b), whereas in accretionary
orogens such conditions may be attained much faster (Slagstad
et al., 2013a,b; Coint et al., 2015). However, clockwise P—T paths
are not diagnostic of either tectonic setting (Brown, 2007).

The role of the RIC in the metamorphic history of the gneisses of
the Rogaland—Vest Agder Sector is controversial, and two different
P—T—t models have been advanced (Fig. 3). Moller et al. (2003) and
Tomkins et al. (2005) proposed a two-stage metamorphic evolu-
tion, in which an upper amphibolite facies regional event charac-
terized by a clockwise P—T evolution was followed by ultra-high
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Figure 1. Map showing the main geological subdivisions of Scandinavia (after Bergh
et al,, 2012). Abbreviations: T — Telemarkia Terrane; B — Bamble Sector; O — Oslo
Graben; K — Kongsberg Sector; I — Idefjorden Terrane; ES — Eastern Segment; C —
Caledonides; TIB — Transcandinavian Igneous Belt; SF — Svecofennian Domain; WG —
Western Gneiss Region.

temperature (UHT) metamorphism at lower pressure related to
intrusion of the RIC. By contrast, Driippel et al. (2013) proposed a
single-stage, protracted clockwise regional metamorphic evolution
that reached a UHT metamorphic peak some 70 Ma prior to
emplacement of the RIC; in this model, high-grade metamorphism
and intrusion are considered to have been unrelated.

In this study, we combine new petrographic observations with
phase equilibria modelling of three metapelitic samples collected at
different distances from the RIC (30 km, 10 km and <50 m) to re-
evaluate their metamorphic evolution. We discuss the implica-
tions of the results for the tectonic evolution of the Sveconorwegian
Belt.

2. Regional geology

The rocks of southern Scandinavia experienced three Protero-
zoic orogenic events: in Sweden and Finland the ca. 1900—1750 Ma
Svecofennian orogeny, in SE Norway and Sweden the ca.
1750—1550 Ma Gothian orogeny, and in southern Norway and SW
Sweden the ca. 1200—900 Ma Sveconorwegian orogeny (Andersen
et al., 2002). The Sveconorwegian Belt lies to the west of the Sve-
cofennian Domain and the ca. 1850—1650 Ma Transcandinavian
Igneous Belt and is bounded obliquely to the northwest by the
Caledonides (Fig. 1). It comprises a number of lithotectonic do-
mains, including the Eastern Segment, Idefjorden Terrane, Bamble,
Kongsberg and Telemarkia Terranes, all of which are bounded by
major shear zones (Fig. 1). The Telemarkia Terrane is interpreted to

have formed in a short magmatic event between 1520—1480 Ma
(Bingen et al., 2005, 2006; Bogdanova et al., 2008; Roberts and
Slagstad, 2015) and is further divided into the Telemark, Hardan-
gervidda, Sudal and Rogaland—Vest Agder Sectors (Fig. 2).

The focus of this study, the Rogaland—Vest Agder (RVA) Sector,
is a high-grade gneiss complex intruded by voluminous synoro-
genic plutons that represents the core of the Sveconorwegian
Orogen (Falkum and Petersen, 1980; Falkum, 1985). The complex
consists of felsic orthogneiss, much of which contains orthopyr-
oxene, and subordinate garnet-bearing paragneiss (Hermans et al.,
1975; Falkum, 1982, 1985; Tobi et al., 1985; Bingen et al., 2005;
Tomkins et al., 2005; Coint et al., 2015), with minor amphibolite,
quartzite, calc-silicate and marble (Huijsmans et al., 1981; Falkum,
1982, 1985; Tobi et al., 1985; Jansen and Tobi, 1987; Bingen et al.,
2005; Harlov, 2011). The orthopyroxene-bearing orthogneiss is
variably migmatitic, in which migmatised varieties have protolith
ages of ca. 1450 Ma whereas non-migmatised varieties have
younger protolith ages of ca. 1230—1210 Ma (Coint et al., 2015).
Migmatitic garnet-bearing paragneiss contains abundant garnet as
well as sillimanite and/or cordierite-bearing layers indicating pel-
itic to semi-pelitic protoliths (Hermans et al., 1975; Coint et al.,
2015). Detrital zircon U—Pb ages between ca. 3000—1200 Ma
have been reported from one of these migmatitic metapelites
(Tomkins et al., 2005).

The RVA Sector contains three suites of intrusive rocks: (1) the
Sirdal Magmatic Belt (SMB); (2) the hornblende-biotite granites
(HBG) and (3) the Rogaland Igneous Complex (RIC). The
1060—1020 Ma SMB, which covers an aerial extent of ~ 10,000 km?,
is a weakly deformed calc-alkaline granitic batholith that preserves
igneous textures (Slagstad et al., 2013a,b; Coint et al., 2015). The
main constituent is porphyritic biotite granite with lesser amounts
of leucogranite, garnet granite and zones rich in xenoliths including
migmatitic gneiss (Coint et al., 2015). The arc-like compositions of
the SMB (Slagstad et al., 2013a,b) may reflect characteristics
inherited from the source rocks, which were probably ca. 1500 Ma
calc-alkaline metavolcanics and granitoid rocks such as are com-
mon in southern Norway, in particular in the Telemark and Har-
dangervidda Sector (Coint et al., 2015).

The 990—932 Ma HBG suite occurs as discrete ‘A-type’ plutons
that crop out across the Telemarkia Terrane (Bogaerts et al., 2003;
Vander Auwera et al., 2011). The range in composition in the HBG
Suite from gabbronorite to granite (50—77 wt.% SiO,) is interpreted
to reflect extreme fractional crystallization of several batches of
basaltic magma (Bogaerts et al., 2003). The HBG suite was likely
derived from an undepleted to slightly depleted hydrous mafic
source that was underplated during a previous orogenic event
(Bogaerts et al., 2003; Vander Auwera et al., 2011, 2014).

The ~1000 km? RIC, also referred to as the Rogaland Anortho-
site Complex (Pasteels et al., 1979; Schdrer et al., 1996; Bogaerts
et al, 2003; Westphal et al, 2003) and Rogaland Anorthosite
Province (Sauer et al., 2013; Coint et al., 2015), is composed of three
massif-type anorthosites (Egersund-Ogna, Haland-Heleren and
Ana-Sira) as well as a large layered polyphase intrusion (Bjerkreim-
Sokndal lopolith), two smaller leuconorite bodies (Hidra and Gar-
saknatt) and a small number of mafic dykes (high-Al gabbros to
orthopyroxene monzonorite) (Pasteels et al., 1979; Wilmart et al.,
1991; Vander Auwera and Longhi, 1994; Nijland et al., 1996;
Schdrer et al., 1996; Duchesne and Wilmart, 1997; Bolle et al.,
2002; Marker et al., 2003; Moller et al., 2003; Bolle et al., 2010).
The three anorthosite massifs contain subophitic aggregates of
megacrystic plagioclase and aluminous orthopyroxene within fine-
grained leuconorite (Schdrer et al., 1996; Bybee et al., 2014). U-Pb
ages of zircon and baddeleyite inclusions within orthopyroxene
megacrysts in the Egersund-Ogna, Hiland-Heleren and Ana-Sira
anorthosites are identical within uncertainty at ca. 930 Ma (Schdrer
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Figure 2. Geological map of the Rogaland—Vest Agder Sector of southwest Norway (after Coint et al. (2015), MUL from Vander Auwera et al. (2011) and mineral isograds from Bolle
et al. (2010)). Samples from this study are marked as large white stars with locations from previous studies as smaller black stars.

et al,, 1996). Based on the complex spread of zircon U—Pb ages
reported by Moller et al. (2003), the RIC suggested by Coint et al.
(2015) has a protracted, episodic emplacement history. The
margin of the Egersund-Ogna massif has a magmatic foliation
parallel to both its boundary and to the foliation of the adjacent
host gneisses (Schdrer et al., 1996; Bolle et al., 2002) that has been
used as evidence for diapiric emplacement of a ~1150 °C crystal
mush (Duchesne and Michot, 1987; Longhi et al., 1993; Schdrer
et al., 1996; Bolle et al., 2002). The anorthosites were emplaced at
mid crustal depths (minimum of 5.0—7.7 kbar, ~20—30 km) based
on conventional thermobarometry and numerical modelling
(Wilmart and Duchesne, 1987; Barnichon et al., 1999).

Within the RIC, the Bjerkreim-Sokndal lopolith is a layered
intrusion with four main phases; a basal phase of anorthosi-
te—leuconorite and norite with rhythmic layering is overlain by
monzonorite that is in turn overlain by monzonite and, lastly, by
quartz monzonite (Versteeve, 1975; Wilmart et al., 1991; Duchesne
and Wilmart, 1997; Bolle et al., 2002). The lopolith, which is
separated from the anorthosite intrusions by a thin septum of
gneissic country rocks, was emplaced at approximately the same
time (Wilmart et al., 1991; Vander Auwera and Longhi, 1994;
Schdrer et al.,, 1996; Duchesne and Wilmart, 1997). Geochemical
and isotopic data indicate that the RIC had a relatively anhydrous,
lower crustal source (Bogaerts et al.,, 2003) with more recent
studies suggesting that the parent magmas originated at the Moho
with anorthosite formation tied to protracted magmatism in a
convergent arc (Bybee et al., 2014). Previous studies suggested

multiple parental melt compositions for the RIC suite, with source
rocks possibly ranging from high Al-basalt to primitive orthopyr-
oxene monzonorite (Vander Auwera et al,, 2011, and references
therein).

The high-grade gneisses of the RVA Sector are considered by
some authors to have experienced a polymetamorphic evolution,
and to preserve textural evidence for a regional metamorphic event
followed by a high temperature contact metamorphic overprint
(Verschure et al., 1980; Maijer et al., 1981; Wielens et al., 1981;
Demaiffe and Michot, 1985; Jansen et al., 1985; Tobi et al., 1985;
Maijer, 1987; Bingen and van Breemen, 1998; Moller et al., 2003;
Tomkins et al., 2005; Coint et al., 2015). Evidence for an amphibo-
lite facies regional metamorphic event (commonly termed M;) at
ca. 1035 Ma (Tomkins et al., 2005) is based on isotopic data from a
garnet—biotite—sillimanite metapelite, ~25—30 km from the
contact with the RIC (Méller et al., 2003). Coint et al. (2015) also
suggested a similar age of regional metamorphism of ca. 1030 Ma.
The subsequent growth in this rock of cordierite containing zircon
dated at ca. 955 Ma indicates that peak metamorphic conditions
were followed by decompression (shown in red, Fig. 3) (Moller
et al, 2003; Tomkins et al., 2005). These events predate the
emplacement of the RIC at ca. 930 Ma (Schdrer et al., 1996), which
caused large-scale contact metamorphism (M;) at UHT conditions
(shown in blue, Fig. 3) (Scharer et al., 1996; Mdller et al., 2003;
Westphal et al, 2003). Pressure—temperature estimates of
~750 °C at 5—7 kbar for the regional event and 700—1050 °C at
~4 Kkbar for the contact metamorphism were derived using
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Figure 3. Two alternative P—T models proposed for the Rogaland—Vest Agder sector
(modified after Driippel et al., 2013); two-stage metamorphic evolution (Méller et al.,
2003; Tomkins et al., 2005) versus protracted, single-stage metamorphic evolution
(Driippel et al., 2013).

conventional thermobarometry (Jansen et al., 1985). A later retro-
grade overprint (so-called Ms3) to upper amphibolite to granulite
facies at 908 Ma (550—700 °C and 3—5 kbar) is interpreted to be
related to the isobaric cooling of intrusive bodies with the partial
replacement of high grade minerals such as osumilite (Kars et al.,
1980; Maijer et al., 1981; Wielens et al., 1981; Jansen et al., 1985;
Bol et al.,, 1989; Nijland et al., 1996; Moller et al., 2003; Tomkins
et al., 2005; Bolle et al., 2010).

In contrast to the previous interpretations, Driippel et al. (2013)
reinterpreted the gneisses as having experienced a single, long-lived
regional metamorphic event that peaked at UHT conditions some
70 Ma prior to intrusion of the RIC (shown in green, Fig. 3). This
interpretation, based on phase equilibria modelling in the
Na;0—Ca0—K,0—FeO—MgO—Al,03—Si0,—H,0—TiO, (NCKFMASHT)
model system of samples ~10 km from the RIC contact, indicated
peak conditions of ~1000 °C at ~7.5 kbar were followed by near
isothermal decompression to <5.5 kbar at 900—1000 °C (M) before
near isobaric cooling (Driippel et al., 2013). These authors concluded
that no second thermal pulse is recorded by the silicate mineral
assemblage in the RVA Sector. Zircon U—Pb ages are consistent with
a metamorphic age at ca. 1000 Ma; epitaxial xenotime yields U—Pb
ages within error of the emplacement of the RIC at ca. 930 Ma
(Driippel et al., 2013).

A series of high-T mineral-in isograds, including inverted
pigeonite in felsic orthogneiss, osumilite in paragneiss, orthopyr-
oxene in felsic orthogneiss and clinopyroxene in granodioritic
gneiss, are broadly parallel to the margin of the RIC (Fig. 2)
(Hermans et al., 1975; Pasteels et al., 1979; Sauter, 1981; Jansen
et al,, 1985; Tobi et al., 1985; Maijer, 1987; Bol et al., 1989). These
isograds represent a temperature range from ~700 °C at the
orthopyroxene-in isograd to over 900 °C (UHT) at the pigeonite-in
isograd (Jansen et al., 1985; Tobi et al., 1985; Bol et al., 1989; Moller
etal., 2002, 2003; Tomkins et al., 2005). Whereas most studies have
interpreted the osumilite and pigeonite-in isograds as the products
of contact metamorphism at ca. 930 Ma superimposed upon
granulite to amphibolite-facies regional metamorphic assemblages,
others regard the orthopyroxene isograd to pre-date the contact
event (Bingen and van Breemen, 1998), More recently, Coint et al.
(2015) have proposed that the orthopyroxene-in isograd sepa-
rates granulite-facies rocks to the west from non-metamorphosed
granites to the east and should not be regarded as an isograd at all.

3. Sample descriptions and petrology

Three samples collected from different distances from the
RIC—country rock contact were investigated in order to evaluate
their metamorphic histories. Hereafter, these samples are referred
to as distal (collected ~30 km from the RIC), intermediate
(~10 km) and proximal (~10 m), as shown in Fig. 2. Mineral ab-
breviations follow Kretz (1983) and Whitney and Evans (2010).

3.1. Distal sample (N58°49'49.4", E6°16'49.2")

The distal sample (ROG13/11) is a garnet—sillimanite—cordierite
metapelite collected a short distance wup-grade of the
orthopyroxene-in isograd. The sample site, ~400 m NW of Gil-
jastelsvatnet, is ~5 km north of the sample locality of Degeling
et al. (2001) and Tomkins et al. (2005) (Fig. 2). The sample is a
migmatite comprising melanosome rich in garnet, sillimanite and
cordierite and garnet-bearing leucosomes that are continuous at an
outcrop scale and oriented sub-parallel to the regional foliation
(Fig. 4a).

In thin section, the melanosome contains anhedral garnet por-
phyroblasts (2—8 mm) within which abundant inclusions of silli-
manite define a folded foliation that curves into parallelism with
the matrix foliation (Fig. 4b, c) that is also defined by sillimanite
(0.2—1 mm). Variably pinitised cordierite (2—6 mm, 10—15%) sur-
rounds garnet, sillimanite, ilmenite and quartz (Fig. 4b, c). Minor
feldspar is also present within the matrix. Minor singular grains of
ilmenite (0.5—1 mm) are partially to completely replaced by in-
tergrowths of differently orientated rutile and chlorite. The leuco-
some is composed of sub-equal proportions of quartz (2—6 mm),
plagioclase (1-4 mm) and K-feldspar (2—4 mm), along with
anhedral to rounded garnet (1—3 mm) that contains abundant in-
clusions of quartz but no sillimanite (Fig. 4d). Minor biotite is
present (0.5—1 mm) along with small amounts of muscovite.

The interpreted peak assemblage in sample ROG13/11 is garnet,
sillimanite, plagioclase, K-feldspar, quartz, ilmenite and melt. Ma-
trix garnet containing sillimanite inclusions is interpreted to
mainly represent subsolidus growth, whereas leucosome garnet
that lacks sillimanite inclusions is regarded as a peritectic product
of melting reactions consuming biotite. Cordierite and biotite are
considered to be retrograde minerals.

3.2. Intermediate sample (N58°42'9.7", E6°10'1.4")

The intermediate sample (ROG13/10) is a residual sapphirine-
bearing metapelite from a locality near Ivesdal, ~10 km NE of the
RIC contact (Fig. 2), which has been described previously by
Hermans et al. (1976) and Driippel et al. (2013). The exposure
consists of irregular, dark sapphirine-bearing layers within a host
orthopyroxene-bearing gneiss (Fig. 5). Minor and sporadically
dispersed large garnets (~3—8 cm) within the sapphirine-bearing
granulite and, less commonly, within the orthopyroxene gneiss
have coronae of orthopyroxene with or without plagioclase, and in
some cases have been replaced completely (Fig. 5a, b). Garnet-
bearing leucosome occurs as rare patches within orthopyroxene
gneiss. Sparse quartz veins occur within, and cross-cut both li-
thologies. Irregular orthopyroxene-rich selvedges and schlieren
occur within the orthopyroxene gneiss and occasionally along
contacts between orthopyroxene gneiss and sapphirine-bearing
metapelite.

In thin section, subhedral to euhedral sapphirine porphyroblasts
(1-8 mm, 10—15%) are partially to completely replaced by coarse
intergrowths of spinel and cordierite, along with variable amounts
of biotite that appears to be replacing cordierite (Fig. 6a, b, d). The
matrix consists of cordierite (0.5-3 mm), orthopyroxene
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Figure 4. Field photograph and photomicrographs from the ‘Distal’ locality. (a) Garnet—cordierite—sillimanite melanosome with garnet-bearing leucosome at outcrop scale.
(b) Garnet porphyroblast within melanosome (xpl) containing ilmenite, sillimanite and minor biotite inclusions, surrounded by pinitised cordierite and sillimanite. (c) Garnet
porphyroblast within melanosome with sillimanite inclusions defining a relict foliation. Coarse sillimanite in the matrix defines a new foliation. (d) Peritectic garnet with quartz
inclusions within leucosome, with late biotite. (e) Back scattered electron (BSE) image showing ilmenite being replaced by an intergrowth of rutile and chlorite within the

melanosome.

(0.5—3 mm), plagioclase (0.5—2 mm), K-feldspar (0.5—1 mm) and
biotite (up to 2 mm) (Fig. 6¢). Orthopyroxene grains are separated
from sapphirine porphyroblasts by layers of cordierite and spinel
plus cordierite (Fig. 6a, b). Feldspar grains are variably sericitised.
Spinel contains ilmenite and minor exsolved magnetite. Quartz is
absent.

We interpret sample ROG13/10 to have contained an earlier
assemblage of sapphirine, orthopyroxene, plagioclase, K-feldspar,
cordierite, ilmenite and melt that later underwent replacement of
sapphirine and orthopyroxene by coarse intergrowths of spinel and
cordierite. Subsequent growth of biotite may reflect retrograde
reaction in the presence of melt.
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Figure 5. Field photographs from the ‘Intermediate’ locality. (a) Dark sapphirine granulite layer with completely replaced garnet. (b) Sapphirine granulite and orthopyroxene gneiss
containing partially replaced garnets with orthopyroxene coronas. (c) Irregular dark layers of sapphirine granulite interleaved with orthopyroxene gneiss, cut by minor faults.

3.3. Proximal sample (N58°35'46.5", E5°46'59.0")

The proximal sample ROG14/5 is from country rocks ~10 m
from the northwest margin of the RIC (Fig. 2). The sample is a
migmatitic  garnet—sillimanite—spinel—cordierite = metapelitic
gneiss (Fig. 7a) that is intruded by several small sheets of garnet-
bearing anorthosite (Fig. 7b). The metapelite consists of melano-
some rich in garnet and cordierite, within which occurs narrow,
foliation-parallel leucosome layers (<1 cm in width). Larger
(~0.5—1 m) irregular bodies of garnet-bearing and garnet-free
leucosome cross-cut the foliation and contain schollen of melano-
some (Fig. 7a). Minor quartz veins are also present. The anorthosite
sheets are discontinuous, up to 15 cm wide and 4 m in length and
oriented parallel to the foliation (Fig. 7b).

In thin section, sample ROG14/5 is dominated by melanosome
containing equant to elongate anhedral garnet porphyroblasts
(0.5—4 mm) containing sillimanite inclusions (Fig. 7c, d). A second
generation of garnet forms narrow (~100 pum) rims around pre-
existing garnet porphyroblasts and adjacent to spinel (Fig. 7c, d).
Coarse matrix sillimanite (0.5—4 mm) defines a foliation that wraps
around garnet, and is partially replaced by intergrowths of spinel
plus cordierite (Fig. 7d). Spinel occurs both within the symplectite

and as aggregates of grains surrounded by a thin rind of cordierite
or garnet (Fig. 7d). The leucosome contains large (2—8 mm) slightly
elongate grains along with smaller (0.5—2 mm) grains of quartz,
plagioclase (1—2 mm) and K-feldspar (1—2 mm). Cordierite sur-
rounds garnet, sillimanite and, less commonly, quartz and spinel
(1—2 mm) and is sometimes intergrown with K—feldspar (Fig. 7d).
Minor ilmenite is partially to completely replaced by late in-
tergrowths of rutile and chlorite.

This sample is interpreted to contain an earlier assemblage of
garnet, sillimanite, plagioclase, K-feldspar, quartz, spinel, ilmenite
and melt. Replacement of sillimanite by cordierite plus spinel, and
growth of a second generation of garnet occurred subsequently.

4. Phase equilibria modelling

Metamorphic P—T conditions were constrained using P—T, P—X
and T—X pseudosections modelled in the Na;0O—CaO—K,0—FeO—
MgO—Al,03—-Si0,—H,0—Ti0,—0 system using THERMOCALC 3.40i
and the internally consistent thermodynamic dataset of Holland
and Powell (2011) (specifically the tc-ds62 dataset generated on
06/02/2014). Activity—composition models are from White et al.
(2014a). Although Mn-bearing solution models have been
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Figure 6. Photomicrographs from the ‘Intermediate’ locality. (a) Sapphirine porphyroblast rimmed by spinel plus cordierite and a cordierite rim separating the symplectite from
orthopyroxene. (b) Sapphirine partially replaced by a spinel—cordierite symplectite, with later biotite replacing cordierite within the symplectite. An outer rim of cordierite is
present between the symplectite and orthopyroxene. (c) Irregular grains of orthopyroxene and cordierite within the matrix with some grains almost completely surrounded by late

biotite. (d) Spinel plus cordierite symplectite with biotite partially replacing cordierite.

calibrated (White et al., 2014b), Mn has a negligible effect at high
temperatures and was not considered (Johnson et al., 2015). Cal-
culations consider the phases garnet, silicate melt, plagioclase, K-
feldspar, sillimanite, sapphirine, quartz, muscovite, biotite, ortho-
pyroxene, cordierite, ilmenite, rutile and magnetite-spinel. Osu-
milite was not included as there is no solution model calibrated
against the ds6 dataset.

Bulk rock compositions were determined by X-ray fluorescence
analysis using a Panalytical 2404 XRF unit at Franklin and Marshall
College, Pennsylvania, for which ferric and ferrous iron contents
were determined by titration. The bulk compositions (expressed as
mol.% oxides) used in the pseudosections are given in Table 1.
Modelled H,0 contents were constrained using T—X or P—X pseu-
dosections ranging from a quantity assuming all analysed loss on
ignition (LOI) as H20 to lower values (0.1 mol.%). The H,O content
chosen for P-T modelling was such that the solidus intersected, or
was as close as possible to the field containing the interpreted peak
assemblage (see Supplementary data Figs. S1—3). Calculations us-
ing the composition of the distal sample (ROG13/11), the most
altered of the studied rocks, measured ferric iron concentrations
were too high with all calculated fields containing magnetite,

which is not observed in the rock. Thus, to account for post-peak
oxidation, appropriate ferric iron contents were constrained using
a P—X pseudosection ranging from the titrated value (1.31 mol.%
Fe;03) to a minimal content (0.01 mol.%; see Supplementary data
Fig. S4). A value of X = 0.5 (Fe;03 = O = 0.67 mol.%) was chosen,
as it is the minimum required to eliminate magnetite from the
interpreted peak assemblage. Note that the stability field of spinel
in nature is likely to be larger than the calculated stability due to the
presence of minor components (e.g. Zn, V, Cr) that cannot currently
be modelled (Tajcmanova et al., 2009). Driippel et al. (2013) re-
ported average concentrations of Cr,03 and ZnO in spinel in the
sapphirine-bearing sample as 0.07 and 0.15 wt.%, respectively. For
reference, P—T pseudosections contoured for the abundance of
particular phases calculated using TClnvestigator (Pearce et al,
2015) are given in the Supplementary data (Fig. S5).

4.1. Distal sample
In the P—T pseudosection for sample ROG13/11 (Fig. 8), the

solidus for the chosen H,O content is located at ~830 °C at pres-
sures above 7 kbar. Between 6—7 kbar the solidus inflects to higher
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Figure 7. Field photographs and photomicrographs from the ‘Proximal’ locality. (a) Garnet—sillimanite—cordierite—spinel migmatite overprinted by a large irregular garnet-bearing
leucosome containing schollen of the metapelite. (b) Metapelite with intruded anorthosite sheet. (c) Garnet porphyroblast with secondary garnet overgrowing spinel. (d) Sillimanite
partly replaced by spinel plus cordierite, with some of the spinel replaced by diaspore.

temperatures (~970 °C) due to the presence of cordierite that of garnet, sillimanite, plagioclase, K-feldspar, quartz, ilmenite and
partitions some of the H,O that at higher pressures is contained melt occupies a large stability field at >850 °C and >6 kbar (out-
within melt. For the chosen ferric iron content and P-T range, lined in red, Fig. 8). At lower temperatures biotite is stable, and at
ilmenite is stable throughout and magnetite is predicted only at lower pressures cordierite, which occurs replacing garnet at its
low temperatures and pressures. The interpreted peak assemblage margins, is predicted. The calculated stability fields of spinel and
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Table 1

Bulk compositions as molar oxide (mol.%) used in phase equilibria modelling.
Sample Si0, TiO, Al,03 (0} FeO MgO Ca0 Na,0 K0 H,0 Total
ROG13/11 (Distal) 68.95 0.78 12.95 0.67 6.86 3.68 1.39 1.82 2.80 0.10 100
ROG13/10 (Intermediate) 51.45 0.64 14.98 1.13 6.73 17.99 133 1.78 2.94 1.03 100
ROG14/5 (Proximal) 63.19 0.83 16.71 0.57 9.29 4.85 1.28 1.11 2.06 0.11 100

orthopyroxene occur at higher temperatures and lower pressures
than the inferred peak, respectively.

4.2. Intermediate sample

In the P—T pseudosection for sample ROG13/10 (Fig. 9) the
solidus for the chosen H,O content is located at ~900—950 °C.
The stability field for the interpreted earlier assemblage of
sapphirine, orthopyroxene, plagioclase, K-feldspar, cordierite,
ilmenite and melt is relatively narrow (in T) between 910—980 °C
and between 4 and 8 kbar (outlined in red, Fig. 9). Cordierite is
consumed at higher T and biotite is predicted at lower T, and
garnet is stable at higher P and spinel at lower P. Compositional
isopleths of Al—-in—orthopyroxene are shown in Fig. 9. Maximum
measured values of X(Al) (Al cations in the formula unit based
on six oxygens) from samples from this locality are 0.18 ac-
cording to Driippel et al. (2013), and this isopleth, along with the
one sigma uncertainty on its position, is shown as the shaded
field. The measured Al content in orthopyroxene is consistent
with the higher pressure part of the preferred peak field,
implying peak conditions of around 7—8 kbar and 900—950 °C
(Fig. 9). The subsequent evolution of the rock, expressed by
the growth of cordierite, spinel and biotite at the expense of
sapphirine, requires significantly lower pressures but similar
temperatures that was followed by cooling into fields containing
biotite.

4.3. Proximal sample

In the P—T pseudosection for proximal sample ROG14/5
(Fig. 10), the solidus for the chosen H,O content is located at
~815 °C above 6.3 kbar but inflects to higher temperatures
(~950—975 °C) below 6 kbar due to the presence of cordierite
which partitions some of the H,O that, at higher pressures, is
contained within melt. The interpreted earlier assemblage of
garnet, sillimanite, plagioclase, K-feldspar, quartz, ilmenite and
melt but without spinel, defines a large stability field at 820 to
>1000 °C and ~6 to >10 kbar (outlined in red, Fig. 10); spinel is
predicted to become stable at higher temperatures. As spinel
may be stabilised by non-system components, our preferred
interpretation is that the earlier assemblage is consistent with
the high T end of the modelled spinel-absent field or with the
field containing spinel (i.e. >900 °C and >6 kbar). The subse-
quent evolution of this sample, indicated by the replacement of
sillimanite by cordierite and spinel and the growth of a second
generation of garnet and cordierite (shown by the arrow in
Fig. 10), require lower pressures (~5—6 kbar) but similar
temperatures.

5. Discussion
5.1. P—T conditions of regional metamorphism

At a distance of ~30 km from the contact, the distal sample is
considered to be beyond the effects of contact metamorphism

associated with the emplacement of the RIC and to preserve the
regional metamorphic history. This is supported by a pronounced
regional foliation and the lack of symplectitic replacement of
porphyroblast phases that characterises the other samples.
Petrographic observations coupled with phase equilibria
modelling suggest that this sample experienced a clockwise
regional P—T path, reaching peak conditions of >850 °C at
>6 kbar. Partial replacement of garnet by cordierite implies high-
temperature decompression to conditions of ~850 °C at 5 kbar,
while the growth of biotite implies crystallisation of the last
vestiges of melt upon cooling. A P—T path consistent with these
observations is shown in Fig. 8. Peak conditions are poorly con-
strained due to the size and the calculated compositional and
modal homogeneity of the phases within the inferred peak field.
The high temperature subsolidus prograde path is constrained to
the sillimanite field, with no evidence for the former presence of
kyanite.

The inferred early assemblages developed within the interme-
diate sample (sapphirine, orthopyroxene, plagioclase, K-feldspar,
cordierite, ilmenite and melt) and the proximal sample (garnet,
sillimanite plagioclase, K-feldspar, quartz, ilmenite, spinel and
melt), are similarly consistent with growth during regional meta-
morphism. Modelling of these compositions gives P—T conditions
that are similar to those derived for the distal sample, namely
900—-950 °C and ~7-8 kbar for the intermediate sample (Fig. 9)
and >900 °C and >6 kbar for the proximal sample (Fig. 10). Clearly,
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Figure 8. Modelled P—T pseudosection of the distal sample (ROG13/11) with peak field
outlined in red and solidus marked by a black dashed line. The interpreted, clockwise
P—T path traces the post-peak growth of cordierite and biotite. Positioning of the P—T
path is based on modal isopleths generated using TCInvestigator (Pearce et al., 2015).
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Figure 9. Modelled P—T pseudosection of the intermediate sample (ROG13/10) with
peak field outlined in red, solidus marked by a black dashed line and y(opx) isopleths
marked by fine dashed lines labelled with their respective values. Grey shaded area
indicates uncertainty on the y(opx) = 0.18 isopleth. The presence of garnet defines the
upper pressure limit of the peak assemblage, while cordierite defines the lower tem-
perature limit. The star indicates the interpreted peak conditions reached during
regional metamorphism. The illustrated portion of the P—T path traces the growth of
spinel and cordierite and later biotite. Positioning of the P—T path is based on modal
isopleths generated using TClnvestigator (Pearce et al., 2015).

all three samples cannot have followed an identical regional P—T
path. However, we propose that a generalised, clockwise regional
metamorphic evolution was experienced by all samples, which
attained peak conditions of around 850—950 °C at 7—8 kbar, and
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Figure 10. Modelled P—T pseudosection of the proximal sample (ROG14/5) with peak
field outline in red and solidus marked by a black dashed line. The interpreted P—T
path traces the growth of spinel, cordierite and secondary garnet.
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Figure 11. Summary diagram of the revised P—T evolution of the RVA Sector, with
previous models in grey. Interpreted P—T evolution for the distal (blue), intermediate
(green) and proximal (red) samples. The dashed approximate prograde evolution is
based on the lack of kyanite in all samples.

was followed by high-temperature decompression to ~5 kbar,
followed by near isobaric cooling (Fig. 8). Under such conditions,
pelitic and greywacke protoliths will produce significant quantities
of melt (Johnson et al., 2008; White et al., 2014a), most of which
will have been lost to higher crustal levels to leave low a(H,0)
granulite facies residua, consistent with observation.

Clockwise regional P—T paths were proposed by both Tomkins
et al. (2005) and Driippel et al. (2013). However, our inferred
regional peak conditions are at least ~200 °C higher than those
reported by Tomkins et al. (2005) based on conventional thermo-
barometry, and ~50 °C lower than the UHT regional conditions
proposed by Driippel et al. (2013), based on phase equilibria
modelling (Fig. 11). Possible reasons for these differences are
detailed below.

5.2. P—T conditions of contact metamorphism

Petrographic observations of the intermediate and proximal
samples in conjunction with phase equilibria modelling suggest a
two-stage evolution which we equate to: (1) high- to ultra-high T
regional metamorphism with associated partial melting and melt
loss (detailed above); and (2) subsequent high- to ultra-high T
contact metamorphism of the residual rocks caused by emplace-
ment of the RIC.

Importantly, the distal and proximal samples have strikingly
similar bulk compositions, confirmed by the similarity in the P—T
pseudosections for each (see Figs. 8 and 10). However, the petro-
graphic features of the rocks are very different. Both are inferred to
have had a regional peak assemblage containing garnet, sillimanite,
plagioclase, K-feldspar, quartz, ilmenite, and melt, with the prox-
imal sample inferred to have additionally contained a small quan-
tity of spinel. However, the proximal sample contains a second
generation of garnet (and spinel) that is lacking from the distal
sample. In addition, sillimanite in the proximal sample is exten-
sively replaced by a coarse intergrowth of cordierite plus spinel,
whereas sillimanite in the distal sample is pristine. We interpret the
coarse intergrowths of cordierite and spinel after sapphirine in the
intermediate sample and after sillimanite in the proximal sample as
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prograde reaction products that formed as a result of heating
associated with emplacement of the RIC. Similar prograde reaction
textures have been described elsewhere (Pitra and Waal, 2001;
White et al., 2002; Johnson et al., 2004).

In the proximal sample, the reaction textures are consistent
with contact metamorphic conditions of ~950 °C at ~5 kbar
(Figs. 10 and 11). In the intermediate sample, the reaction textures
are consistent with temperatures of ~950 °C and lower pressures
of ~3—4 kbar (Figs. 9 and 11). The lower pressures inferred for the
intermediate sample suggests it was at higher levels in the crust
when the RIC was emplaced and implies tilting of the section and/
or differential uplift and erosion post intrusion of the RIC. Overall,
the pressures inferred for the contact metamorphism (3—6 kbar,
Fig. 11) are similar to those reported by other authors (Moller et al.,
2003; Tomkins et al., 2005). The high temperatures inferred for the
contact metamorphism in the intermediate sample may suggest
the anorthosite sits at shallow levels beneath these rocks. However,
with no borehole data, the similarity in density between the
anorthosite and host gneisses makes this difficult to test using
geophysical means.

Within the intermediate sample, the growth of biotite replacing
cordierite in the spinel-cordierite symplectites, which are them-
selves replacing sapphirine, suggests that the rocks may have
retained small quantities of melt and that, on cooling and exhu-
mation from the regional peak, the intermediate sample did not
cross the solidus before the onset of contact metamorphism. This
could indicate that the rocks stayed at high temperature for 100 Ma
or more.

Our interpretation that the intermediate and proximal samples
followed a two-stage P—T evolution (Fig. 11), with contact meta-
morphism superimposed upon the regional metamorphic evolu-
tion path, differs from the work of Driippel et al. (2013). These
authors suggest the rocks followed a clockwise, single-stage
regional metamorphic evolution peaking at UHT conditions based
on their interpretation that the age of UHT metamorphism pre-
dates the intrusion of the RIC. We suggest that the 1021 + 23 to
999 + 17 Ma metamorphic ages of Driippel et al. (2013) may
represent growth of zircon from crystallising melt following peak
metamorphism at ca. 1035 Ma (Tomkins et al., 2005).

5.3. P—T evolution of the RVA sector

We present a revised P—T evolution for gneisses of the RVA
Sector during the Sveconorwegian orogeny: For rocks outside the
influence of the RIC (our distal sample), regional metamorphism
followed a clockwise P—T path with peak conditions of
~850—950 °C at ~7—8 kbar followed by high-temperature,
retrograde decompression to conditions of ~900 °C at 5 kbar
and, subsequently, isobaric cooling to below 700 °C (Fig. 11).
Whereas the distal sample preserves no compelling evidence for
having experienced contact metamorphism, rocks closer to the RIC
(our intermediate and proximal samples) contain evidence for a
static thermal overprint (contact metamorphism) that records
pressures of 3—6 kbar and reached a maximum temperature in the
sample immediately adjacent to the RIC contact of over 950 °C.

The proposed P—Tevolution outlined in this study reconciles the
previous interpretations made by Degeling et al. (2001) and
Driippel et al. (2013). Degeling et al. (2001) underestimated the
temperature of peak regional metamorphism by ~200 °C, due to
their reliance on petrogenetic grids in the KFMASH model system,
which is an oversimplification of natural rocks (White et al., 2007,
2014a), and by their use of conventional thermobarometric tech-
niques which, due to post-peak diffusion, commonly lead to un-
derestimates of peak temperatures (Fitzsimons and Harley, 1994;
Pattison et al., 2003). Assuming our results are reliable, Driippel

et al. (2013) overestimated the temperature experienced by the
rocks at Ivesdal, our intermediate locality, by ~50 °C. This is most
likely due to their omission of ferric iron (modelled as O) from their
model system, that affects the bulk X(Mg) of the modelled
composition. In particular, these authors used an older solution
model for sapphirine that does not include ferric iron, which can
significantly reduce the temperature at which sapphirine is stable
(Kelsey et al., 2005; Wheller and Powell, 2014). Furthermore,
Driippel et al. (2013) relied in part on spinel to constrain their P—T
trajectories. However, the presence of elements such as Cr and Zn
that are not currently incorporated into thermodynamic models,
will stabilise spinel to lower temperatures than predicted by the
pseudosection modelling (Tajcmanova et al., 2009).

5.4. Implications for the tectonic setting of the Sveconorwegian
orogeny

The revised metamorphic evolution proposed here has impli-
cations for tectonic models for the development of the RVA Sector
during the Sveconorwegian orogeny. There are at present two
different tectonic models for the Sveconorwegian orogeny, a
continent-continent collisional model proposed by Bingen et al.
(2008) and an accretionary model of Slagstad et al. (2013a),
which has been further refined by Coint et al. (2015). The collisional
model postulates that at ~1140 Ma Fennoscandia collided with an
as yet unidentified continent (possibly Amazonia), resulting in
widespread Barrovian-type regional metamorphism. At ~930 Ma a
phase of orogenic collapse was initiated that resulted in the
emplacement of the RIC and formation of a regional-scale UHT
contact aureole (Bingen et al., 2008). The long timescales of high-
temperature conditions interpreted in this study are sufficient for
the generation of high-grade metamorphic conditions within a
collisional system (Clark et al., 2011). However, the lack of any
obvious colliding continental block and the evidence for a series of
magmatic events with arc-like chemistry that post-date the pro-
posed collision led Slagstad et al. (2013a) to develop an alternative
Andean-style accretionary model to explain the geological evolu-
tion of SW Norway. According to Slagstad et al. (2013a), the long-
lived accretionary margin underwent periodic extension and
compression (as a result of steep and flat slab subduction) and to
alternate between periods of metamorphism (1020—990 Ma) and
magmatism (1050—1020 and 990—920 Ma) to generate the SMB,
HBG and RIC suites.

In contrast to the P—T—t proposed by Driippel et al. (2013),
which consists of a single clockwise P—T loop with UHT meta-
morphism occurring 10—15 Myr after the cessation of SMB mag-
matism, Slagstad and co-workers argued that the metamorphic
history of rocks in SW Norway could not have been produced by a
collisional orogeny (Slagstad et al., 2013b). They suggest that to
generate temperatures of ~1000 °C at mid to lower crustal depths
in a collisional system requires on the order of ca. 100 Ma (e.g. Clark
et al.,, 2011; Clark et al., 2015).

All of the available evidence from this and previous studies in-
dicates that a period of crustal thickening must have occurred prior
to the attainment of peak regional metamorphic conditions (Bingen
et al., 2008; Driippel et al., 2013; Slagstad et al., 2013a). Possible
mechanisms for crustal thickening include collision, flat-slab sub-
duction and accretion. Whilst continental collision is a key part of
the four-phase model of Bingen et al. (2008), with subduction
interpreted to have ceased at 1140 Ma, this is inconsistent with the
presence of the 1060—1020 Ma calc-alkaline SMB as well as the
presence of contemporaneous and later arc-related features across
the terranes of the Sveconorwegian Belt. These include the wide-
spread arc geochemical signatures (Brewer et al., 2002; Andersen
et al.,, 2007; Corfu and Laajoki, 2008; Petersson et al.,, 2015),
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multiple periods of back-arc basin formation (Brewer et al., 2002;
Soderlund and Ask, 2006; Séderlund et al., 2006; Andersen et al.,
2007; Spencer et al., 2014; Petersson et al., 2015) and related
bimodal magmatism (S6derlund and Ask, 2006; Bingen et al., 2008;
Corfu and Laajoki, 2008; Spencer et al., 2014) as well as the overall
younging to the west caused by westerly arc retreat with subduc-
tion beneath Fennoscandia (Slagstad et al., 2013a; Spencer et al.,
2014 and references within; Coint et al., 2015; Petersson et al.,
2015; Roberts and Slagstad, 2015).

Flat-slab subduction has been previously proposed by Slagstad
et al. (2013a) to have driven crustal thickening and develop medi-
um—P, high—T regional metamorphism within the geographically
restricted area of the RVA Sector. This interpretation is consistent
with magmatism starting 15 Myr prior to the onset of regional
metamorphism, in which the magmas could not have been pro-
duced from partial melting related to crustal thickening (Slagstad
et al, 2013a,b). Therefore, we therefore favour the Slagstad et al.
(2013a) accretionary model for the RVA Sector. Similar styles of
accretionary tectonics have been invoked to form regional-scale
granulite facies terranes in a number of other Mesoproterozoic
Orogens (Karlstrom et al., 2001; Clark et al., 2014; Korhonen et al.,
2014) and have been singled out as sites of crustal growth and
granulite generation throughout Earth history (Collins, 2002;
Cawood and Buchan, 2007), at least since the Archaean.

More problematic is exactly how the RIC formed. Most
geochronology of the RIC indicates that it was emplaced in a
restricted time span at ~930 Ma. However, Coint et al. (2015)
hypothesised that it may have had a protracted, episodic
emplacement history based on the complex spread of zircon U-Pb
ages that may record multiple intrusive events and resulted in the
formation of complex growth and dissolution of zircon and
monazite over an extended time interval (<1000 Ma to 920 Ma)
(Moéller et al., 2003 and references within). In the absence of un-
equivocal geochronological evidence that suggests emplacement
over a prolonged period, we favour a short-lived intrusive event at
~930 Ma, with magmas emplaced into rocks that still retained
small amounts of melt. Small volumes of melt in the rocks could
have resulted in the reported zircon textures (Moller et al., 2003)
and a single thermal pulse is consistent with the relatively simple
petrographic textures documented in this study and the pluton
sub-parallel isograds observed at the map scale. There is no clear
evidence for slab breakoff as the causal mechanism for generation
of the RIC. Recent work by Bybee et al. (2014) suggested that the RIC
formed as part of a long-lived magmatic system, consistent with an
accretionary setting. It is difficult to determine what caused the end
of the Sveconorwegian orogeny as this margin was significantly
modified during the Caledonian orogeny, leaving no obvious
geological record of what previously lay to the west.

6. Conclusions

(1) Regional metamorphism in the RVA Sector during the Sveco-
norwegian orogeny followed a clockwise P—T path attaining
peak conditions of ~850—950 °C and ~7-8 kbar at ca.
1035 Ma. Partial melting and melt loss led to the production of
highly residual rock compositions.

(2) Rocks located up to at least 10 km from the RIC experienced an
additional static, low-pressure, high-temperature event
~100 Myr after the peak of regional metamorphism that
reached a maximum T of ~950 °C at 3—6 kbar. The source of
this additional heat was the RIC itself, which was emplaced into
slightly cooler but residual crust and resulted in the series of
high-T isograds concentric with its margin.

(3) The collisional model of Bingen et al. (2008) cannot satisfac-
torily explain the metamorphic and magmatic evolution of the

Sveconorwegian orogeny in the RVA Sector as it lacks a plau-
sible heat source to drive UHT metamorphism. A model that
has the Sveconorwegian Orogen as an east facing accretionary
margin that experienced long-lived subduction associated with
periods of flat slab subduction, rollback and arc accretion, akin
to that proposed by Slagstad et al. (2013a,b) better explains the
metamorphic and magmatic evolution of the RVA Sector.
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