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Abstract: The Koli Nappe Complex (KNC) of the Scandinavian Caledonide orogen originated as oceanic terranes within the
Iapetus Ocean. These terranes have characteristics of magmatic arcs and associated forearc or back-arc basins and underwent
several periods of rifting and magmatism prior to their accretion to the Baltican margin. We present new U—Pb zircon ages from
the Lower Koli Ankarede Volcanite Formation in Visterbotten, Sweden. U-Pb ages of magmatic zircon grains from
metamorphosed dacitic to andesitic rocks show ages of 512 +3.5,497+£2,491 £+ 1 and 488 + 4 Ma. The three younger ages fit
with previous ages for Lower Ko6li volcanic rocks, but the 512 Ma age is older than any previous age for this unit. These dates
constrain the age of magmatism in an ensimatic arc system within lapetus. We compare this evolution with published
information from the other Koli nappes. Magmatic ages within the KNC overlap with ages for an early episode of ultrahigh-
pressure (UHP) metamorphism within the underlying Seve Nappe Complex (SNC), supporting the hypothesis that attributes
UHP metamorphism within the SNC to subduction beneath the island arc now preserved within the Lower Kdli Nappes.
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Tectonostratigraphic terranes derived from the peripheral subduc-
tion systems within the Iapetus Ocean are a major feature of the
orogenic architecture of the Scandinavian Caledonides, cropping
out along much of the length (>1800 km) of this orogenic segment
(Fig. 1). These lithotectonic assemblages offer a vast archive of
information about the evolution of lapetus and the development of
accretionary orogens that predated the climactic Scandian collision
of Baltica with Laurentia. These terranes also represent important
examples of continental growth during the Phanerozoic by addition
of island-arc magmatic edifices and their associated basin fills. The
Iapetus terranes in Scandinavia form part of an even larger suite of
lapetus-derived terranes that extends through the British Isles and
the North American segment of the Caledonian—Appalachian
orogen (Fig. 1 inset).

In Scandinavia, the Iapetus terranes comprise a stack of thrusted
allochthons, the largest of which comprise the K6li Nappe Complex
(KNC) that outcrops in central and northern Sweden and the
tectonostratigraphically equivalent Trondheim Nappe Complex
(TNC) in central Norway (Fig. 1). Stephens and Gee (1985,
1989) erected a tectonostratigraphic terrane scheme for the Iapetus-
derived magmatic-sedimentary assemblages in the Scandinavian
Caledonides, in which the Lower K&li Nappes were equated with a
“Virisen terrane’ (Stephens and Gee 1985; Stephens 2020) that they
interpreted as the remnants of a rifted ensimatic arc located outboard

of Baltica during the Late Cambrian and Early Ordovician. This
postulated ‘Virisen Arc’ was then incorporated into an arc—
continent collision model (Dallmeyer and Gee 1986) that attempted
to explain a Late Cambrian eclogite-facies metamorphism
(Stephens and van Roermund 1984; Andréasson et al. 1985; van
Roermund 1985) in the underlying Seve Nappe Complex (SNC)
(Fig. 1), thought to represent the subducted outer continental margin
of Baltica (Gee 1975; Andréasson and Albrecht 1995).

Since these early studies, it has become clear that there has been
widespread pre-Scandian high- to ultrahigh-pressure metamorph-
ism in some elements of the SNC (e.g. Brueckner and van
Roermund 2007; Root and Corfu 2012; Klonowska et al. 2017,
Bukala et al. 2018; Barnes et al. 2019, 2020; Walczak et al.
2022b). This suggests that there was at least one major continental
subduction episode along the lapetan periphery of Baltica and
poses questions about the identity of the terrane (or terranes) that
Baltica collided with. The Virisen Arc was postulated in the ‘dunk
tectonics’ models of Brueckner and van Roermund (2004) and
Brueckner (2006) that attempted to explain multiple subductions
of the Baltica margin during the Caledonian orogenic cycle. Here,
collision with this postulated arc terrane explained the earliest
eclogite facies metamorphism in the SNC. Subsequent closure of
the intervening seaway was proposed to have resulted in a second
eclogite-facies metamorphism in the main continental margin of
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Fig. 1. Tectonostratigraphic map of the Scandinavian Caledonides, showing locations of dated occurrences of magmatism within the K&li Nappe Complex
(KNC) and Trondheim Nappe Complex (TNC), and of ultrahigh-pressure (UHP) metamorphism within the Seve Nappe Complex. Abbreviations (from
bottom to top): Ot, Otta (Gudbrandsdal); Re, Reros; Tr, Trondheim; Tv, Tvarnklumparna; Ha, Handél; TS, Tannforsen Synform; Ar, Areskutan; Ra,
Raudfjellet; SJ, Stor Jougdan; Tj, Tjeliken; Si, Sipmikk; SB, Stora Blésjon; Fr, Frinningen; St, Stekenjokk; Sa, Saxnas; Kl, Klimpfjall; Ki, Kittelfjall; Vi,
Virisen; Gr, Grénsjo; Bj, Bjorkvattnet; Ta, Tdrnaby; Va, Vaimok; Ts, Tsdkkok. Inset map shows palacogeography of the North Atlantic Caledonides in the
Mesozoic. Source: modified after Gee et al. (1985); inset modified after Gee and Stephens (2020).
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Baltica in the Middle to Late Ordovician, now preserved within the
SNC in Jamtland. A similar model of arc collision, while not
explicitly naming the Virisen terrane, was proposed by Majka
et al. (2014a).

The success of such arc-collision models depends upon knowledge
of the linkages between the KNC and SNC and their chronology.
However, the juxtaposition of these terranes remains to be well
documented both in terms of structural-metamorphic evolution or
detailed timing. Furthermore, the detailed origins of the Virisen
terrane arc and back-arc rocks are not well understood; there are few
data on the provenance of the basin-fill metasedimentary rocks (Gee
et al. 2014) and the timing of arc and arc-rifting magmatism
(Claesson et al. 1983), and there has been limited further research on
the nature and sources of magmatism since the early work in the
1970s and 1980s (summarized by Stephens ef al. 1985a; Stephens
2020). In this contribution, we present new zircon U-Pb ages for
felsic volcanic or subvolcanic rocks of the Lower K6li Nappes in the
Virisen terrane type area. We find that a previous multi-grain zircon
U-Pb age in the Late Cambrian to Early Ordovician (Claesson et al.
1983) is confirmed, but the range of our new ages extends into the
Early Cambrian, which is considerably older than any known Iapetus
intra-oceanic magmatism and has important implications for the
timing of subduction initiation in Iapetus.

Palaeogeographical context

The Iapetus Ocean resulted from the rifting and break-up of the
Rodinia supercontinent in the Neoproterozoic (or possibly Early
Cambrian), creating the palaco-continents of Laurentia, Gondwana
and Baltica (Pickering and Smith 1995; Cawood et al. 2016; Robert
et al. 2021). Between ~700 and 565 Ma a number of continental
ribbon terranes rifted from Laurentia, Gondwana and Baltica
(Roberts et al. 2007; Domeier 2016; Robert et al. 2021). These
continental terranes were dispersed within lapetus alongside
younger arc terranes and all subsequently became incorporated
into the Caledonide allochthons; some may have formed the
foundations for intra-oceanic arcs (e.g. Hollocher er al. 2012).
Subduction was active in Iapetus from the latest Cambrian (Torsvik
and Cocks 2013; Domeier 2016). Evidence for subduction and the
development of magmatic arcs along the eastern margin of
Laurentia (modern geographical framework) and its continuation
through the British Isles are well established (see Chew and
Strachan 2014; Van Staal and Dewey 2023; Van Staal and
Zagorevski 2023). Subduction directly outboard of Baltica is a
more controversial topic, and faunas outside the area where
Laurentian links are clear are sparse and often poorly preserved
(Bruton and Harper 1988) or indicate mid-lapetan rather than
Baltican provincialism. However, some mechanism is required to
explain (ultra-)high-pressure metamorphism in the underlying SNC
at a time when most palacogeographical reconstructions show
Iapetus as a wide ocean basin, and so without a continent opposing
Baltica (Domeier 2016; Cocks and Torsvik 2021). Cocks and
Torsvik (2005) proposed a subduction zone along the Baltican
margin of the Aegir Ocean opposite Siberia during the Late
Cambrian and, subsequently (based on more tenuous evidence),
along the lapetus seaboard in the Early Ordovician following
Baltica’s rotation to face Laurentia. Final closure of lapetus initiated
by 440—430 Ma due to the collision of Baltica with Laurentia,
although at this early stage localized extension and associated
magmatism continued as collision proceeded in other segments
(Slagstad and Kirkland 2018; Stephens 2020; Jakob et al. 2022).
Continuing collision ultimately led to the emplacement of the
allochthons on to Baltica and subduction of the western edge of the
Baltica basement (forming the Western Gneiss Region (U)HP
terrane) in the Scandian orogeny ~430-400Ma (Chew and
Strachan 2014; Corfu et al. 2014). (Hacker et al. 2010).

Tectonostratigraphy of the Kéli Nappe Complex
Overview

The KNC generally comprises metavolcanic and metasedimentary
rocks of mainly Cambrian and Ordovician age, and commonly of
oceanic character. Magmatic rocks often have recognizable
affinities to island-arc systems and sedimentary rocks comprise
large accumulations of greywackes with pelagic mud-rocks (flysch)
probably formed in subduction-related marginal basins. Latest
Ordovician or earliest Silurian plutonic complexes are associated
with lithospheric extension. Internally, the KNC is a stack of
nappes, often discontinuous along-strike. Major tectonic discon-
tinuities and differences between their internal stratigraphic
sequences allow three nappe sequences to be defined — the
Lower, Middle and Upper Koli Nappes (Stephens 1980, 2020).

Lower Koli Nappes

In north Jimtland and Vésterbotten, the Lower K6li Nappes (LKN)
mainly comprise the Bjorkvattnet Nappe (Kulling 1933; Stephens
1977; Greiling and Grimmer 2007). Its equivalent, extending west
of Tarnaby towards Hattfjelldal in Norway, is the similar Joesjo
Nappe (Higgbom 1978), although this was placed in the Middle
K&li Nappes (MKN) by Saalmann et al. (2021). The outcrop of the
Bjorkvattnet Nappe is defined by two major north—south-trending
D; synforms on either side of the basement-cored Fjéllfjdll antiform
(Fig. 2). In the eastern limb of the Eastern Synform (Virisen—
Bjorkvattnet-Tarnaby area, Fig. 3), the lowest strata are metabasalts
with subordinate phyllite and local conglomerate of the Seima
Formation (Stephens ef al. 1985b), equivalent to the Kvemoen Mica
Schist and Hapkebakte Conglomerate in the more southerly
Klimpfjall area towards the southern terminus of the Eastern
Synform (Sjostrand 1978; Greiling and Grimmer 2007). These are
succeeded by the flysch-like Gilliks Formation comprising quartz-
rich, turbiditic sandstones, phyllites and conglomerates with
granitoid, carbonate, mafic and ultramafic clast assemblages.
There are also horizons of felsic and mafic tuff (Stephens er al.
1985b). In the Western Synform and towards the southern terminus
of the Eastern Synform (Grénssj6 and Klimpfjéll areas, Fig. 3), the
lower part of the Bjorkvattnet Nappe was not differentiated in the
early surveys and all strata older than Late Ordovician were
allocated to the Tjopasi Group (Zachrisson 1969), encompassing
equivalents of the Seima and Gilliks formations.

The Seima and Gilliks formations and the lower part of the
Tjopasi Group contain numerous lensoid, solitary serpentinites
(DuRietz 1935). They lie within phyllite, mica schist and metabasalt
in the Seima Formation and equivalents (termed the Rotik or Ro
Conglomerate ‘series’ by Kulling (1933)). They commonly have a
monomict detrital serpentinite conglomerate carapace and lie upon
quartzite conglomerate (also monomict), having invasive relation-
ships (Zachrisson 1969) that suggest the serpentinite was, at least
partially, in a fluid state when emplaced. Grimmer and Greiling
(2012) found them to have compositions similar to depleted mantle
peridotites but with anomalously high Sb, As and Pb indicating
fluxing by subduction fluids; they proposed an origin as serpentine
mud volcanoes in a forearc basin.

In major ‘cross-folds’ around Klimpfjall (south) and Skalmodal
(north) in the Western Synform and towards the southern terminus
of the Eastern Synform (Figs 2, 3), the Tjopasi Group includes the
Ankarede Volcanite Formation (AVF), consisting of both acid and
intermediate metavolcanic rocks with subordinate metabasalts, the
latter having trace element patterns typical of island-arc tholeiites
(Grimmer and Greiling 2012). The continuous range of composi-
tions from basalt through andesite to dacite also supports a
magmatic arc origin. It was this unit that was sampled for the
study presented in this paper. The unit has undergone significant
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Fig. 2 Simplified map of northwestern Jamtland and southwestern Vésterbotten, showing locations of samples. SNC, Seve Nappe Complex. Source:
geological map based on SGU map series Ai, numbers 41, 42 (Zachrisson and Sjostrand 1990), 73, 74 (Zachrisson 1991), 75, 76 (Zachrisson 1993), 160,

161, 162 and 163 (Stephens 2001a, b, ¢, d).

hydrothermal alteration and is also metamorphosed at greenschist to
lower amphibolite facies conditions (Sjostrand 1978). Interlayers of
phyllitic rocks and tuffites are commonly present in these
metavolcanic units. Some coarser-grained varieties of igneous
rocks may represent sub-volcanic complexes (Claesson ef al. 1988).

A sub-volcanic intrusion in the AVF at Stora Blésjon in the south of
the study area (Fig. 2) was previously dated at 488 + 5 Ma (zircon
U-Pb; Claesson et al. 1983) (Fig. 4).

The AVF has been correlated with the felsic and mafic tuffites in
the Gilliks Formation in the eastern limb of the Eastern Synform
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(Stephens and Gee 1985), or is laterally equivalent to the Seima
Formation (Stephens 2020). Above the AVF in equivalents to the
Gilliks Formation, quartzites, quartzite conglomerates with altered
ultramafic clasts, graphitic phyllites, bioclastic carbonates and then
quartz-rich turbiditic greywackes occur (Zachrisson 1969), having a
bulk trace element pattern suggestive of derivation from a
continental magmatic arc (Greiling and Grimmer 2007), either an
active Ordovician continental margin or, because the age of the
source rocks is unknown, the Fennoscandian craton.

The upper part of the Bjorkvattnet Nappe in the Eastern Synform,
above the Gilliks Formation, comprises quartzite with conglomerate
(Vojtja Formation); limestone (Slitdal Formation); and graphitic
phyllite with a small amount of tholeiitic pillow basalt (Broken
Formation). A diverse shelly fauna in the Slitdal Formation is
probably Hirnantian (445-443 Ma) in age (Spjeldnaes 1985). Early
Llandovery (c. 440 Ma) graptolites are found in the overlying
Broken Formation (Kulling 1933). A thick, coarsening-upwards
flysch-like succession of calcareous turbiditic greywackes (Lovfjall,
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Vesken and Viris formations) overlies the Broken Formation, and
they are the youngest strata in the Bjorkvattnet Nappe.

The Bjorkvattnet Nappe has no basement of either continental or
ophiolitic character. No internal unconformities have been
recognized, hence the stratigraphic succession appears to be
continuous. The nappe is affected by two penetrative, foliation-
forming deformation phases, D; and D, (Stephens 1977; Sjostrand
1978). Metamorphism at greenschist to lower amphibolite facies
initiated between D and D, and persisted through D,. Metamorphic
rocks with magmatic protoliths have been affected by all
deformation and metamorphic phases and have not been seen to
cut earlier fabrics (Stephens 1977; Sjostrand 1978). Given that the
youngest rocks are Early Silurian (Kulling 1933; Spjeldnaes 1985),
this gives a maximum age for the deformation and metamorphism.
Isotopic ages for metamorphic mineral phases range from 433 to
419 Ma (Dallmeyer and Gee 1988; Bender ef al. 2019) (Fig. 4). The
upright, large-scale folding during D; deformed both foliations and
thrusts, and post-dated peak metamorphism.

Middle and Upper Koli Nappes

The MKN also contain a volcano-sedimentary succession spanning
the Late Cambrian and all the Ordovician. In the type area in
northern Jimtland and southern Visterbotten and westward into
central Norway the Middle Koli Nappes include, in ascending
tectonostratigraphic order, the Stikke, Gelvendkko, Leipikvattnet
and Gjersvik nappes (Stephens et al. 1985b). As in the LKN, the
stratigraphically lowest strata (Remdalen Group in the Stikke and

Gelvenékko Nappes and Reyrvik Group in the Leipvikvatnet Nappe,
Fig. 3) are metapelites with mafic metavolcanic rocks, including
pillow lavas and hyaloclastites, but also including limestone and
porphyry (Zachrisson 1969; Stephens 1982). Ultramafic lenses are
present in the Remdalen Group but are smaller and less abundant
than in the underlying Bjorkvattnet Nappe.

In the Stikke and Gelvenakko Nappes, stratigraphically above the
Remdalen Group and its equivalents, is an extensive suite of mainly
felsic metavolcanic rocks including the Stekenjokk metavolcanic
(‘Quartz-Keratophyre’) unit (Zachrisson 1969; Stephens 1982)
composed of felsic pyroclastics and hypabyssal intrusions with
subordinate more mafic lavas and intrusions, often altered by sodium
metasomatism to quartz keratophyre and spilite. The least altered rocks
allow identification of basalt, basaltic andesite, dacite and rhyodacite
(Stephens 1982) so the range of compositions resembles that in the
AVF of the Bjorkvattnet Nappe. Sub-volcanic meta-trondhjemites in
the Stekenjokk metavolcanic unit have yielded concordant, U-Pb
multigrain zircon ages of 492+ 1 and 476+ 1 Ma (Claesson et al.
1988) (Fig. 4). The overlying sedimentary succession in both the
Stikke and Gelvenakko Nappes (Fig. 3) commences with metalliferous
(U, V, Mo) graphitic phyllite and mafic metavolcanic rocks (Lasterfjéll
Greenschist). These are succeeded by a thick package of calcareous
turbiditic phyllites (Bldsjo Phyllite and the equivalent Brakkfjéllet
Phyllite in the Leipikvattnet Nappe) with hypabyssal mafic and
subordinate felsic intrusive sheets including a meta-trondhjemite dated
at ¢. 440 Ma (Claesson et al. 1988) (Fig. 4). Deformation and
greenschist to lower amphibolite facies metamorphism followed a
similar evolution to the Bjorkvattnet Nappe. In the stratigraphically
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younger parts of the Stikke and Gelvenékko Nappes the main foliation
and metamorphism post-dates the c¢. 440 Ma metagabbros and
trondhjemite in the Blasj6 Phyllite and is Silurian in age (Scandian).

These lower nappes are succeeded structurally upwards by the
Gjersvik Nappe (Lutro 1979). Its lowest stratigraphic element is a
suite of Furongian (or older) island-arc volcanic rocks and plutons
(Skorovas Formation. — Halls e al. 1977) containing an Early or
Middle Ordovician metamorphic fabric, succeeded unconformably
by calcareous and volcaniclastic greywackes and phyllites (Limingen
Group). These are cut by a suite 0f 459—456 Ma calc-alkaline plutons
consistent with an active continental margin location (Roberts and
Tucker 1991; Meyer et al. 2003). The Gjersvik Nappe is roofed by
the Helgeland Nappe Complex of the Uppermost Allochthon, a
Laurentian continental margin assemblage, probably emplaced upon
the Gjersvik Nappe before the early Late Ordovician plutonism
(Stephens and Gee 1985; Meyer et al. 2003).

The Middle Ko6li Gjersvik nappe wedges out northwards and in
its place between the Uppermost Allochthon and the Stikke Nappe
appear the Upper Koli Nappes (UKN) (Fig. 1). The Krutfjellet
Nappe forms a major tectonostratigraphic component in the UKN,
being dominated by turbiditic metasedimentary rocks including a
metamorphosed conglomerate containing trondhjemite pebbles
with a concordant U-Pb multigrain zircon age of 492+ 1 as well
as mafic, immature arc-like, metavolcanic rocks (Stephens et al.
1993; Stephens 2020) (Fig. 4). These rocks show a distinctly higher
metamorphic grade than the underlying Ko6li Nappes. The
Krutfjellet Nappe displays an Ordovician regional tectonic foliation
which is cut by latest Ordovician to Early Silurian mafic and felsic
plutons, demonstrating a pre-Scandian tectonic event followed by
an episode of post-arc lithospheric extension (Stephens et al. 1993;
Saalmann ez al. 2021). Underlying the Krutfjellet Nappe is the
Atofjéllet Nappe, containing Furongian felsic metavolcanic rocks
metamorphosed under amphibolite facies conditions and also with a
pre-Scandian metamorphic foliation (Stephens 2020; Saalmann
et al. 2021).

The Kéli Nappes within the terrane concept and the
‘Virisen terrane’

Comparison between the Koli Nappes

In the Stikke, Gelvenakko and Leipikvatnet Nappes, the Cambrian
to Early Ordovician parts of their successions (Remdalen and
Rayrvik Groups) resemble the lowest stratigraphic elements of the
Bjorkvattnet Nappe (Seima Formation and lower Tjopasi Group;
Fig. 3). The succeeding island-arc tholeiite and felsic rocks of the
Stekenjokk Quartz Keratophyre are similar in petrology and age to
the AVF of the Bjorkvattnet Nappe but also resemble the Skorovas
Formation of the Gjersvik Nappe Fig. and metavolcanic rocks in the
Atofjdllet Nappe (UKN) (Lutro 1979; Claesson et al. 1983, 1988;
Stephens et al. 1985a, b; Grimmer and Greiling 2012; this work).
Boninitic lavas are associated with island-arc tholeiites in the
Skorovas Formation which appear to be absent in the lower tectonic
elements of the KNC. The Skorovas Formation volcanic rocks are,
in turn, broadly co-eval with island-arc volcanic rocks (Fundsje
Group) in the Merdker Nappe (Eastern TNC) (Grenne and
Lagerblad 1985; Bjerkgard and Bjerlykke 1994), considered to be
at an equivalent tectonostratigraphic level to the Gjersvik Nappe
(Stephens and Gee 1985). Hence, with the exception of boninites,
there is remarkable consistency in the character and timing of
Furongian—Tremadocian volcanism in all these nappes.

At higher stratigraphic levels, depositional and magmatic
environments in the different nappes diverge. The metamorphosed
calc-turbidites with hypabyssal gabbro sheets in the Stikke,
Gelvendkko and Leipikvatnet Nappes contrast with the quartz-
rich, non-calcareous flysch of the Bjorkvattnet Nappe and its

apparent lack of post-arc intrusions. This suggests that the post-arc
flysch basins in these two nappe complexes occupied different
climate zones or had different source region palacogeology during
the Middle to Late Ordovician (Stephens and Gee 1985; Gee et al.
2014; Stephens 2020). By the earliest Silurian, the Stikke and
Gelvenakko Nappes experienced lithospheric extension as indicated
by the intrusions, as also found in the Meraker Nappe, while similar
intrusions are not present in the Bjorkvattnet. Nappe. The Gjersvik
Nappe has an additional magmatic element in the form of early Late
Ordovician mature-arc batholiths which, uniquely in the MKN,
form a link to Laurentian crust (Helgeland Nappe Complex,
Uppermost Allochthon); their tectonic juxtaposition may have been
Middle Ordovician or even earlier (Lutro 1979; Meyer et al. 2003),
again emphasizing the probable remoteness of the calcareous, post-
arc flysch basin fill from Baltica. Grenne et al. (1999) also
correlated the Gjersvik Nappe (Skorovas Formation) to the Lakken—
Holonda sequence, which has a Laurentian affinity.

There are also contrasts in metamorphic and structural evolution.
The Bjorkvattnet, Stikke and Gelvendkko Nappes show no evidence
for any metamorphism or foliation-forming events prior to the
Scandian episode. However, in the Gjersvik and Meréker Nappes
(Skorovas Formation and Fundsje Group) and the Atofjallet and
Krutfjellet Nappes, an early foliation in metavolcanic and metase-
dimentary rocks is cut by the Late Ordovician to Early Silurian
intrusions. Furthermore, a Laurentian influence in magmatism,
sedimentation and tectonometamorphism becomes more evident
when passing to higher levels in the Ko6li nappe pile, such as early
deformation in the Gjersvik Nappe attributed to emplacement on to
Laurentian crust (Lutro 1979; Meyer et al. 2003).

The Koli Nappes as tectonostratigraphic terranes

Stephens and Gee (1985, 1989) erected a terrane scheme for the
Scandinavian Caledonides. Within the KNC, four distinct terranes
were recognized, named the Virisen, Gjersvik, Helonda and
‘metamorphic complexes’. The Virisen terrane was uniquely
equated with the LKN, exemplified by the Bjorkvattnet Nappe,
the subject of this study (Fig. 2). The Gjersvik terrane comprised the
MKN (Stikke, Gelvenakko, Leipvikvatnet and Gjersvik Nappes)
and the Meréker Nappe in the TNC (Fig. 1). The Holonda terrane
was equated with the Steren Nappe situated west of the Gula Nappe,
also in the TNC. The ‘metamorphic complexes’ encompassed the
higher-grade Krutfjellet Nappe, but its largest element was the Gula
Complex (Nappe) in the axial part of the TNC. Differentiation of the
Virisen and Gjersvik terranes was based upon the differing
characteristics of their Ordovician, flysch-dominated successions
and intrusions as outlined in the previous section. The Virisen
terrane became equated to the so-called ‘Virisen Arc’ in later studies
(Dallmeyer and Gee 1986; Brueckner and van Roermund 2004),
which was implicated in the collision with the SNC.

The histories and spatial relationships of the terranes have been
interpreted in different ways. Stephens and Gee (1985, 1989)
regarded the Virisen terrane as an ensimatic arc outboard of Baltica.
Their Gjersvik terrane was combined with their ‘metamorphic
complexes’ into a model in which they formed an ensimatic arc that
was accreted to Laurentia and combined with the Holonda terrane to
form the foundations of a peri-Laurentian ensialic arc. Grimmer and
Greiling (2012) took a different approach, combining the LKN and
MKN into different parts of the same extensive ensimatic rifted arc
complex, with the LKN in the forearc position. This has some appeal
in the light of the key similarities between the earlier elements of the
LKN and MKN outlined above, especially the pre-arc and coeval
ensimatic arc volcanites, some of which are the subject of this study.

The post-arc history evidently involved development of contrast-
ing basin environments, possibly within a large marginal basin
system, and contrasting metamorphic evolution as these basins
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impinged at different times upon approaching Laurentian or peri-
Laurentian crust. This later evolution of the Furongian—
Tremadocian arc edifice gave the distinctive characteristics of the
individual K&li Nappes that form the basis of the terrane scheme.

(Ultra-)high-pressure metamorphism within the Seve
Nappe Complex

The discovery of eclogite facies rocks in the SNC, especially those
recording ultrahigh-pressures, requires a mechanism for the
subduction of a large mass of continental margin crust. Collision
with an island-arc is a likely solution (Dallmeyer and Gee 1986;
Stephens 1988; Brueckner and van Roermund 2004; Majka et al.
2014a) In this section and in Figure 4, we summarize the occurrences
and ages of (U)HP metamorphism in the SNC for comparison with
the age span for magmatism in the KNC (see also Gee et al. 2020).

The northernmost occurrences of (U)HP metamorphic rocks
within the SNC crop out in Norrbotten. The Vaimok lens records
peak (U)HP metamorphism at ¢. 495480 Ma (Root and Corfu
2012; Barnes et al. 2019; Fassmer et al. 2021) and retrogression
after eclogite facies metamorphism (during exhumation) at c. 480—
475 Ma (Barnes et al. 2019) (Fig. 4). The Tsédkkok lens underwent
peak (U)HP metamorphism at ¢. 488-482 Ma (Root and Corfu
2012; Fassmer ef al. 2021) and post-peak cooling at c. 477-475 Ma
(Barnes et al. 2020), with shortening during exhumation continuing
until around 458 Ma (Barnes et al. 2020) (Fig. 4).

In southern Visterbotten, microdiamond inclusions have been
found in the Middle Seve Marsfjillet Gneiss near Saxnés; monazite
associated with the microdiamond gave a chemical Th-U-Pb
isochron age of 472+3 Ma (Petrik et al. 2019), which was
originally interpreted as dating UHP metamorphism. However, the
age is characterized by dispersion of individual dates between 460
and 479 Ma, so may also contain an age component relating to
decompression. Slightly north of this locality in Kittelfjéll, Bukata
et al. (2020) obtained c. 475-469 Ma ages interpreted as dating
migmatization under granulite facies conditions related to exhum-
ation from (U)HP (Fig. 4). Also from this locality, monazite cores
have been dated to 482+ 2 Ma (interpreted as onset of a partial
melting event), while monazite rims yielded 463 + 2 Ma interpreted
as the onset of cooling and final crystallization of a partial melt
(Barnes et al. 2022).

UHP metamorphic rocks have also been documented in the
Lower Seve Nappes farther south in northern Jamtland at Stor
Jougdan (Klonowska et al. 2016) and Tjeliken (Majka et al. 2014b;
Fassmer et al. 2017). Garnet pyroxenites, garnet peridotites and
eclogites from this area have yielded ages of c¢. 465-445 Ma
(Bruecker and van Roermund 2007; Root and Corfu 2012; Fassmer
et al. 2017) (Fig. 4). Solitary orogenic (mantle-derived) ultramafic
bodies are very abundant in the SNC. The Friningen body (Middle
Seve Nappes) experienced strong deformation at 453—-448 Ma
(Brueckner and Van Roermund 2007) during a Caledonian prograde
metamorphic (subduction) episode that has very similar evolution to
the nearby country-rock eclogites and gneisses. Gneisses at Sipmik
contain zircons with rims dated to ¢. 483 Ma, interpreted as the
timing of an earlier partial melting event (Barnes et al. 2022).

In central Jimtland, the Areskutan Nappe (which forms part of
the Middle Seve Nappes) contains migmatitic paragneisses,
leucogranites and mafic granulites representing a granulite facies
high-T melting event, dated to c¢. 446435 Ma (Majka et al. 2012;
Ladenberger et al. 2014; Klonowska et al. 2017) (Fig. 4). UHP
metamorphism, as indicated by evidence such as microdiamond
inclusions within garnet is thought to represent an earlier, pre-
granulite history (Klonowska ez al. 2014, 2017, 2021). Evidence for
a pre-Silurian anatectic event is also given by an age of 470-468 Ma
for a leucogranite inside the Areskutan Nappe (Li et al. 2021).

Middle Seve migmatitic paragneisses at Tvdraklumparna also
contain microdiamond (Majka et al. 2014a). Zircon U-PDb isotopic
depth profiling indicates that (U)HP metamorphism here occurred at
or before c. 483 Ma, with a later, granulite facies event at around
439 Ma (Walczak et al. 2022b) (Fig. 4). A leucogranite from the
Lower Seve Nappe near Areskutan has been dated to ¢. 443 Ma (Li
et al. 2021), likely belonging to the same later granulite facies
melting event as in the Middle Seve Nappe (Fig. 4).

A (U)HP metamorphic event at around 490-480 Ma (Fig. 4), has
now been identified in all regions of the SNC. In north Jimtland, a
second (U)HP metamorphism is also documented, occurring
between c¢. 465 and 445 Ma (Fig. 4). In central Jamtland, an
episode of granulite facies metamorphism and metamorphism is
dated to c. 445—435 Ma. Therefore, it is likely that at least the central
and southern regions of the SNC have experienced at least two
separate (U)HP events.

U-Pb zircon dating and geochemical character of Lower
Koli metavolcanic rocks

Methods

Our study area lies in Visterbotten, Sweden, to the south and west of
the Bjorkvattnet—Virisen type area where the lithostratigraphy for
the LKN was established (Kulling 1933; Stephens 1977; Fig. 2).
Samples of intermediate-felsic metavolcanic rocks were taken from
the AVF (LKN) or equivalent units in August 2019. Polished thin-
sections were made for petrographic descriptions at AGH
University of Science and Technology, Krakéw, Poland. Rock
samples were crushed and magnetically separated at the Polish
Academy of Sciences, Krakéw, Poland, and whole-rock major and
trace element analyses were performed at Bureau Veritas
Commodities Canada, using inductively coupled plasma emission
spectrometry (ICP-ES) and inductively coupled plasma mass
spectrometry (ICP-MS) on the crushed samples. Separation of
zircon was completed at AGH University of Science and
Technology using a desktop concentration table and hand
separation using a binocular microscope. Separated zircons were
mounted in epoxy and then polished to expose the internal parts of
the crystals. Cathodoluminescence (CL) and back-scattered electron
(BSE) images of mounted grains were obtained using a scanning
electron microscope at AGH University of Science and Technology
to reveal the internal structure of the zircon and identify analysis
spots for dating.

Laser ablation inductively coupled plasma mass
spectrometry

U-Pb isotope and trace element analyses of zircon were carried out
using laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) at the Vegacenter Laboratory, Swedish Museum of
Natural History, Stockholm. Uranium and Pb isotope compositions
were measured using a Nu Instruments Plasma (II) multi-collector
inductively coupled plasma mass spectrometer (MC-ICP-MS)
coupled to an ESI NWR193UC excimer laser ablation system.
The m/z (mass-to-charge ratio) corresponding to masses 2°°Pb,
204pp, 206pp, 207pp and 2°%Pb were measured on ion counters, and
those corresponding to 232U, 2*3U, and 23U were measured on
Faraday collectors. The laser was fired for 25 s with a fluence of
1.72 J cm™, a pulse rate of 7 Hz and a spot size of 20 um. Helium
was used as a sample carrier gas (0.3 I/min) to flush the laser cell
and was mixed with argon gas (0.9 /min) before entering the ICP-
MS. All isotope ratios were normalized to the 91500 zircon
reference material with an age of 1065 Ma (Weidenbeck et al.
1995). The GJ-1 zircon (609 Ma; Jackson et al. 2004; obtained age
of 604 + 12 Ma), Plesovice zircon (337 Ma; Slama e al. 2008;
obtained age of 337 =8 Ma) and Temora 2 zircon (417 Ma; Black
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et al. 2004; obtained age of 420 + 8§ Ma) were utilized as secondary
reference materials.

All analytical points have been evaluated based on detailed study
of BSE images of all dated zircon grains. BSE imaging was
performed after LA-ICP-MS analyses using a JEOL Superprobe
8230 electron microprobe at the Faculty of Geology, Geophysics
and Environment Protection, AGH University of Science and
Technology (AGH-UST) in Krakéw, Poland. The data were
processed using the procedure outlined in Kooijman ez al. (2012).
A common Pb correction was applied to a few analyses that had a
significant amount of common Pb (?°°Pb/2**Pb lower than 1000)
using the model of Stacey and Kramers (1975). Age calculations
and construction of concordia diagrams were prepared using the
Excel extension Isoplot 3.75 (Ludwig 2012) and the online IsoplotR
application (Vermeesch 2018). Trace element analyses were
performed with use of AttoM high-resolution ICP-MS coupled to
an ESINWR193UC excimer laser. The laser was fired for 25 s with
a fluence of 3Jcm™, a pulse rate of 8 Hz. The ablation spot
diameter was 20 um. The 91 500 zircon (Wiedenbeck et al. 2004)
was used as primary reference material. All uncertainties are
reported at the 20 level. Rare-earth element analyses were
normalized to CI chondrite values (McDonough and Sun 1995).

Field description and petrography

The samples were all collected from the AVF. They are all of volcanic
origin, intermediate to felsic in composition and metamorphosed to
greenschist-lower amphibolite facies conditions. Unlike the samples
studied by Claesson et al. (1983), which were interpreted to have
been mainly subvolcanic on the basis of texture, grain size and the
local thickening of the formation, our samples are probably all
extrusive although their strain state precludes certainty about this. If
any of the studied rocks are intrusive, the lack of similar rocks at
higher stratigraphic levels constrains their intrusion to being no
younger than the obviously extrusive rocks in the same formation,
reinforcing their origins as part of the same volcanic edifice as
proposed by Claesson et al. (1983).

In the following sections, the samples are described from north to
south (Fig. 2).

KW19-06

This sample was collected from Skalmodal inside a window of
Lower Koli rocks west of and separate from the other samples
(Fig. 2). In the area of sampling the exposure is pale with a weak
foliation, but is surrounded by rocks that are more phyllitic and
darker (Supplementary Fig. S1). There is some compositional and
grain-size layering, aligned with the foliation. The rock observed in
one thin section is unfoliated and dominated by fine-grained (0.05—
0.2 mm) quartz and plagioclase (albite), with minor calcite, chlorite
and opaques (mostly pyrite). It contains no porphyroblasts
(Supplementary Fig. S2a). A second thin-section is also mostly
composed of fine-grained (0.01-0.15 mm) quartz and plagioclase
(albite) with minor calcite, white mica and chlorite-biotite. There is
also a coarser layer (grain size 0.1-1 mm) that contains a larger
proportion of white mica and chlorite—biotite. Porphyroblasts include
garnet (Supplementary Fig. S2b), amphibole (Supplementary
Fig. S2c) and calcite. Several amphiboles and garnets have
experienced partial breakdown to chlorite—biotite. Foliation is
formed primarily by micas but some porphyroblasts and quartz
lenses are also elongate parallel to the foliation.

KWi9-11

This sample was collected from the shore of a small stream near
Grinssjo on the eastern limb of the Western Synform (Fig. 2). The
exposure was generally pale grey showing a weak foliation

(Supplementary Fig. S1). Due to the small size of the exposure,
no clear contact with surrounding rocks could be observed. Two
thin-sections show a weak foliation formed by alignment of white
mica, chlorite and quartz bands. Both samples have a fine-grained
(0.05-0.5 mm) matrix composed of plagioclase, quartz and chlorite
with minor zoisite, titanite and white mica. In one of the thin-
sections, amphiboles 0.2—1 mm in size are common (Supplementary
Fig. S2d). Dark, fine-grained, lens-shaped masses, 0.5-1 mm in size
are probably relicts of now retrogressed garnet porphyroblasts. In the
other thin-section, anhedral titanite is found, mostly concentrated
along foliation horizons. Small (0.2—0.4 mm) garnets are occasion-
ally found in tight clusters of up to 10 grains (Supplementary
Fig. S2e).

Kwi9-12

This sample was collected from a quarry at Stornis in the hinge zone
of the Eastern Synform (Fig. 2). It is massive, fine-grained and of
pale grey colour. Two thin-sections were studied. In both, the matrix
has a moderate grain size (0.2-2 mm) dominated by plagioclase
(albite) but also containing quartz, chlorite—biotite, minor titanite
and epidote (Supplementary Fig. S2f). Chlorite-biotite and titanite
are usually concentrated along cracks or as ‘seams’ between feldspar
and quartz grains. Garnet is not present. There is no foliation.

KWi9-13

This sample was collected from a road cut in Klimpfjéll in the hinge
zone of the Eastern Synform (Fig. 2). In the exposure the rock is pale
greenish-grey  with  noticeable lamination and foliation
(Supplementary Fig. S1). One thin-section has a fine-grained (0.1—
1 mm) matrix containing plagioclase (albite), quartz, white mica and
chlorite—biotite with minor titanite and epidote (Supplementary Fig.
S2g) and contains a single amphibole porphyroblast. There is a weak
foliation, defined by aligned chlorite—biotite and white mica. Several
cracks are partially infilled by chlorite-biotite and/or calcite. Large
crystals (0.5-1.5 mm) of calcite are mostly concentrated in one layer,
but there are several other clusters of calcite crystals throughout the
thin-section, likely formed due to late fluid infiltration.

A second thin-section has a moderate grain size (0.5-1.5 mm).
The majority of the sample has a matrix of white mica, plagioclase
(albite), quartz and chlorite—biotite with minor calcite and opaques.
White mica generally occurs in monomineralic clusters (bundles).
Chlorite—biotite is found as large platy sheets of up to 1 mm. There
is a patch containing only coarse (up to 1 mm) quartz, and a band
containing >50% calcite. Subhedral to euhedral garnet phenocrysts
are common, 0.3—1.5 mm in diameter (Supplementary Fig. S2h).
There is a general alignment of white micas within the bundles, but
no general overall foliation.

Geochemistry

Based on the Winchester and Floyd (1977) classification using trace
elements, sample KW19-11 is andesitic to andesitic/basaltic (based
on two samples), KW19-13 is andesitic and KW19-12 is dacitic/
rhyodacitic (Fig. 5a). No geochemical data are available for KW19-
06. However, it appears to be similar to the other samples and, for this
reason, is considered to lie within the same compositional range.
These rocks are likely to have experienced metasomatism during
hydrothermal alteration (Stephens e al. 1985a), which may have
increased Na and Si contents, therefore alkali—silica plots are not
considered an accurate representation of original volcanic compos-
ition. On the plot of Th/Yb v. Nb/Yb (Fig. 5b; Pearce 2014), all
samples plot within the oceanic arc field, with samples KW19-12 and
KW19-13 also overlapping with the edge of the continental arc field.
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U-Pb zircon dating results
KW19-06

The sample has zircon grains 50-150 um in size. The majority of
grains are euhedral prismatic crystals. In cathodoluminescence (CL)
images, most grains display oscillatory zoning, and occasional
sector or irregular zoning (Fig. 6). A couple of grains appear to have
distinctive cores, displaying darker CL but also oscillatory zoning.

Analytical spots were placed both in the cores and near the rims. A
total of 42 U-Pb analyses were made (Fig. 7a). Twelve of them display
strong discordance or even reverse discordance (more than 5%
discordance). The remaining 2°°Pb/?*8U ages spread from 535 + 8 Ma
to 478 =7 Ma (Supplementary Table S3). However, during detailed
studies of BSE zircon (Supplementary Fig. S4) we found that the
youngest date of ¢. 478 Ma was obtained from an analytical point
placed in an altered zircon characterized by wavy zoning, thus this date
was not considered for further calculations. The oldest date of 535 +
8 Ma is distinctly older than the other dates obtained for the sample,
thus we believe it may be inherited from an earlier history of the rock.
Some 26 of the 28 remaining analyses gave a concordia age of 512 +
4 Ma (Fig. 7b). Two distinctly younger 2°°Pb/*38U ages of 484 + 7 Ma
and 493 +7 Ma (Supplementary Table S3) were not included in
concordia calculations. We believe that they may be at least partially
reset as they strongly stand out from the remainder of the group.

Th/U ratios (see Supplementary Table S3) range from 0.50 to
0.92, and Eu anomalies (Eu/Eu* = Eu/ \/ (Sm*Gd)) range from 0.21
to 0.25 (Supplementary Table S5).

KW19-11

Zircon grains are 100-300 um in size, mostly euhedral prismatic
crystals, though the majority are fractured. Most of the grains
display oscillatory zoning in CL images (Fig. 6). Some grains
appear to have slightly darker cores highlighted by very thin and
bright bands. Most of the cores also display oscillatory zoning.
Detailed study of BSE images (Supplementary Fig. S4) reveals
that most of these grains contain altered (possibly metamict) rims
or zones.

A total of 63 points for U-Pb isotopic analyses were placed in cores
and mantles (inside and outside of the bright bands) (Fig. 7c). Seven
analyses show high U content (more than 900 ppm) and these
analyses were not included into further calculations due to possible
irradiation damage. The concordant 2°°Pb/?*8U ages (n=47) are
spread out between 520+ 5 to 476+ 5 Ma (Fig. 7d; Supplementary

Table S3) and no mean age calculations seem reasonable. However,
when dates were differentiated into core and mantle locations, we were
able to calculate a concordia age for core analyses (n = 14), which is
491 + 3 Ma (Fig. 7e). The core analyses appear to be less affected by
altering/metamictization than the mantles, and therefore are less likely
to have been partially reset. The remaining mantle analyses still extend
from the oldest to youngest obtained dates, so we cannot see any
statistical or empirical reason to differentiate them further.

Th/U ratios range from 0.46 to 1.31 for cores and are similar to
those of mantles (0.37—0.93). Eu anomalies range from 0.08 to 0.18
for cores and from 0.11 to 0.26 for mantles (Supplementary
Table S5).

KW19-12

Zircons range from 50 to 150 um. Approximately a quarter of grains
are euhedral prismatic crystals displaying sector zoning in CL
images (Fig. 6). The rest are mostly irregular with irregularly
shaped, homogeneous dark CL cores, obviously metamict. They are
surrounded by thin, higher CL rims that sometimes display
oscillatory zoning.

A total of 40 U-Pb analyses were placed both in cores and rims
(Fig. 7f). However, detailed inspection of the position of analytical
points in relation to zircon BSE images (Supplementary Fig. S4)
revealed that only 21 U—Pb analyses were placed in the sector zoned
zircon or in the clear rim (with no mixing with the core) and are less
than 5% discordant. Out of'this set, 10 analyses show high U content,
exceeding 900 ppm, thus they have not been considered for further
calculations. The rest of the analyses (n=11) provide 2°Pb/**8U
ages bracketing between 506 +4 and 479 +7 Ma (Supplementary
Table S3). Eight out of 11 analyses gave a concordia age of 497 +
2 Ma (Fig. 7g). However, it is possible that all zircons from the
sample have suffered some Pb loss due to metamictization, as most
of the dated zircons have a considerably high U content (exceeding
610 ppm). Thus, we emphasize the importance that the age obtained
for this sample be considered with care.

Th/U ratios range from 0.29 to 0.86 and Eu anomalies range from
0.29 to 0.86 (Supplementary Table S5), which reflects the large
dispersion of trace element concentrations in these zircons. This
may be a result of (partial) metamictization.

Kwi9-13

Zircon grains are generally euhedral, prismatic crystals with lengths
between 50 and 150 um. In CL images most grains display
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oscillatory zoning, while some are densely fractured and display no
obvious zoning (Fig. 6).

A total of 42 U-Pb isotopic analyses have been made (Fig. 7h).
Most were discordant by more than 5%. Close inspection of BSE
(Supplementary Fig. S4) and CL images reveals that the grains are
metamict. This leaves 15 reliable 2°°Pb/?*%U ages between 524 + 8
and 473 £+ 7 Ma for further consideration (Supplementary Table S3).
Of'these, the 524 + 8§ Ma is distinctly older. The remaining 14 analyses
gave a concordia age of 488 +4 Ma (Fig. 7i). Some distinctly younger
dates may result from (partial ) resetting. Eliminating the two youngest
dates, the remaining 12 analyses give a similar concordia age of 491 +
3 Ma. Discordant age points do not yield any geologically useful
information due to large errors. Th/U ratios range from 0.29 to 0.77
and Eu anomalies lie in a tight range from 0.15 to 0.34 with one higher
outlier of 0.57 (Supplementary Table S5).

Discussion

The significance of the U-Pb zircon ages from the
Bjorkvattnet Nappe

Our results provide direct ages for AVF felsic metavolcanic to
subvolcanic rocks in the Bjérkvattnet Nappe of the LKN and mostly
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483 f8‘24\) Fig. 6. Representative

cathodoluminescence images of analysed
zircon grains, showing examples of
variation in morphologies. Yellow spots
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& indicate trace element analysis points.
Ages are 2°°Pb/**8U + propagated 2o, with
spot number in brackets. Marked U-Pb
spots without ages were discordant.

e M08 (25)
‘&scomﬂant)

100 pm

fit within the span of the older magmatic episode in the KNC (c.
492475 Ma) recognized in previous studies. These also provide a
chronological framework for future metamorphic studies. Trace
element bulk geochemistry shows a predominantly oceanic arc
signature for all samples, consistent with other data for the AVF
(Grimmer and Greiling 2012).

The ages of 491+1Ma (KW19-11, cores) and 488 +4 Ma
(KW19-13) overlap within error, while the age of 497 + 2 Ma from
sample KW19-12 is slightly older. However, this age must be
treated with a degree of caution due to the high U content of the
zircons in this sample, which suggests that this sample may have
experienced metamictization, so this age is likely to be a minimum
age for the sample.

The two youngest ages (KW19-11, KW19-13) in our new dataset
broadly agree with previous U-Pb zircon ages found for
trondhjemite in the LKN in this region (Fig. 4; Claesson et al.
1983). As mentioned above, coeval felsic magmatism has been also
dated in the MKN and UKN in the Jimtland/Vésterbotten area
(Claesson et al. 1988; Stephens et al. 1993; Saalmann et al. 2021).
All the aforementioned rocks have the geochemical characteristics
of an island-arc setting (e.g. Stephens 1982; Grimmer and Greiling
2012). The 497 +2 Ma age of KW19-12 is older than any dated
volcanic activity in the KNC.
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The age of 512+4 Ma from sample KW19-06 is markedly
older than the other samples. The location of this sample is within
a window of the LKN, not continuously mappable at outcrop with
the units from which the other samples were acquired. The single
oldest date of 535+ 8 Ma, obtained from sample KW19-06, is
distinctly older than other dates found within this sample, it is also
within error of a single older date of 524 + 8 Ma found in sample
KW19-13. These older dates may represent a component of
reworked older (magmatic) zircon. However, it is not possible to
make any further deductions based on these individual age points.
There is no clear difference between core and rim ages; most cores
are clearly magmatic. All the sampled grains in KW19-06 display
a consistent trace element pattern (Supplementary Fig. S6)
indicating that they formed in the same magmatic-tectonic
environment. This sample also yields two significantly younger
ages of 484 +7 Ma and 493 + 7 Ma. While these do lie within the
range yielded by the other samples, we prefer to attribute a
mechanism of (partial) resetting for these two, younger age-points
in KW19-06.

The 512 +£4 Ma age (KW19-00) is older than ages documented in
previous studies in the Ko6li and correlative nappe complexes and
coeval only with the ages obtained in the Rddingsfjallet Nappe
Complex of the Uppermost Allochthon (Slagstad ef al. 2021). In the
Uppermost Allochthon, the arc-related 501 +£3 Ma metavolcanic
rocks of the Moefjellet Group overthrust other arc-related
metavolcanic rocks of the Plura Nappe (510 + 6 Ma) and syntec-
tonic pegmatites (515 + 5 Ma), and even older metatonalites (541 +
6 Ma) that intruded a correlative of the Kjerringfjell Group (Slagstad
et al. 2021). Further field and geochemical studies will be required
to constrain the geotectonic affinity of the felsic metavolcanic rock
sample with age 512+3.5Ma. However, our new age data
presented here, and data from the Uppermost Allochthon
(Slagstad et al. 2021) offer the possibility that the subduction
history of lapetus commenced at a time when the lapetus ocean
basin was still relatively young (Waldron ez al. 2014).

U-Pb zircon ages in relation to biostratigraphic constraints
from the Otta conglomerate

The AVF lies above the serpentine conglomerates of the lowest
Tjopasi Group and the Seima Formation (Fig. 3). The serpentine
conglomerates have been correlated on lithological grounds with
detrital serpentinites at Otta in the TNC (Figs 1, 3), where they occur
together with fossils dated to Llanvirn (broadly equivalent to the
Darriwilian ¢. 467-458 Ma) by Bruton and Harper (1981). This is
younger than the zircon ages obtained in this study from the
overlying AVF. This anomaly prompts us to re-evaluate this
correlation.

The monomict Otta serpentine conglomerate forms part of an
assemblage of fanglomerates that also contain units with clasts of
metabasalt, trondhjemite, psammite, calc-silicate, mica-schist,
gneiss, granite and pegmatite, hence the serpentine conglomerate
is part of a rudite assemblage that is often polymict and a mix of
both oceanic and terrigenous clast types (Boe e al. 1993). Sturt
et al. (1991) placed the Otta Conglomerate in their Sel Group
(Fig. 3) and attempted to show that this lay unconformably on an
ophiolite substrate (‘Végémo Ophiolite’). This was also argued by
Boe et al. (1993) who provided better-documented examples of an
unconformity. In contrast, the Rotik Formation in the Bj6rkvattnet
Nappe (Fig. 3) comprises monomict serpentinite conglomerates and
separate but spatially associated, almost monomict, quartzite
conglomerates with a few ultramafic clasts (DuRietz 1935). While
they are terrigenous, the quartzite conglomerates are highly mature
and lack the schist, granitoid and greenstone clasts of the Otta
conglomerates. There is no evidence in the Bjorkvattnet Nappe for
an ophiolitic pediment.

The tectonostratigraphic status of the Otta conglomerate has also
been controversial. Corfu and Heim (2019), following Strand
(1964), included these rocks in the Svartkampen Complex, a unit
which can be traced around the Gudbrandsdalen antiform to join the
Fundsje Group, a part of the Meraker Nappe (Sturt ez al. 1995). The
Meréker Nappe records a pre-Scandian deformation and meta-
morphic history absent from the Bjorkvattnet Nappe.

These differences between the serpentine conglomerate-bearing
units in the Bjorkvattnet Nappe and at Otta cast doubt upon unifying
them into a single metaperidotite-bearing unit (e.g. Jakob et al.
2022). The U-Pb zircon ages of the Ankarede metavolcanic rocks
show that the underlying serpentinite conglomerates in the
Bjorkvattnet Nappe must be earliest Ordovician or older, at the
older end of the biostratigraphic age range suggested by Holmqvist
(1980). If, as argued above, the Otta conglomerate is part of the
Meraker Nappe, which is often correlated with the Gjersvik Nappe
in the MKN (Stephens and Gee 1985), it lies tectonostratigraphi-
cally above the detrital serpentinites in the Bjorkvattnet Nappe.

Correlations between magmatic and metamorphic events
in the KNC and SNC

The KNC, in particular the “Virisen terrane’ incorporating the LKN,
has been suggested to be the island-arc that collided with the SNC
and led to its (U)HP metamorphism (Dallmeyer and Gee 1986;
Stephens 1988; Brueckner and van Roermund 2004). The early
magmatism (c. 512—475 Ma) in the LKN is found to have occurred
at a similar time or just prior to the earlier phase of (U)HP
metamorphism within the SNC (c. 495-480 Ma) (Barnes et al.
2019, 2022; Bukata ef al. 2020; Fassmer et al. 2021; Walczak et al.
2022b) (Fig. 4). This timing makes it possible that the LKN
represents the arc that collided with the SNC and leading to (U)HP
metamorphism. However, if this is the case, there must only have
been a short amount of time between formation of the arc and
subduction of the leading edge of Baltica (the SNC). This further
suggests that at least part of the Virisen Arc must have been active
close to Baltica as there would not have been sufficient time for the
arc to move a long distance before collision.

It is also notable that (U)HP metamorphic rocks within the SNC,
especially those giving older (U)HP ages of ¢. 488—480 Ma, lie in
close proximity to the outcrop of the LKN. The southernmost
locations of the Early Ordovician or older (U)HP metamorphism in
the SNC (Walczak et al. 2022b) correlate well with southernmost
outcrops of the LKN (Fig. 1). To the north, the Vaimok and Tsékkok
Nappes are the north-extreme outcrops of (U)HP metamorphism in
the SNC, with HP metamorphism extending only to the Marma
terrane (Callegari ez al. 2023). This again corresponds spatially with
the northernmost outcrops of the LKN. This is consistent with the
Virisen terrane representing the arc that the SNC subducted
underneath in the Late Cambrian to Early Ordovician. There is
currently no more evidence of subduction of the SNC during this
time interval to the south or to the north (Walczak et al. 2022a).

The stratigraphic succession in the Bjorkvattnet Nappe extends
up to at least the Llandovery (Fig. 3) so has the potential to record
sediment sources until well after the collision events experienced by
the SNC and inboard Baltica. Stratigraphic and detrital zircon
provenance arguments have suggested proximity between the
Jamtlandian Nappes (Lower Allochthon) and the LKN, possibly
from the Early Ordovician (Gee ef al. 2014; Stephens 2020). Apart
from Gee et al. (2014), modern detrital provenance studies of the
KNC metasedimentary rocks are lacking but are, arguably, essential
to establishing (or refuting) linkages between the KNC, the SNC
and the Fennoscandian craton. Geochemical signatures in the Late
Ordovician intrusive suite may also help to establish linkages
between the KNC and continental substrates on to which they
became emplaced.
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Conclusions

U-Pb isotope dating of zircon grains from metamorphosed dacitic
to andesitic volcanic rocks in the LKN shows magmatic ages of 512

+3.5Ma, 497+2 Ma, 491 +1 Ma and 488 +4 Ma, constraining
the age of magmatism within a volcanic arc system in this
allochthon. The three younger ages of 497488 Ma agree with
previous ages found for Lower and Middle K&li volcanic rocks. The
oldest age of ¢. 512 Ma is older than previous ages found in the
KNC. The timing of volcanism in the LKN adds another line of
evidence that refutes a correlation between serpentine conglomer-
ates in the LKN and the Otta conglomerates in the TNC, as those in
the LKN are older than those in the TNC. Additionally, the spatial
link between the Virisen terrane and rock occurrences of the Late
Cambrian to Early Ordovician (U)HP metamorphism of the SNC is
noted here. Comparison between ages of magmatism within the
KNC and ages of (U)HP metamorphism within the SNC allows for
the Virisen terrane to have been the colliding arc that led to
subduction of the leading edge of Baltica. At least part of the arc
system must have been close to Baltica at an early stage, which is
supported by similarity of the Ordovician rock sequences of both.
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