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Abstract

The Southwestern Basement Province of Svalbard ex-
tends northward from Sgrkapp Land in the south to
Oscar Il Land. In the north, the Millerneset Formation
characterized by polymetamorphosed Proterozoic sed-
imentary rocks crops out. In this study we used an in-
tegrated tectonic and petrochronological approach to
gain an insight into the structural and metamorphic
evolution of the unit and surrounding basement. The
Miillerneset Formation consists of two separate tec-
tonic blocks. NNW-SSE trending retrograde foliation is
associated with mineral and stretching lineation and ki-
nematic indicators consistent with left-lateral to oblique
sinistral shearing in the western block. The eastern block
is characterized by the opposite sense of shear that was
overturned during the Eurekan event as evidenced by
unconformably overlaying Carboniferous sedimentary
rocks. Conventional geothermobarometry vyields the
prograde peak pressure metamorphic conditions of 6.6
- 7.1 kbar at 480 - 520°C followed by peak temperature
at5.1-5.9 kbar and 530 - 560°C. Subsequent retrograde
greenschist facies overprint is related to left-lateral
NNW-SSE trending shearing. Tiny monazite occurs with-
in foliation or overgrows allanite-(Ce), thus is interpreted
as growth along a retrograde path. Th-U-total Pb dating
of monazite-(Ce) provided an early Caledonian age (ca.
450 Ma) and younger population of ca. 410 + 8 Ma. This
age is consistent with previously reported “°Ar/**Ar cool-
ing ages (410 * 2 Ma) of muscovite supporting a retro-
grade growth of monazite. Petrochronological evidence
combined with structural observations suggests that the
Miillerneset Formation has been tectonically exhumed
in the Early Devonian due to the NNW-SSE trending
left-lateral shearing. Coeval folding and thrusting in the
remaining basement of Oscar Il Land to the east indicate
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a transpressional regime of the deformation in the Early
Devonian. Similarly oriented contemporaneous tectonic
zones within the Southwestern Basement Province of
Svalbard may account for the same set of shear zones
dispersing the Ordovician subduction complexes along
western Spitsbergen.

Svalbard’s South-
western Basement Province, U-Th-total Pb geochronology,

Keywords: Retrograde monazite-(Ce),

Millerneset Formation, Caledonian Orogeny

1. Introduction

The North Atlantic Caledonides result from nearly or-
thogonal collision between Laurentia and Baltica in the
Silurian and Devonian, when continental margins and
remnants of the lapetus Ocean were transported onto
both paleocontinents forming tens of kilometres thick
nappe stacks (e.g. Gee 1975; Gee et al. 2008; Higgins
1976). The northernmost section of the Caledonian
orogen was dominated by transpression and the dis-
placements along NE-SW-trending strike-slip faulting
continued from the late Silurian until the Late Devoni-
an (Hallett et al. 2014; Ohta 1994). Lateral shear zones
have been documented or inferred at the boundaries
of and within the Pearya Terrane of northern Ellesmere
Island (McClelland et al. 2012; von Gosen et al. 2012),
north-east Greenland (Hallet et al. 2014; Holdsworth,
Strachan 1991), Svalbard Basement Provinces (Faehn-
rich et al. 2020; Gasser, Andresen 2013; Gee, Teben’kov
2004; Harland, Wrigth 1979; Liberis, Manby 1999; Maj-
ka et al. 2015; Mazur et al. 2009). Some of these shear
zones might be connected to Caledonian transcurrent
faults (NE Greenland, Svalbard), while others are most
likely kinematically linked to Late Ordovician — Devoni-
an fault system along northern Laurentian margin (the
Canadian Arctic Transform System — CATS; McClelland et
al. 2021). The Southwestern Basement Province of Sval-
bard (SBP) is a particularly interesting target to study the
transition of the Caledonian Orogeny from orthogonal
to transpressional and its interaction with the CATS. It
contains both high-pressure (HP) metamorphic com-
plexes characteristic for the Baltican margin (e.g. Barnes
et al. 2020; Elvevold et al. 2014; Hirajima et al. 1988;
Labrousse et al. 2008;) and the record of the transpres-
sional late-Caledonian or CATS related faulting (e.g.
Faehnrich et al. 2020; Mazur et al. 2009). Additionally,
its complex internal structure with several subprovinces
or terranes (e.g. Harland 1997; Wala et al. 2021) allows
the assessment of the relative movements of the crustal
fragments comprising the northern extent of Caledo-
nian Orogen.

Monazite is a mineral commonly used for dating em-
placement of the felsic intrusions (Finger et al. 2003)
as well as a wide range of metamorphic processes (e.g.
Engi et al. 2017). The growth of monazite in high-grade
metamorphic rocks is frequently associated with its pre-
cipitation from melt both along the prograde and retro-
grade path (e.g. Kelsey et al. 2008).

In the subsolidus field monazite can grow in pelitic rocks
that undergo metamorphism in amphibolite facies con-
ditions when it often forms in prograde reaction in the
expense of allanite (e.g. Janots et al. 2006). However,
monazite can also grow in the greenschist facies con-
ditions during the retrogressive breakdown of allanite,
providing useful insights about the timing of the ex-
humation of metapelitic rocks (e.g. Palin et al. 2015).
Monazite formed in the low-grade stages of the retro-
grade path is considered troublesome as it can obscure
information provided by its prograde generation due to
partial resetting (e.g. Seydoux-Guillaume et al. 2018) as
well as its tendency to Pb-inheritance, which generates
falsely old model dates (e.g. Barnes et al. 2020). Never-
theless, a proper petrochronological approach can allow
us to use the geochronological potential of retrograde
monazite, when no earlier generations of monazite are
present. Th-U-total Pb dating can allow to analyse small
(>10 um) or irregular blasts and can provide a reliable
timing of retrogressive metamorphism. Thus, monazite
can provide an alternative or be complimentary to other
low-temperature geochronometers.

Hereby we present new evidence for a late Silurian —
Early Devonian sinistral strike-slip zone dividing the SBP.
For the first time, Early Devonian timing of shearing
within the SBP is constrained using Th-U-total Pb dating
of monazite. Rarely observed retrogressive growth of
metamorphic monazite (e.g. Palin et al. 2015; Pan 1997)
offers a unique opportunity for dating middle crustal
level shear zones. A resemblance of the tectonic sce-
nario documented in this paper with the accretionary
structures observed in the Pearya Terrane (e.g. Trettin
1998) supports connection between SBP and the Pearya
Terrane in Early Devonian (e.g. Barnes et al. 2020; Gee,
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Teben’kov 2004; Majka et al. 2015; Mazur et al. 2009;
Trettin 1987).

2. Geological Background

Inhomogeneity of the Svalbard basement related to dif-
ferences in stratigraphy and tectonothermal evolution
of pre-Devonian basement units inspired several terrane
models (e.g. Harland, Gayer 1972; Gee, Page 1994, Gee,
Teben’kov 2004). The commonly accepted tripartite di-
vision of the Svalbard pre-Devonian basement consists
of the Eastern, Northwestern and Southwestern Base-
ment Provinces (e.g. Gee 1986; Gee, Page 1994; Gee,
Teben’kov 2004; Fig. 1a). The provinces themselves
have a composite structure and several internal tectonic
boundaries that separate crustal blocks with a dissim-
ilar geological record (e.g. Bazarnik et al. 2019; Gas-
ser, Andersen 2013; Gee, Teben’kov 2004; Mazur et al.
2009; Wala et al. 2021). The Eastern Basement Province
(EBP) and the Northwestern Basement Province (NBP)
are separated by the Billefjorden Fault zone - the N-S
trending transcurrent sinistral strike-slip zone dated to
ca. 450 Ma via “°Ar/3**Ar on muscovite (Gee, Teben’kov
2004; Harland 1972; Harland, Wright 1979; Michalski et
al. 2012). Both provinces are correlated with the North-
East Greenland Caledonides, based on common igneous
histories, Proterozoic sedimentary record and the Cale-
donian tectonometamorphic evolution characterized by

migmatization, westward thrusting and post-orogenic
granites emplacement (e.g. Bazarnik et al. 2019; Gee,
Teben’kov 2004). The late-Caledonian transpressional
events are poorly characterized in the EBP, where only a
single ca. 410 Ma U-Pb titanite age is interpreted as the
timing of a kinematically undefined shearing event (Har-
land 1972; Johansson et al. 1995; Lyberis, Manby 1999).
In the NBP two episodes of late-Silurian-early Devoni-
an deformation recorded at ca. 420-410 Ma post-date
the ca. 423 Ma amphibolite facies metamorphism in the
Biscayarhalvgya Terrane and deposition of the late Si-
lurian-Early Devonian(?) Siktefjellet Group (e.g. Koglin
et al. 2022; McCann 2000). The earlier activity of the
dextral NNW-SSE trending Biscayarhalvgya Shear Zone
and Lerner Deformation Zone was dated via U-Pb geo-
chronology of zircon in syntectonic granites to ca. 421
— 415 Ma (Koglin et al. 2022; McCann 2000; Piepjohn,
Thiedig 1995). This late Silurian deformation is also ex-
pressed as the unconformity pre-dating the Lokhovian
Red Bay Group sediments and tilting of the Siktefjellet
Group resulting from sinistral shearing along the Brei-
bogen-Bockfjorden and Rabotdalen-Hannabreen fault
zones (Friend et al. 1997; McCann 2000). The follow-
ing phase of presumably Pragian age was related to the
sinistral strike-slip along the NNW-SSE trending Raud-
fjorden Fault accompanied by minor shortening with
local eastward vergence of tectonic transport (McCann
2000). However, the timing of this phase is constrained
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Figure 1. (a) Geological map of Svalbard (modified from Gee, Teben’kov 2004). Outlined box shows the location of Figure 1b. BIS - Berzeliuseg-
gene Igneous Suite; BFZ - Billefjorden Fault Zone; BBFZ - Bockfjorden - Breibogen Fault Zone; ESZ - Eolusletta Shear Zone; RFZ - Raudfjorden
Fault Zone; VKSZ - Vimsodden-Kosibapasset Shear Zone. (b) Geological map of central Oscar Il Land (after Morris 1988; Dallmann 2015)
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to ca. 410 Ma based on the unconformity between the
Red Bay Group and the lower Andreé Land Group that
has not been mapped in the field (Harland 1960; Mc-
Cann 2000).

The boundary between SBP and the remaining provinc-
es is unexposed (Gee, Teben’kov 2004). The SBP has a
composite internal structure with multiple metamor-
phic and magmatic events unevenly overprinting base-
ment blocks separated by Palaeozoic to Paleogene shear
zones (e.g. Majka, Kosminska 2017; Wala et al. 2021).
In contrast to the other basement provinces of Svalbard
as well as the North-East Greenland Caledonides, SBP is
devoid of late Caledonian migmatization and post-oro-
genic felsic magmatism (Gee, Teben’kov 2004; Majka,
Kosminska 2017). Therefore, the inhomogeneity of the
SBP led to several attempts to correlate its parts with the
Pearya Terrane based on the Neoproterozoic metasedi-
mentary successions and subduction-related Ordovician
complexes (e.g. Gasser, Andresen 2013; Gee, Teben’kov
2004; Harland, Wright 1979; Ohta et al. 1989; Ohta 1994;
Trettin 1987). Other authors emphasize the potential of
the SBP being correlated with the Timanides due to the
similarity of the Tonian-Cryogenian metasedimentary
successions and late Cryogenian metamorphism (Majka
et al. 2008, 2015; Mazur et al. 2009; Wala et al. 2021).
The SBP is characterized by two major Meso- to Neopro-
terozoic units. The first group is characterized by high-
grade Cryogenian (ca. 640 Ma) and/or high-pressure Or-
dovician (ca. 480 Ma) metamorphism and consists of the
Isbjgrnhamna Group and Eimfjellet Groups (Majka et al.
2008), the Berzeliuseggene Unit (Majka et al. 2015) and
the Vestgotabreen Complex (e.g. Hirajima et al. 1988;
Barnes et al. 2020). The second group comprises most
of the SBP, which was metamorphosed under green-
schist facies conditions during the Ordovician-Silurian
times (e.g. Manecki et al. 1998; Faehnrich et al. 2020).
These two groups are separated from each other by ei-
ther strike-slip faults (e.g. Majka et al. 2015; Mazur et al.
2009) or thrusts (e.g. Barnes et al. 2020). The timing of
the strike-slip faults separating the remaining basement
from the Eimfjellet Group and the Berzeliuseggene Unit
has been dated to 424 + 6 Ma and 410 + 17 Ma, respec-
tively (Faehnrich et al. 2020).

There are still two higher grade units in the SBP, namely
the Kongsvegen Group and the Miillerneset Formation,
that are poorly studied. The timing of metamorphism in
these two units is still unknown, and their relationships
with the remaining basement remain unclear due to the
Paleogene-Neogene Eurekan overprint of older struc-
tures (e.g. Maher et al. 1997). According to the observed
pattern in the southern part of SBP the age of prograde
metamorphism in the Miillerneset Formation could be
Torellian, but no geochronological evidence has been
provided yet. This unit also has not been studied in the

light of its relation to the concepts of Caledonian escape
tectonics and the CATS, therefore it might provide new
clues about the interaction of the two transcurrent fault
systems.

2.1. Prins Karls Forland and Oscar Il Land

The basement of Prins Karls Forland (PKF) is represented
by the equivalent of the Sofiebogen Group (namely Fer-
rierpiggen, Geikie and Peachflya groups) overthrusting
the Scotiafjellet and Grampianfjellet groups (Dallmann
2015; Kosminska et al. 2020). The Grampianfjellet Group
was thrusted during Eurekan Orogeny onto the amphib-
olite facies metasediments of the Pinkie unit (Kosmirska
et al. 2020; Schneider et al. 2019). Strongly mylonitized
Pinkie unit rocks were metamorphosed at ca. 370 - 355
Ma during Ellesmerian metamorphism (Kosminska et al.
2020).

The oldest basement exposed in the eastern and north-
ern parts of Oscar Il Land (OIlIL) consists of the Meso-
to Neoproterozoic metasedimentary Kongsfjorden and
St. Jonsfjorden groups (Harland, Wright 1979; Harland
et al. 1993; Kanat, Morris 1988; Fig. 1b). These groups
are composed of calcareous phyllites and marbles with
overlying psammopelites intercalated by the Na-alkaline
Trollheimen volcanics (Kanat, Morris 1988; Ohta 1985).
The overlying Comfortlessbreen Group comprises Mari-
noan (Harland 1960; Harland 1997; Kanat, Morris 1988)
or Gaskiers age tillite (Dallmann 2015) as well as calcar-
eous schists and phyllites (Kanat, Morris 1988). The St.
Johnsfjorden Group together with the Comfortlessbreen
Group were metamorphosed under greenschist facies
conditions during the Caledonian Orogeny (e.g. Ohta
1985). They are overthrust by the HP Vestgttabreen
Complex and unconformably overlain the Ordovician to
Silurian Bullbreen Group (Horsfield 1972; Kanat, Mor-
ris 1988; Labrousse et al. 2008; Ohta 1979; Ohta et al.
1983). The deposition of the Bullbreen Group occurred
during the exhumation of the Vestgoétabreen Complex
based on the occurrence of HP clasts in Bullbreen con-
glomerate (Scrutton et al. 1976). The Bullbreen Group
is bounded to the west by a zone of mixed lithologies
called the ‘chaotic zone’ (Kanat, Morris 1988; Morris
1988). The ‘chaotic zone’ can be followed to the south-
east and separates the Comfortlessbreen and St. Jons-
fjorden groups from the Miillerneset Formation to the
east (Gasser, Andresen 2013; Morris 1988).

Although separated by Forlandsundet, PKF and OIIL
share a common deformation history. Previous workers
recognized four stages of deformation (Manby 1986;
Morris 1988; Piepjohn et al. 2000). Deformation phases
D1 and D2 are characterized by nearly coaxial folds with
fold axes trending NW-SE, and axial planes of F2 are
steeper than axial planes of F1. On PKF, D1 is associated
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with WSW thrusting refolded during D2 (Manby 1986).
F1 and F2 show E vergences in OIIL, and their age was
inferred to be pre-mid-Carboniferous (Morris 1988).
D2 has affected the northward thrusted Vestgétabreen
Complex and Bullbreen Group, which are character-
ized by different tectonometamorphic history prior to
D2 (Labrousse et al. 2008; Michalski et al. 2014; Mor-
ris 1988). “°Ar/*°Ar cooling age for Ordovician HP meta-
morphism yields ca. 476 - 461 Ma (Barnes et al. 2020;
Dallmeyer 1989), whereas the juxtaposition of differ-
ent HP units is interpreted as 454 + 4 Ma (Barnes et al.
2020). Subsequent NNE-directed thrusting and folding
at 430 Ma resulted in the formation of an E-W trend-
ing syncline (Barnes et al. 2020). The syncline was later
overturned to ENE around Holmesletfjellet syncline of
inferred late Silurian — Early Devonian (ca. 410 Ma) age
and possibly coeval with D2 in the remaining basement
(Labrousse et al. 2008; Michalski et al. 2014; Morris
1988). The local NNW-SSE trending dextral shearing and
related thrusting recorded in the western Bullbreeen
Group (Ratliff et al. 1988) can be attributed to the same
event. Superimposed on the pre-mid-Carboniferous
structures are D3 and D4, which are related to the de-
velopment of the West Spitsbergen Fold and Thrust Belt
(WSFTB) during the Eurekan deformation. D3 is char-
acterized by the development of NE verging folds and
thrusts in brittle to ductile regime, followed by NNW-SSE
trending dextral strike-slip (e.g. Harland 1969; Hjelle et
al. 1979; Maher et al. 1997; Piepjohn et al. 2016). D4
is represented by a system of brittle faults related to
the Forlandsundet Graben formation along NNW-SSE
bounding faults (e.g. Braathen et al. 1999; Piepjohn et
al. 2016).

2.2. The Miillerneset Formation

In the western part of Oscar Il Land, a thick metased-
imentary succession of the Millerneset Formation is
exposed (Ague, Morris 1985; Dineley 1958; Harland,
Wright 1979; Figs 1b; 2). It crops out on the Svartfjell-
stranda and the Svartfjella mountain range to the east,
from St. Johnsfjorden to Eidembukta (Ague, Morris 1985,
Figs 1b; 2). The northern part of the Miillerneset For-
mation is composed of phyllites, micaschists, garnet-mi-
caschists and quartzites, with increasing quartzitic con-
tent to the west (Ague, Morris 1985). The southern part
consists of more carbonaceous and chloritic lithologies,
including calcareous phyllites, marbles, conglomerates
and chlorite-garnet micaschists.

The Millerneset Formation experienced a polymeta-
morphic history with multiple deformation episodes
that were studied mostly in its northern part (Ague,
Morris 1985). The main prograde metamorphic event
M1 reaching the garnet zone of lower amphibolite fa-

cies is presumably of Caledonian age. Its peak metamor-
phic conditions were estimated to 6.6 kbar at ~535°C
(Ague, Morris 1985). The highest grade lithology, gar-
net micaschists, occur locally in the easternmost and
westernmost outcrops, while most of the Miillerneset
Formation reached only the biotite zone of greenschist
facies conditions. The contact between the garnet and
biotite zone lithologies is gradational. Strong foliation
S1 striking NW-SE with a steep to moderate SW dip and
isoclinal folds with the NW-SE axes are related to the D1
event. The only observable map-scale F1 anticline was
described in the western part of Svartfjellstranda (Ague,
Morris 1985). Notably, there are also remnants of two
earlier stages of mica growth predating S1 (Ague, Mor-
ris 1985). The geochronological data for the Millerneset
Formation are very limited. Single muscovite *°Ar/3Ar
step heating age of 410 + 2 Ma is interpreted as post
peak metamorphic cooling (Dallmeyer 1989). The
4OAr/*°Ar step heating also revealed an argon escape at-
tributed to Eurekan deformation (Dallmeyer 1989).

The retrogressive metamorphic event M2 occurred syn-
chronously with D2, and its effects are unevenly spread
across the area (Ague, Morris 1985). Metamorphic con-
ditions of M2 were lower than M1. Textures related to
the fluid-aided retrogressive breakdown of garnet to
chlorite and epidote are commonly observed. The D2
deformation is associated with crenulation and folds
with angular geometries that are coaxial with the F1 fold
axes (Ague, Morris 1985). The map-scale D2 anticline
was inferred by Ague and Morris (1985) in the eastern
part of Svartfjellstranda with the NW-SE trending axis
and moderately to steeply dipping limbs. However, this
structure is parallel to the main Svartfjella - Eidembukta -
Daudsmannodden Lineament (SEDL) and may represent
its western boundary fault as slivers of the Carbonifer-
ous crop out along the D2 anticline axis (Maher et al.
1997). D2 is therefore most likely associated with the
Eurekan Orogeny prior to and during the displacement
on SEDL dated at 67-49 Ma using K-Ar whole rock (Tes-
sensohn et al. 2001).

3. Methods

3.1. Mineral chemistry and element maps

Wavelength dispersive spectroscopy (WDS) analysis of
mineral chemical composition was performed using a
JEOL JXA-8230 Superprobe electron probe microanalyz-
er at Critical Elements Laboratory of Faculty of Geology,
Geophysics and Environmental Protection, AGH - Uni-
versity of Science and Technology in Krakéw, Poland.
The operating conditions were as follows: 15 kV acceler-
ating voltage, 20 nA beam current, counting times 20 s
on peaks and 10 s on background positions. The beam
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diameter was 1 um for garnet and ilmenite analyses and
5 um for the remaining minerals. The following stan-
dards were used for calibration of all detected silicates:
orthoclase (Si Ka, K Ka), TiO, (Ti Kat), metallic Cr (Cr Kat),
Al,O, (Al Ka), fayalite (Fe Ka), rhodonite (Mn Ka), for-
sterite (Mg Ka), wollastonite (Ca Ka), albite (Na Ka). For
allanite-(Ce) and bastnasite-(Ce) following standards
were used for calibration with adjusted counting times
on peaks: 20s for albite (Si Ko, Na Ka, Al Ka), diopside
(Mg Ka, Ca Ka), CePO, (P Ka, Ce La), hematite (Fe Ka),
Cr,0,(Cr Ka), rhodonite (Mn Ka), rutile (Ti Ka), celestine
(Sr La), ThO, (Th Ma), UO, (U MB), LaPO, (La La), NdPO,
(Nd La), SmPO, (Sm La), krokoite (Pb MB), AlAsO, (As
La); 30 s for PrPO, (Pr LB); 40 s for anhidrite (S Ka), YPO,,
(Y La), metallic Sc (Ka), metallic vanadium (V Ka), GdPO,
(Gd LB), TbPO, (Tb La), DyPO, (Dy La), HoPO, (Ho L),
ErPO, (Er La), TmPO, (Tm La), LuPO, (Lu La); 60 s for

EuPO, (Eu La). The PAP corrections were applied for the
matrix effects. The mineral abbreviations are according
to Whitney and Evans (2010) but WM - white mica.
X-ray compositional maps of garnet were obtained us-
ing the same instrument. The measurement conditions
were: 15 kV accelerating voltage, 100 nA beam current,
step size 1.5 um and dwell time of 100 ms. Chemical
maps of Mg Ka, Ca Ka, Ti Ka, and Mn La were collect-
ed. The element ratios were determined from the cation
distribution scans using XMapTools 2.4.3 (Lanari et al.
2014; 2019). Cut-off limits were selected to correspond
with the spread of the values.

3.2. Th-U-total Pb monazite dating

Chemical dating of monazite was performed using a
CAMECA SX-100 electron probe microanalyzer at the

Table 1. Representative chemical analysis of garnet and biotite. Structural formulae recalculated on the basis of 12 and 11 oxygens, respec-

tively.

Mineral Grt Grt Grt Grt Bt-| Bt-I Bt-Il Bt-Il Bt-Il
Analysis Grt4 Grt7 Grt5 Grt9 bt4 bt8 bt9 btll bt12
Position core core rim rim matrix matrix matrix matrix shadow
Sio, 37.71 36.92 36.76 36.91 34.68 34.28 34.40 35.09 33.67
Tio, 0.10 0.09 0.12 0.04 1.85 1.81 1.75 1.77 1.18
AlLO, 20.87 20.85 20.73 21.00 18.68 18.67 18.49 18.62 19.26
Cr,0, 0.02 0.01 0.01 0.00 0.01 0.03 0.04 0.02 0.00
FeO 29.94 36.13 27.51 35.96 22.52 23.20 22.87 22.88 22.97
MnO 4.75 0.52 7.31 0.41 0.01 0.10 0.04 0.02 0.07
MgO 0.74 1.30 0.64 1.46 7.30 6.85 7.24 6.93 6.98
Ca0 6.31 4.26 6.01 4.10 0.00 0.01 0.01 0.01 0.00
Na,O 0.00 0.04 0.02 0.01 0.20 0.05 0.13 0.12 0.13
K,0 0.00 0.02 0.00 0.00 8.87 8.98 8.83 9.09 8.91
Total 100.42 100.12 99.10 99.90 94.11 93.98 93.80 94.53 93.19
Si 3.037 2.988 3.003 2991 2.710 2.697 2.704 2.734 2.671
Ti 0.006 0.006 0.007 0.002 0.109 0.107 0.104 0.103 0.071
Al 1.982 1.990 1.997 2.007 1.721 1.732 1.714 1.710 1.801
Cr 0.001 0.001 0.000 0.000 0.001 0.002 0.002 0.001 0.000
Fe? 2.017 2.446 1.880 2.437 1.472 1.526 1.503 1.491 1.524
Mn 0.324 0.036 0.506 0.028 0.001 0.006 0.002 0.001 0.005
Mg 0.088 0.157 0.078 0.176 0.851 0.803 0.849 0.805 0.825
Ca 0.544 0.369 0.526 0.356 0.000 0.001 0.001 0.001 0.000
Na 0.000 0.006 0.002 0.002 0.031 0.007 0.020 0.018 0.020
K 0.000 0.002 0.000 0.000 0.884 0.901 0.886 0.903 0.902
total 7.977 8.010 7.990 8.002 7.778 7.783 7.787 7.768 7.819
Ox base 12 12 12 12 11 11 11 11 11
Xaim 0.68 0.81 0.63 0.81

Xsps 0.11 0.01 0.17 0.01

Xorp 0.03 0.05 0.03 0.06

Xars 0.18 0.12 0.18 0.12

Xeo 0.96 0.94 0.96 0.93 0.63 0.66 0.64 0.65 0.65
AM 0.43 0.43 0.42 0.44 0.47
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Table 2. Representative chemical analysis of muscovite, plagioclase, ilmenite and chlorite. Structural formulae recalculated on the basis of 11,

8, 3 and 14 oxygens, respectively.

Mineral Ms-I Ms-II Ms-II Msl/Il Pl Pl IIm IIm IIm IIm Chl
Analysis wm?2 wml wm3 wmé Abl Ab2 ilm9 ilm10 ilm12 ilm14 chl4
Position matrix matrix matrix shadow core rim matrix in Grt in Grt matrix shadow
Sio, 46.86 46.09 46.02 46.37 67.64 65.55 0.01 0.02 0.01 0.04 23.71
TiO, 0.32 0.24 0.27 0.26 0.01 0.00 53.07 53.72 52.75 52.57 0.16
AlLO, 32.38 34.64 35.01 33.78 19.71 21.16 0.01 0.00 0.07 0.07 21.50
Cr,0, 0.04 0.03 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.04
FeO 2.08 1.65 1.75 1.95 0.29 0.24 4491 45.10 45.47 44.61 31.67
MnO 0.02 0.00 0.02 0.00 0.03 0.00 1.68 1.50 2.37 0.84 0.12
MgO 1.35 0.77 0.75 1.07 0.00 0.00 0.00 0.00 0.00 0.00 9.84
Ca0 0.00 0.00 0.03 0.01 0.09 1.63 0.14 0.01 0.13 0.00 0.02
Na,O 0.66 0.90 0.90 0.84 11.77 10.71 0.00 0.00 0.00 0.04 0.03
K,0 9.90 9.78 9.60 9.72 0.06 0.08 0.00 0.10 0.01 0.13 0.00
Total 93.61 94.09 94.33 94.02 99.60 99.40 99.82 100.44 100.80 98.32 87.09
Si 3.177 3.101 3.087 3.127 2.964 2.89 0.000 0.001 0.000 0.001 2.613
Ti 0.016 0.012 0.014 0.013 0.000 0.000 1.010 1.016 0.993 1.015 0.013
Al 2.588 2.748 2.769 2.686 1.018 1.101 0.000 0.000 0.002 0.002 2.794
Cr 0.002 0.002 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.003
Fe* 0.118 0.093 0.098 0.110 0.010 0.009 0.950 0.948 0.951 0.958 2.919
Mn 0.001 0.000 0.001 0.000 0.000 0.000 0.036 0.032 0.050 0.018 0.012
Mg 0.137 0.077 0.075 0.107 0.000 0.000 0.000 0.000 0.000 0.000 1.617
Ca 0.000 0.000 0.002 0.001 0.004 0.077 0.004 0.000 0.004 0.000 0.003
Na 0.087 0.117 0.117 0.109 1.000 0.916 0.000 0.000 0.000 0.002 0.007
K 0.857 0.840 0.821 0.836 0.003 0.005 0.000 0.003 0.000 0.004 0.000
Total 6.983 6.990 6.983 6.990 4.999 5.001 2.000 2.000 2.000 2.000 9.979
Ox base 11 11 11 11 8 8 3 3 3 3 14
Xy, 0.993 0.918

X 0.03 0.03 0.05 0.01

State Geological Institute of Dionyz Stdr in Bratislava,
Slovakia. Counting times were increased from the ones
used for chemical composition analysis to 80 s for U and
300 s for Pb to meet the laboratory requirements for
trace element analysis. The beam current was adjusted
to 180 nA and spots were measured with a 3 um beam
diameter. The detection limits were 225 ppm for Th, 205
ppm for U and 95 ppm for Pb. The following standards
were used for calibration: barite (S Ka) apatite (P Ka),
GaAs (As La), ThO, (Th May), UO, (U MB), Al,O, (Al Ka),
YPO,, (Y La), LaPO, (La La), CePO, (Ce La), PrPO, (Pr LB),
NdPO, (Nd LB), SmPO, (Sm LB), EuPO, (Eu LB), GdPO,
(Gd La), TbPO, (Tb La), DyPO, (Dy LB), HoPO, (Ho L),
ErPO, (Er LB), TmPO, (Tm La), YbPO, (Yb La), LuPO, (Lu
LB), SrTiO, (Sr La), fayalite (Fe Ka), wollastonite (Ca Ka,
Si Ka), and PbCO, (Pb Ma). Empirically determined cor-
rection factors were applied to the following line over-
laps: Th->U, Dy->Eu, Gd—>Ho, La->Gd, Ce->Gd, Eu->Er,
Gd->Er, Sm—>Tm, Dy->Lu, Ho—->Lu, Yb—->Lu, and Dy—->As
(Konecny et al. 2004). Spot analyses of monazite were
corrected for mutual interferences (see Konecny et al.

2004; 2018; Petrik, Konecny 2009), and then the weight-
ed average of apparent ages was calculated following
the statistical method of Montel et al. (1996). The matrix
effects were corrected using the Pouchou and Pichoir
(1991) procedure. Representative chemical analyses of
all minerals from sample PSDO03 are presented in Tables
1and 2.

4. Results

4.1. Field observations

Structural and petrological observations are in part con-
sistent with those made by Ague and Morris (1985). Map-
ping of the areashowed thatinthe core of the F2 anticline
slivers of unmetamorphosed rocks resembling the Car-
boniferous Gipsdalen Group can be found (Fig. 2). These
slivers are present on the map of Maher et al. (1997),
while Krasil’s¢ikov etal. (1995) interpret the anticline core
as inferred fault parallel to the SEDL (Maher et al. 1997).
Inferred fault divides the rocks of the Millerneset For-
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Figure 2. Schematic geological map of Svartfjellstranda area (Ague, Morris 1988; Maher et al. 1997; Dallmann 2015, modified).

mation into two tectonic blocks — western and eastern.
The examined rocks of the Millerneset Formation show
evidence of two metamorphic events with accompany-
ing distinctive foliations (Figs 3; 4a, b). The first event is
associated with the development of a lower amphibolite
facies paragenesis of garnet + biotite + quartz + muscovite
+ plagioclase + carbonates * graphite. The second event
is lower grade and defined by paragenesis of biotite +
chlorite + quartz + muscovite + plagioclase * carbonates.
Early foliation (S1) related to the first event (M1) is ob-

served as segregation into metapelitic, quartzofelds-
pathic and quartzitic domains and within them, defined
by biotite and graphite that may represent original sedi-
mentary bedding (Fig. 4a). The foliation can be observed
mainly as centimetre to metre-scale microlithons.
A secondary foliation (S2) is defined by a newly formed
penetrative mylonitic foliation, a transposed S1 foliation,
or as axial planes of folds affecting S1 (Fig. 4a-d). S2 is de-
fined by biotite, muscovite and chlorite in both metapel-
itic and quartzofeldspathic domains. The strong fabric
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Table 3. Representative chemical analysis of apatite, allanite-(Ce) and bastnasite. Structural formulae recalculated on the basis of 3, 12 and

21 oxygens, respectively.

Mineral Ap Aln Aln Bst Bst Ap Aln Aln Bst Bst
Analysis Apl alnl aln2 bstl bst2 Apl alnl aln2 bstl bst2
Position matrix matrix matrix matrix matrix matrix matrix matrix matrix matrix
SO, 0.00 0.01 0.00 0.00 0.19 S 0.000 0.001 0.000 0.001 0.042
P,O; 42.88 0.01 0.06 0.03 0.09 P 3.019 0.000 0.005 0.008 0.021
As,O, n.a. 0.03 0.01 0.00 0.00 As 0.002 0.001 0.000 0.000
Sio, 0.08 31.54 30.64 0.30 1.00 Si 0.007 2.936 2.889 0.091 0.297
Tio, n.a. 0.25 0.35 0.07 0.02 Ti 0.017 0.025 0.016 0.004
Tho, n.a. 0.03 0.23 0.88 1.25 Th 0.001 0.005 0.061 0.085
uo, n.a. 0.13 0.12 0.15 0.00 V] 0.003 0.002 0.011 0.000
AlLO, 0.04 16.90 16.49 0.03 0.04 Al 0.004 1.854 1.832 0.009 0.015
Sc,0, n.a. 0.00 0.00 0.02 0.04 Sc 0.000 0.000 0.005 0.011
V,0, n.a. 0.18 0.08 0.00 0.00 \Y 0.013 0.006 0.000 0.000
Cr,0, n.a. 0.06 0.15 0.04 0.03 Cr 0.005 0.011 0.010 0.007
Fe,O, - 15.11 14.76 0.53 0.52 Fe3* 1.058 1.047 0.121 0.117
FeO 0.22 - - - - Fe? 0.015
Y,0, 0.05 0.19 0.12 0.68 0.51 Y 0.002 0.009 0.006 0.111 0.081
La,0, 0.21 5.99 5.71 15.89 15.98 La 0.006 0.206 0.198 1.793 1.758
Ce,0, 0.03 12.65 12.41 30.96 28.94 Ce 0.001 0.431 0.428 3.468 3.159
Pr,0, 0.03 1.37 1.37 3.58 3.38 Pr 0.001 0.047 0.047 0.399 0.367
Nd,0, 0.03 4.10 4.70 14.15 12.68 Nd 0.001 0.136 0.158 1.546 1.350
Sm,0, 0.00 0.46 0.76 2.03 1.98 Sm 0.000 0.015 0.025 0.214 0.204
Eu,0, n.a. 0.08 0.09 0.35 0.38 Eu 0.002 0.003 0.036 0.039
Gd,0, 0.16 0.12 0.40 1.28 1.29 Gd 0.005 0.004 0.013 0.130 0.127
Tb,0, n.a. 0.12 0.10 0.17 0.14 Tb 0.004 0.003 0.017 0.014
Dy,0, n.a. 0.04 0.07 0.20 0.21 Dy 0.001 0.002 0.020 0.020
Ho,0, n.a. 0.00 0.00 0.07 0.00 Ho 0.000 0.000 0.007 0.000
Er,0, n.a. 0.11 0.07 0.03 0.11 Er 0.003 0.002 0.003 0.011
Tm,0, n.a. 0.00 0.11 0.26 0.21 Tm 0.000 0.003 0.025 0.020
Yb,0, n.a. 0.02 0.07 0.05 0.00 Yb 0.001 0.002 0.004 0.000
Lu,0, n.a. 0.07 0.02 0.00 0.00 Lu 0.002 0.001 0.000 0.000
MgO 0.00 0.20 0.13 0.00 0.00 Mg 0.000 0.028 0.018 0.000 0.000
Cao 54.88 8.43 9.03 0.58 1.63 Ca 4.891 0.841 0.912 0.189 0.522
MnO 0.00 0.21 0.32 0.00 0.07 Mn 0.000 0.017 0.026 0.000 0.017
SrO 0.06 0.04 0.02 0.31 0.31 Sr 0.003 0.002 0.001 0.055 0.054
PbO 0.00 0.02 0.00 0.04 0.01 Pb 0.000 0.001 0.000 0.003 0.001
Na,O 0.00 0.07 0.07 0.00 0.03 Na 0.001 0.013 0.012 0.000 0.019
F 1.26 0.00 0.00 4.22 2.86 F 0.322 0.000 0.000 3.078 2.215
cl 0.00 n.a. n.a. n.a. n.a. cl 0.000
Total 99.93 98.53 98.46 75.10 72.69 Total 8.277 7.651 7.684 11.428 10.574
Ox base 12 12 12 21 21

of the S2 with decreased grain size is developed mainly
in the metapelitic domains, while quartzofeldspathic
ones remain rigid forming recrystallizing microlithons or
rootless folds (Fig. 4a). In the majority of outcrops S1
is transposed into S2, and the angle between them if
existent, is usually very low, making them difficult to dis-
tinguish (Fig. 4a, b). Locally ductile S-C and S-C-C’ struc-

tures can be observed, where S2 foliation corresponds
to C2 planes and is often affected by sinistral C2’ shear
bands (Fig. 4b). The C2’ are locally reactivated under
brittle conditions. Rarely S1 intersection lineation with
S2 is observed in quartzofeldspathic domains and usual-
ly steeply plunging or reoriented towards the direction
of L2 lineation. S2 is associated with stretching lineation
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Figure 3. Structural features of studied areas presented on stereonets - equal area, lower hemisphere. Western Svartfjellstranda (a) poles S1,
(b) poles to mylonitic S2, S1/S2 intersection lineation and F2 fold axes, (c) attitudes of L2; Eastern Svartfjellstranda (d) poles to mylonitic S2,
(e) attitudes of L2; Svartfjellstranda (f) attitudes of F3 axes.

Figure 4. Structures of Western Svartfjellstranda (a) S1 preserved in a microlithon and progressively sheared into parallelism with S2 along
boundaries of the quartzofeldspathic domain. Drag folds consistent with the sense of shear marked by an arrow. The rectangle marks a close-
up of a microduplex. (b) Relationships of S1 and S2 foliations in the local shear zone with apparent S-C-C’ structures and increasing shear
gradient towards SW. Black arrows mark asymmetric and recrystallized quartzofeldspathic microlithons. (c) L2 muscovite bearing stretching
lineation. (d) F2 fold with associated biotite lineation. Note rootless infolded quartz vein marked by an arrow.
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defined by the orientation of quartzofeldspathic aggre-
gates with mineral lineation (L2) defined by biotite and
muscovite (Fig. 4c, d). L2 lineations are colinear with
tight to isoclinal folds (F2) defined by folded boundaries
between quartzofeldspathic and metapelitic domains —
S1 foliation (Fig. 4d).

The structures related to the semi-brittle deformation
event are unevenly distributed across the area. Open
angular folds (F3) refolding F2 folds are associated with
spaced crenulation cleavage. The F3 axes and associated
crenulation lineation are predominantly plunging shal-
lowly toward the SW-NE direction (average 140/8; Figs
3f; 5d). The youngest brittle deformation is associated
with brittle normal faults striking toward the ENE-WSW
direction.

Variation of the observed S2 and L2 attitudes led to a
division of the field area into western and eastern do-
mains (Figs 2; 3). The boundary between the domains
follows the SEDL parallel fault inferred by Krasil’s¢ikov
et al. 1995. A short summary of the observed structures
and parageneses is presented in Table 4.

4.1.1. Western Svartfjellstranda

The western part of the Millerneset Formation is dom-
inated by interlayered micaschists, garnet micaschists
and quartzites. Discontinuous layers of the garnetifer-

El N

ous lithologies are present in the westernmost and east-
ernmost outcrops and are separated by micaschists and
quartzites. The quartzite-dominated lithologies mainly
crop out in the western part along the coast.

S1 is preserved only in microlithons (Fig. 3a). The steep
retrograde S2 is dipping toward the WSW-SW with an
average orientation of 242/73 (Figs 2; 3b). The S2 is ac-
companied by L2 lineation plunging moderately to shal-
lowly toward the SE-SSE with an average orientation of
160/21 (Figs 3c; 4c, d). Inferring map-scale structures is
impossible due to the lack of proper correlative marker
horizons. The general trend of lithological boundaries at
the map scale follows the trend of S2 (Fig. 2).

The isoclinal F2 folds have a direction consistent with the
stretching lineation. However, in the westernmost out-
crops the folds are frequently rootless and show variable
plunge values (Fig. 4b, d). Macroscopic kinematic indica-
tors including sheared microlithons and post-D1 quartz
veins, boudinage, flanking and thickening structures are
consistent with left-lateral shearing (Figs 4a, b; 5a, b).
Toward the east shear gradient decreases gradually with
a distinguishable S1 foliation being folded by isoclinal
and tight F2 folds within the metapelitic domains (Fig.
5c). The structures related to the D3 brittle to ductile de-
formation event are more common near the boundary
with the eastern part of the area.

Figure 5. Structures of Western Svartfjellstranda cont. (a-b) left-lateral sense of shear kinematic indicators: (a) Boudinaged post D1 quartz vein
giving rise to a flanking structure. Above contractional shear transfer structure marked by an arrow. (b) Boudinaged post D1 quartz vein. (c) F2
isoclinal folds with axial S2 foliation. (d) L2 stretching lineation folded around L3 crenulation associated with open F3 folds.
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4.1.2. Eastern Svartfjellstranda

The boundary between the western and eastern parts
of the Millerneset Formation is unexposed. Howev-
er, several blocks of Carboniferous sandstones on the
strandflat (Fig. 2) suggest that it may represent a west-
ern boundary fault that belongs to the SEDL (Maher et
al. 1997) similarly to the localities farther to the south
in OlIL. To the east Miillerneset Formation is bounded
by various lithologies that belong to the Carboniferous
Orustdalen and Gipsdalen groups. The boundary is tec-
tonized, although karstified micaschists with magnetite
and hematite are observed on the boundary between
the Miillerneset Formation and the Carboniferous, sug-
gesting an unconformable contact (Fig. 6a, b) as it is ob-
served further South (Maher et al. 1997).

The eastern part of the Millerneset Formation is com-
posed of micaschists with garnet commonly replaced by
chlorite. S1 is observed mainly in centimetre-scale mi-
crolithons as quartzofeldspathic domains that are much
thinner (Fig. 6¢, d). In contrast to the western Svartfjell-
stranda, S2 displays a moderate to steep dipping to-
wards the NE (Figs 3c; 6¢-d), and the L2 stretching and

alE

Gipsdalen

Miillerneset
Formation _

mineral lineation are plunging shallowly to moderately
towards the NNW-SSE or NW-SE, showing more variable
spread than in western Svartfjellstranda (Figs 3d; 6d).
The eastern part of the Millerneset Formation lacks
large-scale quartzite lenses and quartz veins, therefore
no large-scale kinematic indicators have been observed,
but sheared microlithons and dynamically (re)crystal-
lized mica and chlorite around garnet as well as garnet
pressure shadows show top to SE (Fig. 6¢) or right lateral
sense of shear (Fig. 6d). S2 is locally folded by open to
tight F3 folds with axes plunging mainly towards the SE
and axial planes dipping variably toward the NE. Lack of
marker horizons and poor exposure of the Miillerneset
Formation do not allow for the tracing of continuous
large-scale structures, but variations in the dip of S2
along NW-SE transects suggest that there is some local
rotation around F3 (Figs 2; 3e).

4.2. Petrography and mineral chemistry

The samples containing monazite larger than 3 um were
selected for further petrological analysis because such
grains can be dated using the Th-U-total Pb method.

w

Figure 6. Structures of Eastern Svartfjellstranda. (a) Contact of Miillerneset Formation and the Gipsdalen Group. Note the angle between
S2 foliation dipping moderately to NE in the Miillerneset Formation and S0/S1 dipping steeply to SW in the Gipsdalen Group. Arrows mark
brittle F3 tight fold hinges in the Carboniferous. (b) Scanned thin section of the Miillerneset Formation in contact with the Gipsdalen Group in
the PSEO1 locality (Fig. 2). Evidence of karstification with the formation of magnetite and hematite marks a boundary between ductile D2 in
Miillerneset and brittle D3 in the Carboniferous. (c) S1 microlithons sheared into parallelism with S2 foliation. Sense of shear is right-lateral/
top-to-W; the height of the photo is approximately 5 cm. (d) Garnet with accompanying asymmetric muscovite and chlorite dynamic recrys-

tallization indicating the dextral sense of shear (yellow arrows).
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Figure 7. Photomicrographs of samples PSD03 and PSBO03 in plane-polarized light presenting relationships between M1 and M2 parageneses
in samples PSDO3 (a-d) and PSDO3 (e-f). The view is in plane ~240/25/SE. Kinematic indicators for D2 associated with M2 are consistently
left-lateral in all photomicrographs. (a) M1 assemblage, inclusion trails in garnet, and biotite porphyroclasts rotated in the rim with a left-lat-
eral sense of shear. (b) Pressure shadows developed around M1 porphyroclasts of garnet, biotite and allanite-(Ce) porphyroclasts. The garnet
porphyroclast is broken and translated along the dashed line. (c) Allanite-(Ce) included in garnet porphyroclast. (d) Biotite-ll porphyroclasts
with left laterally rotated inclusion trails. (e) Garnet with inclusion trails in the rim rotated with the right-lateral sense of shear. The left-lateral
displacement of the garnet along S2 highlighted by chlorite. (f) interaction between S1 foliation and S2 foliation (shear bands).

Only two samples, PSDO3A and PSBO3A, out of 24 total
samples collected met this criterion and were studied in
detail — both of them were collected from the western
part of Svartfellstranda (Fig. 2). Representative chemical
analyses of all minerals were conducted only for sample
PSDO3A as both garnet and biotite from PSBO3A expe-

rienced heavy retrogression and the peak P-T minerals
are not present. These representative chemical analyses
are presented in Tables 1-3.

The samples consist of micaceous and quartzofelds-
pathic domains alternating in order of hundreds of mi-
crometres to several millimetres. The M1 assemblage
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Table 4. Summary of the metamorphic and deformational events observed in the Miillerneset Formation.

D1/M1
Early Peak
Type of deformation ductile- ductile-amphibolite

D2/M2 D3 and later

Western Svartfjella Eastern Svartfjella

Ductile-greenschist ductile ductile to brittle

greenschist facies facies greenschist facies
facies
Metamorphic Bt+Ms+ Grt+Bt-1+Ms-I1+Pl+Q Bt-1l+Ms-II+Chl+Pl+Q Bt-Il+Ms-lI+Chl+Pl+Q -
Assemblage Pl+Q
Foliation - metamorphic segregation  defined by defined by defined by fold
steep NE-SW dipping phyllosilicates mylonitic phyllosilicates axial planes
steep SW dipping mylonitic steep NE dipping
steep to moderate
NE dipping
Structures - remained only in micro- tight to isoclinal folds tight to isoclinal folds open folds
lithons S-C-C’ structures S-C-C’ structures angular folds
Kinematic indicators - inclusion trails in Grt multiple multiple on SEDL -
minor pressure shadows  dominant sinistral dominant dextral dominant dextral
sinistral/dextral
REE minerals monazite allanite monazite monazite bastnasite?
bastnasite? bastnasite?
Age ca.450Ma? - 410+ 8 Ma as in western Pg-Ng

in both samples comprises muscovite + quartz + biotite
+ plagioclase + garnet + ilmenite + allanite with acces-
sory epidote, zircon, tourmaline and apatite (Fig. 7a-f).
Allanite is preserved as inclusions both in garnet and bi-
otite, as well as up to 0.4 mm aggregates in the matrix
(Fig. 7b, c). S1 is preserved as quartz and ilmenite in-
clusion trails in pre-to synkinematic porphyroblasts, bi-
otite alignments in the quartzofeldspathic domains and
in the domains between younger shear bands (sample
PSBO3A, Fig. 7e, f). The inclusion trails in garnet often
do not continue into the matrix and show the opposite
sense of S1 displacement between the samples PSD0O3A
and PSBO3A, with the former displaying sinistral appar-
ent (Fig. 7a-c) and the latter displaying apparent dextral
rotation (Fig. 7e; Table 4).

The M2 assemblage consists of muscovite + quartz +
chlorite + biotite + plagioclase + ilmenite + monazite
(Fig. 7d). In both samples S2 has a strike of 330-335°,
dipping 65-60° to SW and is highlighted by muscovite,
biotite and ilmenite blasts wrapping around garnet,
biotite and allanite porphyroclasts as well as forming
pressure shadows around them (Fig. 6a-f). In sections
perpendicular to S2 and parallel to L2 (i.e. 240/25/SE) in
both samples the kinematic indicators were developed
under a left-lateral regime. That includes the orientation
of pressure shadows (Fig. 7a, b, f), shear zones devel-
oped in garnet (Fig. 7b, e), and inclusion trails in syn-
deformational biotite (Fig. 7d). The direction of pressure
shadows is parallel to the main biotite lineation of 145
to 155° dipping 20°-30° to SE for both samples. Pressure
shadows comprise biotite, quartz, chlorite, white mica

and plagioclase. S2 is strongly developed in the metapel-
itic domains, whereas in quartzofeldspathic ones, still
relatively rich in mica, the foliation is more spaced. In
the quartzofeldspathic domains only minor S-C struc-
tures and pressure shadows around porphyroclasts
are developed. The D3 deformation is associated with
minor horizontal crenulation folds with axes trending
~130-310°, developed mostly around porphyroclasts in
the micaceous layers.

Garnet in both samples is euhedral to subhedral por-
phyroclasts with textural zonation. Quartz and ilmenite
sigmoidal inclusion trails define S1. The trails direction
in garnet cores varies across the samples, whilst in the
rim they are frequently rotated syndeformationally with
D1 (Figs 7a, e; 8a, b). Preservation of garnet blasts var-
ies depending on the sample. In sample PSD0O3 garnet
rims are rarely replaced by chlorite, while in sample
PSB0O3 garnet is commonly nearly completely replaced
by chlorite. Chemical profiles and maps of the garnet in
PSDO3 reveal the decrease of spessartine towards the
rim (from 0.17 to 0.01), concomitant with the increase
of almandine mole fraction (from 0.62 to 0.83). In the
core, the grossular and pyrope mole fractions vary in the
range of 0.17 — 0.20 and 0.02 — 0.03, respectively (Figs
8a, b; 9a-d). The Grossular mole fraction decreases to
0.10 in the outermost rim and the pyrope increases up
to 0.10. The X, (X;. = Fe**/(Mg + Fe*)) decreases from
the core towards the rim from 0.96 to 0.93 (Fig. 8a, b).
Biotite occurs in three microstructural positions: (a) bio-
tite-1 as porphyroclasts parallel to S1 (Figs 7 a; 10a); (b)
biotite-1l as blasts within S2 (Fig. 7b, d); and (c) blasts
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Figure 8. (a,b) Chemical composition of garnets in profiles. Almandine content increases at the expense of spessartine from core to rim. Gros-
sular content decreases in the outermost rim where inclusion trails are bent.

in garnet pressure shadows. Biotite-I| is characterized by
a quartz inclusion-rich core and inclusion-poor rim. Bi-
otite-Il forms small (<0.5 mm) porphyroblasts (Fig. 7d)
and blasts with tiny (<10 um) inclusions trails alighing
with S2 or slightly sinistrally rotated. Biotite in all struc-
tural positions is partially altered to chlorite in its outer
parts and along internal cracks. Biotite-l is characterized
by X, (X;. = Fe**/(Mg + Fe*")) of 0.63 — 0.65, Ti atoms per
formula unite (a.p.f.u.) ranging from 0.10 to 0.12 and
the AV of 0.42 — 0.44 a.p.f.u. Biotite-Il has similar X, of
0.65 — 0.66 with slightly lower Ti of 0.07 — 0.08 a.p.f.u.
and higher A substitution of 0.46 — 0.47 a.p.f.u. than
biotite-I.

Muscovite forms small (<0.1 mm) flakes that highlight
S1 and S2 and blasts of variable size in garnet pressure
shadows (Fig. 7b). Muscovite-l in the matrix domains
that still preserve S1 foliation and muscovite in the
pressure shadows reveal higher Si of 3.13 —3.18 a.p.f.u.
than muscovite-Il in the S2 foliation with Si of 3.09 —
3.10 a.p.f.u. Notably muscovite-I has a higher Mg of 0.11
— 0.14 a.p.f.u. and lower Al of 2.59 — 2.68 a.p.f.u. than
muscovite-1l with values of 0.07 — 0.08 a.p.f.u. and 2.74
—2.77 a.p.f.u., respectively. Ti content is for all musco-
vite lower than 0.02 a.p.f.u.

Plagioclase forms relatively small (<0.2 mm) blasts
aligned with S2 (Fig. 6a, b). Most of the bigger blasts are

characterized by chemical zonation apparent on the Ca
chemical map of garnet (Fig. 8d). The core is nearly pure
albite with X,, (X,, = Na/(Na+Ca+K)) = 0.99 — 1.00 and
the rim is more anorthitic with X,, = 0.91 — 0.92. The
plagioclase is rarely affected by sericitization.

IImenite forms small (<0.1 mm) inclusions within garnet
that are aligned with the S1 foliation (ilmenite-1) and
as blasts within S2 (ilmenite-Il). llmenite-l has higher
pirophanite (MnTiO;) content X,,, (X, = Mn/(Mn+Fe?*))
in the range of 0.03 — 0.05 than ilmenite-Il with X,,, in
the range of 0.01 — 0.03.

Chlorite in both samples is replacing garnet and biotite
in the outer parts and along fractures parallel to S2 and
forms blasts in the garnet pressure shadows (Fig. 7b,
e). In sample PSBO3 chlorite forms pseudomorphs after
garnet but only locally replaces biotite. Chlorite in strain
shadows in the sample PSD03 has a chemical composi-
tion of chamosite with Mg of ~1.6 a.p.f.u.

Allanite forms aggregates included in biotite-l and gar-
net as well as dispersed in the matrix in both samples
(Fig. 7b). Allanite belongs to the prograde M1 paragene-
sis as S2 wraps around the aggregates developing main-
ly quartz-filled pressure shadows indicating a sinistral
sense of shear. Allanite is replaced by monazite, bast-
nasite and epidote (Fig. 10b-d, f). Allanite is classified as
allanite-(Ce) with homogenous composition character-
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Figure 9. Electron microprobe X-ray chemical maps of garnet in sample PSDO3 with warmer colours indicating a higher concentration of ele-
ments: (a) Mn, (b) Fe content is increasing towards the rim in the expense of Mn content. (c) Mg content is increasing in the outermost rim.
(d) Homogenous Ca content in the core is decreasing in the rim. Surrounding plagioclase blasts show increased Ca content in the rims. The

base of the map is 0.5 mm wide.

ized by Ce 0f0.42—- 0.43 a.p.f.u.,Laof0.19- 0.21 a.p.f.u.
and Nd of 0.13 — 0.16 a.p.f.u.

Bastnasite-(Ce) forms small (<20 um) grains and sur-
rounds or replaces allanite-(Ce) aggregates (Fig. 10f). It
is characterized by Ce of 3.16 — 3.47 a.p.f.u., La of 1.76
— 1.80 a.p.f.u. and Nd of 1.35 — 1.55 a.p.f.u. resembling
Ce to La to Nd ratios of allanite-(Ce).

Apatite occurs as blasts of variable size included in gar-
net and biotite-l and as blasts dispersed in the matrix.
Rarely monazite coronas are developed around apatite
in the matrix.
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Figure 10. BSE images of REE-bearing phases: (a) Monazite-(Ce) within S2 foliation plane near allanite-(Ce) aggregate. Note asymmetric
pressure shadow of the aggregate. (b) Monazite-(Ce) growing in expense of allanite-(Ce). (c) Monazite-(Ce) within a shear band developed in
biotite. Biotite is being replaced by chlorite. (d) Satellite monazite-(Ce) surrounding allanite-(Ce) aggregate. monazite-(Ce) is forming along
S2 foliation, that wraps around the aggregate. (e) Monazite-(Ce) corona on apatite. (f) Allanite-(Ce) in biotite blast surrounded by satellite
bastdnsite and monazite-(Ce) that is growing within S2 foliation plane.

4.3. Monazite-(Ce) chemistry and geochronology

Monazite-(Ce) forms blasts up to 20 um in diameter.
Several grains have been found in the biotite-l but not
in the garnet and therefore they may represent a part
of an early prograde M1 paragenesis or inherited grains

for the sample PSBO3 (Fig. 10a). Most of the remaining
blasts unequivocally belong to M2 and are present in
contact with allanite-(Ce) aggregates and in their close
proximity. Several grains were found in the S2 foliation
planes, C planes of S-C structures and single grain over-
growing a blast of apatite (Fig. 10b-e). Both monazite-
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Figure 11. Chemical and geochronological characteristic of monazite-(Ce) for samples PSB03 and PSD03. (a) Th vs U plot of analyzed monazite-
(Ce). (b) Monazite-(Ce) Th + U +Si vs. REE + P + Y substitution diagram. (c) Cumulative probability plots, with histograms, of monazite-(Ce)
model dates. (d) Th* vs Pb isochron diagram after Suzuki et al. (1991). (e) Y vs monazite-(Ce) model dates diagram highlighting the uniform

characteristics of monazite-(Ce) in sample PSDO03.

(Ce) structural position and its replacement relationships
to allanite-(Ce) suggest that monazite-(Ce) was formed
in sample PSDO3 during the M2 event. Its relation to
bastnasite-(Ce) remains enigmatic, as no clear contacts
between these two minerals were found. Chemical anal-
yses and Th-U-total Pb age determinations are present-
ed in Tables S1 and S2.

Monazite-(Ce) in sample PSB0O3 has U content lower
than 0.01 a.p.f.u. (<0.45 wt%) and Th content below
0.13 a.p.fu. (3.5 wt%) (Fig 11a). Yttrium content dif-
fers in the range of 0.03 — 0.15 a.p.f.u. (0.4 — 1.8 wt%)
and displays higher variability than in sample PSDO3.
Cheralite and huttonite substitutions in all analyzed
monazite-(Ce) display low variability with values within
the range of 0.03 — 0.07 (Fig. 11b).

Monazite-(Ce) chemical composition in the sample
PSDO03 is homogenous. Uranium content is lower than
0.02 a.p.f.u. (<0.55 wt%) and Y is in the range of 0.06
—0.13 a.p.fu. (0.5 — 1.1 wt%) with most analyses (n =
17/18) in the range of 0.10 — 0.13 a.p.f.u. The main vari-
able in composition are Th content ranging from 0.03
to 0.23 a.p.f.u. (0.7 — 6.0 wt%) and Ca content of 0.05
—0.19 a.p.f.u. (0.2 — 0.8 wt%). This two-element cor-
relative variation, accounting for cheralite substitution,
results in concomitant variations in the remaining ele-
ments in cationic positions.

Th-U-total Pb single spot model dates (n = 14) were col-
lected from 10 grains in the sample PSB03, from both
structural positions i.e. inclusions in biotite porphyro-
blasts and in the matrix, and yielded an array of ages
487 — 285 Ma (Fig. 11c). Weighted average of all dates
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gives 428 + 25 Ma with MSWD = 2.7 and p = 0.001. Ex-
cluding the youngest single date (285 Ma, which does
not overlap with the weighted average of the whole
population), the weighted average is 435 + 15 Ma with
MSWD = 1.16 and p = 0.31. The equivalent sum of Th
and U content (Th*) shows a lower spread in compari-
son with monazite-(Ce) from sample PSD03, resulting in
a higher error of obtained single model dates. The inter-
cept of the isochron ages corresponds to an estimated
Pb-loss of 24 ppm Pb (+ 60 ppm) (Fig. 11d). No correla-
tion between the chemical composition, structural po-
sition, and obtained model dates was found (Fig. 11e).

Th-U-total Pb single spot model dates (n = 18) were col-
lected from 14 analyzed blasts in the sample PSD03. The
dates form a cluster in the range of 390 — 430 Ma with
three distinctively younger dates of 350 + 45 Ma, 332
1+ 28 Ma and 281 + 40 Ma that do not overlap with the
cluster weighted average (Fig. 11c). Calculation of all
model dates in the cluster yielded a weighted average
of 410 + 8 Ma with MSWD = 0.26, and p = 1.00 (Fig. 11c).
High probability with low MSWD, consistent chemical
composition and structural position of monazite-(Ce) in-
dicate that it belongs to only one population. Statistical
analysis of the chemical Th-U-total Pb dates using iso-
chron diagrams of Suzuki et al. (1991) yielded an inter-
cept corresponding to a negligible amount of common
Pb — 3 ppm (£ 15 ppm) or insignificant Pb-loss (Fig. 11d).

4.4. Conventional geothermobarometry

Pressure - temperature (P-T) estimates were performed
using the Holdaway (2001) garnet-biotite geothermom-
eter and the geobarometer of Wu (2019) — Ca-Fe in
garnet exchange geobarometry. For the early prograde
stage, garnet and biotite-I cores were used, while peak
temperature conditions were estimated using garnet
and biotite-l rims (Table S3). Plagioclase-based geo-
barometers could not be applied as plagioclase in the
studied rocks is Ca-deficient. P-T estimates for sample
PSDO03 based on the nine pairs of garnet-biotite-I cores
suggest equilibration at 6.6 — 7.1 kbar at 480 — 520°C,
while 15 pairs of garnet-biotite-I rims yielded conditions
of 5.1 — 5.9 kbar and 530 — 560°C, which represent peak
temperature conditions.

5. Discussion

5.1. Metamorphic evolution

The mineral assemblage M1, preserved mainly as por-
phyroclasts in sample PSD03, and microdomains in sam-
ple PSB03, reached a garnet zone of lower amphibolite
facies with no evidence of staurolite growth. The lack
of staurolite may be related to the original bulk chem-

istry of the rock, nevertheless the high mica content in
the rock and rare occurrences of epidote-zoisite group
minerals suggest a low-Ca and high-Al bulk composition.
A record of an early prograde metamorphic event, up
to peak pressure conditions, is preserved in the garnet
core. Decreasing spessartine mole fraction and X, ratio
is typical for upper greenschist — lower amphibolite fa-
cies (e.g. Tracy et al. 1976). P-T conditions of the garnet
core equilibration are 6.6 — 7.1 kbar at 480 — 520°C. The
higher pyrophanite content in the ilmenite inclusions
enclosed in the garnet than those in the matrix confirms
that the garnet was not overgrowing pre-existing fab-
ric (Hollister 1966; Palin et al. 2015). In the garnet core
and in biotite-I blasts the inclusion trails show no signs
of rotation. Plagioclase at this stage was represented by
pure albite.

The further prograde metamorphic stage is recorded
within the garnet rim and plagioclase rims. Decreasing
grossular content in the garnet rim corresponds to the
increase of anorthitic content in plagioclase. No appar-
ent change in spessartine or X, trend occurs between
the core and rim, suggesting growth of garnet via contin-
uous reaction at this stage. Concurrently, the inclusion
trails in the garnet rim show a rotational trend indicating
either left-lateral (sample PSD03) or right-lateral (sam-
ple PSBO3) shearing. This stage of prograde metamor-
phism was most probably associated with the garnet
growth between peak pressure and peak temperature,
as the garnet shows the decrease of the X, in the rim
characteristic of prograde growth (Fig. 8a, b). Observed
paragenesis muscovite + quartz + biotite + plagioclase +
garnet + ilmenite + allanite-(Ce) agrees with peak met-
amorphic conditions estimates of 5.1 — 5.9 kbar at 530
- 560°C similar to 6.6 kbar at 535°C provided by Ague,
Morris (1985). Minor pressure disparity between these
results may be related to different geobarometric meth-
od calibrations used or better preserved garnet rim in
the analyzed samples. Allanite-(Ce) aggregates included
in biotite-l as well as garnet core and rim attest that the
rock did not reach the monazite-(Ce)-in isograd during
amphibolite facies prograde stage (e.g. Spear 2010).
Therefore, the monazite-(Ce) included in biotite-I in the
sample PSBO3 most probably represents an early pro-
grade monazite-(Ce) (i.e. lower greenschist facies; e.g.
Wing et al. 2003) growth preserved through the peak
prograde stage. Alternatively, such lower greenschist
facies monazite-(Ce) was dissolved and reprecipitat-
ed, which resulted in precursor-related Pb inheritance
in microdomains (Seydoux-Guillaume et al. 2018). The
lack of monazite-(Ce) in the garnet in all samples sup-
ports that hypothesis. The temperature conditions of
monazite-(Ce)-in isograd are highly dependent on the
Ca content or Ca/Na content ratio in the rock, but even
in the low-Ca metapelites the partial allanite-(Ce) break-
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down to monazite-(Ce) occurs at ~560 — 570°C (e.g.
Foster, Parrish 2003; Janots et al. 2008). No evidence of
amphibolite facies monazite-(Ce) was found, thus the
obtained P-T conditions, although representing a rough
estimate of garnet rim equilibration, are in agreement
with previous research. In this study the bulk rock com-
position was not analyzed, therefore providing further
constraints on the monazite-(Ce)-in isograd is impossi-
ble.

The M2 metamorphism occurred under the greenschist
facies conditions and was associated with the devel-
opment of S2 obliterating structures developed during
M1. In the more competent micaceous domains the
grain size was reduced and all of the white mica and
plagioclase as well as the majority of the biotite does
not exceed 100 um. The nearly homogenous composi-
tion of biotite-l and -Il in deformed domains suggests
that during M2 biotite-l blasts were recrystallized. Bi-
otite-Il, forming blasts rotated with a sinistral sense of
shear, was stable during the early M2. However, biotite-|
and garnet are decomposing to chlorite along fractures
parallel to S2, which suggests that fluid-associated ret-
rogression could be driven below the biotite zone of
greenschist facies. Alternatively, the increased fluid flow
along S2 resulted in the change of local H,O gradients
that allowed chlorite formation on the garnet-biotite
boundaries (e.g. Tursi 2022). However, the pressure
shadow assemblage includes biotite-Il with Ti and AIY
contents lower than their counterparts in the matrix,
thus registering the drop in temperature and pressure
(e.g. Henry, Guidotti 2002). Additionally, higher Al and
low Ti content in muscovite-Il in the matrix suggest that
it has recrystallized under greenschist facies conditions
(Guidotti, Sassi 1986; Mulch, Cosca 2004).

Allanite-(Ce) aggregates were partly replaced by
monazite-(Ce) during M2, forming “satellite” blasts
around them and single blasts aligned with S2. Monazite-
(Ce) in the sample PSDO3 has a relatively higher Y con-
tent than its precursor allanite-(Ce). Therefore, this en-
richment has to be originated either from fluid or from
decomposing garnet - the main Y sink in metapelites
(Yang, Pattison 2006). The monazite-(Ce) growth should
be attributed to the allanite-(Ce) to monazite-(Ce) ret-
rogressive transition that was documented for meta-
morphic temperature conditions of about 450°C (Janots
et al. 2006, 2008; Krenn, Finger 2007; Palin et al. 2015;
Wing et al. 2003). With the presence of F- and CO,-rich
fluids, the retrograde bastnasite-(Ce) forming reac-
tion can occur at similar temperatures (Savko, Bazikov
2011). The structural position of bastnasite-(Ce) blasts
occurring only around allanite-(Ce) aggregates and not
in S2 suggests that it was formed at the expense of al-
lanite-(Ce) and not monazite-(Ce). The discrepancy be-
tween the bastnasite-(Ce) and monazite-(Ce) structural

positions may be related to the growth of the former
after the main phase of shearing. The relaxation phase
would then provide the pathways for fluids carrying ele-
ments necessary to aid the allanite-(Ce) - bastnasite-(Ce)
transition. Alternatively, bastnasite-(Ce) may be entirely
related to a much later, low-temperature alteration.

5.2. Interpretation of monazite-(Ce) geochronology

Despite the monazite-(Ce) in the sample PSB03 being
present in two structural positions, there is no apparent
correlation between the obtained single model dates
and monazite-(Ce) chemistry or its structural position.
Biotite did not deliver sufficient shielding for monazite-
(Ce) as the cleavage provided pathways for fluid infiltra-
tion related to M2, which resulted in altering a primary
monazite-(Ce) composition. The significant spread of
model dates as well as the observed variability in cher-
alite and huttonite substitutions her with U and Y con-
tent in the monazite-(Ce) from sample PSBO3 suggests
that its formation was related to multiple processes
with local chemistry or composition of monazite-(Ce)
precursor involved (e.g. Janots 2006; Wing et al. 2003).
The weighted average age of 435 + 15 Ma is therefore a
mixed age between at least two different populations.
Low Th* resulted in a high error on single model dates in
sample PSB03 and did not allow us to separate the M2
monazite-(Ce) from older grains. An inherited detrital
monazite-(Ce) component can be considered. Howev-
er, the depositional age of the Miillerneset Formation is
thought to be late Mesoproterozoic/Early Neoprotero-
zoic, therefore the such origin of monazite-(Ce) would
require a strong partial resetting of the U-Th-Pb system
of monazite-(Ce) and most probably would result in an
even greater spread of model dates. Monazite-(Ce) en-
closed in biotite-I was likely formed at early stages of
prograde metamorphism and was later partially reset
or dissolved and reprecipitated during M2 event, which
does not allow to constrain the timing of early (lower
greenschist facies) prograde M1. Preservation of early
prograde or inherited grains of monazite-(Ce) has been
reported even up to higher amphibolite facies (e.g. Fin-
ger et al. 2016; Krenn et al. 2008; Wing et al. 2003). Nev-
ertheless in the studied rock the preservation potential
for an earlier generation was low due to the relatively
small size of the grains (<20 pm) and following fluid-as-
sisted retrograde shearing. Therefore the Ordovician-Si-
lurian dates obtained here might not reflect a true early
prograde (M1) metamorphic age.

The structural position of monazite-(Ce) in S2 foliation
and replacing peak metamorphic allanite-(Ce) defines
the age of 410 + 8 Ma in the sample PSD03 as a con-
strain on the timing of the sinistral shearing during the
retrogressive M2 event. In contrast to the sample PSB03,
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monazite-(Ce) in sample PSDO3 has uniform Y and U
contents, whereas its chemical variability relates to the
increasing cheralite substitution with the influence of
huttonite substitution increasing for high-Th content
(Fig. 11b). The Suzuki et al. (1991) isochron diagram
defines an intercept corresponding to an insignificant
amount of common Pb — 3 ppm (+ 15 ppm) or minor
Pb-loss, suggesting that the tight 410 £ 8 Ma cluster is
devoid of inherited component and does not show signs
of Pb-loss due to later tectonic events. Several younger
model dates in both samples suggest that possible Pb-
loss or partial resetting could occur during the brittle to
ductile Eurekan event, similar to step heating “°Ar/*Ar
white mica geochronology revealing argon-loss that was
attributed to Paleogene deformation (Dallmeyer 1989).
The difference between monazite-(Ce) ages in the sam-
ples highlights the observed increasing intensity of D2
shearing from the east (PSB03) to the west (PSD03) of
western Svartfjellstranda. At the microscale it allowed
for the preservation of monazite-(Ce) record from ear-
lier, potentially Ordovician (ca. 450 Ma), event that is
completely obliterated in the higher-strain zone to the
West.

The obtained 410 + 8 Ma age of retrogressive monazite-
(Ce) growth in the Millerneset Formation is identical to
the reported 410 + 2 Ma “°Ar/*°Ar cooling age of white
mica, which was lacking a microstructural context (Dall-
meyer 1989). However, in the light of the observed be-
haviour of white mica it is possible to deduce that this
age represents either dynamic neo-/re-crystallization or
fast cooling after it. Identical age obtained for these two
minerals suggests that the monazite-(Ce) formation and
the muscovite neo-/re-crystallization in the greenschist
facies conditions occurred basically contemporaneous-
ly, resembling the situation observed in the eastern Hi-
malayan syntaxis (Palin et al. 2015).

The age relation between M1 and M2 cannot be as-
sessed without geochronological data for the prograde
metamorphism. The retrograde reaction continuum
with dynamic recrystallization of micas in biotite grade,
retrogressive monazite-(Ce) growth and chloritization of
garnets may have been subsequent to prograde meta-
morphism in the garnet zone of lower amphibolite fa-
cies. However, the shift from right to left lateral motion
recorded by rotation of some of the garnet inclusion
trails to the left-lateral shearing during retrogression
was most probably not instantaneous. The emplace-
ment of post-D1 quartz veins that are subsequently ro-
tated during D2 suggests that the deformation events
were separated by a relaxation period of an unknown
time span.

The Gipsdalen Group that is unconformably overlying
the Millerneset Formation suggests that the latter was
exposed to the surface prior to mid-late Carboniferous.

The retrogression in the Miillerneset Formation was
likely caused by tectonically driven uplift. Structural ob-
servations indicate, assuming the lack of post-metamor-
phic reorientation, that the uplift took place through
the sinistral, oblique-slip displacement in the NNW-SSE
direction. More intense shearing in the Mllerneset For-
mation observed in the western Svartfjellstranda sug-
gests that the main displacement occurred west of the
present-day Spitsbergen shore.

5.3. Tectonic implications

5.3.1. Structural framework of the Miillerneset
Formation

The Millerneset Formation shows the opposite atti-
tude of dipping of S2 in the western and eastern parts
of Svartfjellstranda, which was interpreted as a younger
anticline (Ague, Morris 1988). Blocks and lenses of Car-
boniferous rocks that are exposed on the prolongation
of the axis of this anticline suggest that it is a younger
structure that represents a projection of the western
fault of the SEDL exposed farther south (Maher et al.
1997). Southwestwardly dipping Carboniferous rocks
are in unconformable contact with the Millerneset For-
mation in its easternmost outcrops (Figs 6a; 12). The
contact is tectonized but suggests that eastern Svart-
fiellstranda represents a block reoriented during the
early compressional stage of Eurekan deformation. Sim-
ilar reorientation has been documented ~15 km south
in the Eidembukta area (Fig. 1b), where southernmost
exposures of the Miillerneset Formation in between
the SEDL border faults and represent a core of an over-
turned anticline. The western fault of the SEDL is mod-
erately westward dipping and characterized mainly by
dip-slip structures moving farther north from the Ei-
dembukta to the Svartfjella area (Maher et al. 1997). F3
mesoscale folds characterized by NE dipping axial planes
and gently plunging axes trending NNW-SSE and NW-SE
(Figs 3e; 5e, f) resemble the structures reported from
the Eidembukta area. Field observations and regional
correlations suggest that eastern Svartfjellstranda rep-
resents a similar part of an overturned anticline that is
bounded by the SEDL border faults. Further reorienta-
tion during the transpressional-transtentional stage of
Eurekan deformation might not allow precise reorienta-
tion of eastern Svartfjellstranda into pre-Eurekan posi-
tion following the reorientation applied to rotated Cale-
donian structures of the Berzeliuseggene unit (Majka et
al. 2014). Correlating S2 and the opposite sense of shear
in eastern and western Svartfjellstranda, together with
the overturned position of the unconformably overlying
Carboniferous rocks, suggests that the clockwise rota-
tion of the Miillerneset Formation in its eastern part
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Figure 12. Schematic sketch across Svartfjellstranda with pre-Eurekan reorientation of the eastern Svartfjellstranda. In pre-Eurekan position
apparent dextral sense of shear is reoriented into sinistral sense of shear. Note increasing shear gradient toward the westernmost outcrops.

was in the range of ~120° along NW-SE trending axes of
F3 folds resulting in an overturned position of eastern
Svartfjellstranda.

5.3.2. Relation to remaining Oscar Il Land
pre-Carboniferous Basement

The relationship between the Millerneset Formation
and the lithologies cropping out in the chaotic zone re-
mains unclear as they are separated by the SEDL. Never-
theless, the deformation events can be correlated across
the SEDL. D1 is associated with prograde M1 in the au-
tochtonous basement of Oscar Il Land (Michalski et al.
2014; Morris 1988). In the Miillerneset Formation the
geodynamic framework of D1 cannot be assessed, but in
the remaining Caledonian basement, it is characterized
by nearly horizontal N-S trending isoclinal folds of unde-
termined vergence (Michalski et al. 2014; Morris 1988).
The timing of D1 deformation in the basement of Oscar
Il Land predates the sedimentation of the Late Ordovi-
cian-early Silurian Bullbreen Group (Morris 1988). The
early generation of monazite-(Ce) in the Miillerneset
Formation might reflect the processes associated with
the prograde M1 event in the remaining Oscar Il Land
basement. The D2 event in western Svartfjellstranda is
characterized by NNW-SSE trending left-lateral shearing
with gently SSE plunging (maximum at 162/18) stretch-
ing lineations. A similar structural trend is displayed by
east vergent F2 axes in the eastern Oscar Il Land base-

ment and from Holmesletfjellet to Motalafjella, where
the Vestgotabreen Complex and the Bullbreen Group
are exposed in the overturned west vergent syncline
(syncline axis dipping 12° to 158°) of inferred late Cale-
donian age (Labrousse et al. 2008; Michalski et al. 2014;
Morris 1988). The D2 event should be related to green-
schist facies overprint and E to ENE thrusting, post-dat-
ing northward thrusting in the Vestgotabreen Complex,
and characterized by monazite-(Ce) ages of ca. 430 Ma
and 410-395 Ma obtained using Th-U-total Pb method
(Barnes et al. 2020).

Parallelism of both strike-slip and compressional ca. 410
Ma late-Silurian-Early Devonian structures in the Os-
car Il Land basement suggests that they formed in the
transpressional regime, where the strain has been par-
titioned into several domains. The Svartfjellstranda area
is dominated by the left-lateral strike to oblique slip that
resulted in the uplift of the Miillerneset Formation. In
the transitional so-called ‘chaotic zone’ to the east, the
NNW-SSE trend of Silurian-Devonian structures contin-
ues, however strong influence of Eurekan deformation
resulted in refolding earlier structures into apparent
westward vergence (Braathen et al. 1999; Manby 2014).
Farther west Oscar Il Land basement is dominated by
ENE-directed thrusting and folding (Michalski et al.
2014; Morris 1988). Transitional zones between these
domains are not exposed and spatial trends character-
izing both stages of the Eurekan deformation are simi-
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lar to the observed Silurian-Early Devonian structures,
therefore brittle rejuvenation of the latter by the former
is common (e.g. Piepjohn et al. 2016). Generalizing the
observed structural patterns in the basement of Oscar
Il Land suggests an oblique convergence in NW-SE or
WNW-ESE (present-day coordinates) in the Early Devo-
nian.

5.3.3. Implications for structural development of
the Southwestern Basement Province

The recorded NNW-SSE trending left-lateral high-strain
zone in the amphibolite facies Miillerneset Forma-
tion poses a question about what was the block that it
was juxtaposed against in the Early Devonian. The PKF
pre-Ellesmerian basement separated from Spitsbergen
by the Forlandsundet Graben (e.g. Tyrell 1924) seems
to be the most likely candidate to represent the crustal
fragment juxtaposed against the Millerneset Forma-
tion. Structural development of the PKF pre-Ellesmerian
basement consists of D1 associated with prograde M1
followed by D2 characterized by NNW-SSE to NW-SE
trending isoclinal folds with west-southwest vergence
(Manby 1986; Piepjohn et al. 2000). No age constrains
on pre-Ellesmerian structures in PKF are available so far,
however the age of D2 was inferred to be Caledonian
(Piepjohn et al. 2000). The structures in Oscar Il Land
and PKF although of opposite vergence have been dis-
cussed as potentially coeval (Manby 1986) and formed
during the same transpressional event. There is no geo-
chronological information about the timing of deforma-
tion in PKF, therefore it might be unrelated to the de-
formation in Oscar Il Land. However, if they are in fact
coeval and formed in a transpressional regime most
probable explanation is that they form opposite wings
of the positive flower-structure on the restraining bend
of the major shear zone.

Tectonic slivers of the Vestgétabreen Complex and the
Bullboreen Group exposed in the tectonized zone in
Sarsgyra of northern Oscar Il Land (e.g. Ohta et al. 1995;
Scrutton et al. 1976) may mark the northern continua-
tion of the high-strain zone exposed in Svartfjellstran-
da. The southern continuation may be exposed in the
Wedel Jarlsberg Land, where the Tonian Berzeliuseg-
gene unit, metamorphosed in amphibolite facies in the
late Neoproterozoic and under HP conditions in the Or-
dovician, is juxtaposed against low-grade Neoprotero-
zoic metasediments along a similar NNW-SSE trending
sinistral shear zone dated to 410 + 18 Ma (Faehnrich et
al. 2020; Majka et al. 2015). In contrast to Oscar Il Land,
the HP unit is exposed on the western side of the coeval
left-lateral shear zone (Majka et al. 2015). The projec-
tion of these two NNW-SSE trending shear zones would
connect in Nordenskiold Land, where equivalents of the

Vestgotabreen Complex were documented (Kosminska
et al. 2014). The observed dismemberment of Ordovi-
cian HP units along the western coast of Spitsbergen
confirms the claim that the complexity of the SBP is re-
lated to the activity of an Early Devonian sinistral shear
zone or a set of anastomosing shear zones (Mazur et al.
2009; Majka et al. 2015; Faehnrich et al. 2020).
Documented in Oscar Il Land transpression expressed in
zones of NNW-SSE sinistral strike and ENE-WSW shorten-
ing resembles structures that are characteristic transla-
tional dismemberment of the terrane along continental
margin subsequent to its oblique accretion (e.g. Coney
et al. 1980). High-strain zone in Svartfjellstranda might
be linked to the inferred structures related to the trans-
lation of the Pearya Terrane along the Franklinian Ba-
sin of northern Laurentia in the Ordovician to Devonian
(Gosen et al. 2012; Kosminska et al. 2022; McClelland et
al. 2021; Trettin 1987). Alternatively, the transpressional
event in Oscar Il Land can be correlated with structures
attributed to the proposed Caledonian escape tecton-
ic observed in Ny Friesland (Gee, Page 1994; Lyberis,
Manby 1999). The timing of the postulated lateral es-
cape varies from ca. 431 — 428 Ma in the Scandinavian
Caledonides (Kirkland et al. 2006) to ca. 350 Ma in the
Greenland Caledonides (Hallett et al. 2014) and overlaps
with the activity of the CATS. Whether the Southwest-
ern Basement Province of Svalbard was assembled by
one of these systems of transcurrent faults acting alone
or represents an interaction between the two systems
requires further research.

6. Conclusions

The Miillerneset Formation experienced lower amphib-
olite facies metamorphism (M1) followed by retrogres-
sive greenschist facies event (M2) associated with NNW-
SSE trending left-lateral to oblique shearing. The timing
of the prograde event could not be precisely deter-
mined, but it is most probably Ordovician (ca. 450 Ma).
Still, the retrogressive event associated with the second
generation of monazite-(Ce) growth is dated to 410 + 8
Ma. Decreasing pressure-temperature conditions of M2
and unconformable contact overlying Gipsdalen Group
suggest that the Miillerneset Formation experienced
fast tectonic exhumation starting in Early Devonian and
finished before mid-Carboniferous. Coeval greenschist
facies metamorphism in the Oscar Il Land Basement
east of SEDL (Barnes et al. 2020) was related to WSW-
ENE shortening and development of east vergent folds
as well as eastward thrusting. The nearly perpendicular
direction of contraction and left-lateral shearing suggest
that these deformations were related to the Early Devo-
nian transpressional regime in the area. Sinistral strike
to oblique-slip documented in the western Oscar Il Land
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is another evidence for the existence of an anastomos-
ing set of Silurian-Early Devonian shear zones developed
in the Southwestern Basement Province (Faehnrich et
al. 2020; Majka et al. 2015). These shear zones result-
ed in the transpressional displacement of Neoprotero-
zoic metasediments and Ordovician HP complex in the
form of a tectonic block(s) along the western coast of
Spitsbergen, creating a complex internal structure of the
Southwestern Basement Province.
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