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A B S T R A C T   

The Arctic archipelago of Svalbard, Norway, plays an important role in tectonic reconstructions of the Cam
brian–Devonian Caledonian orogen in the North Atlantic and circum-Arctic regions. To elucidate the Proterozoic 
geological history of the Southwestern Basement Province of Svalbard and place its origin and displacement history 
in the context of regional tectono-stratigraphic events, we present new geological mapping, stratigraphic assign
ments, carbonate carbon (δ13Ccarb) and strontium (87Sr/86Sr) isotope chemostratigraphy, and detrital/igneous zircon 
U-Pb geochronology coupled with Hf isotope geochemistry from Neoproterozoic rocks exposed in southwestern 
Spitsbergen. The examined metasedimentary successions include a Tonian mixed carbonate-siliciclastic succession 
(the Nordbukta/Deilegga groups) that is regionally truncated by a Cryogenian (<650 Ma) angular unconformity (the 
Torellian unconformity), the age of which is confirmed herein by field relationships and re-analysis of previously 
reported detrital monazite data. New detrital zircon U-Pb data from the Nordbukta Group yield ca. 1030–1170, 
1280–1400, 1430–1510, and 1580–1680 Ma age populations that are typical of North Atlantic (e.g., North and East 
Greenland, Scotland, and the Scandinavian Caledonides) Mesoproterozoic-Neoproterozoic sedimentary successions. 
Overlying Cryogenian–Ediacaran strata of the Sofiebogen, Dunderbukta, and Kapp Lyell (Bellsund) groups record 
rift-related sedimentation and host chemostratigraphic data that provide ties to the ca. 640(?)–635 Ma Marinoan 
snowball Earth glaciation. Detrital zircon U-Pb data from the Cryogenian Slyngfjellet, Jens Erikfjellet, and Kon
glomeratfjellet formations yield similar age spectra to the underlying Nordbukta and Deilegga groups, while younger 
Ediacaran strata of the Höferpynten and Gåshamna formations record a prominent shift to bimodal ca. 1850 and 
2850 Ma U-Pb age populations. Integrating these data with previously published geochemical and geochronological 
datasets from Svalbard and other circum-Arctic Mesoproterozoic–Neoproterozoic successions, we propose that the 
Southwestern Basement Province represents a composite terrane composed of multiple peri-Baltican (Wedel 
Jarlsberg-Oscar II, Berzeliuseggene-Eimfjellet, and Prins Karls Forland terranes) and peri-Laurentian (Hornsund 
terrane) crustal fragments that were likely initially juxtaposed and/or amalgamated during the Caledonian orogeny. 
These terranes were subsequently complexly deformed and modified during the younger Devonian-Carboniferous 
Ellesmerian and Paleogene-Eocene Eurekan orogenic events that affected western Svalbard.   

1. Introduction 

Neoproterozoic sedimentary and volcanic successions in the North 
Atlantic region provide a fragmented record of the assembly and break- 

up of the supercontinent Rodinia (Fig. 1; e.g., Gee et al., 1995; Cawood 
et al., 2001, 2007, 2010, 2016; Gee and Pease, 2004; Nystuen et al., 
2008; Pease et al., 2008; Lorenz et al., 2012; Corfu et al., 2014; Kjøll 
et al., 2019; Gee and Stephens, 2020; Gumsley et al., 2020). These 
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successions were variably metamorphosed during the Cam
brian–Devonian Caledonian orogeny, which deformed the Neo
proterozoic–early Paleozoic continental margins of northeastern 
Laurentia and western Baltica (present coordinates) and both collated 
and dispersed continental and arc crustal fragments within the North 
Atlantic and circum-Arctic regions (e.g., Harland, 1997; Gee and 
Teben’kov, 2004; Gee and Pease, 2004; Gee et al., 2008; Colpron and 
Nelson, 2009; Miller et al., 2011, 2018; Pease, 2011; Corfu et al., 2014; 
Beranek et al., 2015; Strauss et al., 2017; Slagstad et al., 2020). Un
certainties in the tectonic evolution and displacement histories of these 
peri-Laurentian and peri-Baltican crustal fragments have hindered 
regional tectonic and paleogeographic reconstructions of the circum- 
Arctic (e.g., Cawood et al., 2010; Pease, 2011; Lorenz et al., 2012; 
McClelland et al., 2019). 

Svalbard’s position at the northernmost exposed extent of the Cale
donian orogen makes it important for elucidating Proterozoic-Paleozoic 
tectonic reconstructions of the North Atlantic-Arctic Caledonides 
(Fig. 1). Differences in the geological character of Svalbard’s pre- 
Devonian basement led previous workers to define three general re
gions – the Western, Central, and Eastern terranes (e.g., Harland, 1971; 
Harland and Wright, 1979) or the Southwestern, Northwestern, and 
Northeastern basement provinces (e.g., Gee et al., 2008; Dallmann, 
2015a) – that are juxtaposed along major N-S-trending fault zones (e.g., 
Harland, 1997). Based on gross stratigraphic, geochronological, 
geochemical, and paleontological constraints, most of Svalbard’s pre- 
Devonian bedrock has Laurentian affinities (see review in Harland, 
1997); yet, some units, particularly within the Southwestern Basement 
Province (SBP), appear to be linked to Baltica based on recent 
geochronological and metamorphic datasets (Gee and Teben’kov, 2004; 
Gasser and Andresen, 2013; Majka et al., 2014, 2015). For example, 
some of these recent studies (Majka et al., 2008, 2010, 2014, 2015; 
Mazur et al., 2009; Majka and Kośmińska, 2017) have emphasized 
magmatic and metamorphic linkages between Neoproterozoic igneous 
and metamorphic rocks of the SBP and the ca. 700–550 Ma Timanide 

orogen (sensu lato) of northern Baltica and northwestern Russia 
(Andreichev, 1998; Gee et al., 2000; Gee and Pease, 2004; Gee and 
Teben’kov, 2004; Larionov et al., 2004; Kuznetsov et al., 2007). Far 
fewer studies have focused on the depositional history and sedimentary 
provenance of Neoproterozoic metasedimentary successions in the SBP 
(Bjørnerud, 2010; Gasser and Andresen, 2013; Ziemniak et al., 2019), 
partially due to their complex stratigraphic relationships and pervasive 
metamorphic overprint. The main objectives of this contribution are to: 
(1) refine the age and tectonic setting of Neoproterozoic strata in the 
SBP; (2) determine the provenance of these metasedimentary units; and 
(3) evaluate the origin and displacement history of the SBP. Specifically, 
we place new detrital zircon U-Pb geochronology and Hf isotope 
geochemistry and carbonate carbon (δ13Ccarb) and strontium (87Sr/86Sr) 
isotope chemostratigraphy into a revised tectono-stratigraphic frame
work for the SBP and propose a new model for its role in the tectonic 
evolution of the North Atlantic and circum-Arctic regions. 

2. Geologic setting 

Proterozoic and early Paleozoic metasedimentary and metaigneous 
basement of the SBP is exposed along the western coast of Spitsbergen 
and Prins Karls Forland, Svalbard, from Kongsfjorden to Sørkapp Land 
(Fig. 2). These units were complexly deformed in the early Paleozoic 
Caledonian orogeny as a result of closure of the Ediacaran–Cambrian 
Iapetus Ocean and far field deformation associated with terminal colli
sion between Laurentia and Baltica (e.g., Harland, 1971, 1997; 
Bjørnerud et al., 1991; Manecki et al., 1998). The Caledonian Orogeny in 
Svalbard is polyphase in nature and includes both Middle-Late Ordovi
cian to early Silurian metamorphism and deformation and late Silurian 
to Early Devonian ductile strike-slip displacement (see reviews in Har
land, 1997, and Dallmann, 2015a). In the SBP, Caledonian deformation 
is manifest in the emplacement of high pressure metamorphic rocks and 
oceanic fragments, widespread greenschist-facies metamorphism of pre- 
Caledonian basement rocks, the development of a northwards- 

Fig. 1. Map of Neoproterozoic sedimentary and volcanic successions in the North Atlantic region adapted from Harrison et al. (2011). The accretionary Timanian 
orogen is exposed along the Varanger Peninsula of Scandinavia and the White Sea region of northwestern Russia. The Cambrian–Devonian Caledonian orogen formed 
by closure of the Iapetus Ocean and terminal collision between Laurentia and Baltica. Location of the Caledonian orogenic belt is adapted from Henriksen and Higgins 
(2008). TKFZ–Trollfjorden-Komagelva fault zone. 
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Fig. 2. Simplified geological map of the Southwestern Basement Province (SBP) of Svalbard, Norway, adapted from Dallmann (2015a). Frame indicates location 
of Fig. 5. 
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propagating (modern coordinates) fold-thrust belt, and late-stage 
displacement along sub-vertical ductile strike-slip shear zones (e.g., 
Harland et al., 1974; Hirajima et al., 1988; Czerny et al., 1993; Manecki 
et al., 1998; Agard et al., 2005; Labrousse et al., 2008; Mazur et al., 
2009; Kośmińska et al., 2014; Majka et al., 2015; Faehnrich et al., 2020). 
Portions of the SBP were also affected by deformation and localized 
metamorphism associated with the Devonian–Carboniferous Ellesmer
ian orogeny (Piepjohn, 2000; Tessensohn, 2001; Kośmińska et al., 2014, 
2020; Dallmann and Piepjohn, 2020). In addition, Paleogene-Eocene 
contractional and transpressional deformation associated with forma
tion of the Eurekan West Spitsbergen Fold-and-Thrust Belt reactivated 
and overprinted these Caledonian and Ellesmerian structures (e.g., Bir
kenmajer, 1981; Dallmann et al., 1993a; Braathen et al., 1995; Hjelle 
et al., 1999; Bergh et al., 1997, 2000; Piepjohn et al., 2000; Dallmann, 
2015b; Majka et al., 2015; Schneider et al., 2019), further complicating 
the underlying stratigraphic architecture of the SBP. 

Due to this region’s complex tectonic history, the general paucity of 
isotopically dateable lithologies, the significance of local sedimentary 
facies changes, and the bewildering array of nomenclatural schemes (e. 
g., Harland, 1997), stratigraphic correlations across different regions of 
the SBP remain complex and poorly understood (Dallmann, 2015a; 
Majka and Kośmińska, 2017; Ziemniak et al., 2019). The most funda
mental and outstanding question is whether age-equivalent metasedi
mentary and metavolcanic units in the SBP belong to the same pre- 
Devonian continental basement or whether they represent indepen
dent terranes, or crustal fragments, that were juxtaposed during the 
Caledonian orogeny or younger deformational events (e.g., Dallmann, 
2015a). Here, we summarize our recent field and analytical efforts that 
focused on the least deformed and well characterized portion of the SBP, 
which is exposed in Wedel Jarlsberg Land in southwestern Spitsbergen 
(Fig. 2). All of the Proterozoic rocks in this region have been affected by 
Ordovician–Silurian Caledonian greenschist facies metamorphism (e.g., 
Harland, 1997; Manecki et al., 1998; Mazur et al., 2009; Faehnrich et al., 
2020). 

2.1. Northern Wedel Jarlsberg Land and Nordenskiöld Land 

Mesoproterozoic(?)–Neoproterozoic metasedimentary rocks are 
widely exposed in northwestern Wedel Jarlsberg Land and western 
Nordenskiöld Land (Figs. 2–5, S1; Krasil’šcikov and Kovaleva, 1979; 
Birkenmajer, 1981; Hjelle et al., 1986; Bjørnerud, 1990; Dallmann et al., 
1990, 1993a; Harland et al., 1993; Dallmann, 2015a). The oldest suc
cession in northern Wedel Jarlsberg Land, the Stenian(?)–Tonian 
Nordbukta Group (Kapp Berg, Evafjellet, Peder Kokkfjellet, Selje
haugfjellet, Trinutane, Thiisdalen, and Dordalen formations), consists of 
~ 4 km of polydeformed quartzite, phyllite, and metacarbonate (Figs. 3, 
4, S1; Bjørnerud, 1990; see Birkenmajer, 2010 for slightly different 
nomenclature). These strata were folded, uplifted, and eroded during 
the Cryogenian Torellian orogeny (Majka et al., 2014), which resulted in 
the development of a regional angular unconformity (Birkenmajer, 
1975; Bjørnerud et al., 1990, 1991; Czerny et al., 1993). A minimum age 
constraint for the Torellian unconformity is provided by unpublished ca. 
650 Ma detrital monazite grains in units overlying the unconformity 
(originally reported in Mazur et al., 2009; Czerny et al., 2010), as well as 
correlation to other Cryogenian metamorphic events in adjacent regions 
of Wedel Jarlsberg Land (Manecki et al., 1998; Majka et al., 2008, 2014, 
2015). 

Cryogenian–Ediacaran strata above the Torellian unconformity in 
northern Wedel Jarlsberg Land are exposed in a broad NW-trending 
syncline and separated into the western Dunderbukta and eastern 
Recherchefjorden groups and structurally overlying Kapp Lyell (or 
Bellsund) Group (Figs. 2, 3, 5, S1; Dallmann et al, 1990; Bjørnerud, 
1990; Dallmann, 2015a). In the west, the basal Thiisfjellet Formation of 
the Dunderbukta Group is a highly localized gray- to orange-weathering 
sandy metadolostone interbedded with black pyritic metalimestone and 
quartz pebble metaconglomerate (Fig. 4; Bjørnerud, 1990). Where the 

Thiisfjellet Formation is absent, ~700–1600 m of matrix-supported 
metaconglomerate (Konglomeratfjellet Formation) outcrop directly 
above the Torellian unconformity and are dominated by pebble- to 
cobble-sized clasts of quartzite and doloboundstone (Bjørnerud, 1990). 
These rocks are sharply overlain by ~50–300 m of metacarbonate 
(Slettfjelldalen Formation) and ~1–2 km of phyllite (Dunderdalen For
mation) that are locally interbedded with quartzite and metadolostone 
lenses (Bjørnerud, 1990). 

To the east in the Chambelindalen region (Figs. 2, 5), poorly exposed 
phyllite of the Cryogenian–Ediacaran Recherchefjorden Group is locally 
intercalated with greenstone and intruded by alkaline mafic plutonic 
rocks (Fig. 3; Harland, 1978; Bjørnerud, 1990; Birkenmajer, 2010; 
Gołuchowska et al., 2016). These phyllitic rocks are locally associated 
with fault-bounded packages of the older Dunderbukta and Nordbukta 
groups (Dallmann et al, 1990; Birkenmajer, 2010; Dallmann, 2015a). 
Further east, these metasedimentary units of the Recherchefjorden and 
Nordbukta groups are complexly juxtaposed with early Neoproterozoic 
(ca. 950 Ma) felsic augen gneiss and metasedimentary rocks of the 
Berzeliuseggene unit (Metaigneous Unit) and Magnethøgda sequence 
(the latter was recently assigned to the Deilegga and Sofiebogen groups 
by Majka et al., 2015) along a poorly understood Caledonian and/or 
Eurekan(?) strike-slip fault beneath Recherchebreen glacier (Figs. 2, 3; 
Harland, 1978; Dallmann et al., 1993b; Majka et al., 2014, 2015; Dall
mann, 2015a). The Berzeliuseggene unit was metamorphosed during 
both Torellian and early Caledonian events and subsequently affected by 
Eurekan contraction and strike-slip deformation (Majka et al., 2014, 
2015). 

The boundary between the uppermost Dunderbukta and Recher
chefjorden groups and the structurally overlying Cryogenian(?)–Edia
caran Kapp Lyell Group (also referred to as the Kapp Lyell Sequence or 
Kapp Lyell Formation by Bjørnerud, 2010; Birkenmajer, 2010, or the 
Bellsund Group of Krasil’̌scikov and Kovaleva, 1979; Dallmann, 2015a) 
is controversial. It has been mapped as a prominent folded Caledonian or 
Eurekan thrust (Figs. 2, 5; Dallmann et al, 1990; Dallmann, 2015a), a 
complex series of Caledonian or Eurekan faults of variable kinematics 
(Birkenmajer, 2010), or as a primary depositional contact (Bjørnerud, 
2010). The Kapp Lyell Group comprises an ~3 km thick package of 
matrix-supported metaconglomerate (or diamictite) with minor phyllite 
and quartzite, and it has been previously subdivided into the Dun
drabeisen, Logna, and Lyellstranda formations (Figs. 4, S1; Harland 
et al., 1993; Harland, 1997; see simple two-fold subdivision of the 
“Bellsund Group” in Dallmann, 2015a). 

Cryogenian–Ediacaran phyllite, quartzite, metacarbonate, and 
matrix-supported metaconglomerate of the Lågnesbukta and Lågneset 
groups are exposed on both the northern and southern shores of Nor
denskiöld Land (Figs. 2, 3, S2; Dallmann, 2015a) and have been loosely 
correlated with similar age rocks further south in Wedel Jarlsberg Land 
(Hjelle et al., 1986; Harland et al., 1993; Dallmann, 2015a). The depo
sitional and structural relationships between these units on Norden
skiöld Land are poorly understood due to limited exposure in coastal 
strandflats (e.g., Harland et al., 1993), which has led to significant un
certainties in the stratigraphic architecture of this region (Fig. S3; Hjelle, 
1962, 1969; Hjelle et al., 1986; Turchenko et al., 1983; Harland et al., 
1993). Zircon analyzed from a granite clast in matrix-supported 
conglomerate of the Kapp Linné Formation (mapped as part of the 
Lågneset Group by Hjelle et al., 1986; Dallmann, 2015a) in northern 
Nordenskiöld Land yielded a U-Pb crystallization age of 973 ± 10 Ma 
with a 656 ± 5 Ma metamorphic rim (Larionov and Teben’kov, 2004). It 
is unclear if this unit is correlative with similar matrix-supported met
aconglomerate of the Kapp Martin Formation (mapped as part of the 
Lågneset group by Dallmann, 2015a) in southern Nordenskiöld Land. In 
northern Nordenskiöld Land, these Cryogenian-Ediacaran rocks are in 
fault or depositional contact with units mapped as the Tonian St. 
Johnsfjorden and Daudmannsodden groups of Oscar II Land (Figs. 2, S3; 
Hjelle et al., 1986; Dallmann, 2015a). Both the Lågnesbukta and Låg
neset groups are intruded by metabasite lenses that were 
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Fig. 3. Tectono-stratigraphy and published age constraints of the Southwestern Basement Province (SPB) of Svalbard, Norway. Map distribution of these units are 
shown in Figs. 2 and 5, and detailed unit descriptions are provided in the text. Note that many of these units have poorly constrained age ranges, so the boundaries 
shown here are schematic. Gp.–Group; Ordov.–Ordovician; Sil.–Silurian; Ect.–Ectasian; G.&A.–Gasser and Andresen; B.-G; Bernard-Griffiths; K.&O.–Knoll and Ohta; 
A.–Armstrong; M.&W.–Major and Winsnes; B.&O.–Birkenmajer and Orlowski; B.–Birkenmajer. 
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metamorphosed under greenschist to blueschist conditions (Kosminska 
et al., 2014), similar to the Ordovician Vestgötabreen Complex of Oscar 
II Land (Barnes et al., 2020, and references therein). 

2.2. Southern Wedel Jarlsberg Land and Sørkapp Land 

The oldest known rocks of the SBP belong to the Mesoproterozoic 
Eimfjellet Complex and Neoproterozoic Isbjørnhamna Group, which are 
exposed in a fault-bounded region in southern Wedel Jarlsberg Land 
(Figs. 2, 3, 5, S3; Birkenmajer, 1992; Czerny et al., 1993; Balašov et al., 
1995, 1996; Larionov et al., 2010; Ziemniak et al., 2019). The Eimfjellet 
Complex (Skjerstranda, Eimfjellbreane, Brattegdalen, Skålfjellet, Gulli
chsenfjellet, and Pyttholmen formations) consists of ca. 1200 Ma poly
deformed metagabbro and metagranite with associated quartzite and 
schist that are intercalated with or cut by mafic dikes. The early Neo
proterozoic (Tonian) Isbjørnhamna Group consists of schist, quartzite, 
and metacarbonate of the Skoddefjellet, Ariekammen, and Revdalen 
formations (Birkenmajer, 1992; Czerny et al., 1993; Ziemniak et al., 
2019), which were also recently recognized on the southernmost tip of 
Sørkapp Land (Ziemniak et al., 2019). The Eimfjellet Complex and 
Isbjørnhamna Group were metamorphosed to amphibolite grade at ca. 
640 Ma during the Torellian orogeny (Manecki et al., 1998; Majka et al., 
2008, 2010, 2012; Larionov et al., 2010). The contact between the two 
units is mapped as a Caledonian thrust fault, although the detailed ki
nematics and timing of their juxtaposition is currently unknown and 
could be related to the Torellian event (Ziemniak et al., 2019). Both the 
Eimfjellet Complex and Isbjørnhamna Group are considered part of an 
independent crustal fragment separated on its eastern margin from the 
rest of the SBP by the Caledonian sinistral ductile Vimsodden- 
Kosibapasset shear zone (VKSZ) (Figs. 2, 5; Mazur et al., 2009; Ziem
niak et al., 2019; Faehnrich et al., 2020). 

Younger Neoproterozoic metasedimentary successions are widely 
exposed in central and southern Wedel Jarlsberg Land and across 
Hornsund in Sørkapp Land (Figs. 2–5, S1, S3; Czerny et al., 1993). Here, 
the Stenian(?)–Tonian Nordbukta Group equivalent is referred to as the 
Deilegga Group and is locally dominated by siliciclastic metasedi
mentary rocks of the Strypegga, Skilryggbreen, and Deilggbreen for
mations (Fig. S1; Czerny et al., 1993; see slightly different nomenclature 
summarized in Harland, 1997). In this region, the polydeformed Dei
legga Group is overlain by the Cryogenian–Ediacaran Sofiebogen Group, 
which consists of a basal ~15–500 m thick unit of clast- and matrix- 
supported conglomerate (Slyngfjellet Formation) that directly overlies 
the Torellian unconformity (Fig. 4; Birkenmajer, 1992; Czerny et al., 
1993). The Cryogenian Slyngfjellet Formation is locally overlain by or 
intercalated with ~30–120 m of schist, aphanitic metabasalt, and 
greenschist of the Jens Erikfjellet Formation, which has continental 
tholeiitic geochemical signatures and is locally fed by dikes and sills 
within the underlying Deilegga Group (Czerny et al., 1993; Czerny, 
1999; Gołuchowska et al., 2012). Metaconglomerate of the Slyngfjellet 
Formation and local metavolcanic rocks of the Jens Erikfjellet Formation 
are sharply overlain by an ~5–100 m thick succession of metacarbonate 
referred to as the Höferpynten Formation (Birkenmajer, 1975; Czerny 
et al., 1993), the base of which commonly consists of a several m-thick 
yellow-weathering laminated metadolostone unit (Czerny et al., 1993). 
These metacarbonate rocks are overlain by the Gåshamna Formation, 
which consists of an ~2–2.5 km thick succession of black, green, and 
maroon phyllite with centimeter- to decameter-thick lenses of quartzite 
and metacarbonate (Fig. 4; Birkenmajer, 1992). In southwestern Wedel 
Jarlsberg Land and on northwestern Sørkapp Land, these units are 
overlain by or structurally juxtaposed with Cambrian–Ordovician car
bonate rocks of the Sofiekammen and Sørkapp Land groups (Figs. 2, 3, 
S1, S3; Major and Winsnes, 1955; Birkenmajer, 1978a, 1978b; Harland, 
1997). The contact between these early Paleozoic carbonate rocks and 
the Neoproterozoic Sofiebogen and Deilegga groups has been inter
preted as both a profound unconformity (“Jarlsbergian unconformity” of 
Birkenmajer, 1991) and as a prominent Caledonian thrust fault (e.g., 

Fig. 4. Generalized stratigraphy of Neoproterozoic metasedimentary and 
metavolcanic rocks in northern and southern Wedel Jarlsberg Land, Svalbard. 
Sample locations are shown as approximate locations within the stratigraphy. 
Adapted from previous work by Birkenmajer (1975), Bjørnerud (1990), and 
Czerny et al. (1993), as well as our own field observations. DZ/IG–detrital 
zircon/igneous zircon. 

V.T. Wala et al.                                                                                                                                                                                                                                 



Precambrian Research 358 (2021) 106138

7

Mazur et al., 2009). 

3. Methods 

Geological mapping, sample collection, and measured stratigraphic 
sections were performed in Wedel Jarlsberg Land over three- to four- 
week field seasons in 2016 and 2017 and in Oscar II Land in 2017 
(Fig. 5). Measured stratigraphic sections were logged at cm- to m-scale 
and sampled for isotopic analyses at m-scale. Carbonate carbon and 

oxygen (δ13Ccarb, δ18Ocarb) isotopic measurements were obtained at 
Dartmouth College on 176 samples from measured sections of the 
Dunderbukta and Sofiebogen groups (Table 1, S1). Major and trace 
element analyses and 87Sr/86Sr isotopic analysis were performed at the 
Yale Metal Geochemistry Center on 16 carbonate samples from three 
stratigraphic sections in Wedel Jarlsberg Land, two from the Thiisfjellet 
Formation (VW1703, EM1703) and one from the Höferpynten Forma
tion (VW1606) (Table 1, S1). Detailed analytical methodologies are 
provided in the Supplementary Information. 

Fig. 5. Simplified geologic map of southernmost Nordenskiöld Land and Wedel Jarlsberg Land, Southwestern Basement Province (SBP), Svalbard. Mapping based on 
Dallmann et al. (1993b), Czerny et al. (1993), and our own field observations. Samples localities are shown on the map and listed in Table 1. Location of this figure is 
shown on Fig. 2 and frames indicate locations in Fig. 10. Gp–Group. 
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To better constrain the provenance of metasedimentary rocks of the 
SBP, one sample from the Nordbukta Group (16-64), two samples from 
the Dunderbukta Group (VW1603, VW1616B), five samples from the 
Sofiebogen Group (VW1608, 16-40, VW1612, VW1610A, VW1609A), 
two samples from the Kapp Lyell Group (16-8A, 16-10B), and one 
sample from the Lågneset Group (16-5B) were collected and analyzed 
for detrital zircon U-Pb geochronology (Figs. 5, 6, 7, 8, 9; Table 1) via 
laser ablation-inductively coupled plasma mass spectrometry (LA- 
ICPMS) at the University of Arizona LaserChron Center in Tucson, Ari
zona, following methods outlined in Gehrels et al. (2006, 2008) and 
Gehrels and Pecha (2014). Two metaigneous clasts, one from the 
Slyngfjellet Formation (16–42; Sofiebogen Group) and one from the 
Dundrabeisen Formation (16-8B; Kapp Lyell Group), were also analyzed 
for igneous zircon U-Pb geochronology via secondary ion mass spec
trometry (SIMS) at the Micro-Analyses Laboratory of the Polish 
Geological Institute – National Research Institute in Warsaw, Poland, 
following methods outlined in Williams and Claesson (1987) and Wil
liams (1998). Hafnium isotopic data were acquired on a subset of 
detrital and igneous zircons (Table 1) at the University of Arizona 
LaserChron Center from the Nordbukta (16–64), Dunderbukta 
(VW1603), Sofiebogen (VW1608, VW1610A, VW1609A), and Kapp 
Lyell (16-8A) groups, as well as from both of the metaigneous clasts 
(16–42, 16-8B), following methods outlined in Gehrels and Pecha 
(2014). Detailed information and methodologies for these analytical 
sessions are provided in the Supplementary Information. 

During filtering of acquired U-Pb data, we used the 206Pb/238U ratio 
to calculate an age for analyses younger than 1200 Ma and the 
207Pb/206Pb result for analyses older than 1200 Ma following Strauss 
et al. (2019). Discordance in zircon has long been recognized (Wetherill, 
1956) and presents a constant challenge for interpretation of detrital 
zircon data (Mezger and Krogstad, 1997). Reverse discordance 
(206Pb/238U date > 207Pb/206Pb date) is typically an artifact of analytical 
procedure since Pb diffusion occurs at sub-micron scales (Mattinson 
et al., 1996) and Pb-gain through intragrain diffusion is rare (Corfu 
et al., 1994) but present in Archean grains (Kusiak et al., 2015; Valley 
et al., 2014; Wiemer et al., 2017). Normal discordance (207Pb/206Pb >

206Pb/238U date) is much more common due the natural process of Pb- 
loss through metamictization, recrystallization, and fluid interaction 
during metamorphism and hydrothermal alteration (e.g., Rubatto, 
2017). The effects of discordance can be pronounced in detrital zircon 
populations sourced from metamorphic terranes (e.g., McClelland et al., 
2016) and samples that experienced post-depositional metamorphism 
(e.g., Gilotti et al., 2017). Nevertheless, there is useful information in 
normally discordant data; thus, for detrital samples we apply different 
filters of >5% reverse discordance and >10% normal discordance. Since 
discussion of the data below focuses on identification of reliable pro
portions of age groups to characterize the detrital zircon signature of 
regional sedimentary units rather than specific age groups to evaluate 
depositional ties with particular source regions, the 10% concordance 
filter is an appropriate tradeoff between compromised age interpreta
tion and excessive data rejection (Gehrels, 2014). Comparison of 5%, 
10%, and 15% normal discordance cutoffs (Fig. S4) demonstrates that 
the choice of this normal discordance filter in this particular dataset does 
not alter the position of the dominant age peaks discussed below. In 
addition, analyses that had >10% 2σ uncertainty in 206Pb/238U and 
207Pb/206Pb ages are excluded following Gibson et al. (2021). Never
theless, all analyses are reported in the Supplementary Information so 
changes in filtering criteria can be employed for future studies. 

The peak age of the youngest detrital U-Pb age population that has 
greater than three zircon grains is considered herein as a conservative 
estimate for the maximum depositional age of the sample (Dickinson 
and Gehrels, 2009), although in many cases this overestimates the age 
based on other stratigraphic constraints. Zircon grains obtained from 
individual igneous clasts define a cogenetic population that is funda
mentally different than detrital populations where individual grains 
have no demonstrable or justifiably assumed protolith relationship with 
other detrital grains. Thus, the concordance and uncertainty filters 
applied to the detrital zircon samples described above are not necessary 
in evaluation and interpretation of multiple analyses from a single 
magmatic sample. Data from the igneous samples were evaluated on the 
basis of mutually overlapping concordant analyses interpreted to best 
reflect the crystallization age of the igneous clasts (section 4.2.9). 

Table 1 
Sample Information.  

Sample/Section Number Stratigraphic Unit Lithology Latitude (N)* Longitude (E)* Types of Analyses IGSN 

Nordbukta Group       
16–64 Kapp Berg Formation metasandstone 77.29800903 14.37492798 U-Pb, Hf IEJVS000N 
Dunderbukta/Sofiebogen Group      
EM1703 Thiisfjellet Formation metalimestone 77.41518 14.41518 δ13C, δ 18O, 87Sr/86Sr  
VW1703 Thiisfjellet Formation metalimestone 77.426089 13.961383 δ 13C, δ 18O, 87Sr/86Sr  
VW1603 Konglomeratfjellet Formation metasandstone 77.14864201 15.26787702 U-Pb, Hf IEJVS000O 
VW1616B Konglomeratfjellet Formation metasandstone 77.29792496 14.42391199 U-Pb IEJVS000P 
VW1608 Slyngfjellet Formation metasandstone 77.00576099 15.70925203 U-Pb, Hf IEJVS000Q 
16–42 Slyngfjellet Formation orthogneiss clast 77.00576099 15.70925203 U-Pb, Hf IEJVS000R 
16–40 Jens Erikfjellet Formation metasandstone 77.14867101 15.27422396 U-Pb IEJVS000S 
J1615 Slettfjelldalen Formation metadolostone 77.426357 14.025739 δ 13C, δ 18O  
EM1702 Slettfjelldalen Formation metadolostone 77.4215 14.07246 δ 13C, δ 18O  
VW1705 Slettfjelldalen Formation metadolostone 77.387218 14.221457 δ 13C, δ 18O  
VW1706 Slettfjelldalen Formation metadolostone 77.387321 14.299952 δ 13C, δ 18O  
J1616 Höferpynten Formation metadolostone 77.149169 15.255567 δ 13C, δ 18O  
J1617 Höferpynten Formation metalimestone 77.149167 15.255567 87Sr/86Sr  
VW1605 Höferpynten Formation metadolostone 77.148671 15.274224 δ 13C, δ 18O  
VW1606 Höferpynten Formation metalimestone 77.149167 15.255567 δ 13C, δ 18O, 87Sr/86Sr  
VW1612 Höferpynten Formation metasandstone 77.11653303 15.15162497 U-Pb IEJVS000T 
VW1616 Höferpynten Formation metadolostone 77.297925 14.423912 δ 13C, δ 18O  
VW1609A Gåshamna Formation metasandstone 77.00686798 15.71513697 U-Pb, Hf IEJVS000U 
VW1610A Gåshamna Formation metasandstone 77.01569396 15.75941999 U-Pb, Hf IEJVS000V 
Lågneset Group       
16-5B Kapp Martin Formation metasandstone 77.73196396 13.966074 U-Pb IEJVS000W 
Kapp Lyell Group       
16-8A Dundrabeisen Formation metasandstone 77.53870603 14.50319901 U-Pb, Hf IEJVS000X 
16-8B Dundrabeisen Formation metagabbro clast 77.53870603 14.50319901 U-Pb, Hf IEJVS000Y 
16-10B Dundrabeisen Formation metasandstone 77.55446501 14.460327 U-Pb IEJVS000Z 
Note: Abbreviations for types of analyses: U-Pb–U-Pb zircon geochronology; Hf–Lu-Hf isotopes on zircon; 87Sr/86Sr–carbonate strontium isotopes  
δ 13C–carbonate carbon isotopes; δ 18O–carbonate oxygen isotopes; *Datum: WGS84      
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Fig. 6. Photographs of sample horizons (left) and photomicrographs (right) of detrital zircon geochronological samples. A) Sample VW1616B of the upper Kon
glomeratfjellet Formation, taken from a horizon of cleaved fine-grained metasandstone composed of mono- and poly-crystalline quartz, plagioclase feldspar, white 
mica, graphite, and sericite in a dolomite cement. The white mica, quartz, and graphite define a crude metamorphic foliation. Hammer is 33 cm long. B) Brown- 
weathering quartz wacke of sample VW1603 of the Konglomeratfjellet Formation (left) with poorly sorted and subangular grains of monocrystalline quartz and 
opaques in a fine-grained matrix of dolomite, siderite, sericite, calcite, and quartz (right). Coin is 2.1 cm in diameter. C) Highly sheared matrix-supported meta
conglomerate of the Slyngfjellet Formation (sample VW1608) from southernmost Wedel Jarlsberg Land with strained clasts of orthogneiss, quartzite, and marble. 
Hammer is 33 cm long. Photomicrograph on right shows the sampled finer-grained matrix, which is dominated by sutured lithic fragments, polycrystalline quartz, 
dolomite, and sericite with rare plagioclase and orthoclase. D) Light gray metasandstone horizon (sample 16–64) of the uppermost Kapp Berg Formation (Nordbukta 
Group). Hammer is 33 cm long. Photomicrograph on right dominated by sutured monocrystalline quartz grains with rare aligned white mica, and opaque minerals. 
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Fig. 7. Photographs of sample horizons (left) and photomicrographs (right) of detrital zircon geochronological samples. A) Interbedded black phyllite and calcareous 
metasandstone (sample VW1609A) from the Gåshamna Formation. Hammer is 33 cm long. Photomicrograph on right displays subrounded and locally sutured quartz 
grains in a fine-grained recrystallized carbonate matrix. B) Horizon of medium- to coarse-grained calcareous metasandstone in dark grey to black phyllite of the 
Gåshamna Formation (arrowed location is where sample VW1610A was taken). Photomicrograph on right displays coarse-grained and subrounded quartz grains in a 
fine-grained recrystallized carbonate matrix. C) Medium-grained metasandstone of the Höferpynten Formation (sample VW1612) from central Wedel Jarlsberg Land. 
Hammer is 33 cm long. Photomicrograph on right displays monocrystalline and polycrystalline quartz, dolomite, sericitized orthoclase and plagioclase feldspar, 
microcline, and white mica. D) View looking northeast on Solheimfjellet Ridge, central Wedel Jarlsberg Land, at green-weathering volcaniclastic lithic arenite of the 
Jens Erikfjellet Formation interbedded within metaconglomerate of the Slyngfjellet Formation (arrow points to 16–40 sample location and outcrop is approximately 
20 m tall). Photomicrograph on right shows fine-grained recrystallized monocrystalline quartz and opaque grains surrounded by foliated white mica, chlorite, 
and sericite. 
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Geochronological data were plotted using Isoplot (Ludwig, 2003) and 
IsoplotR (Vermeesch, 2018), and all the raw data are reported in 
Tables S3, S4, and S5 of the Supplementary Information. 

4. Results 

4.1. Carbonate carbon/oxygen and strontium isotope chemostratigraphy 

δ13Ccarb data from black metalimestone of the Cryogenian Thiisfjellet 
Formation (Figs. 5, 10) are highly enriched, with values ranging from 
+3.2‰ to +10.8‰, and δ18Ocarb data range from −11.2‰ to −7.7‰ 
(Table S1). Samples from two parallel sections of the Thiisfjellet For
mation, sections EM1703 and VW1703, yield contrasting 87Sr/86Sr 

values (Figs. 10, 11, Table S2): section EM1703 records Sr concentra
tions < 500 ppm and 87Sr/86Sr values that range from 0.70923 to 
0.71407 (average = 0.71074; n = 4); and samples from section VW1703 
have higher Sr concentrations with 87Sr/86Sr values ranging from 
0.70787 to 0.70806 (average = 0.70799, n = 5). Only two samples from 
section VW1703 pass our 1000 ppm minimum Sr concentration criteria 
(Fig. 11), yielding 87Sr/86Sr values of 0.70787 and 0.70804. 

In northwestern Wedel Jarlsberg Land, the basal Slettfjelldalen 
Formation consists of orange-weathering finely laminated metadolo
stone that locally becomes more argillaceous up-section (Fig. 9e, f; 
Dallmann et al, 1990). Five sections within the same stratigraphic unit 
across northwestern Wedel Jarlsberg Land (J1615, EM1702, VW1705, 
VW1706, VW1616) record δ13Ccarb values that range from −5.5‰ to 

Fig. 8. Photographs of sample horizons (left) and photomicrographs (right) of detrital zircon geochronological samples. A) Interbedded medium- to fine-grained 
calcareous quartz arenite (sample 16-5B) and matrix-supported conglomerate cut with subvertical quartz veins of the Kapp Martin Formation on southern Nor
denskiöld Land. Hammer is 33 cm tall. Photomicrograph on right displays subrounded dolomite and quartz grains in a recrystallized carbonate and silica cement. B) 
Fine-grained calcareous metasandstone (sample 16-10B) interbedded with matrix-supported metaconglomerate of the Dundrabeisen Formation (Kapp Lyell Group), 
northern Wedel Jarlsberg Land. Pencil is 12 cm tall. Photomicrograph of subangular to subrounded fine-grained quartz and dolomite grains in a carbonate matrix 
(right). C) Matrix-supported metaconglomerate of the Dundrabeisen Formation (Kapp Lyell Group), northern Wedel Jarlsberg Land. Hammer is 33 cm long. Sample 
16-8A was taken from the matrix and consists of medium- to coarse-grained poorly sorted quartz and carbonate grains in a carbonate matrix. Bands of graphite define 
a crenulation foliation within sample 16-8A, and the lower carbonate clast has distinct cortoids. 

V.T. Wala et al.                                                                                                                                                                                                                                 



Precambrian Research 358 (2021) 106138

12

−3.1‰ (Fig. 10). δ18Ocarb data from these sections are consistently 
depleted and range from −11.6‰ to −13.4‰ (Table S1). In central 
Wedel Jarlsberg Land, the equivalent Höferpynten Formation consists of 
~80–180 m of buff-yellow metadolostone and black metalimestone with 
local chert and sedimentary breccia (Fig. 9b, c, d). The lower ~35 m 
commonly consists of laminated dolograinstone with δ13Ccarb values 
that record a gradual rise from −5.8‰ to around 2.4‰ (Fig. 10). The 
overlying ~10 m of black metalimestone records δ13Ccarb values that are 
enriched, ranging from +4.1‰ to +5.8‰. These strata have 87Sr/86Sr 
ratios ranging from 0.70839 to 0.71164 (Fig. 11, Table S2), although the 
more radiogenic values above ~ 0.708 all come from samples below the 
Sr ≥ 1000 ppm cutoff. Section VW1606 records three samples with Sr 
concentrations above 1000 ppm (Fig. 11); these samples record a narrow 
range of 87Sr/86Sr values between 0.7084 and 0.70843. 

4.2. Sample descriptions and U-Pb/Hf isotopic results 

4.2.1. Kapp Berg Formation, Nordbukta Group 
Sample 16–64 of the Kapp Berg Formation (base of the Nordbukta 

Group; Bjørnerud, 1990) was collected west of Kvassnilken Ridge from a 
thick-bedded light gray quartzite horizon (Table 1, Figs. 4, 5, 6). In thin 
section, this sample is dominated by monocrystalline quartz grains 
within a very fine-grained matrix of white mica and quartz. The quartz 
grains are commonly recrystallized and locally display undulose 
extinction. Colorless zircon from sample 16–64 are relatively small 
(~50–100 μm) and anhedral to subhedral. Major U-Pb age populations 
from this sample range from ca. 1170–1030 (19%), 1400–1280 (13%), 
1510–1430 (15%), and 1680–1580 (21%) Ma (Fig. 12). The youngest 
zircon is 915 ± 11 Ma (1σ, 6% discordant; 206Pb/238U), and the peak of 
the youngest age population is ca. 970 Ma. 

Fig. 9. Selected photographs of metacarbonate strata from Wedel Jarlsberg Land, Southwestern Basement Province (SBP), Svalbard. A) Close-up view looking 
northeast of thin-bedded metalimestone of the Cryogenian Thiisfjellet Formation. Coin is 2.75 cm in diameter. B) Overturned and folded contact facing south be
tween the Slyngfjellet and Höferpynten formations in southernmost Wedel Jarlsberg Land (Fannypynten). Geologists for scale. C) Close-up of orange-weathering cap 
metadolostone strata in the basal Höferpynten Formation at the same locality as B). Beds are overturned and geologist is standing on matrix-supported conglomerate 
sampled for samples VW1608 and 16–42. D) Overturned abrupt contact between cap metadolostone and black metalimestone of the basal Höferpynten Formation 
just out of frame to right in B). This stratigraphic relationship between the basal cap metadolostone and overlying black metalimestone is common throughout 
southern Wedel Jarlsberg Land. E) Very fine lamination of cap metadolostone strata in section J1615 of the Slettfjelldalen Formation looking NNE. F) Intrastratal 
folds and bedding-parallel sheet-crack cements in finely laminated metadolostone of the basal Slettfjelldalen Formation looking SSW. 
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Hafnium isotopic measurements were performed on 20 zircon crys
tals from sample 16–64 of the Kapp Berg Formation (Fig. 12). Zircon 
with U-Pb ages of ca. 1480–1090 Ma have positive εHf(t) values that 
range from +1 to +10. One Neoproterozoic analysis is an outlier and 

records an εHf(t) value of −7.4. Zircon from the ca. 1680–1580 Ma U-Pb 
age peak have εHf(t) values that are moderately juvenile to intermediate 
from −2 to +6. Other Paleoproterozoic and Neoarchean grains have 
moderately negative εHf(t) values that range from 0 to −3. 

Fig. 10. Carbon isotope chemostratigraphy from measured sections of the Slettfjelldalen and Höferpynten formations in northern (A) and southern (B) Wedel 
Jarlsberg Land, Southwestern Basement Province (SBP), Svalbard. The inset map in the lower left outlines the locations on Wedel Jarlsberg Land with dark grey units 
representing all of the Mesoproterozoic(?)–Neoproterozoic stratigraphy; see Fig. 5 for locations as well. Scale bar is the same for both inset maps. Note how the basal 
Ediacaran Slettfjelldalen and Höferpynten formations record a negative δ13Ccarb excursion up to ~ -5‰ (equivalent to the global Meiberg excursion) up to ~ -5‰ 
before returning to enriched values in sections J1616 and VW1606. 
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4.2.2. Konglomeratfjellet Formation, Dunderbukta Group 
Sample VW1603 was collected from an outcrop of fine-grained me

dium-bedded quartz wacke of the upper Konglomeratfjellet Formation 
in northwestern Wedel Jarlsberg Land (Table 1, Figs. 4, 5, 6b). In thin 
section, the matrix is dominated by very fine-grained dolomite, siderite, 
sericite, calcite, and quartz with subangular poorly sorted clasts of 
quartz (Fig. 6b). Zircon from sample VW1603 are ~100–300 μm and 
mostly subhedral; approximately half of the grains have dark cores and 
bright rims. This sample yields a U-Pb age distribution with dominant 
age populations from ca. 1210–990 (34%), 1470–1340 (17%), and 
1750–1580 (26%) Ma, and subordinate populations around 1330–1250 
(8%), 1540–1490 (4%), 1860–1800 (3%), and 2900–2790 (3%) Ma 
(Fig. 12). The youngest zircon is 962 ± 21 Ma (1σ, 1% discordant; 
206Pb/238U), and the peak of the youngest age population is ca. 1080 Ma. 

Sample VW1616B was collected from the uppermost Konglomer
atfjellet Formation, approximately 1 m below the contact with the 
overlying Slettfjelldalen Formation on Kvassnilken Ridge (Table 1; 
Figs. 4, 5, 6a). This sample, collected from an ~2 m thick fine-grained 
quartzite horizon, contains monocrystalline and polycrystalline quartz, 
dolomite, plagioclase, white mica, graphite, and sericite (Fig. 6a). Pink 
to yellow zircon range from subrounded to subangular and are 
~50–200 μm. Zircons from VW1616B contain similar U-Pb age pop
ulations to sample VW1603 with dominant peaks of ca. 1180–990 
(24%), 1310–1210 (8%), 1390–1320 (12%), 1470–1400 (10%), 
1780–1590 (25%), and 1920–1810 (3%) Ma (Fig. 12). The youngest 
zircon is 950 ± 9 Ma (1σ, 2% discordant, 206Pb/238U), and the peak of 
the youngest age population is ca. 1010 Ma. 

Hafnium isotopic data from 19 zircon grains in sample VW1603 
cover a broad range of ages from ca. 2800–960 Ma (Fig. 12). Most zircon 
analyses have juvenile εHf(t) values that cluster from +2 to +7 (79% of 
the analyses). Outliers include a ca. 1011 Ma grain with an evolved εHf(t) 
value of −10, a ca. 1540 Ma grain with an evolved εHf(t) value of −6, and 
a ca. 2802 Ma grain that records an intermediate +0.5 εHf(t) value. 

4.2.3. Slyngfjellet Formation, Sofiebogen Group 
Sample VW1608 was collected from the matrix of a highly sheared, 

dark green to pink matrix-supported metaconglomerate from the type 
locality (Fannypynten) of the Slyngfjellet Formation in southern Wedel 
Jarlsberg Land (Table 1; Figs. 4, 5, 6c). The majority of the pebble- to 
boulder-sized clasts in this diamictite are composed of quartzite and 
dolostone with rare orthogneiss boulders that are all flattened within the 
main foliation plane (Fig. 6c). In thin section, the sample matrix is 
dominated by fine-grained quartz, dolomite, and sericite. Zircon are 

subhedral to euhedral, vary from ~ 50–300 μm, and are clear to pink. U- 
Pb zircon data yield four dominant age populations at ca. 1200–970 
(25%), 1400–1270 (14%), 1410–1510 (18%), and 1750–1570 (31%) Ma 
(Fig. 12). The youngest grain is 935 ± 28 Ma (1σ, 6% discordant, 
206Pb/238U), and the age of the youngest peak is ca. 1140 Ma. 

Hafnium isotopic data from 18 zircon grains in sample VW1608 yield 
intermediate to juvenile εHf(t) values that range from −1 to + 7, with a 

Fig. 11. Cross-plot showing 87Sr/86Sr isotopic ratios versus Sr concentrations 
(ppm) for limestone samples from the Höferpynten and Thiisfjellet formations 
in Wedel Jarlsberg Land, Southwestern Basement Province (SBP), Svalbard. We 
employ a rigorous concentration cutoff of 1000 ppm after Halverson 
et al. (2007). 
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Fig. 12. A) Normalized probability density plots for detrital zircon U-Pb data 
from samples described herein in the Southwestern Basement Province of 
Svalbard. Sample locations and descriptions are provided in the text and on 
Fig. 5, and Table 1. B) Hafnium isotopic analyses of detrital zircon from samples 
in the Nordbukta Group (pink circles), Konglomeratfjellet and Slyngfjellet for
mations (green triangles), Kapp Lyell Group (orange diamonds), and Gåshamna 
Formation (purple squares). Bold outlined triangles represent data from meta
igneous clasts. CHUR – chondritic uniform reservoir (Vervoort and Blichert- 
Toft, 1999). DM-depleted mantle (Bouvier et al., 2008). The gray arrow was 
calculated based on average crustal evolution trajectories assuming present-day 
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general trend of being slightly more evolved through time (Fig. 12). 
Each of the dominant age populations discussed above record a similar 
range of εHf(t) values, except for the ca. 1200–970 Ma population which 
yields dominant juvenile εHf(t) values between +3 and +7. 

4.2.4. Jens Erikfjellet Formation, Sofiebogen Group 
Sample 16–40 was collected on Solheimfjellet, a prominent E-W- 

striking ridge in south-central Wedel Jarlsberg Land, from the lower of 
two volcaniclastic horizons in the Jens Erikfjellet Formation (Table 1; 
Figs. 4, 5, 7). The sample is from a green-weathering horizon of fine- 
grained lithic arenite that consists of monocrystalline quartz, white 
mica, chlorite, and various opaque minerals. Zircon from sample 16–40 
are relatively small (~50–100 μm) and range from subhedral to euhe
dral. Dominant zircon age populations include ca. 970–900 (21%), 
1490–1340 (15%), and 1770–1530 (28%) Ma age peaks (Fig. 12). The 
youngest zircon is 849 ± 13 Ma (1σ, 6% discordant; 206Pb/238U), and the 
peak of the youngest age population is ca. 950 Ma. 

4.2.5. Höferpynten Formation, Sofiebogen Group 
Sample VW1612 was collected from a sheared dolomitic quartzite 

horizon in the Höferpynten Formation adjacent to the VKSZ in south
western Wedel Jarlsberg Land (Table 1; Figs. 4, 5, 7c). This sample is 
from a light gray-weathering, medium-grained subarkosic quartzite that 
contains recrystallized monocrystalline quartz, dolomite, sericitized 
orthoclase, plagioclase, microcline, and secondary muscovite (Fig. 7c). 
Light pink to colorless zircon grains are subrounded to angular and 
range from ~50–150 μm. Zircon U-Pb age populations consist of one 
major peak at ca. 1920–1790 (58%) Ma with subordinate age pop
ulations at ca. 2720–2650 (10%) and 2900–2760 (13%) Ma (Fig. 12). 
The youngest zircon is 1032 ± 8 Ma (1σ, 4% discordant, 206Pb/238U), 
and the peak of the youngest age population is ca. 1880 Ma. 

4.2.6. Gåshamna Formation, Sofiebogen Group 
Two samples from coarse-grained siliciclastic intervals in the lower 

(VW1609A) and middle (VW1610A) Gåshamna Formation were 
collected from the type locality (Fannypynten) in southernmost Wedel 
Jarlsberg Land (Table 1; Figs. 4, 5, 7a, b). Sample VW1609A was 
collected from a thin horizon of medium-grained calcareous quartzite in 
the lower Gåshamna Formation and consists of subrounded fine- to 
medium-grained quartz and dolomite grains within a fine-grained 
calcareous matrix (Fig. 7a). Dark yellow to pink subhedral zircon from 
this sample range between ~50–150 μm with metamict textures and 
oscillatory zonation. The zircon U-Pb age distributions for sample 
VW1609A show two dominant populations at ca. 1920–1800 (29%) and 
3010–2680 (44%) Ma (Fig. 12). The youngest zircon is 1033 ± 12 Ma 
(1σ, 2% discordant, 206Pb/238U), and the peak of the youngest age 
population is ca. 1850 Ma. 

Sample VW1610A was collected from a >3 m thick lens-shaped body 
of coarse-grained calcareous quartzite from the middle Gåshamna For
mation (Table 1; Figs. 4, 5, 7b). This sample is compositionally similar to 
sample VW1609A, but it contains a higher proportion of quartz frame
work grains. Zircon are subrounded, dark yellow to pink, and range from 
~50–150 μm. Zircon U-Pb age distributions consist of two dominant 
populations at ca. 1920–1770 (38%) and 2880–2720 (33%) Ma, with 
subordinate populations of Neoarchean and Mesoarchean grains 
(Fig. 12). The youngest zircon is 1005 ± 9 Ma (1σ, 2% discordant, 
206Pb/238U), and the peak of the youngest age population is ca. 1860 Ma. 

Twenty-one Hf isotopic measurements were performed on zircon 
grains from the samples of the Gåshamna Formation (Fig. 12). The 
dominant Paleoproterozoic U-Pb age population (ca. 1920–1820 Ma) 
has zircon with εHf(t) values that are all intermediate to evolved, ranging 
from −2 to −14, except for one positive outlier at +7. The latest Pale
oproterozoic to Archean age populations (ca. 2990 – 2480 Ma) display a 
scattered range of εHf(t) values from −8 to +4 (Fig. 12). 

4.2.7. Dundrabeisen Formation, Kapp Lyell Group 
Two samples were collected from the Dundrabeisen Formation of the 

Kapp Lyell Group on northern Wedel Jarlsberg Land (16-8A and 16-10B; 
Table 1; Figs. 4, 5, 8b, c). Sample 16-8A was collected from the matrix of 
a yellow-weathering metaconglomerate horizon with subrounded to 
subangular quartzite and dolostone pebbles and boulders. The matrix is 
composed of very fine-grained quartz and dolomite, and in thin section, 
the quartz displays recrystallization textures with diffuse grain bound
aries and bands of graphite defining a prominent foliation (Fig. 8c). 
Zircon U-Pb age distributions from this sample show three dominant age 
populations at ca. 1220–980 (34%), 1500–1330 (25%), and 1730–1600 
(15%) Ma, with subordinate Paleoproterozoic and Neoarchean grains 
(Fig. 12). The age of the youngest zircon is 730 ± 19 Ma (1σ, 5% 
discordant, 206Pb/238U), and the peak of the youngest age population is 
ca. 1056 Ma. 

Sample 16-10B was collected from a medium-bedded calcareous 
metasandstone horizon near the top of the Dundrabeisen Formation 
(Table 1; Fig. 4, 5, 8b). Zircon from this sample are subhedral to euhe
dral, range from 50 to 200 μm, and display occasional bright meta
morphic rims. This sample yields U-Pb age populations at ca. 1080–1000 
(19%), 1190–1090 (21%), 1350–1200 (13%) Ma, and 1490–1370 (15%) 
Ma with subordinate groups at ca. 1700–1600 (6%), 1890–1800 (7%), 
and 2760–2650 (5%) Ma (Fig. 12). The age of the youngest zircon is 895 
± 8 Ma (1σ, 5% discordant, 206Pb/238U), and the peak of the youngest 
age population is ca. 1030 Ma. 

Hafnium isotopic measurements were performed on 20 zircon crys
tals from sample 16-8A of the Dundrabeisen Formation (Fig. 12). These 
grains have intermediate to juvenile εHf(t) values, with only two 
moderately evolved εHf(t) values that are −3 to −6. Mesoproterozoic- 
Neoproterozoic zircon crystals (ca. 1480–970 Ma) are mostly juvenile 
with εHf(t) values of 0 to + 10, whereas the Archean-Paleoproterozoic 
zircon populations have a smaller, yet still juvenile, range with εHf(t) 
values of +2 to +5. 

4.2.8. Kapp Martin Formation, Lågneset Group 
Sample 16-5B was collected from a gray-weathering, medium- to 

fine-grained quartzite horizon within matrix-supported meta
conglomerate of the Kapp Martin Formation of the Lågneset Group on 
southern Nordenskiöld Land (Table 1; Figs. 5, 8a). Subrounded quartz 
grains within the metasandstone range from ~200–500 μm and 
commonly display undulatory extinction (Fig. 8a). Zircon from this 
sample are anhedral to subhedral, range from 75 to 200 μm, and have 
occasional bright metamorphic rims. These grains yield dominant U-Pb 
age populations at ca. 1080–1020 (12%), 1170–1090 (17%), 1390–1290 
(13%), and 1480–1400 (16%) Ma with subordinate peaks at ca. 
1680–1620 (7%) and 1750–1690 (6%) Ma (Fig. 12). The age of the 
youngest zircon is 933 ± 10 Ma (1σ, 3% discordant, 206Pb/238U), and the 
peak of the youngest age population is ca. 950 Ma. 

4.2.9. Metaigneous Clasts in the Slyngfjellet and Dundrabeisen Formations 
Sample 16–42 consists of an ~30 cm orthogneiss clast collected 

within matrix-supported metaconglomerate of the Slyngfjellet Forma
tion on southernmost Wedel Jarlsberg Land (Table 1; Figs. 5, 13A). This 
sample yielded 54 pink prismatic zircons that range from ~100–250 μm 
and show clear oscillatory zonation with bright metamorphic rims 
(Fig. 13a). These zircons yielded a large portion of discordant LA-ICPMS 
analyses (n = 34/54) with 207Pb/206Pb ages ranging from 291 ± 15 to 
2994 ± 53 Ma (Table S4). With the exception of a much older grain with 
a 207Pb/206Pb date of 1768 ± 10 Ma, ten selected concordant grains give 
206Pb/238U dates that range from 953 ± 11 to 998 ± 10 Ma and define a 
weighted mean 206Pb/238U age of 978 ± 3 Ma (Fig. 13a; mean square of 
weighted deviates (MSWD) = 2.5, 95% confidence). The older Paleo
proterozoic concordant grain is interpreted as a xenocrystic core, and 
the complex systematics and high degree of discordance is interpreted to 
reflect the combined effects of Pb-loss and inheritance. The SIMS data 
from sample 16–42 defines a Pb-loss trajectory consistent with the LA- 
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ICPMS weighted mean 206Pb/238U age of 978 ± 3 Ma that is interpreted 
as the best age estimate for the clast (Fig. 13a). Hafnium isotopic mea
surements on five concordant zircon crystals from sample 16–42 
revealed juvenile εHf(t) values that range from +1 to +7 (Fig. 12). 

Sample 16-8B consists of an ~10 cm metagabbro clast collected from 
matrix-supported metaconglomerate of the Dundrabeisen Formation 
near the nose of the Renardbreen Glacier in northern Wedel Jarlsberg 
Land (Table 1; Figs. 5, 13b). This sample yielded 54 prismatic dark pink 
zircon crystals that were ~50–300 μm, and nearly all of these zircons 
display oscillatory zonation, many with very thin bright metamorphic 
rims (Fig. 13b). Fifty LA-ICPMS analyses from sample 16-8B that are 
concordant to near concordant yielded 206Pb/238U dates ranging from 
916 ± 7 to 1059 ± 12 Ma (Table S4). SIMS analyses of cores yielded a 
population of older dates that are interpreted as xenocrystic components 
(Fig. 13b) but also define a coherent cluster that yields a weighted mean 
206Pb/238U age of 975 ± 6 Ma (MSWD = 2.5, 1σ). Excluding the oldest 
date that is clearly an outlier, the LA-ICPMS data define a weighted 
mean 206Pb/238U age of 954 ± 3 Ma (Fig. 13b; 1σ, n = 49/50, MSWD =
4.3). The large spread in LA-ICPMS 206Pb/238U dates is interpreted to 
reflect Pb-loss. Removing the younger age group, the remaining analyses 
define a weighted mean 206Pb/238U age of 970 ± 4 Ma (Fig. 13a; n = 26/ 
50, MSWD = 1.8, 95% confidence) that is consistent with the observed 
SIMS age and therefore interpreted as the best estimate for the crystal
lization age of the igneous clast. Hafnium isotopic measurements from 
five concordant grains in sample 16-8B are juvenile, with values that 
range from +4 to +7 (Fig. 12). 

5. Discussion 

5.1. Tectono-stratigraphy of the Southwestern Basement Province (SBP) 

Mesoproterozoic–early Paleozoic rocks of the SBP define a complex 
assemblage of crustal fragments that were most likely partially to fully 
amalgamated during the polyphase Caledonian orogeny (e.g., Gee and 
Page, 1994; Harland, 1997; Manecki et al., 1998; Gee and Teben’kov, 
2004; Labrousse et al., 2008; Mazur et al., 2009; Kośmińska et al., 2014; 
Majka et al., 2015; Ziemniak et al., 2019; Barnes et al., 2020; Faehnrich 
et al., 2020). As highlighted previously, these fault-bounded regions 
were subsequently deformed and translated during the Devonian- 
Carboniferous Ellesmerian and Paleogene-Eocene Eurekan orogenies, 
which not only complicated their primary structural relationships, but 
also reset local thermochronometers that may have once elucidated 
their primary juxtaposition histories (e.g., Kośmińska et al., 2014; 
Barnes and Schneider, 2019; Dörr et al., 2019; Schneider et al., 2019; 
Dallmann and Piepjohn, 2020; Faehnrich et al., 2020). Despite this, pre- 
Caledonian metasedimentary rocks across the SBP have been previously 
correlated based on lithological and stratigraphic similarities (e.g., 
Harland, 1997), as well as preliminary detrital zircon-based provenance 
studies (Gasser and Andresen, 2013; Ziemniak et al., 2019). 

Here, we propose to subdivide the SBP into four discrete Caledonian 
terranes that are based upon modifications to the original terrane sub
divisions outlined in Harland (1997) and subsequent tectono- 
stratigraphic subdivisions of Dallmann (2015a); these include the 

Fig. 13. U-Pb isotopic data for igneous clasts in the A) Slyngfjellet Formation of the Sofiebogen Group (Sample 16–42) and the B) Dundrabeisen Formation of the 
Kapp Lyell Group (Sample 16-8B). Arrows in photographs show sampled clasts, and blue ellipses show selected grains in calculated weighted means. See text for 
further explanation. 
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Wedel Jarlsberg-Oscar II, Prins Karls Forland, Berzeliuseggene- 
Eimfjellet, and Hornsund terranes (Fig. 14). Harland (1997) used the 
term “terrane” for both “a series, system or group of rocks” as well as for 
rock packages that “were postulated to be allochthonous, or suspected to 
be so” – we are strictly using the terrane terminology in the latter 
framework (sensu Coney et al., 1980) with a focus on the origins of SBP 
crustal fragments prior to the Caledonian orogeny. In order to provide 
important context and justification for the proposed tectonic sub
divisions, we provide an abbreviated regional stratigraphic overview of 
each SBP terrane starting with a synthesis of new data presented herein 
from Wedel Jarlsberg Land. The Wedel Jarlsberg-Oscar II terrane is the 
largest of the SBP terranes and hosts the most coherent metasedimentary 
successions; as a result, it forms the backbone of our tectono- 
stratigraphic correlations within the SBP and to other regions in the 
North Atlantic and circum-Arctic. 

5.1.1. Wedel Jarlsberg-Oscar II terrane (new name) 
The Wedel Jarlsberg-Oscar II terrane, the southern half of which is 

the focus of this study, extends from northern Sørkapp Land to northern 
Oscar II Land (Figs. 2, 14). This terrane is exposed as a series of narrow 
anastomosing tectonic slivers and more significant fault-bounded blocks 
in presumed tectonic contact with all of the newly defined SBP terranes, 
as well as the Northwestern Basement Province. The Wedel Jarlsberg- 
Oscar II terrane was originally separated into four separate entities 
(NW Wedel Jarlsberg Land–North of Torellbreen Terrane, SW Wedel 
Jarlsberg Land–South of Torellbreen Terrane, Oscar II Land Terrane, and 
Nordenskiöldkysten [Nordenskiöld Land] Terrane) by Harland (1997). 
While its boundaries are mostly covered by glaciers, coastal strandflats, 
and younger sedimentary cover, the eastern terrane boundary may be 
roughly outlined by Harland’s (1997) postulated Kongsfjorden- 
Hansbreen or Western marginal fault zones (Fig. 14), which today 
roughly parallels the boundary between thick- and thin-skinned defor
mation in the West Spitsbergen Fold-and-Thrust Belt (e.g., Dallmann, 
2015a). Its western boundary with the Prins Karls Forland terrane is not 
exposed, but it may be broadly marked by a series of high-angle Eurekan 
extensional structures bounding or within the Forlandsundet Graben 
(Fig. 14; e.g., Kleinspehn and Teyssier, 1992; von Gosen and Paech, 
2001; Bergh et al., 2003; Harland, 1997; Dallmann, 2015a, 2015b). Its 
northern boundary with the Northwestern Basement Province is marked 
by the NW-SE-trending frontal thrust of the West Spitsbergen Fold-and- 
Thrust Belt (Fig. 14; or Kongsfjorden graben of Harland, 1997; Piepjohn 
et al., 2001; Saalmann and Thiedig, 2002; Dallmann, 2015a), which also 
locally marks the intersection of Harland’s (1997) Kongsfjorden- 
Hansbreen fault zone with a series of NW-SE-trending structures in the 
Kongsfjorden region (Figs. 2, 14). The southwestern boundary with the 
Berzeliuseggene-Eimfjellet terrane is locally well exposed along the 
Caledonian VKSZ (Figs. 5, 14; Czerny et al., 1993, 2010; Mazur et al., 
2009; Faehnrich et al., 2020). Near Antoniabreen in northeastern Wedel 
Jarlsberg Land (Fig. 5), it is complexly juxtaposed by Caledonian and 
Eurekan structures with portions of the Berzeliuseggene-Eimfjellet 
terrane (Majka et al., 2015). The southern and southeastern bound
aries of the Wedel Jarlsberg-Oscar II terrane are complicated by anas
tomosing and glacially covered structures with the Hornsund terrane. 

5.1.1.1. Stenian(?)–Tonian units and correlations. The basal ~3–4 km 
thick Nordbukta Group, exposed on northwestern Wedel Jarlsberg Land, 
and the equivalent Deilegga Group of southern Wedel Jarlsberg Land, 
consist of a diverse succession of metacarbonate, phyllite, and quartzite 
that reflect the progressive development of a thick early Neoproterozoic 
shallow marine carbonate platform (Bjørnerud, 1990; Czerny et al., 
1993). The minor population of latest Stenian to early Tonian detrital 
zircon (ca. 1027–915 Ma) in strata of the basal Kapp Berg Formation of 

Fig. 14. Schematic map of Caledonian terranes in the composite Southwestern 
Basement Province of Svalbard, Norway. Note that many, if not all, of the 
proposed terrane boundaries have been reactivated during younger Devon
ian–Carboniferous Ellesmerian and Paleogene–Eocene Eurekan deformation. 
For example, the boundary between thick- and thin-skinned deformation in the 
West Spitsbergen Fold-and-Thrust Belt (WSFTB; e.g., Birkenmajer, 1981; Dall
mann et al., 1993a; Braathen et al., 1995; Bergh et al., 1997; Saalmann and 
Thiedig, 2002; Dallmann, 2015a) may approximate the eastern boundary of the 
Wedel Jarlsberg-Oscar II terrane boundary or the boundary of the SBP itself (e. 
g., Harland, 1997). See text for further explanation of the boundaries and their 
significance, but note that the early Paleozoic Vestgötabreen Complex is sepa
rated out on the map despite its current inclusion with the Wedel Jarlsberg- 
Oscar II terrane. 
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the Nordbukta Group (Fig. 12) confirms a Tonian or younger deposi
tional age for these strata and is consistent with the ca. 850 Ma 
maximum depositional age proposed by Ziemniak et al. (2019) from the 
Deilegga Group. 

The new detrital zircon U-Pb data presented here from the Nord
bukta Group (Fig. 12) are also consistent with zircon U-Pb age pop
ulations from the Stenian(?)–Tonian St. Jonsfjorden and 
Daudmannsodden groups of Oscar II Land and Nordenskiöld Land 
(Fig. 15; Gasser and Andresen, 2013; Dallmann, 2015a). These mixed 
siliciclastic and carbonate metasedimentary rocks (Hjelle et al., 1999; 
Bergh et al., 2003) have previously been correlated with the Deilegga 
and Nordbukta groups based on gross stratigraphic descriptions and 
preliminary U-Pb detrital zircon data (Fig. 15; Gasser and Andresen, 
2013; Ziemniak et al., 2019), although minor alkaline to subalkaline 
mafic pyroclastic tuff and lava in the St. Jonsfjorden Group (Ohta, 1985; 
Burzyński et al., 2017) have no known stratigraphic equivalents in the 
Deilegga or Nordbukta groups. In addition, the oldest exposed strata in 
Oscar II Land, which comprise amphibolite-grade schist, quartzite, and 
marble of the Stenian–Tonian(?) Kongsvegen Group in the north (Har
land et al., 1966, 1993), and the presumed equivalent Müllerneset 
Formation in the south (Figs. 2, 3; Harland et al., 1979), have no exposed 
equivalent in Wedel Jarlsberg Land (unless they are simply fault- 
bounded stratigraphic equivalents of the St. Jonsfjorden and/or Daud
mannsodden groups). Despite these minor differences, we propose these 
Stenian(?)–Tonian mixed siliciclastic and carbonate metasedimentary 
successions in Oscar II Land, Nordenskiöld Land, and Wedel Jarlsberg 
Land comprise the oldest exposed Proterozoic basement to the Wedel 
Jarlsberg-Oscar II terrane. 

5.1.1.2. Torellian unconformity. Argillaceous quartzites of the upper 
Deilegga and Nordbukta groups are truncated by the late Neo
proterozoic Torellian unconformity throughout Wedel Jarlsberg Land 
(Bjørnerud et al., 1991; Birkenmajer, 1992; Czerny et al., 1993; Mazur 
et al., 2009). This event is represented by a prominent lithological break, 
with evidence for subaerial exposure, regolith development, and angular 
truncation of Nordbukta and Deilegga rocks beneath the Cryogenian- 
Ediacaran Sofiebogen and Dunderbukta groups (Fig. 4; Birkenmajer, 
1975; Cochrane, 1984; Kalinec, 1985; Nania, 1987; Bjørnerud, 1990). 
Our preliminary field observations from the St. Jonsfjorden area of 
Oscar II Land also reveal the presence of an angular Torellian uncon
formity at the top of the St. Jonsfjorden Group, where local Stenian(?)– 
Tonian metacarbonate rocks of the Alkhornet Formation are folded and 
overlain unconformably by matrix-supported metaconglomerate of the 
younger Cryogenian Comfortlessbreen Group (see below). 

Here, we compile and review unpublished detrital monazite electron 
microprobe (EMP) data cited in Mazur et al. (2009) and Czerny et al. 
(2010) that provide the only local age constraint for the Torellian un
conformity (Table S6). Detrital monazite cores yield single EMP Th-U-Pb 
dates of ca. 1730 and 1545 Ma and prominent age clusters between ca. 
1875–1820 (n = 3), 1245–940 (n = 15), 835–715 (n = 4), and 705–625 
(n = 12) Ma. These detrital cores are overgrown by metamorphic rims 
that yield a weighted average Th-U-Pb date of 444 ± 15 (MSWD = 0.83, 
2σ, n = 20), which is similar to regional Caledonian 40Ar-39Ar thermo
chronological datasets (e.g., Dallmann et al., 1993b; Manecki et al., 
1998; Faehnrich et al., 2020). Critically, the youngest detrital monazite 
age population in the Slyngfjellet Formation yields a weighted average 
Th-U-Pb date of 654 ± 19 Ma (MSWD = 0.52, n = 12), which we suggest 
is a conservative maximum depositional age for the Cryogenian 
Sofiebogen and Dunderbukta groups and a minimum age for the Tor
ellian unconformity in Wedel Jarlsberg Land. This is consistent with ca. 
650–640 Ma metamorphic ages reported from the newly defined 
Berzeliuseggene-Eimfjellet terrane of the SBP (Majka et al., 2008, 2015). 

5.1.1.3. Cryogenian–Ediacaran units and correlations. A Cryogenian age 
for the Torellian unconformity in the Wedel Jarlsberg-Oscar II terrane is 

also confirmed herein by the depositional age of the overlying Sofieb
ogen and Dunderbukta groups. Carbonate carbon isotopic data from the 
Thiisfjellet Formation range from +3.2‰ to +10.8‰ and are consistent 
with global Cryogenian strata deposited during the ca. 660–640 Ma 
interglacial interval between the Sturtian and Marinoan glaciations 
(Fig. 16; Bold et al., 2016; Cox et al., 2016). The complimentary 
87Sr/86Sr values of 0.70787 and 0.70804 from the only presumably 
unaltered samples of the Thiisfjellet Formation (Fig. 11) are slightly 
more radiogenic than other latest Cryogenian or interglacial carbonate 
successions (Fig. 16), which generally yield 87Sr/86Sr data ranging from 
~0.70700 to 0.70750 (e.g., Bold et al., 2016). We interpret this as either 
reflecting diagenetic alteration in these samples or a lack of known 
interglacial stratigraphic variability in other published Ediacaran 
87Sr/86Sr isotopic datasets (e.g., Cui et al., 2015). 

Thick packages of matrix-supported metaconglomerate (diamictite) 
in the overlying Cryogenian Slyngfjellet and Konglomeratfjellet forma
tions have been interpreted as glacial in origin, but their temporal re
lationships to global Cryogenian glaciations have remained 
controversial (e.g., Orvin, 1940; Harland et al., 1979, 1993; Bjørnerud, 
2010; Majka et al., 2010). Critically, these glacial strata are sharply 
overlain by metacarbonate of the Höferpynten and Slettfjelldalen for
mations, the base of which consist of ~0.5–3 m thick finely laminated 
dolostone units that host distinct sedimentary structures, such as sheet 
crack cements, m-scale trochoidal bedforms, and finely laminated 
peloidal dolograinstone (Fig. 9e, f), that are consistent with basal Edi
acaran cap carbonates exposed worldwide (e.g., Hoffman, 2011; Lamb 
et al., 2012; Hoffman et al., 2017). In support of this sedimentological 
data, depleted δ13Ccarb measurements from these cap dolostone units in 
Wedel Jarlsberg Land are consistent with global Ediacaran datasets that 
record the post-glacial Maieberg negative carbon isotope excursion 
(Figs. 10, 16; Hoffman and Schrag, 2002; Hoffman et al., 2017; Ahm 
et al., 2019). The distinct return to ~0‰ after a nadir of approximately 
−5‰ in the Höferpynten and Slettfjelldalen formations (Fig. 10) is also 
recognized in basal Ediacaran successions of Brazil (Misi and Veizer, 
1998), Australia (Calver, 2000), Oman (Fike et al., 2006), northwestern 
Canada (Macdonald et al., 2013), and South China (Zhu et al., 2013). 
Furthermore, black metalimestone packages that directly overlie these 
cap dolostone exposures in the Höferpynten Formation record enriched 
δ13Ccarb values between +4.1‰ and +5.7‰ and 87Sr/86Sr values that 
range from 0.70839 to 0.70909 (Figs. 10, 11), both of which are 
consistent with other basal Ediacaran carbonate successions (Fig. 16; 
Bold et al., 2016; Rooney et al., 2020). Thus, we suggest that the 
Slyngfjellet/Konglomeratfjellet and Höferpynten/Slettfjelldalen forma
tions are correlative to globally distributed deposits of the terminal 
Cryogenian ca. 640(?)–635 Ma Marinoan snowball Earth glaciation and 
the associated basal Ediacaran cap carbonate. 

The youngest Neoproterozoic unit in Oscar II Land belongs to the 
Comfortlessbreen Group, which includes an ~2–3 km thick matrix- 
supported conglomerate unit, an ~20–2,000 m thick quartzite pack
age, and an ~1 km thick succession of laminated green- and cream- 
colored marble, chloritic schist, and dark-gray calcareous phyllite 
(Bergh et al., 2003). Detrital zircon U-Pb data from the Comfortlessbreen 
Group provided a ca. 1070 Ma maximum depositional age, with the 
youngest grain reported at 711 ± 4 Ma (Fig. 15; 1σ, 1% discordant, 
206Pb/238U; Gasser and Andresen, 2013). This glaciogenic unit has been 
previously correlated with the Kapp Lyell Group of Wedel Jarlsberg 
Land based on its thickness and lithological similarities (Bergh et al., 
2003); however, unnamed dolostone units directly overlying the Com
fortlessbreen diamictite in the St. Jonsfjorden region reveal sedimen
tological attributes that are more consistent with basal Ediacaran cap 
carbonates described above in the Höferpynten and Slettfjelldalen for
mations. Thus, we suggest the diamictite-bearing strata of the Comfor
tlessbreen Group of Oscar II Land records the Marinoan snowball Earth 
glaciation and is more likely correlative with the Konglomeratfjellet and 
Slyngfjellet formations of Wedel Jarlsberg Land. It is unclear if the 
overlying quartzite, marble, schist, and phyllite of the Comfortlessbreen 
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Fig. 15. A) Normalized probability density plots for detrital zircon U-Pb data from previously published samples in the Southwestern Basement Province and new 
samples presented herein from the Wedel Jarlsberg-Oscar II and Berzeliuseggene-Eimfjellet terranes. Prior to making this comparison plot, all data were filtered for 
>10% discordance, >5% reverse discordance, and >10% 2σ uncertainty in 206Pb/238U or 207Pb/206Pb ages. Errors were converted to 1σ and then the 206Pb/238U 
ratio was used to calculate an age for analyses younger than 1200 Ma and the 207Pb/206Pb result for analyses older than 1200 Ma. Published U-Pb data are from the 
following datasets: Deilegga Group (Sample HL:12–018; Ziemniak et al., 2019); Slyngfjellet Formation (Sample HL:12–019, Ziemniak et al., 2019); Isbjørnhamna 
Group (Samples HL:12–008, HL:12–010, and Sp21/08; Ziemniak et al., 2019); Eimfjellet Complex (Samples HL:12–012, HL:12–014, HL:12–017; Ziemniak et al., 
2019); St. Jonsfjorden Group (Sample 1; Gasser and Andresen, 2013); Daudmannsodden Group (Sample 2; Gasser and Andresen, 2013); Comfortlessbreen Group 
(Sample 3; Gasser and Andresen, 2013). B) Multi-dimensional scaling (MDS) plot (Vermeesch, 2013) of the same data presented in A) except all samples are plotted 
individually. Samples with <50 individual zircon U-Pb analyses are shown as partially filled circles to highlight ambiguity for provenance comparison. Data were 
plotted using IsoplotR (Vermeesch, 2018). Kongs.–Konglomeratfjellet Formation; Dunder.–Dunderbukta Group; gps–groups; fms.–formations. 
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Group are Cryogenian or Ediacaran in age, although we propose they are 
most likely equivalent with the Ediacaran Gåshamna and Dunderdalen 
formations (see below). 

Poorly understood Neoproterozoic phyllite, metacarbonate, and 
matrix-supported conglomerate of the Lågneset and Lågnesbukta groups 
are also exposed on both the northern and southern shorelines of Nor
denskiöld Land (Figs. 3, 5, S2; Harland et al., 1993; Hjelle et al., 1986; 
Dallmann, 2015a). As highlighted previously, zircon analyzed from a 
granite clast in glaciogenic diamictite of the Kapp Linné Formation 
(Lågnesbukta Group) yielded a U-Pb crystallization age of 973 ± 10 Ma 
with a 656 ± 5 Ma metamorphic rim (Figs. 2, 3, 14; Larionov and 
Teben’kov, 2004). This U-Pb age is similar to Tonian basement clasts 
described herein from the Slyngfjellet and Dundrabeisen formations 
(Fig. 13), and the metamorphic rim age is consistent with metamorphic 
and geochronological ages on the Torellian unconformity. Based on 
these preliminary data, we suggest the Kapp Linné Formation records 
the Marinoan snowball Earth glaciation and is therefore correlative with 
the Comfortlessbreen Group within Oscar II Land and the Konglomer
atfjellet and Slyngfjellet formations of Wedel Jarlsberg Land. The 

documentation of an angular unconformity beneath the Comfor
tlessbreen Group and the presence of the ca. 656 Ma metamorphic rim 
on zircon in the Kapp Linné Formation provide evidence for the Torel
lian event outside of Wedel Jarlsberg Land, most likely as a character
istic feature of the Wedel Jarlsberg-Oscar II terrane. 

5.1.1.4. Ediacaran units and correlations. The Höferpynten and Slettf
jelldalen formations of Wedel Jarlsberg Land are sharply overlain by ~2 
km of poorly exposed black to green slate and phyllite that are inter
bedded with minor quartzite and metacarbonate of the Gåshamna and 
Dunderdalen formations (Figs. 3, 4; Bjørnerud, 1990; Birkenmajer, 
1992; Czerny et al., 1993; Dallmann et al., 1993b). These units record 
deep-water sedimentation dominated by sediment-gravity flows (Bir
kenmajer, 1992; Harland et al., 1993), while rare deformed dolostone 
horizons have been interpreted as olistostrome (Bjørnerud, 1990). 
Notably, this prominent shift in depositional environment is accompa
nied by a profound change in provenance that apparently manifests it
self first in the basal Ediacaran Höferpynten Formation (Figs. 12, 15); 
both the Höferpynten and Gåshamna formations record bimodal 

Fig. 16. Global correlations of Cryogenian and basal Ediacaran strata after Bold et al. (2016). Data are color coded with geographic information: Black = Wedel 
Jarlsberg-Oscar II terrane of southwestern Svalbard (this paper), Blue = Mongolia (Bold et al., 2016), Orange = South China (Sawaki et al., 2010; Zhu et al., 2013), 
Yellow = NW Canada (Kaufman et al., 1993; Macdonald et al., 2013; Narbonne et al., 1994; Rooney et al., 2014, 2015), Pink = Namibia (Halverson et al., 2005). The 
87Sr/86Sr data is from SW Svalbard (this paper), Mongolia (Brasier et al., 1996; Shields et al., 2002; Bold et al., 2016), South China (Sawaki et al., 2010; Cui et al., 
2019), NW Canada (Kaufman et al., 1993; Narbonne et al., 1994; Rooney et al., 2014), and Namibia (Kaufman et al., 1993; Yoshioka et al., 2003; Halverson 
et al., 2007). 
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Paleoproterozoic and Neo- to Meso-archean zircon age populations, 
which stand in stark contrast to the diverse Mesoproterozoic age pop
ulations that dominate most other metasedimentary units in the SBP 
(Fig. 12). 

The contact between the Gåshamna/Dunderdalen formations and 
structurally overlying strata of the glaciogenic Kapp Lyell Group (Fig. 4; 
or Bellsund Group of Dallmann, 2015a) in northern Wedel Jarlsberg 
Land was previously interpreted as conformable due to the presence of 
transitional “dropstones” in the uppermost Dunderdalen Formation 
(Bjørnerud, 2010). Instead, we agree with previous mapping studies that 
considered the contact structural in nature (e.g., Dallmann et al, 1990; 
Birkenmajer, 2010; Dallmann, 2015a) and hypothesize that these clasts 
represent isolated tectonic boudins in previously mapped younger fault 
zones between the two map units. 

Bjørnerud (2010) correlated glacial deposits of the Kapp Lyell Group 
(“Sequence”) with the Cryogenian Marinoan glaciation based on the 
assumption that the stratigraphically underlying Konglomeratfjellet 
Formation represented deposits of the ca. 717–660 Ma Sturtian glacia
tion. Our new stratigraphic, sedimentological, and geochemical results 
indicate a Marinoan age for the Konglomeratfjellet Formation, so it 
follows that the Kapp Lyell Group may instead record the ca. 580–579 
Ma Gaskiers glaciation (Pu et al., 2016). Since the contact between the 
basal Dundrabeisen Formation of the Kapp Lyell Group and underlying 
Ediacaran stata is faulted, it is also plausible the Kapp Lyell Group 
represents a tectonic repetition of the Konglomeratfjellet Formation or 
an older thrust sheet of hitherto unknown Sturtian glacial deposits; 
however, we suggest the most parsimonious interpretation is that the 
Kapp Lyell Group records the Gaskiers glaciation because: 1) it is lith
ologically distinct from the Slyngfjellet Formation, 2) it contains clasts 
of the underlying basal Ediacaran Slettfjelldalen Formation (Bjørnerud, 
2010), 3) it appears to lack an associated cap carbonate unit. 

Metagabbro, metadolerite, and greenstone exposures in the Cham
berlindalin region of northern Wedel Jarlsberg Land and southern 
Nordenskiöld Land (Figs. 3, 5) were originally mapped as volcanic and 
plutonic equivalents to the Cryogenian Jens Erikfjellet Formation 
(Dallmann et al., 1993b). More recent geochemical investigations indi
cate these units in Wedel Jarlsberg Land are geochemically distinct from 
the Jens Erikfjellet Formation and instead record an alkali cumulate 
magma plumbing system that developed at a depth of ~30–50 km 
(Czerny, 1999; Gołuchowska et al., 2016). Importantly, these mafic 
volcanic and plutonic rocks are mapped as Ediacaran(?) bodies 
intruding phyllite and quartzite of the Ediacaran Dunderdalen Forma
tion (Dallmann, 2015a; Gołuchowska et al., 2016); however, no 
geochronological, geochemical, or petrographic data exist to support 
this age relationship, and both the Dunderdalen and Gåshamna units 
have no known mafic intrusive rocks outside of the Chamberlindalin 
region in Wedel Jarlsberg Land. Despite this, the Stenian(?)–Tonian St. 
Jonsfjorden Group of Oscar II Land is locally intruded by abundant mafic 
dikes and sills (Harland et al., 1979; Ohta, 1985; Burzyński et al., 2017), 
one of which recently yielded an isotope dilution-thermal ionization 
mass spectrometry (ID-TIMS) age on baddeleyite of 560 ± 12 Ma (2σ; 
Gumsley et al., 2020). Therefore, it is possible that the pre-Caledonian 
mafic dikes and sills of southern Nordenskiöld Land and Chamberlin
dalen are a southern continuation of these unnamed ca. 560 Ma intru
sive rocks (Gumsley et al., 2020). This relationship may highlight a 
much more extensive Ediacaran magmatic event that affected the Wedel 
Jarlsberg-Oscar II terrane following the Cryogenian Torellian orogeny. 

5.1.1.5. Early Paleozoic High-Pressure and ophiolitic rocks. The Wedel 
Jarlsberg-Oscar II terrane hosts an allochthonous belt of early Paleozoic 
(Caledonian) high-pressure rocks and small ophiolitic slivers (the 
Vestgötabreen Complex) that are discontinuously exposed from Kongs
vegen to central Nordenskiöld Land (Figs. 2, 3; Horsfield, 1972; Ohta, 
1979; Hirajima et al., 1984; Dallmeyer et al., 1990; Bernard-Griffiths 
et al., 1993; Ohta et al., 1995; Agard et al., 2005; Labrousse et al., 

2008; Kośmińska et al., 2014; Barnes et al., 2020). In the Vestgötabreen 
Complex of the St. Jonsfjorden region of Oscar II Land, these high- 
pressure rocks include blueschist, eclogite, garnet-phengite schist, car
pholite schist, marble, serpentinite, greenstone, and magnesite (Hir
ajima et al., 1984; Agard et al., 2005; Labrousse et al., 2008; Barnes 
et al., 2020) that are unconformably overlain by Middle Ordovician to 
early–middle Silurian carbonate and siliciclastic rocks of the Bullbreen 
Group (Fig. 3; Scrutton et al., 1976; Harland et al., 1979; Armstrong 
et al., 1986). Retrograde garnet-bearing blueschists were also identified 
in central Nordenskiöld Land (Kośmińska et al., 2014). Although it may 
be prudent to eventually separate out these allochthonous rocks of the 
Vestgötabreen Complex as an independent terrane or subterrane, their 
local juxtaposition with Wedel Jarlsberg-Oscar II terrane rocks, as well 
as their linked metamorphic history, provides an important constraint 
on the position and setting of this terrane during the Caledonian orogen. 

5.1.2. Prins Karls Forland terrane 
The Prins Karls Forland terrane (Harland, 1997) is only exposed on 

Prins Karls Forland, a narrow ~80 km long island off the west coast of 
Spitsbergen (Figs. 2, 14), and it is separated from the remainder of the 
SBP by the N-S-trending Eurekan Forlandsundet Graben (e.g., Kleins
pehn and Teyssier, 1992; von Gosen and Paech, 2001; Bergh et al., 2003; 
Dallmann, 2015a, 2015b). Mesoproterozoic(?)–Neoproterozoic meta
sedimentary rocks of the Prins Karls Forland terrane are broadly sepa
rated into two regions by the N-S-trending Eurekan Baklia Fault (Fig. 2; 
Dallmann, 2015a, 2015b). West of this fault, a >4 km thick package of 
Cryogenian(?)–Ediacaran microfossil-bearing slate, phyllite, quartzite, 
metaconglomerate, greenstone, and metacarbonate of the Grampianf
jella and Scotiafjellet groups is faulted against amphibolite facies met
asedimentary rocks of the <950 Ma Pinkiefjellet Group, which consists 
of mylonitized and garnet-bearing metapelite, quartzite, and minor 
metacarbonate (Figs. 3, S5; Knoll and Ohta, 1988; Harland et al., 1979; 
Hjelle et al., 1979, 1999; Manby, 1986; Dallmann, 2015a; Kośmińska 
et al., 2020). The Grampianfjella and Scotiafjellet Group metasedi
mentary rocks are also locally fault-bounded with the polydeformed 
early Paleozoic Macnairrabbane unit, which consists of quartz- 
carbonate schist, phyllite, and metaconglomerate with rare Cambrian 
or younger fossiliferous debris (Hjelle et al., 1999; Piepjohn et al., 2000). 
Neoproterozoic successions east of the Baklia Fault (Figs. 3, S5) include 
>600 m of matrix-supported conglomerate (Ferrierpiggen Group), 
~750 m of calcareous phyllite and metacarbonate (Geikiebreen Group), 
and ~1.3 km of predominantly green phyllite that is interbedded with 
metasandstone, marble, and mafic metavolcanic rocks (Peachflya 
Group; Harland et al., 1993; Dallmann, 2015a, 2015b). 

The Pinkiefjellet Group of the Prins Karls Forland terrane experi
enced Ellesmerian (ca. 375–355 Ma) amphibolite facies metamorphism 
(Kośmińska et al., 2020). Although unpublished detrital zircon U-Pb 
data from quartzites in the Pinkiefjellet Group appear to be similar to 
Neoproterozoic samples presented herein from the other SBP terranes 
(Kośmińska et al., 2015), this Late Devonian–early Carboniferous 
metamorphic history is unique within the SBP. As discussed by 
Kośmińska et al. (2020), this raises the possibility that widespread 
“Caledonian” deformation in metasedimentary rocks of the Prins Karls 
Forland terrane may instead be Ellesmerian; however, another possi
bility is that the Prins Karls Forland terrane is itself composite in nature, 
with the local juxtaposition of different crustal fragments recording 
unique sedimentary and metamorphic histories. Either way, at least 
three distinct phases of pre-Eurekan ductile and brittle deformation, as 
well as widespread Eurekan brittle thrusting and strike-slip displace
ment, have affected the Proterozoic and early Paleozoic basement rocks 
throughout the Prins Karls Forland terrane (e.g., Harland et al., 1979; 
Hjelle et al., 1979, 1999; Morris, 1982; Manby, 1986; Piepjohn et al., 
2000; Dallmann, 2015a, 2015b; Schneider et al., 2019; Kośmińska et al., 
2020); as a result, the internal stratigraphic architecture and detailed 
correlations of the Proterozoic and early Paleozoic basement rocks 
remain speculative (Dallmann, 2015b). Given this, we argue this crustal 
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fragment likely occupied a unique position in the Caledonian and 
Ellesmerian orogens and should therefore remain distinguished from the 
other crustal fragments of the SBP (Harland, 1997) until further 
examination. 

5.1.3. Berzeliuseggene-Eimfjellet terrane (new name) 
Mesoproterozoic–Tonian metasedimentary and metaigneous rocks of 

the Berzeliuseggene-Eimfjellet terrane outcrop in two narrow belts 
along the northeastern and southwestern edges of Wedel Jarlsberg Land 
(Fig. 14), where they are locally juxtaposed by Caledonian and/or 
Eurekan fault zones (or widespread glacially covered areas) with rocks 
of the Wedel Jarlsberg-Oscar II terrane (Czerny et al., 1993; Mazur et al., 
2009; Majka et al., 2015; Faehnrich et al., 2020). These rocks were not 
originally distinguished as a separate terrane by Harland (1997), and 
correlative metasedimentary rocks of the Stenian(?)–Tonian Isbjørn
hamna Group were recently recognized on southern Sørkapp Land 
(Ziemniak et al., 2019), extending the geographic range of this terrane. 

The oldest exposed basement to the Berzeliuseggene-Eimfjellet 
terrane consists of the ca. 1200 Ma Eimfjellet Complex of south
western Wedel Jarlsberg Land (Figs. 2, 3, S3), which comprises meta
morphosed mafic and felsic flows and tuffs that are intercalated with 
lenses of metagabbro and metagranite (Balašov et al., 1995, 1996; 
Czerny, 1999; Larionov et al., 2010). These metaigneous and meta
sedimentary units are in fault contact with schist, quartzite, and marble 
of the Stenian(?)–Tonian Isbjørnhamna Group (Ziemniak et al., 2019), 
the latter of which was distinguished based on provenance from the age- 
equivalent Nordbukta, Deilegga, St. Jonsfjorden, and Daudmannsodden 
groups of the Wedel Jarlsberg-Oscar II terrane (Ziemniak et al., 2019). 
Our new U-Pb detrital zircon data still broadly support this distinction, 
especially the distinct lack of Tonian detrital zircon in the Isbjørnhamna 
Group (Fig. 15), although we stress that the published detrital zircon 
data from the Eimfjellet Complex are low-n. Both the Eimfjellet Complex 
and Isbjørnhamna Group record ca. 640 Ma (Torellian) metamorphic 
resetting (Manecki et al., 1998; Majka et al., 2008; Czerny et al., 2010; 
Larionov et al., 2010); their juxtaposition is assumed to be related to 
Torellian contraction (e.g., Majka et al., 2010, 2014; Ziemniak et al., 
2019), although it is also possible this faulting occurred during Cale
donian deformation. 

In northwestern Wedel Jarlsberg Land, Tonian (ca. 950 Ma) felsic 
augen gneiss, pegmatite, amphibolite, schist, and fine-grained metaig
neous rocks of the Berzeliuseggene unit are tectonically juxtaposed with 
metacarbonate, quartzite, and metaconglomerate of the Sofiebogen and 
Deilegga groups of the Wedel Jarlsberg-Oscar II terrane (Fig. 14; Majka 
et al., 2015; Magnethøgda sequence of Dallmann et al., 1993b). The 
Berzeliuseggene metaigneous rocks record amphibolite facies meta
morphism at ca. 640 Ma, high-pressure Caledonian metamorphism at ca. 
470 Ma, and subsequent polyphase Eurekan deformation (Majka et al., 
2015), locally complicating the original tectonic boundaries between 
the Berzeliuseggene-Eimfjellet and Wedel Jarlsberg-Oscar II terranes 
(Fig. 14). 

The Torellian amphibolite facies metamorphic event provides a 
strong link between the Berzeliuseggene and Eimfjellet/Isbjørnhamna 
successions that we argue distinguishes these rocks from the other SBP 
basement terranes; despite this, their primary tectono-stratigraphic re
lationships to one another remain unknown and the presence of the 
Torellian unconformity in the adjacent Wedel Jarlsberg-Oscar II terrane 
suggests these two terranes share a common Cryogenian tectonic his
tory. For example, the Berzeliuseggene metaigneous rocks could be a 
potential source of Tonian orthogneiss clasts in the Slyngfjellet and 
Dundrabeisen formations (Fig. 13), as well as the Comfortlessbreen 
Group and Kapp Linné Formation (Larionov and Teben’kov, 2004; 
Gasser and Andresen, 2013); however, this is speculative given there are 
a significant number of potential Tonian basement source regions in the 
Northeastern and Northwestern basement provinces of Svalbard, as well 
as in Pearya (Ellesmere Island, Canada), Greenland, Scotland, and the 
Scandinavian Caledonides (e.g., Kalsbeek et al., 2000, 2008; Cawood 

et al., 2010; Lorenz et al., 2012; McClelland et al., 2019). Notably, the 
expression of the Torellian event in the pre-Cryogenian basement rocks 
of the Berzeliuseggene-Eimfjellet and Wedel Jarlsberg-Oscar II terranes 
is different – one experienced widespread amphibolite facies meta
morphism, while the other only experienced mild folding and cleavage 
development (Birkenmajer, 1975; Bjørnerud et al., 1990, 1991; Czerny 
et al., 1993; Majka et al., 2014). As a result, one cannot clearly 
demonstrate proximity based on the available data, nor can one rule out 
they were distal fragments in a much more extensive Cryogenian 
accretionary deformation event, or even that these crustal fragments 
were potentially juxtaposed during the Torellian orogeny itself. Struc
tural and thermochronological work along the VKSZ documents Cale
donian ca. 420–410 Ma sinistral ductile strike-slip juxtaposition of the 
southwestern segment of the Berzeliuseggene-Eimfjellet terrane with a 
portion of the Wedel Jarlsberg-Oscar II terrane (Czerny et al., 1993; 
Manecki et al., 1998; Mazur et al., 2009; Faehnrich et al., 2020); thus, 
based on the available data, this Caledonian juxtaposition history is 
consistent with the independent origins of these two terranes. 

5.1.4. Hornsund terrane 
The Hornsund terrane is exposed from central Wedel Jarlsberg Land 

through northern Sørkapp Land (Fig. 14) and is dominated by early 
Paleozoic platformal carbonate rocks of Laurentian affinity. These strata 
were distinguished as the Hornsund Terrane of the Central basement 
terrane by Harland (1997), but they are more commonly considered part 
of the younger Paleozoic cover sequence of the SBP (e.g., Birkenmajer, 
1978a, 1978b; Dallmann, 2015a). As highlighted previously, the contact 
between the early Paleozoic Sofiekammen and Sørkapp Land groups of 
the Hornsund terrane and the Neoproterozoic Deilegga and Sofiebogen 
groups of the Wedel Jarlsberg-Oscar II terrane was interpreted as 
unconformable and sedimentary in origin (the “Jarlsbergian unconfor
mity” of Birkenmajer, 1991; Harland, 1997, and references therein); 
however, Mazur et al. (2009) later reinterpreted the main exposure 
between the two successions as a prominent Caledonian thrust fault. 

The basal ~935 m thick Sofiekammen Group (Blåstertoppen, Var
depiggen, Slaklidalen, Gnålberget, and Nørdstetinden formations) con
sists of sandy dolostone, limestone, and marble with thin intervals of 
sandstone and shale (Figs. 3, S3; Birkenmajer, 1978a; Dallmann et al., 
1993b). The basal Blåstertoppen, Vardepiggen, and Slaklidalen forma
tions all contain rare early Cambrian (Terreneuvian) Bonnia-Olenellus 
Zone trilobites and other invertebrate faunas, which provide a strong tie 
to the Laurentian continental margin (Major and Winsnes, 1955; Cowie, 
1974; Birkenmajer and Orłowski, 1976; Harland, 1997). The overlying 
~1.4 km thick upper Cambrian–Middle Ordovician Sørkapp Land Group 
(Wiederfjellet, Luciapynten, Dusken, Nigerbreen, Hornsundtind, and 
Arkfjellet formations) consists of sandy dolostone, limestone, and 
marble (Figs. 3, S3; Major and Winsnes, 1955; Birkenmajer, 1978b; 
Harland, 1997). Major and Winsnes (1955) also described Laurentian 
gastropods, brachiopods, and nautiloids in the Nigerbreen and Horn
sundtind formations. Preliminary detrital zircon U-Pb data from the 
Blåstertoppen Formation yielded similar bimodal U-Pb age populations 
to the Höferpynten and Gåshamna formations (Kosteva et al., 2014; data 
tables are not published), which raises the possibility that either: 1) the 
Hornsund and Wedel Jarlsberg-Oscar II terranes were independent 
crustal fragments that shared a common source region in the Ediacar
an–Cambrian; or 2) there is no terrane boundary and the early Paleozoic 
carbonate platform of the Hornsund terrane was built upon the Neo
proterozoic basement of the Wedel Jarlsberg-Oscar II terrane. Poten
tially correlative and less deformed peri-Laurentian 
Cambrian–Ordovician platformal carbonate strata are also recognized in 
the Nordaustlandet terrane of the Northeastern Basement Province of 
Svalbard (Fortey and Bruton, 1973; Swett, 1981; Harland, 1997; Stouge 
et al., 2013; Dallmann, 2015a), which provides yet another possibility 
that the Hornsund terrane is simply a fault-bounded fragment of the 
Northeastern Basement Province. Given the structural relationship 
documented by Mazur et al. (2009) and the strong lithological, tectonic, 
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and paleobiogeographic contrasts between the Hornsund and other SBP 
terranes, we suggest the Hornsund terrane should be considered an in
dependent tectonic block (Figs. 3, 14). 

5.2. Regional comparisons within the North Atlantic and Circum-Arctic 

Paleogeographic reconstructions of the North Atlantic and Arctic 
Caledonides have placed the SBP along both the margins of Laurentia 
and Baltica prior to the Caledonian orogeny. Harland and Wright (1979) 
proposed that the SBP originated outboard of the northeastern 
Greenland margin and was later displaced northwards via sinistral 
strike-slip faulting during a late stage of the Caledonian Orogeny. This 
hypothesis was supported by subsequent sedimentological and igneous 
comparisons between the SBP and East Greenland Caledonides, 
including the presence of deformed Tonian magmatic rocks overlain by 
Neoproterozoic glaciogenic diamictite and early Paleozoic platformal 

carbonate with Laurentian trilobite faunas (Kalsbeek et al., 2000, 2008; 
Leslie and Nutman, 2003; Larionov and Teben’kov, 2004; Sønderholm 
et al., 2008; Gasser and Andresen, 2013; Majka et al., 2014). 

More recently, correlations between East Greenland and the SBP 
have been extended through similarities in detrital zircon U-Pb age 
spectra and associated Hf isotopic data (Olierook et al., 2020). For 
example, the Tonian Nathorst Land and Lyell Land groups (Eleonore Bay 
Supergroup) in East Greenland (Fig. 1) and the structurally underlying 
Stenian–Tonian(?) Krummedal Group have prominent U-Pb age peaks at 
ca. 1650, broad ca. 1490–1030 Ma age populations, and sparse Paleo
proterozoic to Archean grains (Kalsbeek et al., 2000; Watt et al., 2000; 
Dhuime et al., 2007; Olierook et al., 2020), which are broadly similar to 
age populations in the Stenian(?)–Tonian St. Jonsfjorden, Nordbukta, 
and Deilegga groups (Fig. 17; Gasser and Andresen, 2013; Malone et al., 
2014; Ziemniak et al., 2019). These Mesoproterozoic, Paleoproterozoic, 
and Archean zircon age populations in East Greenland are dominated by 

Fig. 17. Normalized probability density plots (PDP) for new and published detrital zircon U-Pb data from Tonian–Ediacaran strata of the A) Wedel Jarlsberg-Oscar II 
terrane of the Southwestern Basement Province of Svalbard, Norway, B) Varanger Peninsula region of northern Baltica (Finnmark), Norway, and C) North and East 
Greenland. Prior to making this comparison plot, all data were filtered for >10% discordance, >5% reverse discordance, and >10% 2σ uncertainty in 206Pb/238U or 
207Pb/206Pb ages. Errors were converted to 1σ and then the 206Pb/238U ratio was used to calculate an age for analyses younger than 1200 Ma and the 207Pb/206Pb 
result for analyses older than 1200 Ma. In addition to new data presented herein, published U-Pb data are from the following datasets: Deilegga Group (Sample 
HL:12-018; Ziemniak et al., 2019); Slyngfjellet Formation (Sample HL:12-019, Ziemniak et al., 2019); St. Jonsfjorden Group (Sample 1; Gasser and Andresen, 2013); 
Daudmannsodden Group (Sample 2; Gasser and Andresen, 2013); Comfortlessbreen Group (Sample 3; Gasser and Andresen, 2013); Krummedal Succession 
(GGU249933, Strachan et al., 1995; GGU452619, GGU452625, Leslie and Nutman, 2003; 441337, 441341, 441383, Watt et al., 2000); Nathorst Land Group 
(445935, 445979, Watt et al., 2000; 201728, 201836, 201893, 201991, Dhuime et al., 2007; 590204, 590207, 590210, 590214, 590232, Olierook et al., 2020); Lyell 
Land Group (SSFN-14, SSFN-2, SSFN-9, Sláma et al., 2011); Moræneso Formation (CKG28, CKG359, CKG38, CKG4, Kirkland et al., 2009); Vadsø Group (FUG1, VEI1, 
Zhang et al., 2015); Tanafjorden Group (GRN1, GMS1, Zhang et al., 2015); and Vestertana Group (BRE1, Zhang et al., 2015; NY2-07, Roberts and Siedlecka, 2012). 
D) Multi-dimensional scaling (MDS) plot (Vermeesch, 2013) of the same data presented in A), except for samples with <25 zircon grains (following filtering pro
cedures discussed above). Samples with <50 individual zircon U-Pb analyses are shown as partially filled circles to highlight potential ambiguity in their com
parisons. Data were plotted using IsoplotR (Vermeesch, 2018); individual units are color-coded to match their respective PDP and then labeled with their primary 
sample ID. Each sample is connected to its closest neighbor in Kolmogorov-Smirnov space with a solid line and to its second closest neighbor with a dashed line 
(Vermeesch, 2013, 2018). 
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intermediate εHf(t) values that range from −8 to +5 (Slama et al., 2011; 
Olierook et al., 2020), which are broadly similar to our new Hf isotopic 
data from the Nordbukta Group (Fig. 12). 

Previous researchers have also correlated metasedimentary rocks of 
the SBP with the Hekla Sund area of eastern North Greenland (Fig. 1; 
Harland, 1997; Gee and Teben’kov, 2004), where Mesoproterozoic(?)– 
Neoproterozoic syn-rift deposits of the Rivieradal Group are conform
ably overlain by the Neoproterozoic Hagen Fjord Group (Sønderholm 
et al., 2008). Marinoan diamictite of the Morænesø Formation (Hagen 
Fjord Group) contains abundant ca. 2000–1800 Ma zircon grains and 
subordinate Archean and Mesoproterozoic age populations (Kirkland 
et al., 2009). This large ca. 2000–1800 Ma peak is missing from the age 
equivalent Konglomeratfjellet and Slyngfjellet formations of the Wedel 
Jarlsberg terrane (Fig. 12), but it does appear in the overlying Ediacaran 
Höferpynten and Gåshamna formations (Fig. 17). 

Despite these broad similarities in provenance, our new stratigraphic 
constraints from the Wedel Jarlsberg-Oscar II terrane reveal funda
mental differences with Neoproterozoic sedimentary successions in 
North and East Greenland. First, evidence for ca. 650–640 Ma Torellian 
deformation is absent in Greenland, except perhaps in allochthonous 
Paleozoic thrust sheets in Johannes V. Jensen Land of North Greenland 
(Rosa et al., 2016). Furthermore, the Tonian sedimentary successions of 
Greenland are lithologically distinct and considerably thicker (~8.5–14 
km thick) than age-equivalent successions in the SBP (e.g., Sønderholm 
et al., 2008, and references therein). Finally, glacial sedimentation 
associated with the ca. 580–579 Ma Gaskiers glaciation has not been 
described in Greenland or autochthonous Laurentia, and the Neo
proterozoic successions of Greenland as a whole contain considerably 
less Ediacaran strata than the Wedel Jarlsberg-Oscar II terrane, where 
the combined thickness is greater than ~4 km. 

The presence of ca. 650–640 Ma Torellian deformation in the SBP 
supports a stronger link with the earliest phases of the Timanide 
accretionary orogen of northern Baltica (Fig. 1; Mazur et al., 2009; 
Majka et al., 2010, 2012, 2014, 2015), which is also supported by pre
liminary provenance and paleomagnetic studies from the Wedel 
Jarlsberg-Oscar II and Berzeliuseggene-Eimfjellet terranes (Gasser and 
Andresen, 2013; Michalski et al., 2017; Ziemniak et al., 2019). Neo
proterozoic sedimentary successions associated with the Timanian oro
gen are exposed on the Varanger, Rybachi, and Sredni peninsulas of 
northern Norway (Finnmark) and northwestern Russia (Fig. 1; Sied
lecka, 1985; Siedlecka and Roberts, 1992; Siedlecka et al., 2004; Roberts 
and Siedlecka, 2012). South of the prominent Trollfjorden-Komagelva 
Fault Zone (TKFZ; Siedlecka and Roberts, 1992) on Varanger Penin
sula (Fig. 1), Neoproterozoic strata of the Vadsø, Tanafjorden, and 
Vestertana groups are well exposed (Edwards et al., 1973; Edwards, 
1984; Siedlecka, 1985; Rice, 1994; Rice et al., 2011) and provide a 
potential correlative succession for the Wedel Jarlsberg-Oscar II and 
other SBP terranes. The Tonian–Cryogenian Vadsø and Tanafjorden 
groups broadly record a transition from siliciclastic- to carbonate- 
dominated strata (Edwards et al., 1973; Edwards, 1984; Siedlecka 
et al., 2004) that are similar to the Nordbukta and Deilegga groups. 
These rocks are separated by an angular unconformity from the over
lying late Cryogenian–Ediacaran Vestertana Group, reflecting the tran
sition from a passive to active margin associated with Timanian arc- 
continent collision (Siedlecka et al., 2004). We propose this may be 
equivalent to the Torellian unconformity in the Wedel Jarlsberg-Oscar II 
terrane of the SBP. The Vestertana Group includes two glaciogenic de
posits, the Smalfjord and Mortensnes formations, which have been 
correlated with the Marinoan and Gaskiers glaciations, respectively 
(Siedlecka, 1985; Halverson et al., 2005; Rice et al., 2011); these de
posits reflect a clear stratigraphic link with the Slyngfjellet/Konglo
meratfjellet/Kapp Linné formations (and Comfortlessbreen Group) and 
the Kapp Lyell Group of the Wedel Jarlsberg-Oscar II terrane. The 
younger Mortensnes Formation is conformably overlain by deep-water 
strata of the upper Vestertana Group (Rice et al., 2011), which may be 
correlative with the Dunderdalen and Gåshamna formations. 

Detrital zircon U-Pb age spectra from the Tanafjorden Group include 
ca. 1600–1400, 1350–1000, and 1000–900 Ma age populations with 
scattered Paleoproterozoic to Archean grains (Fig. 17; Zhang et al., 
2015); these data are similar to the age-equivalent Deilegga and Nord
bukta groups. Critically, the Ediacaran Nyborg and Stáhpogieddi for
mations (Vestertana Group) contain distinct bimodal ca. 1800 and 2850 
Ma U-Pb age peaks (Roberts and Siedlecka, 2012; Zhang et al., 2015), 
which is similar to the provenance shift recorded in the Höferpynten and 
Gåshamna formations of the Wedel Jarlsberg-Oscar II terrane (Fig. 17). 
Thus, not only does the general stratigraphy of the Norwegian Varanger 
Peninsula match the sedimentary successions of Wedel Jarlsberg Land, 
but so does the timing and significance of its major provenance shifts. 

Neoproterozoic and early Paleozoic successions of the SBP have also 
been correlated with coeval rocks of various circum-Arctic terranes (e.g., 
Gee and Teben’kov, 2004; Amato et al., 2009; Colpron and Nelson, 
2009; Cocks and Torsvik, 2011; Malone et al., 2014; O’Brien et al., 2016; 
Hoiland et al., 2018). For example, the similar Ordovician tectonic 
history of the SBP and the Pearya terrane of Ellesmere Island (Fig. 1), 
Canada, was originally recognized by Harland and Wright (1979), while 
subsequent authors have expanded on this proposed link through more 
focused stratigraphic, metamorphic, and geochronological studies 
(Trettin, 1989; Ohta, 1994; Gee and Page, 1994; Gee and Teben’kov, 
2004; Mazur et al., 2009; Kośmińska et al., 2014; Malone et al., 2014). A 
similar argument can be made for various continental fragments in the 
Arctic Alaska–Chukotka microplate of northeastern Russia and northern 
Alaska, which consists of a suite of amalgamated peri-Laurentian and 
peri-Baltican terranes that were juxtaposed prior to the Carboniferous 
along the northern margin of Laurentia (Amato et al., 2009; Miller et al., 
2011, 2018; Strauss et al., 2013, 2017, 2019; Till et al., 2014; Hoiland 
et al., 2018). Thick metasedimentary successions of the southwestern 
subterranes (Strauss et al., 2013) of the Arctic Alaska–Chukotka 
microplate consist of poorly understood Tonian orthogneiss and mafic 
intrusive rocks and overlying Neoproterozoic metasedimentary succes
sions with prominent U-Pb detrital zircon populations of ca. 1800–950 
Ma with subordinate Archean grains (Hoiland et al., 2018). This is 
similar to the Wedel Jarlsberg-Oscar II terrane, and these data highlight 
potential linkages to the SBP across the Arctic Ocean. 

5.3. Implications for the origin and assembly of the SBP 

Neoproterozoic metasedimentary rocks of the Wedel Jarlsberg-Oscar 
II terrane record a Stenian(?)–Tonian passive margin succession that was 
deformed prior to ca. 650 Ma and then unconformably overlain by 
glaciogenic strata related to the Marinoan and Gaskiers glaciations 
(Fig. 3). Indications of subaerial exposure at the Torellian unconformity 
surface, along with the presence of reworked clasts of the Deilegga and 
Nordbukta groups in the Cryogenian Thiisfjellet, Konglomeratfjellet, 
and Slyngfjellet formations, provides sedimentological evidence for 
uplift and exposure of the local Tonian basement prior to Sofiebogen, 
Dunderbukta, Comfortlessbreen, Lågneset, and Kapp Lyell Group sedi
mentation. The Cryogenian Slyngfjellet Formation of the Sofiebogen 
Group locally interfingers with mafic flows of the Jens Erikfjellet For
mation (Czerny et al., 1993). The geochemical composition of dikes and 
sills in the Jens Erikfjellet Formation (Czerny, 1999), along with its 
volcano-stratigraphic characteristics and stratigraphic position, are 
consistent with the interpretation that regional Cryogenian volcanism in 
the Wedel Jarlsberg-Oscar II terrane directly overlapped with the end of 
the Torellian orogeny and the terminal phase of the Marinoan glaciation. 
Taken together, these data indicate that the Wedel Jarlsberg-Oscar II 
terrane may either record distal foreland basin sedimentation associated 
with the Torellian orogeny and/or syn- to post-collisional rift-related 
sedimentation. Given the similarities discussed above with the northern 
margin of Baltica, we suggest the Torellian and Timanide orogens are 
local expressions of the same accretionary system, and we propose that 
the Wedel Jarlsberg-Oscar II and Berzeliuseggene-Eimfjellet terranes 
likely originated in proximity to northern Baltica (Fig. 18). 
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Middle Ediacaran (ca. 560 Ma) magmatism in the Wedel Jarlsberg- 
Oscar II terrane is geochemically and temporally similar to the Seiland 
Igneous Province of northwestern Baltica (Gołuchowska et al., 2016; 
Gumsley et al., 2020), which is an alkaline ultramafic–mafic magmatic 
complex that was emplaced between ca. 570 and 560 Ma (Roberts et al., 
2006; Larsen et al., 2018). Previous researchers have linked the Seiland 
Igneous Province to geochemically similar dike swarms on the northern 
margin of Baltica related to the Central Iapetus Magmatic Province 
(Larsen et al., 2018). This link, together with stratigraphic ties to 
Tonian–Ediacaran strata of the Varanger Peninsula, further supports 
restoration of the Wedel Jarlsberg-Oscar II terrane to a position along 
the northern margin of Baltica during the Neoproterozoic–early Paleo
zoic break-up of Rodinia (Fig. 18). 

Critically, however, the terminal Ediacaran and overlying early 
Paleozoic stratigraphy of Baltica and the SBP terranes are fundamentally 
different. For example, the Ediacaran Mortensnes Formation of the 
Varanger Peninsula, Norway, is conformably overlain by thick packages 
of latest Ediacaran to early Cambrian siliciclastic strata (Rice et al., 
2011; Högström et al., 2013), while rocks of this age and setting are 
mostly absent from the SBP (perhaps except in the Prins Karls Forland 
terrane). Moreover, Cambrian-Ordovician carbonate platform strata of 
the Hornsund terrane, SBP, have strong Laurentian stratigraphic and 
faunal affinities (Major and Winsnes, 1955; Birkenmajer and Orłowski, 
1976; Birkenmajer, 1978b, 1978a); therefore, it is unlikely this terrane 
has anything to do with the continental margin of Baltica (Fig. 18), and 
it is more likely it was juxtaposed later with the other terranes of the 
SBP. In order to rectify these fundamental differences, we suggest the 
peri-Baltican terranes of the SBP (Wedel Jarlsberg-Oscar II, 

Berzeliuseggene-Eimfjellet, and maybe Prins Karl Forland) were rifted 
away from the margin of Baltica during Ediacaran-Cambrian extension 
in the North Atlantic (Cawood et al., 2001, 2007). Stranded outboard of 
Baltica and Laurentia during the break-up of Rodinia, the SBP terranes 
(as well as other terranes in the circum-Arctic) may have been subse
quently juxtaposed during protracted closure of the northern tract of the 
Iapetus Ocean associated with the early development of the Caledonian 
orogen (e.g., Strauss et al., 2017). The presence of Devonian- 
Carboniferous Ellesmerian metamorphism in the Prins Karls Forland 
terrane and localized folding and synorogenic sedimentation in the 
Wedel Jarlsberg-Oscar II terrane (e.g., Dallmann and Piepjohn, 2020) 
suggests amalgamation of these disparate terranes may have be pro
tracted over the early to middle Paleozoic. 

6. Conclusions 

Integrated stratigraphic, chemostratigraphic, and geochronological 
data presented herein from the SBP provide important new insights into 
the tectonic evolution of Svalbard with implications for the North 
Atlantic and Arctic Caledonides. The main conclusions of this study are 
as follows:  

1. Tonian metasedimentary rocks of the Nordbukta and Deilegga 
groups of Wedel Jarlsberg Land are regionally truncated by a Cry
ogenian (<650 Ma) angular unconformity (the Torellian unconfor
mity), the age of which is confirmed herein by field relationships and 
re-analysis of previously unpublished detrital monazite data. New 
detrital zircon U-Pb data from these strata yield ca. 1030–1170, 

Fig. 18. Schematic Neoproterozoic paleogeographic reconstructions of the North Atlantic-Arctic Caledonides modified after Malone et al. (2014) and Bazarnik et al. 
(2019). See text for discussion. North G.–North Greenland; Ny-Fri–Ny Friesland terrane, Northeast Basement Province of Svalbard; Nord–Nordaustlandet terrane, 
Northeastern Basement Province of Svalbard; East G.–East Greenland; Kalak–Kalak Nappe Complex of Norway; NWBP–Northwest Basement Province of Svalbard; 
Berz-Eim–Berzeliuseggene-Eimfjellet terrane, Southwestern Basement Province of Svalbard; WJL-OS2–Wedel Jarlsberg-Oscar II terrane, Southwestern Basement 
Province of Svalbard; PKF?–Prins Karls Forland terrane of the Southwestern Basement Province (question marks denotes uncertainty in affinity to Laurentia or 
Baltica); CIMP–Central Iapetus magmatic province (centralized location denoted by white star); SST-AAC–southwestern subterranes of the Arctic Alaska–Chu
kotka microplate. 
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1280–1400, 1430–1510, and 1580–1680 Ma age populations that 
are typical of North Atlantic Mesoproterozoic–Neoproterozoic sedi
mentary successions. 

2. Carbonate carbon and strontium isotopic analyses from the Thiisf
jellet Formation of the Sofiebogen Group provide chemostratigraphic 
ties to Cryogenian interglacial (ca. 659–640 Ma) carbonates. This 
correlation provides a conservative depositional age constraint for 
the underlying Cryogenian Torellian unconformity that is consistent 
with previous datasets (e.g., Majka et al., 2014).  

3. Cryogenian–Ediacaran strata of the Sofiebogen, Dunderbukta, and 
Kapp Lyell groups host carbonate carbon (δ13Ccarb) and strontium 
(87Sr/86Sr) isotope chemostratigraphic data that provide strati
graphic ties to the ca. 640(?)–635 Ma Marinoan and ca. 580–579 Ma 
Gaskiers glaciations. New detrital zircon U-Pb data from the Cry
ogenian Slyngfjellet, Jens Erikfjellet, Kapp Martin, and Konglomer
atfjellet formations yield similar age spectra to the underlying 
Nordbukta and Deilegga groups, while younger Ediacaran strata of 
the Höferpynten and Gåshamna formations record a prominent shift 
to bimodal ca. 1850 and 2850 Ma U-Pb age populations.  

4. Integrating these new data with previously published geochemical, 
geochronological, and thermochronological datasets from south
western Svalbard, we propose the SBP is composite and can be 
further subdivided into the Wedel Jarlsberg-Oscar II, 
Berzeliuseggene-Eimfjellet, Prins Karls Forland, and Hornsund 
terranes.  

5. Neoproterozoic metasedimentary rocks of the Wedel Jarlsberg-Oscar 
II and Berzeliuseggene-Eimfjellet terranes (and perhaps the Prins 
Karls Forland terrane) record sedimentological, provenance, and 
metamorphic similarities with age-equivalent successions in north
ern Baltica. In contrast, the Hornsund terrane has sedimentological 
and paleontological affinities with the Laurentian margin. Thus, we 
propose that the SBP is composed of multiple peri-Baltican and peri- 
Laurentian fragments that were initially amalgamated and translated 
during the Caledonian orogeny and then subsequently modified in 
the Ellesmerian and Eurekan orogenies. 
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Vestgötabreen Formation in Spitsbergen. Norsk Geologisk Tidsskrift 64, 267–274. 

Hirajima, T., Banno, S., Hiroi, Y., Ohta, Y., 1988. Phase petrology of eclogites and related 
rocks from the Motalafjella high-pressure metamorphic complex in Spitsbergen 
(Arctic Ocean) and its significance. Lithos 22, 75–97. 

Hjelle, A., 1962. Contribution to the geology of the Hecla Hoek Formation in 
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palaeomagnetic and isotopic data to investigate late to post-Caledonian 
tectonothermal processes within the Western Terrane of Svalbard. J. Geol. Soc. 174, 
572–590. 

Miller, E.L., Kuznetsov, N., Soboleva, A., Udoratina, O., Grove, M.J., Gehrels, G.E., 2011. 
Baltica in the Cordillera? Geology 39, 791–794. 

Miller, E.L., Meisling, K.E., Akinin, V.V., Brumley, K., Coakley, B.J., Gottlieb, E.S., 
Hoiland, C.W., O’Brien, T.M., Soboleva, A., Toro, J., 2018. Circum-Arctic 
Lithosphere Evolution (CALE) Transect C: displacement of the Arctic Alaska- 
Chukotka microplate towards the Pacific during opening of the Amerasia Basin of 
the Arctic. Geol. Soc. London, Special Publications 460 (1), 57–120. 

Misi, A., Veizer, J., 1998. Neoproterozoic carbonate sequences of the Una Group, Irecê 
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