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Abstract

Field data from recent geological mapping over a major part of the north-central Scandinavian Caledonides combined with
published information give a detailed view of early Cambrian basin successions, comprising the Gérdsjon formation (Gf;
Jamtland supergroup) in the Lower Allochthon and autochthonous equivalents (Dividal Group). The Gf comprises ten units
of sandstone and siltstone or mudstone (Gf [—X, > 300 m thick). Green siltstones with red layers (Gf VI, c. 521 to 519 Ma)
and green—grey siltstones at the top (Gf X, c. 516.5 to 513.5 Ma) are regional key horizons. Gf V, VI, VII, IX, and X depo-
sition may be related to eustatic events. Restoration of Caledonian shortening reveals a major “Hornavan-Vattudal basin”
(HVB; > 330 km NW-SE, > 400 km NE-SW) between the Grong—Olden culmination in the S and the Akkajaure—Tysfjord
culmination in the N. Published zircon ages imply the latter separated the HVB from those shed from the Timan orogen in
the N. The eastern basin margin straddles the present Caledonian erosional margin. Basement highs identified here within
the Nasafjillet, Bangonaive, and Bgrgefjellet “basement” windows define the western margin. They separate the HVB from
the outer shelf towards the Iapetus Ocean in the W. The onset of sedimentation is time-related with E-W extension at c.
544-534 Ma. NNE-SSW-directed extension occurs after c. 518 Ma, perhaps related with Timan late-orogenic extension. The
HVB is distinctly younger (c. 535-513.5 Ma) than Rodinia break-up and Iapetus ocean formation (> 550 Ma), comparable
with post-rift basins in inner parts of modern passive margins.

Keywords Early Cambrian - Baltica passive margin - Post-rift basin - Syn-sedimentary faults - Restoration - Scandinavian
Caledonides - Timan foreland

Introduction

In the wake of Rodinia break-up, Baltica developed passive
continental margins in the (present) northwest and south-
west, towards the Iapetus and Tornquist Oceans, respec-
tively (Fig. 1a). Subsequent Baltica-Laurentia convergence
and Caledonian shortening eventually led to nappe stacking
into Lower, Middle, Upper, and Uppermost Allochthons
beginning in Silurian times (e.g., Gee and Stephens 2020).
As a result, these Caledonian nappes are now overlying the
autochthonous, inner part of the north western Baltica pas-
sive margin (present orientation). Large-scale palinspastic
restoration of Caledonian shortening (e.g., Andersen et al.
2022; Rice and Anderson 2016) shows the general geom-
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etry of the pre-Caledonian passive margin, mostly hyper-
extended towards the Iapetus Ocean. The traditional view
of the sedimentary succession within the Baltica—lape-
tus margin, now in the Lower and Middle Allochthons of
the central Scandinavian Caledonides, comprises ocean
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Fig.1 a Baltica at the beginning of the Cambrian era with adja-
cent ocean basins and orogens, simplified from Pease et al. (2004),
Johansson (2014), Slama and Pedersen (2015), Jakob et al. (2019),
Zelazniewicz et al. (2020). Early Cambrian land area in grey (Nielsen
and Schovsbo 2011). b Geological sketch map of the central Scan-
dinavian Caledonides, showing the studied area with three traverses
documented in detail (orange stripes, N north, C central, S south;

ward-dipping and -thickening beds, spreading successively
onto the developing Baltica passive margin in Neoprotero-
zoic and Cambrian times (Jamtland supergroup, Gee and
Kumpulainen 1980; Nielsen and Schovsbo 2011; Gee and
Stephens 2020; SI Fig. S1). Structural complexities of the
area’s passive margin basins were documented in a limited
area only (Gayer and Greiling 1989). Newly published evi-
dence together with extensive field data of the authors shows
a complex basin evolution of the Baltica passive margin in
early Cambrian times. A substantial gap in time separates
the lower Cambrian succession from underlying syn-rift
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Figs. 6, 7). See Fig. la for location and Greiling et al. (2018) for
sources. Mgre-Trgndelag Fault Complex (MTFC) and Nesna Shear
Zone (NSZ) simplified from Osmundsen et al. (2003). ATC Akka-
jaure-Tysfjord culmination, Bd Bangondive window, Bg Bgrgefjellet
window, Ga Gavas window, Gj Gautojaure area, GOC Grong-Olden
culmination, Nj Njakafjillet, R Rombak window, 7j Tjulan window,
Ty Temmeras window

beds and requires a revision of the earlier concepts. Towards
that aim, this paper collects the available information from
the relevant autochthonous and allochthonous (Lower
Allochthon) units between the Akkajaure-Tysfjord— and
Grong—Olden culminations (ATC, GOC; e.g., Bjorklund
1989; Gee and Stephens 2020; Fig. 1b). The new dataset
comprises mainly detailed geological maps, field data, and
new interpretations of comprehensive archive material
from the Geological Survey of Sweden. Together with pub-
lished age information, the new data allow correlations of
the lower Cambrian units across the region, including the
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autochthonous cover, and provide a base for a new view
of the basin’s geometry, subsidence history, evolution, and
paleogeography. The discussion also puts the new results
into the regional tectonic frame of the Baltica—lapetus mar-
gin between the late Neoproterozoic-earliest Palaeozoic
Timan orogen in the north (Pease et al. 2008) and the Cado-
mian terranes of similar age in the southeast (Zelazniewicz
et al. 2020; Fig. 1a). Most of the formations mentioned here
lack definition according to the international standards (e.g.,
Kumpulainen et al. 2017). Therefore, no capital letter is used
(e.g., Gérdsjon formation).

The sub-Cambrian basement

The basal unconformity of the Cambrian cover along the
Caledonian erosional margin is almost flat at a regional scale
(“sub-Cambrian peneplain”; e.g. Zachrisson and Greiling
1996; Lidmar-Bergstrom and Olmo 2015). At decimetre- to
metre-levels, the basement surface shows a relief around
Lake Storuman and in the Bgrgefjellet window (SI Fig. S2).
In the Laisvall area, an observed basement relief (e.g.,
Lilljequist 1973; Willdén 1980) may be a product of tectonic
activity (Saintilan et al. 2015). The crystalline basement is of
Palaeoproterozoic age (Kathol and Weihed 2005; Bergman
and Kathol 2018) and shows traces of weathering (Willdén
1980; Thelander 1982), for example disintegration of granite
with isolated, kaolinized feldspar grains (e.g. Willdén 1980;
SI Fig. S2) to a depth of a few metres beneath the Cambrian
cover. Detailed studies on drill cores in the south of the area
(Langviken, Hara) revealed weathering down to over 20 m
beneath the basement—cover interface (Angerer and Greiling
2012). The basement displays numerous fractures of pre-
dominantly NW-SE and NNE-SSW directions (e.g. Berg-
man et al. 2012; Romer et al. 1994; Fig. 3). At the southern
margin of the area, the Storsjon-Edsbyn Deformation Zone
(Bergman et al. 2006) separates two distinct Palaeoprote-
rozoic domains and may have influenced the Phanerozoic
evolution (Olden Discontinuity Zone, ODZ, Bergman and
Sjostrom 1994). Mesoproterozoic mafic dykes (Greiling
et al. 2007; Ripa and Stephens 2020) are mostly oriented
NE-SW along the south-eastern Caledonian margin in
northern Jimtland and into southwestern Visterbotten, and
NW-SE northwards. Along the eastern Caledonian margin,
mineralized veins occupy fractures in the crystalline base-
ment, which were re-activated during broadly E-W-directed
extension at c. 544-534 Ma (Billstrom et al. 2012; Saintilan
etal. 2015; 2017; Fig. 3).

In the Lower Allochthon, slices of Palaeoproterozoic
crystalline rocks with a lithology similar to the autochtho-
nous basement, occur in all of the discussed thrust systems.
On top of these crystalline rocks, sub-Cambrian sedimen-
tary rocks comprise the Cryogenian Risbick group and the
overlying Ediacaran Langmarkberg formation (Figs. 3, 9).

These rocks continue from the Risbéck basin established in
northern Jimtland and southern Visterbotten in the south-
west (Kumpulainen 1982) northwards across the Flakatris-
ket area and to the Hemfjill area (Grambow 2001). Towards
the north, the Risbick group ends approximately along the
Laisélven River northeast of Laisvall (Greiling et al. 2021)
but continues northwestwards in the Tjulan and Gavas win-
dows (Fig. 2, Fig. S11).

The autochthonous lower Cambrian succession

The autochthonous lower Cambrian sedimentary cover
between ATC and GOC overlies crystalline basement rocks
and is exposed in a narrow strip at the eastern erosional mar-
gin beneath the Caledonian nappes (Figs. 1b, 2). It is part
of the Dividal Group, comprising, from bottom to top, the
Laisberg, Grammajukku, and Alum shale formations (Will-
dén 1980; Thelander 1982; Nielsen and Schovsbo 2011;
Cederstrom et al. 2022; Figs. 1b, 2, 9, SI Table S1). In the
north of the area, around Vietas, the autochthonous cover is
restricted to the Grammajukku formation (Thelander 1982;
Bjorklund 1989) and increases in stratigraphic range and
thickness southwards until the Laisvall area (c. 100 m).
There, the underlying Laisberg formation comprises six
members (Willdén 1980), which alternate between quartz
arenites, siltstones, and mudstones. Mudstones and siltstones
with subordinate fine-grained quartz arenites and occasional
carbonate layers and phosphorite fragments dominate the
Grammajukku formation. Black, bituminous mudstones
characterise the Alum shale formation with occasional
grey siltstone layers and subordinate bituminous lime-
stones. The age intervals of the Grammajukku and Alum
shale formations are constrained biostratigraphically as late
early Cambrian and mid- to late Cambrian, respectively
(Moczydtowska et al. 2001; Cederstrom et al. 2022; Nielsen
and Schovsbo 2011, 2015; Fig. 9).

From Laisvall southwards for c. 50 km, exposures of
the Laisberg formation are absent (Eliasson et al. 2003;
Bergman and Kathol 2018). Further south, they occur
intermittently for about 20 km from Lake Storjuktan to
the southern side of Lake Storuman (SI Fig. S3). There,
quartz arenites, siltstones, and subordinate conglomerates
of the Laisberg formation rest on the crystalline basement.
Close to the basement surface, bedding in the Laisberg
formation dips away from local highs. However, a few
decimetres above the basement-cover contact, beds are
subhorizontal (SI Fig. S2). At Jipmokberget, conglomer-
atic beds of one to several metres of thickness form the
basal successions (SI Fig. S5). Elsewhere, 0.5 to 2 m-thick
beds of coarse-grained quartz arenites with subordinate
fine-grained quartz arenites and siltstones represent the
basal beds. Clasts consist mostly of quartz or quartzite and
subordinate feldspar and fragments of crystalline rocks.
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indicate a general current direction from east towards west
(SI Fig. S3). A thin mudstone veneer covers some of the
ripple marks, exposed at the floor of an E-W-oriented
channel at Bergmyrhobben. Such a deposit may indicate
a transient stage of low energy, perhaps due to changing

tides. This is consistent with the position in a tidal (?)
channel.

The Laisberg formation reaches more than 12 m of thick-
ness to the west and south of Lake Storuman, but decreases
to zero both southwards and northwards, for example at
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«Fig. 4 Lithostratigraphy of the Gérdsjon formation (Gf). a Type sec-
tion with units Gf I to X, compiled from Sjoutdlven and Stromberget
(Thelander, in Kumpulainen et al. 1981; Gee et al. 1990). b Strati-
graphic columns of the Gf and its equivalents across the studied area,
arranged in three traverses as in the text and Figs. 1b, 6, 7, correlated
with Gf I-X at the type section. Correlation lines connect important
horizons, also in Figs. 7, 9

Kyrkberget (SI Fig. S3). It reappears at Hogland, with a
maximum thickness of c. 20 m (Kulling 1942; Greiling
et al. 1999) and continues northeast wards to the hill Lill-
blaiken (Eliasson et al. 2001; 2003). Around Jipmokberget,
the thickness of the Laisberg formation of more than 13 m
decreases to zero northwards and southwards (Eliasson et al.
2003). SI Fig. S4 and S5 show details of alternating quartz
arenites with ripples, planar cross-bedding, and shales,
which include trace fossils. South of Bergmyrhobben, and
for at least 80 km further towards the south, in the Vojm-
sjon and Malgomaj areas, the Laisberg formation is absent,
save for minor sandstone beds, and the Grammajukku for-
mation rests on basement rocks. To the north and west of
Vilhelmina, also the Grammajukku formation is missing,
so that the Alum shale formation rests directly on the base-
ment (Bierlein and Greiling 1993; Greiling et al. 1996; 1999;
Bjork et al. 1996; Fig. 4b: Ronnberget). Further south, the
Langviken drill hole (Fig. 2) exposes c. 10 m of quartzite,
resting on the crystalline basement (Gee et al. 1978). Such
a thin cover continues towards south, across the GOC and
to Vassbo (e.g. Nielsen and Schovsbo 2011; Saintilan et al.
2015).

The lower Cambrian successions in the Lower
Allochthon: Gardsjon formation and equivalents

The Gérdsjon formation (in the following abbreviated as Gf)
represents the lower Cambrian succession of the Jimtland
supergroup (Gee and Stephens 2020; SI Fig. S1, Table S2)
and builds up major parts of the Lower Allochthon thrust
systems. It comprises ten units, here with the notifications
Gf I to Gf X, from bottom to top, used also for correlatives
across the present area. The first part gives an overview of
the Gf based on the type sections in Stroms Vattudal (The-
lander in Kumpulainen et al. 1981; Gee et al. 1990) and our
data. The three following parts show regional variations,
grouped in traverses oriented broadly from ESE to WNW
and normal to the general Caledonian strike direction (see
Figs. 1b, 6, 7, SI Table S2).

The Gardsjon formation, lithology, and constituting
sub-units

A > 300 m-thick succession of the Gf is distributed from north
of the GOC, around the Stromberget-Sjoutilven-type loca-
tions (Gee et al. 1990), across the Njakafjillet duplex up to

and including the Flakatrisket duplex in the north (Fig. 2).
Successions of reduced thickness occur towards the south
and towards the eastern Caledonian margin (Gee et al. 1978),
northeast wards along this margin, at Vilhelmina (Greiling
et al. 1996, 1999), at Hemfjall (Greiling and Kathol 2021b),
and in the Gautojaure—Bjornide—Hornavan thrust systems
(Lilljequist 1973; Greiling and Kathol 2021a; Greiling et al.
2021). Towards the northwest, in the Bgrgefjellet, Bangonaive,
and Nasafjillet windows, successions are thinning as well. Fig-
ure 4a shows the Gf type column with its ten units of alternat-
ing quartz arenites and siltstones—shales. Lithologically, the
quartz arenites with well-rounded quartz grains and a cement
of quartz and occasional carbonate are similar to those in the
Laisberg formation. Bedding is regular with centimetre- to a
few decimetre-thick layers (SI Fig. S6). Conglomeratic beds
occur in Gf I to IIT with clasts composed mainly of quartz
and subordinate feldspar, quartzite, and crystalline rocks. Con-
glomerates of Gf X contain mainly phosphorite fragments in
a carbonate matrix. Most of the Gf siltstones and shales with
subordinate mudstones (Gf II, IV, VI, and VIII) are dominated
by fine-grained quartz, which is often recrystallized. Clay min-
erals are relatively rare (Greiling 1985; Warr et al. 1996). All
these siltstone-shale layers contain centimetre- to decimetre-
thick quartz arenite interlayers. Often, millimetre thick, fine-
grained quartz arenite layers alternate with finely laminated
siltstone or shale. Gf VI is distinct by red coloured interlayers
in green siltstones and shales. Red-coloured interlayers in Gf
VI are missing from the northeastern part of the Flakatréisket
duplex and towards the north, including the Gautojaure and
Laisvall areas, but reappear in the Tornetrésk area (Fig. 6a).
Sedimentary structures comprise ripples (Gf III, VIII, IX),
cross-bedding (Gf VII, IX, SI Fig. S6a, b,8c), lensoid layers,
slump structures, load casts (Gf VIII), and graded bedding (Gf
IX). Directional data are lacking, due to Caledonian overprint
and unfavourable outcrop conditions (mostly 2D). Close to the
floor and roof thrusts of horses, quartz arenites are recrystal-
lized to quartzites containing abundant quartz veins, siltstones
strongly sheared. Such recrystallization is often pervasive
in the western areas, particularly in the tectonic windows.
Because of their economic importance as host rocks to base
metal mineralizations and as construction materials, several
authors analysed the composition of the quartzites (Kulling
1942; Stalhos 1958; Du Rietz 1960; Hansson 1977; Willdén
1980). The quartz content is between 90 and 100%, with minor
amounts of feldspar and rare clay minerals, locally with sub-
ordinate accessories such as fluorite or galena.

Southern traverse: eastern, marginal thrust systems
to Bargefjellet window

The southern traverse comprises a zone from the Caledo-
nian margin around Ronnberget in the east and, successively

@ Springer



International Journal of Earth Sciences

towards west, the Njakafjillet duplex and the Bgrgefjellet
window (Figs. 1b, 2).

Eastern, marginal thrust systems and Njakafjallet
duplex Published geological maps (Greiling and Zach-
risson 1999; Greiling et al. 1996; 1999; Zachrisson 1997;
Zachrisson and Greiling 1993; 1996) document the distri-
bution of the Gf. Close to the eastern, erosional margin, the
succession is distinctly thinner and, in places (e.g., between
Stuphillan and Bjornberget, Fig. 2), disappears completely.
The Bjornberget hill is built up of a quartzite succession,
representing the easternmost horse of the Lower Alloch-
thon. From the floor thrust to the overlying Alum shale
formation, the succession is somewhat more than 100 m
thick. The quartzites with regular, c. decimetre-thick beds
represent Gf VII and IX (Fig. 4b). The Stuphillan section
(Kulling 1942) comprises c. 12 m of quartzite. It overlies
crystalline basement rocks and is covered by the Alum shale
formation. The coarse-grained, thickly bedded quartzite
corresponds to Gf IX. From Stuphillan westwards, across
the Njakafjédllet duplex (Gayer and Greiling 1989) the Gf
is broadly homogeneous and comparable with the type sec-
tion. The siltstone—mudstone of Gf VI has a thickness of
42-87 m (Zachrisson and Greiling 1993; Greiling and Zach-
risson 1999; our data), about twice that at the type location.
Its top shows an erosional channel filled with conglomeratic
quartz arenite of the overlying Gf VII, composed of well-
rounded quartz and subordinate feldspar clasts (SI Fig. S6d—
f). In general, quartz arenite beds are of dm-scale with cm-
to mm-size layering with various grain sizes, and cm-thick
finer-grained interlayers, mostly siltstones (SI Fig. S6a—c).
At the top, Gf X is at least 30 to 40 m thick, as interpreted
from the Stalon tunnel section (Strand and Kulling 1972).
Its basal part contains two c. 40 cm-thick layers of impure
limestone, which, in places, is fossiliferous (Kulling 1955).

Beargefjellet window The basement-cover thrust units, as
interpreted from the existing detailed maps (Foslie and
Strand 1956; Gustavson 1973; Greiling 1988; Zachris-
son 1991; SI Fig. 7a) and our data, comprise at least four
major horses, two of which (nos. 2, 4) are relevant here.
Horse 2 displays relatively complete cover successions,
at the NW slope of Mount Sipmekfjillet and southeast of
border cairn 204A. At the base of the Sipmekfjillet sec-
tion, diamictites, up to 10 m thick, non-conformably over-
lie gneisses of the Palaeoproterozoic basement (Fig. 4b, SI
Fig. S8g, h, Table S2; Greiling 1972). Fragments comprise
quartzites, vein quartz, and rare crystalline rocks. They are
mostly angular and up to 20 cm in diameter. Overlying the
diamictite is a 10- to 20-cm-thick, polymictic conglomer-
ate, with sharp boundaries at both the bottom and the top.
It is partly matrix-supported, partly clast-supported. Clasts
are of centimetre scale and composed of granite, feldspar
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and quartz grains, quartzite, greenish phyllite, and rusty
weathered rocks, which contain Fe- and Cu-sulphides. The
overlying coarse-sandy quartzite succession, composed of
whitish—bluish quartz grains and rare white feldspar grains,
reaches c. 10 m of thickness. Trough cross-bedding occurs
in decimetre-thick layers. The grain size within the cross-
bed laminae decreases from the base to the top. This basal
succession correlates with Gf VII. The overlying alternat-
ing fine sand- and siltstone layers (Gf VIII) are c. 5 m thick
and followed by c. 5 m of grey quartzites (Gf IX). At the
top, rusty weathered, distinctly radioactive, dark grey shales
overlie the quartzites and represent the Alum shale forma-
tion (Greiling 1981). About 9 km towards NNE, southeast
of border cairn 204A, a c. 175 m-thick section of alternat-
ing quartzites and predominantly shales or quartzphyllites
underlies graphitic phyllites of the Alum shale formation
(Greiling 1972; Zachrisson 1991; Fig. 4b). The lower part
with a basal quartzite, overlain by quartz phyllites and a sec-
ond quartzite member, is comparable with the Sipmekfjéllet
sequence. Overlying quartz phyllites are c. 100 m thick and
represent Gf X. In their uppermost part, a conspicuous, c.
8 m-thick succession with calcareous phyllites and quartz-
ites, and a layer with carbonate-bearing fragments in a cal-
careous—phyllitic matrix is exposed.

In horse 4, a c. 230 m-thick cover succession, capped
by sheared alum shale, is evident from the geological map
(Greiling 1988). The lower part of this succession is well
exposed at the north slope of Jetnamfjellet and the upper
part southwest of Saksinfjellet. The column on Fig. 4b is a
composite of the two parts, connected by the quartzites of
Gf V. At Jetnamfjellet, the Gf quartzites fill up a relief in the
basement rocks in the order of a few metres (SI Fig. S2b).
At the base, c. 50 cm-thick conglomeratic quartzite non-
conformably overlies Palaecoproterozoic, mica-rich gneisses
with dykes of the Bgrgefjellet granite. Conglomerate clasts
are composed of quartzite and, rarely, feldspar. Most of
the quartzite clasts are flattened, due to deformation, but
feldspar-dominated clasts retain a round shape. The over-
lying succession is rather uniform with glassy quartzites,
foliated at a millimetre to centimetre-scale, which are alter-
nating with more mica-rich, brownish weathering phyllitic
quartzites.

Central traverse: Flaktrasket duplex to Bangonaive window

The central traverse covers the Flakatrisket duplex in the
east and, towards west, the Bangonaive antiformal stack
(Fig. 1b, 2).

Flakatrasket duplex The Flakatrisket duplex, extending
along strike for c. 20 km and more than 30 km across strike
with at least 21 horses (Febbroni 1997; Eliasson et al. 2001;
2003; Greiling et al. 1999; Greiling and Kathol 2021d;
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Fig. 2, SI Fig. S9), rests on autochthonous rocks between
Lakes Storuman and Storjuktan. Except for the four western-
most horses, the complete section of Gf I to X is preserved,
including the northernmost occurrences of the red-green
shales of Gf VI (Greiling and Kathol 2021c). The thickness
is generally around 300 m. With 70 to 170 m (100 m on
Fig. 4b), Gf X is distinctly thicker than at the type location.

Bangonaive window The Bangonaive window exposes
at least four basement-cover horses (Greiling et al. 1993;
Stephens 2001; SI Fig. S10). Stephens (1977) named the c.
150 m-thick cover succession with quartzites and pelites as
Oltokken formation, composed of parts 1 to 4. Overlying
radioactive shales of the Alum shale formation suggest it as
an equivalent of the Gf and the four parts correspond to Gf
VII to IX (Fig. 4b). On top of crystalline basement rocks, the
basal beds in horses 1, 2 comprise coarse-grained diamictite
and arkosic micro-breccia or fine conglomerate, followed
by a succession of whitish quartzites with occasional cross-
bedding (Gf VII). In horse 3, a few metres of greenish phyl-
lites underlie the Gf VII diamictites and represent Gf VI.
An alternation of fine-grained quartzites and greenish-grey
siltstones/phyllites, overlain by grey-to-dark grey quartzites,
represent Gf VIII and IX, respectively. In places, the latter
quartzites show graded beds at a decimetre scale.

Northern traverse: eastern, marginal thrust systems
to Nasafjallet window

The traverse covers the zone from Hemfjill to Hornavan at
the eastern Caledonian margin (Figs. 1b, 2). The Hemfjall
area shows a duplex structure (Bergman and Kathol 2018;
Eliasson et al. 2003; Greiling and Kathol 2021b). There,
the Gf comprises units V to X and is overlain by the Alum
shale formation. The thickness is somewhat more than a
hundred metres. Further west, the Gf is missing in the Tju-
lan and Gavasjaure windows (Greiling and Kathol 2021a).
Towards the north, however, the Gf is extensively exposed
in the Gautojaure-Bjornide area and, towards the northwest,
in the Nasafjillet window.

Gautojaure-Bjornide-Hornavan thrust systems Published
geological maps (Bergman and Kathol 2018; Greiling and
Kathol 2021b; Greiling et al. 2021; Lilljequist 1973) doc-
ument the Gf. South of Lake Gautojaure, the Gf overlies
coarse, poorly sorted conglomerates and arkoses of the Ris-
bick group, which rest on felsic, crystalline basement rocks
(SI Fig. S11). The Risbidck group disappears successively
towards north and, north of Lake Gautojaure the Gf directly
overlies the crystalline basement. Around the eastern end of
Lake Gautojaure and at Bjornide, Gf VII to X and the over-
lying Alum shale formation are well documented at the sur-
face and in drill-hole sections (Greiling and Kathol 2021a;

Sveriges geologiska undersokning 2020). A c¢. 50 m thick
succession of greenish-grey shales and siltstones, often alter-
nating with centimetre-thick fine-grained quartzites, under-
lies Gf VII quartzites. Though lacking the characteristic red
and green colours as observed further south, it is equivalent
with Gf VI (Saivatj member, Willdén 1980). In the adjacent
thrust units, an underlying quartz arenite at the base of the
Gf represents Gf V. The thickness of the Gf reaches up to
c. 200 m and decreases northwards (SI Fig. S11). In some
of the Bjornide drill-hole sections (interpreted from origi-
nal logs by F. Kautsky 1948 (unpulished report); Sveriges
geologiska undersokning 2020), Gf X attains a thicknesses
of 24 m to> 84 m (40 m in Fig. 4b), which is considerably
thicker than the c. 20 m observed at the surface. However, in
other drill holes, the Alum shale formation directly overlies
basement granite. Recent mapping around Lake Gautojaure
(Bergman and Kathol 2018; Greiling and Kathol 2021b;
our data) showed that the rocks, which were earlier mapped
as greywackes and supposed to be of Ordovician age (e.g.,
Lilljequist 1973), correspond to the finer-grained members
of Gf VII to X. They show a primary contact towards the
overlying Alum shale formation, which forms the top of the
respective thrust units. To the west of Lake Hornavan, how-
ever, overlying fossiliferous greywackes of the Ordovician
Norréker formation are preserved (Thelander 2009; Berg-
man and Kathol 2018; SI Fig. S11).

Nasafjallet window The Nasafjdllet window exposes at
least eight thrust units (horses 1-8), as interpreted from the
maps of Gijelle (1988), Thelander et al. (1980), Bergman
et al. (2012), Silvennoinen et al. (1987), and the archives
of the Geological Survey of Sweden (SI Fig. S12). In the
eastern, Swedish part of the Nasafjédllet Window, Thelander
et al. (1980) summarised the cover successions as Mierkenis
Group. At the south-eastern margin of the window, around
Skertasdive or Skuortatjdkka, a succession of quartzites,
quartz arenites with clay pebbles, and grey shales together
with overlying black, graphitic shale, make up the Sker-
tas formation (Marklund 1952; SI Table S2). It compares
well with the cover succession at Laisvall (Thelander et al.
1980), and quartzites and shales with Gf IX—X (Fig. 4b).
The black, graphitic shales represent the Alum shale forma-
tion as confirmed by their characteristic radioactivity and
trace-element contents (Lindqvist 1988). In the south and
the west of the Nasafjillet window (horses 1-3), the alum
shales are the highest stratigraphic level preserved (e.g.
Marklund 1952; Thelander et al. 1980; Lindqvist 1988).
In the Storselet area, a “lower unit of quartzites and occa-
sional graphitic phyllite with abundant grey phyllites above”
(Thelander et al. 1980) overlies the basement rocks. Quartz-
ites preserve traces of cross-bedding. Directional data are
missing. Since the quartzites directly underlie the graphitic
phyllite of the Alum shale formation, they are correlated
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here with Gf IX (in contrast to Gf VII of Thelander et al.
1980). The grey, sometimes calcareous phyllites above cor-
relate with lower to middle Ordovician greywackes of the
Norréker formation at Hornavan (Silvennoinen et al. 1987;
Bergman et al. 2012).

Because of the strong deformation, primary thicknesses
of the cover successions in the Nasafjillet Window can
only be inferred from relatively little deformed sections
at its southern margin (Marklund 1952; Lindqvist 1988)
and the Silvergruvan and Storselet areas (Thelander et al.
1980). Accordingly, the Skertas formation or Gf IX—X attain
a thickness of 20 m or less. At Nasafjillet, the Silvergru-
van section shows several tens of metres of phyllites (Gf
X), overlying the quartzites and capped by the Alum shale
formation.

Restoration of Caledonian thrusts and basin
geometry

To constrain the geometry of the original distribution of
Gf deposits, Caledonian shortening is restored by balanc-
ing structural sections parallel with the general WNW-ESE
transport direction of the Lower Allochthon, according to
thrust-related lineation data, branch lines of nappes and
horses (e.g. Hossack and Cooper 1986; Gayer and Greiling
1989; Greiling et al. 1993, 2018; Rice and Anderson 2016).
The dip of the regional floor thrust towards WNW with an
angle of c. 2° can be assessed at the erosional Caledonian
margin from outcrop patterns along major valleys (e.g.
Greiling et al. 1996) and from extensive exploratory drilling
in the Ormsjon—Tasjon area (Du Rietz 1960; Gee et al. 1978)
and around the Laisvall mine (Lilljequist 1973). Further
west, the depth of the regional floor thrust at the Bgrgefjel-
let window is estimated from the depth of the adjacent syn-
forms (Greiling et al. 1998), at the Bangonaive window from
geophysical data (Dohme & Greiling 1981), and consistent
with the 2° dip. This value is on the conservative side as
compared to dip angles of up to 5° in the Ostersund region
(Gee & Stephens 2020). The observed minimum thrust dis-
tance from the outcrop pattern of the erosional margin and
from drill holes is c. 40 km (Du Rietz 1960; Gee et al. 1978;
Lilljequist 1973). Based on general wedge geometry (e.g.
Davis et al. 1983), Hossack and Cooper (1986) and Rice and
Anderson (2016) suggested additional thrust distances of
more than 100 km to compensate for the eroded parts of the
syn-orogenic wedge tip. Metamorphic data of the autochtho-
nous succession at the eastern margin imply an overburden
corresponding to an orogenic wedge extending c. 130 km
towards the foreland as modelled by Warr et al. (1996). In
want of more precise data, maps, and sections Figs. 6 and 7
use the value of 130 km for a first step of restoration.

The Njakafjillet duplex, where the roof thrust is suf-
ficiently well preserved, reveals a shortening in the order
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of 50% (46—-54%, Gayer and Greiling 1989; Grimmer and
Greiling 2004). Such a value is valid also for the Lower
Allochthon at a regional scale (e.g. Morley 1986; Greiling
and Garfunkel 2007; Rice and Anderson 2016). Where ero-
sion removed the upper parts of the marginal thrust systems,
restoration relies on this general value. In the section across
the Hornavan area, shortening in the dominant Norraker
formation with greywackes and shales, largely by cleavage
formation, is taken as no less than 50% (e.g. Greiling and
Garfunkel 2007). Figure 5 summarises the results and gives
the amount of shortening. Numerical values for the restored
lengths of sections may have errors of > 10%. However, the
relative position of the lower Cambrian units (Fig. 6) is well
constrained. The second step of restoration of the marginal
thrust units moves the overlying nappes as a passive roof
towards west. In the Gautojaure and Hornavan sections, this
leads to an overlap of the restored Gf over the Gf in the Nas-
afjillet window towards the west (blue bracket in Fig. 6a).
Therefore, this window has to be restored towards the west
until it is no longer covered. Since all of the windows are
covered by a contiguous passive roof of overlying nappes,
also the Bangonaive and Bgrgefjellet windows are moved
accordingly. This is justified by the absence of any traces
of differential movement in the nappe transport direction. It
may also compensate for local shortening, which cannot be
quantified in the Gavas and Tjulan windows and the Fjill-
fjallet antiform (Fig. 2; Greiling et al. 1998). Subsequently,
the sections of the windows are restored. At the Nasafjéllet
window, this step leads to another overlap, since the Gf in
the Hggtuva window is now covered by the Nasafjillet Gf
(green bracket in Fig. 6a). Accordingly, the Hggtuva win-
dow requires another step of restoration towards west (red
contours). To assess the basin geometry, Fig. 6a and b shows
a restoration across the area, based on the 2D section-bal-
ancing results (Fig. 5).

To the west of the area, late-Caledonian extension or tran-
stension overprinted the Caledonian nappe pile (Dewey and
Strachan 2003; Osmundsen et al. 2003). Extension between
Nasafjdllet and Hggtuva is of little significance at the scale
of the present study, but towards south, the Nesna Shear
Zone (NSZ; Fig. 1b) represents considerable displacement.
Therefore, the balanced sections stop at the NSZ west of the
Béngonaive and Bgrgefjellet windows (Fig. 7).

Sedimentary structures and environment

Quartz arenites with conglomerates dominate the early Gf
successions I, II, V, whilst siltstones and mudstones of Gf II,
IV are of relatively minor thickness. Ripple marks in Gf II
reflect shallow water conditions. Siltstones and mudstones
of Gf VI represent a transgression—regression cycle with
widespread drowning (Thelander 1982; Nielsen and Scho-
vsbo 2011). At Laisvall, Willdén (1980) interpreted Gf VI as
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Fig.5 Restored sections across the studied area showing a pre-Cal-
edonian configuration of the Gérdsjon and equivalent formations.
Structural boundaries appear schematically as vertical lines. For the
thrust systems extending from the eastern margin a bulk shortening
of 50% is restored. The Njakafjéllet duplex, Bgrgefjellet, Bangonaive,

a bay deposit, which indicates proximity to the eastern HVB
margin. Overlying basal conglomeratic beds of Gf VII in
the Njakafjdllet area, with mostly quartz and some feldspar
clasts (SI Fig. S6d) fill minor channels eroded into Gf VI
shales (SI Fig. S6e, f). In the Nasafjéllet and Bgrgefjellet
areas, competent quartzite beds (Gf VII, IX) show traces
of cross-bedding (SI Fig. S6b, 8c; Thelander et al. 1980),
indicating shallow water. At the eastern margin at Laisvall,
Willdén (1980) documented various examples of near shore
environments during deposition of Gf VII and IX, with rip-
ple crests in Gf VII indicating E- and W-directed currents,
and NW and NE directions in Gf IX. In the Storuman area,
cross-bedded layers and current ripples in Gf IX are gener-
ally well preserved (SI Fig. S3a, 4-6). The dips of the fore-
sets towards W (SW to NW) indicate a general current in
this direction. Orientations of asymmetric ripples, some of
which occur at the floor of a (tidal) channel, are consistent
with W-directed currents. Exceptionally, in the north of the
Storuman area (Jipmokberget, SI Fig. S4a, 5), foresets and

and Nasafjéllet sections show the results of line-length balancing
along the base of the Girdsjon formation from the sections of the
respective SI Figs. (7b, 10c, 12b). Njakafjillet duplex based on Zach-
risson and Greiling (1993; 1996) and Greiling et al. (1996). Thick-
nesses shown schematically

ripples document currents towards NW to NE. Ripple marks
at Laisvall (Willdén 1980) and Storuman indicate shallow
water conditions. Further west, at Bangonaive, graded beds
(Stephens 1977) point to deeper water on the shelf, being
probable tempestites. The overlying mudstones and silt-
stones of Gf X at Laisvall and Storuman show transitions
towards sandy deposits in the east, close to the basin margin.
Towards the west, Gf X shales are rather uniform, though
with variable thicknesses. Limestone layers close to their
base suggest initial shallow water conditions, which change
upwards to deeper water due to subsidence of the basin floor.
At the top, rare limestone lenses and phosphorite fragments
(e.g. Greiling and Kathol 2021a) suggest shallowing.

Syn-sedimentary faults and major normal faults
The lower Cambrian successions preserve several faults that

were active during sedimentation (Figs. 3, 8, SI Fig. S4b).
Around Laisvall, Saintilan et al. (2015) provide a review

@ Springer



International Journal of Earth Sciences

. Narvik
d Restored early basin RomE o gﬁ
?
Gflto VI, c. 535 - 519 Ma ARG
Luopakte
Tjikom-|
jakka
(/,e
[N Parne-
Treena = jakka
prf?\\\jagtuva ietas
Sjona
Treena
e Skierfe
Njalatj
5in, ?
Téive Ardnas;j
\;\j L asjaure
8oy,
geﬁe//e,w caim no. 204A F/j 7* 5 Laisvikberget
L] Saksinfiellet ' .
Bargefiellet Dy Ll
Sipmekfjallet
~ ergmyrhobben
/Mg
Gron, ¥
N O/O'en CU ' / /4
nal‘/o rong Sjoutélven Biomberget
Stromberget Sgrs Y ? onnberget
rasamoen o,,,s Vilhelmina
Tqammeras rr V‘”fo
/4 t
Dorotea | <= curren
\\\0 eras Grubbdalsan direction
o?° Jaevsjgen Gf Vi red
(\\0 interlayers
Q@5® Old Foskan DD diamictite
en
Trondh ~—~ fault trace
rondheim
area devoid of early
Q 50 100 150 250 km Ostersund Cambrian cover rocks

Fig.6 a Section restoration of the study area in map view, based on
restored sections of Fig. 5 (lines in WNW, 110°; directions, coloured
according to restoration stage). Blue contours represent boundaries
restored for 130 km towards WNW. Blue straight lines show loca-
tions of balanced sections in marginal thrust systems after restora-
tion of 130 km. Overlap of restored Gf over Nasafjillet window (blue
bracket) requires restoration to green position, which also includes
Béngondive and Bgrgefjellet windows. Straight green lines repre-
sent restored sections of windows. Restored Gf of Nasafjéllet win-
dow overlaps over Hggtuva area (green bracket) and requires further

on basement fractures, supported by geophysical model-
ling. Accordingly, a set of NE-SW to N-S and WNW-ESE
to NW-SE-trending basement faults are re-activated dur-
ing deposition of Gf V to X. Towards the north, broadly
along Lake Hornavan, the NW-SE trending Hornavan fault
(Saintilan et al. 2015; Fig. 3) produced flexures in the Cam-
brian beds (Kathol et al. 2012). Above a W-dipping normal
fault within the Gf VIII quartzite succession, layer thick-
nesses increase markedly towards the fault (Fig. 8a, Bjorn-
berget). At least one layer shows a corresponding upward
increase in grain size from sand to conglomerate at its top,
implying a syn-sedimentary or growth fault activity. Some
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restoration westwards to red position. Arrow tips show locations of
stratigraphic columns of autochthonous successions (yellow labels)
and of the restored Lower Allochthon (blue labels) from Fig. 4. Fur-
ther locations along the eastern margin from Thelander (1982; 1994),
in the Grong-Olden area from Gee (1974), Schenk (1975), Walser
(1980), and at Hggtuva from Lindqvist (1988). Basin margins dashed
where eroded; b as a for Gf VII-IX, symbols for current directions
and diamictites coloured according to age (as basin margins), dot-
ted orange lines show locations of sections in Fig. 5. Basin margins
dashed where eroded

beds are kinked without any ruptures, indicating a ductile
behaviour and incomplete lithification. The N—S fault strike
suggests broadly E-W-directed extension. A similar fault
from an adjacent location has an NE-orientation and broadly
SE-NW-directed extension. Relatively thick, coarse quartz-
ite beds, overlie the faulted succession of ¢. dm-thick beds.
They represent the base of Gf IX and imply a tectonic activ-
ity during the deposition of the underlying Gf VII and VIIIL.
Further to the east, a minor normal fault in Gf IX is exposed
over c. 3 m with a trend of ESE-WNW (110°; Luleluokt-
berget, Fig. 8b, c¢). It downfaults the northern side with a
maximum throw in the order of 5 cm, consistent with the



International Journal of Earth Sciences

. Narvik.
Restored basin Rombak 2 g\z
! ?
Gf Vil to IX, c. 519 - 516.5 Ma Zop, e
Akter; <4
a/aure - f
J’sﬁor ”
Cyj,
Traena Nasaﬁé‘//e, Bodg
W
. klagtuva Skertas '%w
Sjona /
? ... ‘Silvergruvan/k'\,\;:\ _
P DY J SV Bjornide
L0 = j
» Gava
Tjultréisk i
Ga ’
2 - ojay,
Bangonaive
Be’ger . ‘
Vel W cairn no. 204A h '“Zf/a,(—,,é : Hemfjéll
D "% Uiy, et \
I Saksinfjellet Xy
Sipmekfiallet 20 {\
M
4 Dup//ra/jé'//
G oy
I'on
(O
O/O'en ?
U . Ut
U/'"/na, —Grong Sjoutélven
Gﬁgﬁoﬁ Stromberget onnberget
(7 Vilhelmina
A ! - current
N Tgn@/eras .. %7 G Vil bgbal margin oy Dorotea <<= 1 ction
S 7l Grubbdalséng 50 Langviken extont of
& eeysipen oskan gV Gf VI
\
@ee PP diamictite
Q Olden
. ~ fault trace
Trondheim km )
tior, area devoid of early
0 50 100 150 200 250km g ersund Cambrian cover rocks

Fig.6 (continued)

thickening of the quartzites towards north (Greiling et al.
1999; SI Fig. S3b). In places, the fault developed minor
splays, which produced a stair-step geometry. Semi-ductile
drape folds suggest a deformation prior to complete lithifi-
cation of the quartz arenite. Similar normal faults occur at
the top of Gf IX (SI Fig. S4b). Thickness variations of Gf
X across the area (Fig. 4, SI Fig. S3b), at Bjornide (Sver-
iges geologiska undersokning 2020) and Vietas (Hansen
1989), suggest further syn-depositional faulting. In the Sto-
ruman area, a set of parallel quartz arenite dykes extends
over lengths of more than 20 m (Thelander, in Greiling et al.
1999; our observations) in basement granite close to the
basement—cover interface (Fig. 8d, SI Fig. S3). The dykes
strike ESE-WNW (110°) with subvertical dips. Dyke thick-
nesses reach a decimetre or more, and the vertical exten-
sion is at least half a metre and continues towards depth.
The dykes consist of even-grained quartz and some feld-
spar grains with a diameter of around 1 mm, comparable
with that of the overlying quartz arenites of the Laisberg

formation (Gf IX). A c. 5 cm-thick dyke shows a splay or
bridge structure of basement rock extending across the dyke
(Fig. 8d), which indicates a tectonic origin and NNE-SSW-
directed extension.

The observations on outcrop scale fractures complement
the interpretation of major normal faults, as inferred on the
maps (Fig. 6) and cross sections (Fig. 7). At the eastern
margin of the HVB, faults at Laisvall are well documented
(Saintilan et al. 2015). To the NW of Laisvall, faults inferred
from the Bjornide drill cores (Sveriges geologiska under-
sokning 2020) are related to the northern termination of Gf
VI-VIII ("Introduction", 4, Fig. 7, SI Fig. S11). In "Discus-
sion" (Fig. 7), the increase of thickness west of Bergmyrhob-
ben may indicate a normal fault at the eastern basin margin.
Minor faults around Lake Storuman mark the northern mar-
gin of the WNW-ESE oriented horst-like high area extend-
ing from the eastern margin to Stuphéllan (Fig. 6b). There,
minor normal faults are related to major faults between
Stuphillan and Bjornberget (Fig. 7, Sect. 3). Further west,
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Fig. 7 Schematic sections across the Hornavan—Vattudal basin (HVB),

Grey shading covers the early HVB (Gf I-VI)

variations in thickness between the Bgrgefjellet locations
imply further normal faults.

Biostratigraphy and age data

Figure 9 summarises the available age information on the
lower Cambrian strata of the area. The autochthonous suc-
cession, reviewed by Moczydlowska et al. (2001), Nielsen
and Schovsbo (2011), McLoughlin et al. (2021), and Ced-
erstrom et al. (2022), is relatively well constrained biostrati-
graphically. Accordingly, the Grammajukku formation with
Holmia kjerulfi and Holmia lapponica as diagnostic trilo-
bites is of broadly Vergalian—Rausvian age. In the Tornetrisk
formation of northernmost Sweden, Nielsen and Schovsbo
(2011), McLoughlin et al. (2021), and Cederstrom et al.
(2022) confirm Thelander’s (1982) correlation of the Upper
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see Figs. 1b, 2 for locations. Columns compiled from Fig. 4 and our data.

siltstone member, with the Grammajukku formation. In the
underlying succession, the Red and green siltstone member
contains Platysolenites, and the Lower Siltstone member
Sabellidites fossils, which indicate Lontovan and Rovnian
ages, respectively (Jensen and Grant 1998). For the Lower
Allochthon, Nielsen and Schovsbo (2011) summarised strati-
graphic data from around the Gf type sections. Underlying
beds (Langmarkberg formation) are related to the Marinoan
glaciation (Kumpulainen et al. 2021; see, however, caution-
ary note of Rice 2023) and c. 635 Ma old. There is thus a
hiatus of about 100 Ma prior to Gf sedimentation. Follow-
ing Nielsen and Schovsbo (2011), the base of the Saivatj
member or Gf VI, is broadly equivalent with the base of the
Dominopolian. At the top of the Gf, Weidner et al. (in Greil-
ing and Kathol 2021a) discovered Holmia lapponica in Gf X
of the Hem(fjill area, constraining a Vergalian—Rausvian age.
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Fig.8 Examples of extensional structures. a Line drawing from field
image and sketch of vertical outcrop face showing fault trace (red
dashed line with arrows) in quartz arenite (Gf IX; bedding trace:
dashed black line), dipping towards WNW (291°), view towards the
north. Small open dots mark a conglomeratic horizon at the top of a
layer. Note thickness increase in the hanging wall block towards the
fault. Bjornberget; see Fig. 2 for location. b Normal fault and flexure

Therefore, this unit correlates with the Grammajukku forma-
tion. For a sequence stratigraphic division, preservation of
the relevant features in the Gf is insufficient, in particular
due to Caledonian deformation and very low- to low-grade
metamorphism. However, traces of low stand and drowning
events as outlined by Nielsen and Schovsbo (2011) are more
easily recognisable in the alternating sandstone and siltstone
successions and are related here to the respective lithologi-
cal changes. Therefore, the combination of biostratigraphic
data and sea-level information gives a reliable time frame
for most of the Gf successions studied here (Figs. 4, 9).

in quartz arenite (Gf IX; to the left of and parallel with hammer han-
dle), view towards WNW. Luleluoktberget, see SI Fig. S3a for loca-
tion. ¢ Detail of b marked with a white box, shows part of the fault,
branching into minor fractures, causing a step geometry and bending
or drag. d Detail of quartz arenite dyke in basement granite with a
“transfer zone” (arrows) documenting tectonic extension. Hogland,
see SI Fig. S3a for location

Sea-level events or facies changes control the boundaries of
the lithological sub-units and may, therefore, not be strictly
synchronous. As a consequence, stratigraphic and absolute
ages are only approximate. The base of Gf I is taken as
535 Ma, close to the end of extensional faulting in the base-
ment. The boundary between Gf I and II is taken arbitrarily
as the time of a coastal onlap (Fig. 9). Similarly, the Gf IV/V
boundary is related to the Hadeborg Drowning. The base of
Gf VI (Saivatj member, red and green siltstone member) is
at the time of the Brantevik Drowning. Its top corresponds to
the Snogebak lowstand, consistent with terrestrial deposits
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«Fig.9 Early Cambrian age and related data. Schematic stratigraphic
columns of early Cambrian successions in the Lower Allochthon, at
Laisvall, and Tornetrésk (colours and correlation lines as in Figs. 4,
6 and 7). Blue triangles mark “drowning”, open triangles “lowstand”
(Nielsen and Schovsbo 2011; see Fig. 10 for abbreviations). R & g:
Red and green; star marks stratigraphic position of Vakkejokk breccia
at Tornetréask. For further references see text

at the base of the overlying Gf VII. The Gislov Drowning
marks the base of Gf X (Grammajukku formation, Upper
siltstone member). The top of Gf X is at about the time of the
Evjevika 1 and/or 2 Drowning events. The Gf is followed by
a hiatus, related with the Hawke Bay event. If compared with
coastal onlap and third-order sequences from other parts of
the globe (Peng et al. 2020), the base of both Gf VI and Gf
X may relate to an onlap of global significance.

Early Cambrian subsidence

Sediment thicknesses (Fig. 4) and age information (Fig. 9)
indicate the subsidence history of the studied part of the
Baltica passive margin (Fig. 10). Whilst compaction in the
quartz arenites and quartzites is insignificant (e.g., Greil-
ing et al. 1999a), siltstones—mudstones and phyllites show
considerable compaction. Therefore, thickness values of the
two major siltstone—mudstones, Gf VI and X, are doubled,
representing a thickness prior to 50% compaction, which is
within the range of general compaction values (e.g. Mattern
et al. 2018).

The curves from the Gf type area (Sjoutidlven—Stromber-
get) and from the Njakafjillet, Bgrgefjellet—Jetnamfjellet,
and Flakatrisket areas originate at 535 Ma with Gf [-1V,
prior to Hadeborg Drowning (Nielsen and Schovsbo 2011;
Fig. 9). Northwards, in the Bangonaive, Gautojaure, and
Laisvall areas, the onset of sedimentation occurred with Gf
V and VI, until c. 521 Ma. Overlying diamictites or basal
breccias are related to the Snogebak Lowstand. This low
stand may have led to complete emergence and ended the
early stage of the HVB. Norretorp 1 Drowning (c. 521 Ma)
initiated Gf VII and extended the sedimentation area in the
Bgrgefjellet (cairn 204A, Sipmekfjillet) and into the Nasa-
fjéllet (Skertas) areas. Subsequently, the Norretorp 2 Drown-
ing at c. 517.5 Ma (Gf IX) covered additional areas from
Bergmyrhobben in the east to Nasafjillet—Silvergruvan in
the west. Finally, an increase of the apparent subsidence rate
in parts of the area during Gf X relates to Gislov Drowning
at c. 516.5 Ma. A substantial hiatus follows the top of Gf
X at c. 513.5 Ma, until the deposition of the Alum shale
formation from c. 506 Ma. Early subsidence related to Gf
I-VI is followed by emergence and erosion, which may have
removed a part of the succession. Accordingly, the subsid-
ence rate of c. 140230 m in c. 16 Ma (~9-14 m*Ma™') in
the HVB centre is probably lower than the original value. A
second stage of subsidence comprises Gf VII-X with values

of 100-330 m in c. 4.5 Ma (~22-73 Mm*a™') in the basin
centre. Again, erosion following Gf X and local structural
overprint reduced the original thickness and, consequently,
the subsidence rate.

Discussion

Comprehensive field data and a synthesis of published and
unpublished information give a detailed view on an inner
shelf basin of Baltica as distinct, and separated from, the
outer shelf. The palinspastic restoration reveals an early
Cambrian basin, defined here as Hornavan—Vattudal basin
(HVB). It comprises the allochthonous Girdsjon formation
(Gf I-X) and the autochthonous Laisberg and Grammajukku
formations (equivalent with Gf VI-X). The discussion puts
the HVB, its geometry, sedimentary record, and tectonic
evolution into the wider context of the Baltica—Iapetus pas-
sive margin and the foreland of the Timan orogen. Apart
from the regional significance, the present example is of
general importance for the structure of continental margins.

Restoration of the early Cambrian Hornavan-
Vattudal basin (HVB)

The restoration of the HVB in the Lower Allochthon thrust
nappes (Figs. 5, 6) is based on the observation of forward
propagating thrusts during orogenic shortening. Recent age
data from Trena and the Hggtuva-Sjona basement win-
dows, at the Norwegian coast to the west of the Nasafjillet
window, suggest Caledonian, thrust-related deformation as
early as c. 434 Ma (Schilling et al. 2015). In the west of
the southern traverse, Bender et al. (2019) interpreted age
data on mylonites of c. 435 to 426 Ma to reflect the ESE
transport of the Caledonian nappe pile. Subsequent ESE-
directed thrusting in the marginal thrust systems of the
Lower Allochthon took place successively further towards
the foreland in the east from c. 430 to 424 Ma (Greiling et al.
2013; Grimmer et al. 2015; and references therein), thus
documenting an ESE, forward propagating orogenic wedge.
Accordingly, the western successions, now in the western
windows, were thrusted first and, consequently, restore to
the west of the eastern, marginal thrust systems (Figs. 5,6).
This age sequence supports the models of Hossack and
Cooper (1986) and Rice and Anderson (2016), which put
the basement windows originally in the west of the Lower
Allochthon nappes at the Caledonian margin. The present
observations in the Bgrgefjellet, Bangondive, and Nasafjil-
let windows of increasing stratigraphic range and thickness
eastwards, towards an HVB depocenter further east (Fig. 4b,
7), provide a further, independent argument for this position.
Together with the section-balancing data, this evidence indi-
cates the windows contain the western HVB margin towards
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a basement high in the west. Thus, this evidence rules out a
simple geometry of an oceanward thickening shelf succes-
sion at the Baltica—Iapetus margin in early Cambrian times,
as suggested by the traditional models for the central Scan-
dinavian Caledonides (e.g. Nielsen and Schovsbo 2011; Gee
and Stephens 2020).

Instead, the lower Cambrian HVB developed to the east
of the basement highs in the windows with >440 km in
NE-SW direction and up to 330 km NW-SE (Figs. 6, 7).
In the southwest, the HVB terminates against the GOC or
the ODZ (Bergman and Sjostrom 1994), where the cover is
restricted to Gf X and only a few tens of metres thick (Gee
1974; Walser 1980; Lindqvist and Johansson 1987). Towards
northeast, the sub-units terminate successively northwards
from Flakatrisket via Gautojaure to Hornavan (Fig. 7) with
the ATC further north as ultimate boundary. There again,
the cover is restricted to Gf X. The eastern margin of the
HVB is oriented SW-NE, obliquely across the present ero-
sional margin of the Cambrian beds (SSW-NNE), controlled
by local extensional fractures. Around Lake Storuman,
ESE-WNW-trending (half-) graben structures intersect this
margin (Fig. 6b). A high area oriented in the same direction
stretches from Ronnberget to Stuphillan, at the southern side
of Lake Vojmsjon (Fig. 6b; Greiling et al. 1996; Zachris-
son and Greiling 1996). In a strip of a similar orientation
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south of the Nasafjillet window, Cambrian beds are missing
(Figs. 6, 11). There is no information, whether this is due to
a similar high or a subsequent removal of beds.

Sedimentary record and basin evolution

In the HVB floor, the carbonates of the Risbick group and
glaciogenic diamictites of the Langmarkberg formation,
related to the Marinoan glacial event at c. 635 Ma (Fig. 9),
still covered the crystalline basement rocks at the onset of
early Cambrian sedimentation, at least in the central and
southern parts of the HVB (Fig. 3). Since these diamictites
are widespread from southwestern to northern Scandinavia,
their absence around Gautojaure and across ATC and GOC
is probably not primary but due to erosion prior to Cam-
brian sedimentation. This is consistent with frequent traces
of palacoweathering in the HVB floor (e.g. Willdén 1980;
Thelander 1982; Angerer and Greiling 2012; SI Fig. S2a),
indicating a subaerial environment. In addition, components
in the basal conglomerates of units Gf I-V indicate erosion of
mostly Risbick group arkoses and crystalline rocks. Recent
reviews by Nielsen and Schovsbo (2011) and McLoughlin
et al. (2021), together with age data from Peng et al. (2021)
suggest a time at around 535 Ma for the onset of early Cam-
brian sedimentation in the HVB (Figs. 9, 10). There is thus
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no sedimentary record documenting the c¢. 100 Ma inter-
val after the deposition of diamictites of the Langmarkberg
formation.

The early HVB sedimentation succeeds or accompa-
nies extensional fracturing in the crystalline basement at
c. 544-534 Ma (e.g., Billstrom et al. 2012; Saintilan et al.
2017), which probably created space for the HVB depos-
its. Diamictites at the base of Gf VI represent products of
terrestrial erosion (Nielsen & Schovsbo 2011) and sug-
gest emergence during a low stand, followed by Brantevik
drowning and deposition of green shales with red layers
and subordinate light-grey quartz arenite interlayers. These
extended northwards to Bangondive, Gautojaure, and Lais-
vall (Figs. 6, 7). Characteristic red interlayers occur in the
southern part only (Fig. 6a). Minor channels at the top (SI
Fig. S6e, f) suggest emergence and erosion after the deposi-
tion of Gf VI. Subsequent Norretorp 1 drowning, a coastal
onlap of global distribution (Fig. 9), extends the basin into
further parts of the Borgefjellet area. Basal diamictites there
(ST Fig. S8f-h) and in the Bangonaive area (Greiling et al.
1993) indicate proximity to the western basin margin. In the
Njakafjillet area, their equivalents are basal conglomerates
(SI Fig. S6d—f), probably shed from a local high (Stuphillan
area). The related Gf VII deposits show sediment transport
from the west, both at Laisvall and at Tornetrdsk (Willdén
1980; Thelander 1982), indicating a high area in the west
(Fig. 6b). Syn-sedimentary normal faults with NNE-SSW-
directed extension (Fig. 8) accompany the subsequent
sedimentation. The Ronnberget—Stuphillan area, where the
sedimentary record is restricted to Gf VIII-IX, may have
persisted as a high until the deposition of Gf VIII, or fault-
ing may have caused uplift and erosion of older Cambrian
beds. In the Nasafjillet area, Gf IX is the lowermost unit.
Gf IX sediment transport is towards western and northern
directions (Fig. 6b). Finally, Gf X shales, siltstones, and sub-
ordinate quartz arenites overstep the whole of the basin and
also cover the ATC and GOC. The hiatus following Gf X
until the onset of Alum shale formation sedimentation (c.
511-507 Ma) is time-related with a greenhouse climate from
514 to 509 Ma (Hearing et al. 2018).

Quartz arenites and their sedimentary structures such as
cross-bedding and ripple marks (SI Fig. S4-6, 8c), indicate
shallow water, mostly tidal zone, for most of the Gf. Where
available, data on current directions suggest mostly E-W-
directed sedimentary transport (SI Fig. S3a). The charac-
teristic red interlayers of Gf VI do not extend into the near
shore area at Laisvall (Willdén 1980; Fig. 6a), implying
that they are restricted to deeper water. Load casts in Gf
VIII (Gee et al. 1990) and graded beds in Gf IX at Ban-
gonaive (Stephens 1977) suggest water levels below wave
base. At the top of Gf X, phosphorite-bearing carbonates and
conglomerates may indicate emergence and shallow water
conditions (e.g. Bjgrlykke et al. 2021). Alternatively, if a

greenhouse climate produced a high sea level, these rocks
may be products of submarine erosion, for example contour-
ites (Wallin 1989).

The Cambrian beds to the north of the ATC show detrital
zircon ages as young as Ediacaran and earliest Cambrian
(Andresen et al. 2014; McLoughlin et al. 2021), which can
be related to the Timan orogen in the north. In contrast,
detrital zircons of the HVB are of Meso- and Palaeoprote-
rozoic age with a few older ones (Gee and Stephens 2020;
Fig. 11a). Apparently, the ATC acted as a barrier against
zircons shed from the Timan foreland in the north. Towards
south, the GOC with the ODZ may also have been a bar-
rier against Neoproterozoic detrital zircons, which were
deposited in SW Scandinavia beyond an “earliest Cambrian
catchment divide” (Lorentzen et al. 2020; Fig. 11a: Hedmark
basin). Further towards the southeast, detrital zircon ages of
¢. 530 Ma relate to Cadomian tectonic activity (ZelaZniewicz
et al. 2020; Fig. 1a).

Tectonic evolution at the Baltica passive margin
and the Timan foreland in early Cambrian times

The c. 596 Ma Ottfjdllet dykes (Kumpulainen et al. 2021)
and their equivalents represent the youngest traces of rift-
ing in the area (Fig. 9). Regionally, the Baltica—Iapetus
rift—drift transition ended between 570 and 550 Ma (Li et al.
2008; Pease et al. 2008). At 544 to 534 Ma, normal faults
document E-W extension (Billstrom et al. 2012; Saintilan
et al. 2015; 2017) at the eastern margin of the incipient
HVB. Around Laisvall, re-activation of basement fractures
occurred at c. 521-514 Ma (Saintilan et al. 2015). Syn-dep-
ositional faults at Lake Vojmsjon formed at c. 519-517.5 Ma
(Gf VII-VIII) and their geometry reflects E-W and NW-SE
extension (Fig. 8a). At around 516 Ma (Gf IX-X), clastic
dykes in the basement and normal faults (Fig. 8b-d) docu-
ment extension in NNE-SSW direction at Lake Storuman.
Observed extensional faults relate to thickness variations
in the Storuman area (SI Fig. S3b), at Bjornide (Sveriges
geologiska undersokning 2020), and at Lake Hornavan
(Kathol et al. 2012; Fig. 3). Varying thicknesses of Gf X
(516.5-513.5 Ma) may indicate syn-depositional extension
at Vietas and Laisvall (Hansen 1989; Saintilan et al. 2015).
Low subsidence values during early deposition (Gf I-VI;
Fig. 10) are consistent with thermal subsidence following
early extension. Relatively rapid subsidence from 521 to
513.5 Ma (Gf VII-X), together with syn-sedimentary nor-
mal faults displacing Gf VII-IX (Fig. 8, SI Fig. S3b, 4b),
indicate renewed tectonic activity.

The Baltica passive margin in the central to north-central
parts of the Scandinavian Caledonides shows a more or less
extended basement overlain by Neoproterozoic syn-rift sedi-
mentary rocks, related to Rodinia break-up and Iapetus for-
mation (e.g. Gee and Stephens 2020; Fig. 11). Towards the
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«Fig. 11 a Palaeogeographic situation of the HVB within the western
Baltica passive margin towards the Iapetus Ocean, modified from
Jakob et al. (2019; including “transition zone”) and the present data,
location on Fig. 1a. Gaissa and Timan basins and Trollfjorden—Kom-
agelva Fault (TKF) simplified from Rice (2014) and Rice and Ander-
son (2016), Hedmark basin and “earliest Cambrian catchment divide”
modified from Lorentzen et al. (2020). ODZ: Olden Discontinuity
Zone, SEDZ: Storsjon—-Edsbyn Deformation Zone (Bergman and
Sjostrom 1994; Bergman et al. 2006). Minor basins not shown. Line
A-B shows approximate position of section in b). b Lithospheric sec-
tion of a passive margin (simplified from McClay and Hammerstein
2020), adapted to the present area, with the tectonic position of the
HVB

outer Baltica margin, Jakob et al. (2019) and Andersen et al.
(2022) showed exposure of lower crustal and upper mantle
rocks as traces of hyperextension in the present Lower and
Middle Allochthons. In the Ammarnis complex (Middle
Allochthon, Fig. 11), c. 25% of crystalline basement rocks
have mafic—ultra-mafic composition (Greiling et al. 2021),
probably indicative of an extended lithosphere. The Sarv
nappe may contain up to 50% of dyke material (Gee and
Kumpulainen 1980), which implies further crustal extension.
The Seve nappes with abundant mafic and ultra-mafic rocks
document even further extension, probably similar with the
extensional allochthon of Jacob et al. (2019). In contrast, the
HVB rests on a relatively little extended lithosphere between
the hyper-extended margin in the W and the undeformed
continent.

Basement highs delimit the HVB towards S (GOC), W
(Bgrgefjellet, Bangonaive, Nasafjillet), and N (ATC). Shape,
size and tectonic evolution of the HVB compares well with
other basins situated in the inner part of recent passive mar-
gins, for example the Vgring basin (e.g. Ferseth 2020), SE
Brazil (Silva and Sacek 2019), the Red Sea (Stockli and
Bosworth 2019), and central Atlantic (Duval-Arnould et al.
2021). These basins are controlled by mostly margin-parallel
faults and subordinate transverse structures at a high angle
to the margin. An example for the latter, the GOC continues
into a transition zone between magma-poor and magma-
rich hyper-extended margins (Jacob et al. 2019; Andersen
et al. 2022), which may be related to transform faults in the
oceanic realm (Le Pouriet et al. 2017). Further work will
have to show possible genetic relationships between GOC
uplift and transform faulting. The margin-parallel basement
high delimiting the HVB towards W may reflect footwall
uplift, related to Cambrian age normal faults (Fig. 11b).
Since it is close to the lithospheric necking zone as located
by Jacob et al. (2019), lithospheric necking may have con-
tributed to the uplift. Towards the north, the zircon record
suggests the ATC as a divide between HVB and basins in
the north (Timan, Gaissa basins, Rice and Anderson 2016)
with input from the Timan orogen (e.g. Andresen et al. 2014;
McLoughlin et al. 2021; Meinhold et al. 2022) during early
Cambrian sedimentation. From Vietas, where only Gf X

is present at the crest of the ATC (Fig. 7, Sect. 4), lower
Cambrian beds are thickening northwards (e.g. Bergstrom
and Gee (1985) and show the ATC as a physical barrier.
As the GOC, the ATC may also be related with transform
faults offshore. In contrast to the GOC, there is no support
in the oceanic realm (e.g. Andersen et al. (2022) for such an
interpretation. Alternatively, the ATC may be a forebulge
related to compression in the Timan foreland. Compression
or transpression by the Timan orogen (e.g. Gabrielsen et al.
2022), with a possible backstop at the southeast Baltica
margin during early Cadomian collision (ZelaZniewicz et al.
2021), is consistent with WNW-directed “escape” towards
the open face of the Iapetus Ocean in the west, along the
observed normal faults (Figs. 3, 8). Subsequent WNW-ESE
faults indicate NNE-directed extension after c. 516 Ma. This
extension may be related to the incipient late-orogenic col-
lapse in the Timan orogen, where uplift, erosion, and subse-
quent sedimentation occurred at least since mid-Cambrian
times (e.g. Bogolepova and Gee 2004).
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