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ABSTRACT

The Fennoscandian Shield in central 
Sweden displays a complex structural and 
compositional architecture that is mainly 
related to the Proterozoic history of the Bal-
tica paleocontinent. In its western parts, the 
Precambrian basement is covered by the al-
lochthonous rocks of the Caledonide orogen, 
and direct information about the underlying 
crust is restricted to a few unevenly distrib-
uted basement windows in western Sweden 
and Norway. In this study, we use prelimi-
nary results from the second borehole of the 
Collisional Orogeny in the Scandinavian 
Caledonides project (COSC-2), new gravity 
data, forward gravity, and magnetic mod-
eling and interpretation of seismic reflec-
tion profiles to assess the 3-D architecture 
of the basement. Our results reveal a wide 
(∼100 km) and dense network of mainly flat-
lying and saucer-shaped dolerites intrud-
ing the volcanic and granitic upper crustal 
rocks of the Transscandinavian Igneous 
Belt. Similar intrusion geometries related 
to 1.2 Ga dolerites can be recognized in the 
Fennoscandian Shield. We discuss that the 
formation of these sill complexes occurred 
in a lithologically and structurally hetero-
geneous crust during transtension, which 
is in disagreement with the current under-
standing of sill emplacement that involves 
crustal shortening, layering, or anisotropy 
of the host rock. Our seismic interpretation 

and the structural observations from the 
COSC-2 drilling show that part of the Cale-
donian-related basement deformation was 
localized along the margins of the dolerite 
sheets. We propose that the dolerite intru-
sion geometry, akin to a flat-ramp geometry, 
guided the basement deformation during the 
Caledonian orogeny.

1. INTRODUCTION

The Fennoscandian Shield in central Swe-
den is composed of crust that developed dur-
ing the Paleoproterozoic Svecofennian orog-
eny (>1.85 Ga) and which is bordered to the 
west, along the former continental margin, by 
granitoids and volcanic rocks of the ca. 1.86–
1.65 Ga Transscandinavian Igneous Belt. Major 
transpressive shear zones with an extensive geo-
logic history (1.85 Ga to <1.2 Ga) transect the 
area in a mainly NNW–SSE direction, including 
the Storsjön–Edsbyn Deformation Zone and the 
Hassela Shear Zone (Högdahl et al., 2004). In 
addition, different generations of Mesoprotero-
zoic mafic intrusions responsible for local mag-
netic anomalies were mapped in the region (e.g., 
Gorbatschev et al., 1979, 1987; Söderlund et al., 
2005; Greiling et al., 2007; Ripa and Stephens, 
2020a). Toward the west, these features abruptly 
disappear beneath the Lower Allochthon unit of 
the Scandinavian Caledonides, which marks 
the present-day NNE–SSW-trending front of 
the Caledonide orogen (Fig.  1). In this area, 
the roughly NNE–SSW-striking Caledonian 
orogenic architecture and the underlying base-
ment appear to be disrupted by the NNW–SSE-
trending Grong-Olden basement window and 
the WNW–ESE-striking Persåsen fault (Fig. 1). 
However, with the exception of the geology in 
sporadic antiformal windows and forward grav-

ity and magnetic models revealing the north-
westward prolongation of the Transscandina-
vian Igneous Belt (e.g., Dyrelius, 1980, 1986; 
Elming, 1988; Skilbrei et al., 2002; Ebbing et al., 
2012), little is known about the architecture of 
the basement beneath the Caledonian nappes 
and to what degree and in which manner it was 
affected by the Caledonian orogeny.

The Central Caledonian Transect (Hurich 
et al., 1989; Palm et al., 1991; Juhojuntti et al., 
2001) seismic reflection profile was acquired 
across central Scandinavia, approximately on a 
line between Östersund in Sweden and Trond-
heim in Norway during the late 1980s (Fig. 1). 
The composite Central Caledonian Transect pro-
file aimed to reveal the architecture of the Cale-
donian orogen from the foreland in the east to the 
hinterland in the west. Of particular interest is the 
depth to the sole thrust in the basement in order 
to outline the deformation front, both at depth 
and toward the foreland. It is analogous to the 
Main Frontal Thrust in the Himalaya-Tibet orog-
eny and was proposed to transfer the contrac-
tional deformation in the hanging wall of a major 
low-angle thrust fault toward the foreland (e.g., 
Palm et al., 1991; Gee et al., 2010). Between 
2010 and 2015, a high-resolution reflection seis-
mic profile was acquired parallel to a key section 
of the Central Caledonian Transect during site 
investigation for the Collisional Orogeny in the 
Scandinavian Caledonides (COSC) scientific 
drilling project (Hedin et al., 2012, 2014; Juhlin 
et al., 2016). This COSC composite seismic pro-
file (CSP) and the Central Caledonian Transect 
reveal a complex pattern of prominent seismic 
reflectivity in the upper crust. The origin of these 
seismic reflections was debated, and interpreta-
tions involved either shear zones or mafic intru-
sions (Hurich et al., 1989; Hauser et al., 1990; 
Palm et al., 1991; Juhojuntti et al., 2001; Gee 
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and Stephens, 2020a). The limitations related 
to the seismic resolution as well as the lack of 
a coherent geologic model able to discriminate 
the nature of these prominent seismic reflections 
hampered further interpretations. As a conse-
quence, the characterization of the deformation 
related to the Caledonian orogeny, such as the 
depth of the sole thrust or the amount of crustal 
shortening in this part of the orogen, remains 
unsolved.

Two deep (∼2.5 km), fully cored boreholes 
are located along the CSP (COSC-1 and COSC-
2, drilled in 2014 and 2020, respectively). They 
were drilled to obtain a composite geologic 
profile from the high-grade metamorphic core 
of the Middle Allochthon through the Lower 
Allochthon and into the underlying basement of 
the Fennoscandian Shield. A distinct scientific 
target was to obtain in situ subsurface informa-
tion to improve the geophysical interpretations 

and models. COSC-1 (Fig.  1) is located near 
the town of Åre and drilled through high-grade 
rocks of the lower part of the Middle Seve 
Nappe, where it revealed a substantial shear zone 
(>800 m of vertical thickness) near the contact 
between the Middle and Lower Allochthons 
(Lorenz et al., 2015). COSC-2, located ∼20 km 
to the east, drilled through the sedimentary suc-
cession of the Lower Allochthon to determine 
the depth of the main Caledonian décollement 
and to define the nature of the seismic reflections 
in the underlying basement (Hedin et al., 2012; 
Juhlin et al., 2016, 2021).

The main results of the COSC-2 drilling 
project (Lorenz et al., 2021; Juhlin et al., 2021) 
reported in this study highlight the occurrence 
of a ∼240-m-thick dolerite, whose margins 
are deformed, intruding the basement volcanic 
rocks. This mafic intrusion is responsible for 
one of the prominent seismic reflections that is 

sometimes interpreted as a thrust fault (see e.g., 
Juhlin et al., 2016). As such, in addition to pro-
viding critical information about the lithology 
of the basement beneath the Caledonian nappes 
in the central Scandinavian Caledonides (Jämt-
land region; western-central Sweden), COSC-2 
results shed light on the possible origin of the 
seismic reflectivity pattern in the upper crust. In 
this study we aim to evaluate whether the seis-
mic reflectivity of the basement can be mostly 
explained by the occurrence of thick dolerites 
and if this interpretation can help to reveal Cale-
donian orogenic structures in the crust. We use 
preliminary results from the COSC-2 drilling 
(main lithological units, structures, and geo-
physical data), combined with a new seismic 
interpretation, magnetic/gravity maps, and 2-D 
forward magnetic and gravity modeling, to test 
this hypothesis and propose a new geologic 
and tectonic model of the area. We show that, 

Figure 1. Geologic map of central Sweden and central Norway (modified after Robinson et al., 2014, based on the geologic maps of Lun-
dqvist et al., 1996, and Koistinen et al., 2001) shows the main tectonic and lithological units as well as the location of the composite seismic 
profile (CSP), Central Caledonian Transect (CCT), and North-Central Caledonian Transect (NCCT)-1 seismic profiles and the Collisional 
Orogeny in the Scandinavian Caledonides project (COSC)-1 and COSC-2 drill sites. MA—Mullfjället antiform; OW—(Grong-)Olden 
window; PF—Persåsen fault; HSZ—Hassela Shear Zone; SA—Skardöra antiform; SEDZ—Storsjön–Edsbyn Deformation Zone; TS—
Trøndelag synform; TW—Tømmerås window. Map projection: SWEREF99TM (EPSG:3006).
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similar to what is observed in the Fennoscandian 
Shield to the east, the basement underneath the 
Caledonian nappes of central–western Sweden 
is composed of a dense and wide network of 
sills and saucer-shaped intrusions along which 
deformation at least partly localized during the 
Caledonian orogeny.

2. GEOLOGIC SETTING OF CENTRAL 
SWEDEN

2.1. The Caledonian Orogeny of the 
Scandinavian Caledonides

The Caledonian orogeny in the Scandina-
vian Caledonides starts with the closure of the 
Iapetus Ocean during the Late Cambrian to 
Ordovician and continues with the collision 
of the Laurentia and Baltica continents from 
the Silurian to Devonian (Fig. 2A). This large 
mountain belt (Fig.  2B) is often compared to 
the Alpine-Himalayan chain in terms of dimen-
sions (Dewey, 1969) and tectonic evolution (Gee 
et al., 2010). In the Scandinavian Caledonides, 
the continent-continent collisional, or Scandian 
phase (430 Ma, e.g., Corfu et al., 2006), is char-
acterized by the subduction of the extended mar-
gin of the Baltican crust beneath Laurentia and 
the formation of nappes in the collisional wedge. 
These nappes, whose origins extend from the 
hyperextended margin of Baltica (Jakob et al., 
2019) to the Iapetus oceanic domains and the 
Laurentian margin, were displaced toward the 
SE and traveled as far as 700 km onto the Balto-
scandian basement (Gee, 1978). Based on struc-
tural observations and geochronological data, a 
recent scenario (Fig. 2C) proposed by Bender 
et al. (2018, 2019) involves a double subduction 
of the Baltica rifted margin beneath the Iape-
tus volcanic arc and the Iapetus oceanic crust 
beneath the Laurentia continent, which led to 
a complex, out-of-sequence propagation of the 
orogenic wedge and eventually to the present 
metamorphic zonation of the nappe pile.

This nappe pile is divided into major tec-
tonostratigraphic units that are, from top to bot-
tom, the Uppermost, Upper, Middle, and Lower 
Allochthons (Gee et al., 1985; Roberts and Gee, 
1985). They display variable degrees of meta-
morphism ranging from ultra-high–pressure 
eclogite in the Middle Allochthon (Seve nappe; 
Janák et al., 2013) to lower greenschist facies 
in the Lower Allochthon (Kisch, 1980). The 
Middle and the Lower Allochthons are derived 
from the inversion of the former Baltoscandian 
passive margin (e.g., Gee et  al., 2013; Jakob 
et al., 2019). The Upper Allochthon is derived 
from the Iapetus Ocean, while the Uppermost 
Allochthon comprises rocks from the Lauren-
tian margin (Gee et al., 2008). In the Upper and 

Middle Allochthons, Caledonian deformation is 
mostly expressed through localized deforma-
tion along ductile shear zones, large-scale nappe 
attenuation, and boudinage of the nappe units 
(e.g., Young, 2017; Bender et al., 2019). Toward 
the foreland, structures become more brittle, and 
deformation of the Lower Allochthon (includ-
ing the parautochthonous basement) is mostly 
expressed by thrust duplexes and antiformal 
nappe stack, which is highlighted by N–S to 
NW–SE-trending basement windows (Fig.  1; 
e.g., Rice and Anderson, 2016). However, the 
amount of displacement of these parautoch-
thonous basement rocks and their overlying 
Neoproterozoic to Cambrian sedimentary cover 
(e.g., Gee, 1978, 1980) is poorly constrained 
(e.g., Greiling et al., 2018; Gee and Stephens, 
2020b). Among them, the Olden, Tømmerås, 
Skardöra, and Mullfjället windows show a 
low-grade metamorphic assemblage (generally 
lower to upper greenschist facies, although up 
to amphibolite facies in the westmost windows) 
and are affected by folding and local shear zones 
that are attributed to the Caledonian orogeny 
(e.g., Gee, 1980; Sjöström and Talbot, 1987; 
Stel, 1988; Lindqvist, 1990; Gee and Stephens, 
2020b). The NNW–SSE-trending antiformal 
Olden window suggests that a significant oro-
genic imprint on the basement was made by the 
occurrence of a major thrust that deforms pre-
existing mafic intrusions and duplicates similar 
basement units over >100 km (Stel, 1988; Rob-
erts, 1997). Along this thrust, a deformed and 
attenuated Ediacaran to Ordovician sedimen-
tary cover is preserved (see the sediments of 
the Lower Allochthon between basement rocks 
in the Olden window in Fig. 1). Moreover, the 
basement and its sedimentary cover were folded 
and show a strong foliation parallel to the base-
ment-cover interface (Gee, 1980; Sjöström and 
Talbot, 1987; Sjöström et al., 1996). Finally, syn- 
to post-orogenic W- to NW-dipping extensional 
detachment faults that cut across the allochtho-
nous units were reported in various locations and 
were often associated with basement windows 
(e.g., Fossen and Rykkelid, 1992; Gee et  al., 
1994; Hurich and Roberts, 1997; Robinson 
et al., 2014).

The present-day Caledonian front generally 
represents the boundary between two distinct 
tectonic units: in the west, the allochthonous 
nappes and the parautochthonous basement win-
dows, and in the east, the Fennoscandian Shield, 
where only little localized Caledonian deforma-
tion is known (Lindström et al., 1996). Along 
the Caledonian front (Fig.  1), the carbon-rich 
alum shales crop out. These rocks were depos-
ited over a vast area of the Fennoscandian Shield 
in Cambrian time and are thought to function as 
the main Caledonian décollement in the external 

part of the orogen (Gee, 1978, 1980; Andersson 
et al., 1985).

2.2. Baltica Basement and Basement 
Windows

Main Lithological Units
In central Sweden, the Fennoscandian Shield 

is mainly composed of the 1.9–1.87 Ga Sve-
cofennian metavolcanic and granitoid rocks and 
of ca. 1.86–1.67 Ga monzodiorites to granites of 
the Transscandinavian Igneous Belt (see details 
in Högdahl et al., 2004). Subsequently, Meso-
proterozoic mafic dikes and sills of various gen-
erations have intruded these felsic suites (Fig. 3). 
The approximately N–S-trending Transscandi-
navian Igneous Belt (Figs. 1 and 3) comprises 
alkali-rich granitic plutons and felsic volcanic 
rocks such as the Revsund granitoid suite (Trans-
scandinavian Igneous Belt-I, ca. 1.86–1.76 Ga; 
Claesson and Lundqvist, 1995; Delin, 1996; 
Högdahl, 2000), the Rätan batholith (Transs-
candinavian Igneous Belt-II, ca. 1.70–1.68 Ga; 
Wilson et al., 1985; Patchett et al., 1987; Delin, 
1996), and the Dala porphyries and granites 
(Transscandinavian Igneous Belt-II, ca. 1.8–
1.7 Ga; Lundqvist and Persson, 1996, 1999; Ahl 
et al., 1999). The rocks of the Transscandinavian 
Igneous Belt, and especially the Rätan granite, 
are the origin of the large magnetic anomaly 
known as the Jämtland anomaly (Dyrelius, 
1980). This magnetic anomaly extends from the 
Dala Province (its geologic domain corresponds 
to the Transscandinavian Igneous Belt rocks 
located in the Sveconorwegian orogenic front 
in central Sweden; see Fig. 3) to the northwest 
below the Caledonian nappes and to the Grong-
Olden window to the north.

The Rätan batholith appears in map view as a 
massive 50 km × 100 km large body surrounded 
by the rocks of the Dala Province to the south 
and the Svecofennian supracrustal rocks and 
the Revsund granite to the north (Mattsson and 
Elming, 2001b, 2001a). The limit between the 
Rätan granite and the Dala Province to the south 
appears either as a shear zone or as an intrusive 
contact, whereas the contact with the Ljusdal and 
Revsund granitoids to the north corresponds to 
the Storsjön–Edsbyn Deformation Zone (Berg-
man and Sjöström, 1994). The Rätan granite 
is described as a greyish-red, coarse-grained 
granitoid with subordinate medium-grained 
granite, which forms dikes and irregular bodies 
(Högdahl et al., 2004). Locally, to the north, the 
Rätan granite is intruded by monzodiorite and 
monzogabbroic rocks of the “Nordkölen belt,” 
which appear as near-circular positive magnetic 
anomalies (see section 3.3; Gorbatschev, 1997; 
Högdahl et al., 2004). Structural measurements 
in the field and magnetic fabric orientation from 
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Figure 2. (A) Paleogeographic reconstruction of Baltica and Laurentia at 460 Ma and 420–415 Ma was modified after Corfu et al. 
(2014) and Cocks and Torsvik (2002). B—Baltica; L—Laurentia; G—Gondwana; S—Siberia; A—Avalonia. (B) The Caledonides at 
the end of the Mesozoic, prior to the opening of the North Atlantic, from Gee and Stephens (2020a) after Stephens (1988). (C) Sche-
matic cross-sections show the tectonic evolution of Baltica and Laurentia before convergence (ca. 550 Ma) and during the formation 
of the Caledonian orogeny (460–430 Ma and 420–415 Ma). Modified after Bender et al. (2018, 2019).
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anisotropy of magnetic susceptibility (AMS) 
data suggest that the Rätan batholith formed in 
a transpressional regime along with NW–SE-
directed magma flow (Bergman and Sjöström, 
1994; Mattsson and Elming, 2001b; Bergman 
et al., 2006) that was potentially related to back-
arc oblique subduction during an early stage 
of the Gothian orogenic event (1.75–1.55 Ga; 

Gorbatschev and Bogdanova, 1993; Bergman 
et al., 2006).

Volcanic porphyries and granites (ca. 1.7–
1.6 Ga; Roberts et  al., 1999) were observed 
in basement windows such as in the Olden, 
Tømmerås, Skardöra, and Mullfjället windows 
(Fig. 1; Beckholmen, 1978; Gee, 1980; Roberts, 
1997). They occur locally as basement slices 

such as the Östberget porphyries near Östersund 
and the Caledonian front (Fig. 1; Karis et al., 
1998), but with the exception of the Dala por-
phyries, they have not been described east of the 
Caledonian front (Fig. 1). These trachytic, por-
phyritic felsic volcanic rocks, which appear as 
fine- to medium-grained and are greyish to pink 
in color, are similar in composition to the ca. 
1.7 Ga porphyries of the Dala Province (Roberts, 
1997; Lundqvist and Persson, 1999). Their age 
and chemistry, similar to the Transscandinavian 
Igneous Belt, suggest a formation nearly coeval 
with the Dala suite, the Rätan granite, and the 
activity along the Storsjön–Edsbyn Deformation 
Zone (Lundqvist and Persson, 1996; Högdahl 
et al., 2004; Bergman et al., 2006).

Mafic Intrusions
Previous studies have revealed several genera-

tions of dolerite intrusions in central Sweden, 
both in the autochthonous Fennoscandian crust 
and in the basement windows of the Caledonian 
nappes (Fig. 3). These can be grouped into sepa-
rate tectonic events based on age, distribution, 
and chemistry, as described below from oldest 
to youngest.

The ca. 1.46 Ga Hallandian dolerites (Fig. 3) 
occur as fine-grained dikes or sills that locally 
contain abundant plagioclase megacrysts. In 
central Sweden, they mostly crop out in the Dala 
Province (Fig. 3), where they are referred to as the 
Tuna dolerites and appear as <1-m-thick, N–S- to 
NE–SW-trending dikes (Söderlund et al., 2005). 
Other 1.46 Ga mafic intrusions were recognized 
throughout Sweden and Norway (Brander and 
Söderlund, 2009), but a clear trend or cluster for 
their emplacement was not revealed. Based on the 
age and chemistry of the intrusions, the emplace-
ment of the Hallandian dolerites was proposed to 
occur in an extensional regime during the Hal-
landian orogeny (Bingen et al., 2008; Brander, 
2011). The latter corresponds to an ill-defined 
orogenic event that took place between 1.47 Ga 
and 1.42 Ga to the south-southwest of Fen-
noscandia and is mainly characterized by granitic 
magmatism and metamorphism in southeastern 
Sweden (e.g., Bingen et al., 2008; Brander, 2011). 
In central Scandinavia, this period is character-
ized by the deposition of the Jotnian sandstones 
interbedded with basalt flows (Fig. 3) and was 
proposed to occur in conjunction with back-arc 
extension and sag basin formation (Lundmark 
and Lamminen, 2016) related to northward sub-
duction (e.g., Brander, 2011; Ulmius et al., 2015).

The mildly alkaline mafic intrusions of the 
Central Scandinavian Dolerite Group (ca. 1.27–
1.25 Ga; Gorbatschev et al., 1979) are character-
ized by medium- to fine-grained rocks of (sub-)
ophitic texture and are mainly composed of pla-
gioclase, augite, olivine, biotite,  ilmenite, and 

Figure 3. Distribution and age of major mafic intrusions in Central Sweden are shown. Rocks 
of the Transscandinavian Igneous Belt-II, the Jotnian basin in the Dala Province, and the 
location of the Collisional Orogeny in the Scandinavian Caledonides project (COSC)-2 bore-
hole are also indicated. Location of the Hallandian Dolerites is from Brander and Söderlund 
(2009) and Brander (2011), Central Scandinavian Dolerite Group (CSDG) is from Ripa and 
Stephens (2020a), and the location of the Blekinge–Dalarna Dolerites (BDD) is from Ripa 
and Stephens (2020b). Dolerites west of the Caledonian front are from Johansson (1980) and 
Brander et al. (2011). Dolerites of the CSDG are widespread in Central Sweden, whereas 
the Blekinge–Dalarna Dolerites and the Hallandian Dolerites are mostly reported along the 
Sveconorwegian orogenic front and in the Dala Province, respectively. The age of the dolerites 
in Jämtland County west of the Caledonian front is unknown but likely related to the CSDG 
or the Blekinge–Dalarna Dolerites. Basemap is modified after Ripa and Stephens (2020a).
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magnetite (e.g., Elming and Mattsson, 2001). 
They occur mostly in central Sweden and SW 
Finland (Fig. 3) and were assigned to five com-
plexes based on slightly different U-Pb bad-
deleyite ages and spatial distribution (Söderlund 
et al., 2006): the 1264–1271 Ma Dalarna com-
plex; the 1256–1259 Ma Västerbotten, Ulvö, and 
Satakunta complexes; and the ca. 1247 Ma Jämt-
land complex. The Central Scandinavian Doler-
ite Group intrusions crop out in the porphyries 
and granites of the Transscandinavian Igneous 
Belt and Svecofennian domain (Högdahl and 
Sjöström, 2001), in the Jotnian basins east of 
the Caledonian front (Bylund and Elming, 
1992; Korja et al., 2001; Elming and Mattsson, 
2001; Hogmalm et al., 2006), and in basement 
windows (Brander et  al., 2011). They appear 
as sills that are meter-scale to several hundreds 
of meters thick and up to a hundred kilometers 
long, and less often as dikes or lopoliths; they 
may form saucer-shaped intrusions as observed 
in the Bothnian Sea (Korja et al., 2001; Buntin 
et al., 2019). Magmatic signature, age, and mode 
of emplacement of the Central Scandinavian 
Dolerite Group have favored the interpretation of 
a back-arc context in relation to a retreating slab 
located further west and off the margin of Bal-
tica (Söderlund et al., 2005, 2006; Brander et al., 
2011). However, intracratonic rifting related to 
the break-up of the supercontinent Columbia or 
a mantle plume hotspot have also been proposed 
as settings for their formation (see Ripa and Ste-
phens, 2020a, and references therein).

The Blekinge–Dalarna Dolerites (ca. 0.98–
0.95 Ga) show similarities in size and min-
eralogy to those of the Central Scandinavian 
Dolerite Group, but they are less alkaline and 
generally contain hypersthene (Gorbatschev 
et al., 1987; Solyom et al., 1992). Some of the 
Blekinge–Dalarna Dolerites suffered low-grade 
greenschist metamorphism (Johansson and 
Johansson, 1990). They were emplaced during 
the early Tonian (ca. 0.98–0.95 Ga) and intrude 
Svecofennian and Transscandinavian Igne-
ous Belt rocks parallel to and eastward of the 
700-km-long Sveconorwegian orogenic front 
in Sweden until they disappear beneath the 
Caledonian front in the Dala Province (Fig. 3; 
Bylund and Elming, 1992; Solyom et al., 1992; 
Patchett et  al., 1994; Söderlund et  al., 2005). 
They mostly appear as subvertical dikes that 
trend north to northwest (Johansson and Johans-
son, 1990). Due to their spatial and temporal 
relationship to the ca. 1 Ga Sveconorwegian 
orogeny, it was suggested that their formation is 
related to late Sveconorwegian fracturing of the 
foreland basement due to uplift and exhumation 
of high-grade metamorphic rocks further west 
(Johansson and Johansson, 1990; Söderlund 
et al., 2004).

While these different generations of dolerite 
intrusions were recognized east of the Caledonian 
front from geologic mapping and aerial magnetic 
surveys by the Swedish Geological Survey, the 
knowledge of their westward extension under-
neath the Caledonian nappes remains limited to 
a few field studies in basement windows (e.g., 
Johansson, 1980; Brander et  al., 2011). In the 
present study area, altered and deformed intru-
sions in the Olden and Tømmerås parautochtho-
nous basement windows were proposed to belong 
to the Central Scandinavian Dolerite Group and/
or to the Blekinge–Dalarna Dolerites based on 
geochemical characterization (Johansson, 1980).

Main Structures in Central Sweden
The main structural features in the Baltica base-

ment appear to be the NW–SE- to WNW–ESE-
trending Storsjön–Edsbyn Deformation Zone 
and Hassela Shear Zone (Fig. 1). The former lies 
mainly between the Rätan granite and the upper 
crustal rocks of the Svecofennian domain (espe-
cially the Ljusdal batholith), while the Hassela 
Shear Zone delimits the Ljusdal batholith from 
the metasedimentary and metavolcanic rocks of 
the Bothnian basin to the north (see details in 
Bergman and Sjöström, 1994, and Högdahl and 
Sjöström, 2001). The Hassela Shear Zone corre-
sponds to a steep transpressive dextral shear zone 
with main ductile activity bracketed between 
1.85 Ga and 1.82 Ga (Delin, 1993; Welin et al., 
1993; Claesson and Lundqvist, 1995; Högdahl 
and Sjöström, 2001). On magnetic and geologic 
maps, the Storsjön–Edsbyn Deformation Zone 
appears as a 10–20-km-wide and >200-km-
long dextral shear zone that affects the Baltica 
basement (Högdahl et al., 2004; Bergman et al., 
2006). While ductile to brittle structures are 
clearly recorded in the Svecofennian rocks and 
the Revsund granites within the deformation zone 
(Högdahl and Sjöström, 2001; Bergman et  al., 
2006), the nature of the contact (intrusive and/
or tectonic) between these rocks and the Rätan 
granite is ambiguous. In detail, a minimum of four 
different phases of deformation of different ages 
(1.85–1.8 Ga, 1.674 Ga, <1.6 Ga, and <1.2 Ga), 
metamorphic grade, mineral composition, mag-
netic susceptibility, and deformation mechanisms 
are described (Bergman et al., 2006, and refer-
ences therein). While the oldest transpressive 
shearing along the Storsjön–Edsbyn Deforma-
tion Zone and Hassela Shear Zone (1.85–1.8 Ga) 
may be synchronous to, or followed shortly after, 
the intrusion of the Revsund granitoids (Högdahl 
and Sjöström, 2001), the 1.674 Ga deformation 
along the Storsjön–Edsbyn Deformation Zone 
could be coeval with the emplacement of the 
Rätan batholith and the volcanic porphyries of 
the Dala Province (Bergman et al., 2006). Field 
observations and mapping show that the Central 

Scandinavian Dolerite Group (ca. 1.27–1.25 Ga) 
truncates the mylonites of the Storsjön–Edsbyn 
Deformation Zone and provides a maximum 
age for the activity of the shear zone (Mattsson 
and Elming, 2001b; Bergman et al., 2006). Yet, 
deformation related to the Caledonian orogeny 
along the Storsjön–Edsbyn Deformation Zone 
was proposed based on U/Pb zircon geochronol-
ogy, whose age of 384 ± 15 Ma and Pb loss was 
attributed to warm, saline fluid circulation in rela-
tion to basement faulting (Högdahl et al., 2001). 
Moreover, the WNW–ESE-trending Persåsen 
fault (Fig. 1), which deforms the Upper Ordovi-
cian sediments of the Lower Allochthon, was sug-
gested to be related to the westward continuation 
of the Storsjön–Edsbyn Deformation Zone under-
neath the Caledonian nappes (e.g., Bergman et al., 
2006; Gee and Stephens, 2020b). However, ques-
tions remain about the westward extension of the 
Storsjön–Edsbyn Deformation Zone and Hassela 
Shear Zone underneath the Caledonian nappes.

3. OBSERVATIONS

3.1. Principal Observations from the 
Composite and the Central Caledonian 
Transect Seismic Profiles

Details concerning the acquisition and pro-
cessing parameters for the Central Caledonian 
Transect profile are presented in Juhojuntti 
et al. (2001) and for the CSP profile in Hedin 
et al. (2012) and Juhlin et al. (2016). Data were 
acquired along the Central Caledonian Transect 
in three stages using a dynamite source in the 
west and a vibrator source for the two eastern 
stages. Standard common midpoint (CMP) 
processing was applied with a focus on obtain-
ing good static corrections and careful velocity 
analysis to provide the most coherent images of 
reflections. The CSP profile was also acquired 
in three stages with a hydraulic rock-breaking 
hammer being used as a source in the first two 
stages and a 400 kg weight drop mounted on a 
mini-loader for the last stage. Again, standard 
CMP processing was applied to the data with 
a focus on statics and velocity analysis. The 
sources used for the CSP are weaker than those 
for the Central Caledonian Transect, but signal 
penetration is generally good down to at least 3 
s two-way time, except for on the easternmost 
part of the CSP. Velocity analysis showed that 
the velocity generally increases from ∼5500 m/s 
in the shallowest parts to ∼6000 m/s at 2–3 s 
two-way time. Based on this and sonic logging 
in the COSC-2 borehole, a 1-D velocity function 
was used for both migration and depth conver-
sion of the data.

Two uncertainties to consider regarding the 
interpretation of the Central Caledonian Transect 
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and CSP profiles are 3-D and migration effects 
in the images. Juhlin et al. (2016) showed, by 
processing the CSP data along different 2-D 
lines and comparison between the Central 
Caledonian Transect and CSP profiles, that the 
structure is reasonably 2-D east of the COSC-2 
borehole. Likewise, a profile perpendicular to 
the CSP profile in the COSC-1 area also shows 
that the CSP is running approximately perpen-
dicular to strike. Therefore, we consider it rea-
sonable to use the CSP and Central Caledonian 
Transect profiles as dip lines in the interpretation 
even though there may still be some minor 3-D 
effects in the images. During processing, differ-
ent 1-D velocity functions were tested for migra-
tion. These varied by within ± 10% compared to 
the one actually used. Resulting images showed 
better focusing on some parts of the profile and 
poorer focusing on other parts when the function 
was varied. However, the general structure and 
offsets in seismic reflections did not change sig-
nificantly. Therefore, we have some confidence 
that the offsets we observe in reflections are rea-
sonable representations of true offsets.

Both the CSP and Central Caledonian Tran-
sect profiles (Figs.  4A–4B; see location in 
Fig. 1) display a continuous, shallow, and sub-
horizontal reflection that is interpreted as the 
main Caledonian décollement; it is detached 
in the Cambrian alum shales at its stratigraphic 
occurrence (see décollement level in Figs. 4A–
4B). The depth of the Cambrian alum shale was 
indirectly inferred on the CSP (Fig. 4A) and the 
East Central Caledonian Transect (Figs. 4B–4C) 
profiles based on magnetotelluric and reflection 
seismic data (Korja et  al., 2008; Juhlin et  al., 
2016; Yan et al., 2017a, 2017b). Underneath the 
Caledonian nappes, continuous reflections are 
recognized that are generally hundreds of meters 
thick and stand out from the relatively transpar-
ent seismic background. Roughly parallel dou-
ble reflections are also observed, in particular on 
the more recent CSP (e.g., q1 in Figs. 4A–4B). 
Near the COSC-2 borehole, the upper and lower 
reflections are of opposite polarity, which is con-
sistent with the double reflection at this location 
originating from a contrasting impedance layer 
relative to the more homogeneous host rock. 
The reflections are gently dipping toward the 
west on the CSP and East Central Caledonian 
Transect profiles. In detail, it is possible to rec-
ognize a set of flat-lying reflections that often, 
but not always, appear steeper in the east and 
become sub-horizontal toward the west. Some 
of these oblique, west-dipping reflections dis-
play a sigmoid shape (e.g., q2 in Figs. 4A–4B). 
Locally, some sub-horizontal reflections are ver-
tically offset across steeper reflections (e.g., q3 
in Fig. 4A). The West Central Caledonian Tran-
sect profile shows sub-horizontal to gently east-

dipping, locally kinked reflections. On the East 
Central Caledonian Transect profile (Fig. 4B), a 
∼40-km-wide, dome-like structure can be rec-
ognized underlying thick, prominent reflections 
that mimic the dome shape (q4 in Fig. 4B). A 
west-dipping reflection that reaches the surface 
just east of the dome was interpreted as a doler-
ite of the Central Scandinavian Dolerite Group 
and is mapped at the surface (Juhojuntti et al., 
2001). Other large, dome-shaped reflections can 
be observed at very shallow depth in the center 
of the Central Caledonian Transect profile (e.g., 
q5 in Fig. 4B). Exactly at 80 km along the Cen-
tral Caledonian Transect profile (Fig. 4B), this 
reflection seems to merge with a flat-lying reflec-
tion that was formerly attributed to the Cambrian 
shale décollement (Gee et al., 2010). At ∼50 km, 
between 0 km and 8 km depth, the gently west-
dipping reflections rotate upward and appear to 
be disrupted across a seismically blurred and 
thin vertical zone that has a droplet shape (q6 in 
Fig. 4B). Most of the gently west-dipping reflec-
tions vanish on the easternmost part of the CSP 
(from 47 km eastward in Fig. 4A) possibly due 
to attenuation of the signal by soft sedimentary 
cover at the surface during seismic acquisition 
(Juhlin et al., 2016).

In Figure 4C, the velocity model of England 
and Ebbing (2012), which was computed using 
receiver functions, is overlain onto the North 
Central Caledonian Transect/Central Caledonian 
Transect profiles. The velocity model shows a 
seismic Moho at ∼43 km depth across most of 
the North Central Caledonian Transect/Central 
Caledonian Transect profiles. It also highlights 
a ∼10-km-thick lower crust of very high veloc-
ity (7.2 km/s) in the eastern part of the profile. 
Along this high velocity lower crust, a continu-
ous layer extends from 120 km eastward up to 
the coast of the Bothnian Sea. A separate body 
between 45 km and 85 km can be distinguished 
that shifts the velocity boundaries within the 
middle crust upward.

3.2. Preliminary Results from the COSC-2 
Drilling Project

Geologic Description
Preliminary results from the COSC-2 bore-

hole and a first-order interpretation of the CSP 
are presented in Figures  5A and 5B, respec-
tively. Geologic observations rely on the on-site 
observations of the authors while drilling (see 
Lorenz et al., 2021). (A detailed core descrip-
tion is delayed due to the pandemic.) Drilling 
penetrated the sedimentary cover of the Jämt-
land supergroup (Gee, 1975b) corresponding 
to the Lower Allochthon and the porphyries of 
the (para-)autochthonous basement (Karis et al., 
1998). The uppermost ∼800 m consist of grey-

wackes and turbidites of the Ordovician–Silurian 
flysch, which were affected by apparent small-
offset, low-angle faults. These units are underlain 
by ∼45 m of strongly deformed dark to black 
shales with carbonate lenses, which are inter-
preted as the Cambrian Alum Shale Formation. 
Below the alum shales, the borehole penetrated a 
volcano-sedimentary sequence characterized by 
tuff, coarse-grained sandstones, and conglomer-
ates that were affected by brittle deformation 
(tectonic breccias and low-angle faults), most 
likely of Neoproterozoic to Early Cambrian age 
and equivalent to the Ediacaran–Early Cambrian 
quartzites of the Sjoutälven Group (Gee et al., 
1974; Gee and Stephens, 2020b). At ∼1220 m, 
a zone of brittle deformation marks the transi-
tion to volcanic porphyries, which consist of a 
greyish, very fine-grained matrix containing 
millimeter-sized mafic xenoliths (e.g., epidote 
and pyroxene). These porphyries appear to be 
similar to those encountered in the Mullfjället 
window ∼40 km to the west of the drill site and 
in basement slices near the Caledonian front 
(see Östberget porphyries in section 2.2). The 
porphyry is affected by at least two generations 
of fractures, which occur as low-angle and steep 
fractures filled with quartz and/or calcite. Mafic 
intrusions of a few decimeters thick interrupt the 
porphyries from ∼1300 m down to ∼1600 m 
(see thin green lines in Fig. 5), where a thicker 
∼240-m-thick dolerite is located. At the base of 
the thick dolerite, two units of ∼4-m-thick por-
phyries are separated in apparent tectonic contact 
by a thin layer of dolerite. Below, a ∼80-m-thick 
dolerite occurs and is underlain by porphyries 
that continue to a total depth of 2276 m and is 
interrupted only by a single-meter-thick mafic 
intrusion at 2140 m. Among the dolerites, the 
smaller intrusions appear generally as green-
ish and very fine-grained rocks, whereas the 
core of the thicker intrusions generally displays 
either plagioclase needles and pyroxenes (sub-
ophitic to ophitic texture) with locally abundant 
very coarse feldspar megacrysts or phaneritic to 
pegmatitic gabbros. The contacts between the 
porphyries and the thin dolerites often appear as 
chilled margins. However, sharp tectonic con-
tacts characterized by (semi-)brittle deformation 
(cataclastic zones and mylonites) of the porphy-
ries and the dolerite margins are also observed 
(Fig. 6).

Density and Magnetic Susceptibility of 
Lithological Units

The magnetic susceptibility was measured 
as part of the COSC-2 downhole survey and is 
available in the related project data set (Lorenz 
et al., 2021). The density was measured on drill 
cores using the Geotek multi-sensor core  logger 
(MSCL; Lorenz et al., 2021). The Ordovician–
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Silurian succession has a density of 2.77 g/
cm3 and a magnetic susceptibility <0.001 SI, 
whereas the highly deformed Cambrian alum 
shales have a lower density of 2.68 g/cm3 and 
similar low magnetic susceptibility of <0.001 
SI (Fig. 5A). The Neoproterozoic tuffs show a 
higher density in the sandstone-rich upper unit 
(∼2.75 g/cm3) than in the conglomerate-rich 

lower unit (∼2.68 g/cm3), but the two units have 
indistinguishable magnetic susceptibility, which 
is in general <0.002 SI. The density and mag-
netic susceptibility of the porphyries are rather 
low with a 2.68 g/cm3 mean of the former and 
the latter ranging from 0.001 SI up to ∼0.005 SI, 
in accordance with the reported values of Elming 
(1980) for the Skardöra, Olden, and Mullfjället 

basement window porphyries. The ∼240-m-thick 
dolerite has an average magnetic susceptibility of 
∼0.06 SI with decreasing values toward its upper 
margin. However, thinner intrusions such as the 
80-m-thick dolerite (1860–1940 m depth) show 
lower magnetic  susceptibilities (<0.002 SI) with 
only locally high peak values. Density is similar 
for all dolerites at, on average, 2.91 g/cm3.

A

B

C

Figure 4. (A) Composite seismic profile (CSP) and (B) Central Caledonian Transect (CCT)/North Central Caledonian Transect (NCCT) 
seismic profiles with main Caledonian units are shown (after Palm et al., 1991; Hurich, 1996; Juhojuntti et al., 2001; Juhlin et al., 2016). The 
Collisional Orogeny in the Scandinavian Caledonides (COSC)-1 and COSC-2 project boreholes are projected onto the composite seismic 
profile (CSP). Labels q1, q2, etc., are discussed in the text. Label q1 shows parallel double reflections; q2 shows west-dipping, sigmoid-
shaped reflections; q3 indicates vertically offset sub-horizontal reflections; q4 and q5 show seismic reflections that display a dome shape on 
the Central Caledonian Transect profile.; q6 indicates the location of a seismically blurred zone. See text for further explanations. The depth 
migration of the CSP was updated based on the seismic velocity (Vp) measurements acquired during the COSC-2 downhole logging (Lorenz 
et al., 2021). (C) The velocity profile of England and Ebbing (2012) and the resistivity model of Korja et al. (2008) are overlain on the CCT/
NCCT profiles. The resistivity model reveals the depth of the Cambrian alum shales (top of the conductive layer). C1 and RB correspond to 
conductive and resistive bodies, respectively, identified by Korja et al. (2008). CSDG—Central Scandinavian Dolerite Group.
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3.3. Gravity and Magnetic Anomalies and 
New Gravity Data Along the CSP

The aeromagnetic and gravity potential 
field data used to produce the maps presented 
in  Figures 7B–7D are provided by the Swed-
ish Geological Survey (SGU; https://www .sgu 
.se). The gravity measurements were acquired 
between 1975 and 2014 by different organiza-
tions and compiled by the Swedish Geological 
Survey. Based on these data, the Bouguer anom-
aly map (Fig. 7B) was calculated in the refer-
ence field RG82. The aeromagnetic data were 

acquired in several campaigns between 1969 and 
2006 (Table S11). The Definitive Geomagnetic 
Reference Field (DGRF 1965.0) was subtracted 
from the aeromagnetic data by the Swedish 

Geological Survey. The Oasis Montaj software 
(https://www .seequent .com /products-solutions /
geosoft-oasis-montaj/) was used for processing. 
The magnetic data were gridded using a mini-
mum curvature interpolation method with a node 
spacing of 200 m. A reduction to the pole was 
applied to the magnetic anomaly map to correct 
for the distortion of magnetic anomalies caused 
by the inclination and declination of the Earth’s 
magnetic field. Subsequently, the 0.5 vertical 
derivative of the pole-reduced magnetic field 
was calculated (Fig. 7D). The fractional verti-
cal derivative (i.e., 0.5) was used because  first- 

1Supplemental Material. Table S1: Acquisition 
parameters and spatial extent of various aeromagnetic 
surveys compiled by the SGU from the Jämtland, 
Västernorrland and Gävleborg counties (central 
Sweden); Table S2: Gravity measurements along the 
COSC Composite Seismic Profile (Jämtland county, 
Sweden). Please visit https://doi .org /10 .1130 /GSAB 
.S.19067159 to access the supplemental material, and 
contact editing@geosociety.org with any questions.

BA

Figure 5. (A) Preliminary geologic log is based on the drill core description as well as related magnetic susceptibility and gamma density 
measured by downhole logging and on core samples, respectively. Note the high magnetic susceptibility and density associated with the 
dolerites. (B) Close-up view and first-order interpretation of the composite seismic profile (CSP) at the location of the Collisional Orogeny 
in the Scandinavian Caledonides (COSC)-2 project borehole. Structures are omitted for simplification. The true deviation of the borehole 
with the magnetic susceptibility log were projected onto the CSP. Note the very good correlation between the main seismic reflections and 
the lithological boundaries identified.
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and second-order derivatives led to significant 
noise on the resulting map. As with the first- or 
second-order derivatives, the fractional vertical 
derivative delineates high-frequency magnetic 
anomalies and highlights linear features such as 
faults or dikes (Dentith and Mudge, 2014; Bra-
himi et al., 2020).

The magnetic anomaly map (Fig. 7C) can be 
divided into two regions of contrasting magnetic 
intensity: a low-amplitude magnetic domain 
corresponding to the Svecofennian basement 
and the Revsund granite to the northeast and a 
high-amplitude magnetic domain correspond-
ing to the rocks of the Transscandinavian Igne-
ous Belt (e.g., Rätan granite) to the southwest. 
The gravity map (Fig. 7B) shows gravity lows 
west of the Caledonian front and in particular 
over the basement windows (e.g., Olden and 
Mullfjället). East of the Caledonian front, a 
major WNW–ESE-trending low gravity anom-
aly can be observed over the trace of the Hassela 
Shear Zone and Storsjön–Edsbyn Deformation 
Zone. This zone also corresponds to a magnetic 
low with locally elongated magnetic highs that 
trend parallel to the shear zone. Within the Rätan 
batholith, density and magnetic values can vary 
(see also Mattsson and Elming, 2001a). Local, 

round, very high magnetic and gravity anoma-
lies (e.g., N1 in Figs. 7B and 7D) related to the 
monzodiorite and monzogabbroic rocks of the 
“Nordkölen belt” are observed to the north of the 
Rätan body (Gorbatschev, 1997; Högdahl et al., 
2004). Anomalies showing similar size, shape, 
and magnetic and gravity amplitudes (∼600 nT, 
∼10 mGal) are recognized west of the Caledo-
nian front (e.g., N2 and N3 in Fig. 7D). Within 
the Fennoscandian Shield, thin and elongated 
magnetic anomalies (e.g., D1) with amplitudes 
that vary from 100 nT to more than 400 nT are 
observed. These correspond to Central Scandi-
navian Dolerite Group dolerites that have been 
mapped at the surface (Figs. 7A and 7C–7D). 
West of the Caledonian front, elongated N–S to 
NE–SW magnetic anomalies can be observed as 
highlighted by the L anomalies (L1–L4) in Fig-
ure 7D. Although obscured to the north by very 
high magnetic anomalies (N3 and similar), the 
L3 and L4 lineament anomalies, and to a lesser 
degree the L2 anomaly, appear to form a gentle 
arc that bends toward the east. On the gravity 
map, the trace of the L2 magnetic lineament 
corresponds to the western boundary of a N–S-
trending gravity low, which appears to terminate 
across the trace of the Persåsen fault to the south 

and along the western limb of the Olden anti-
form to the north (Figs. 7A–7B).

To investigate the shallow structure of the 
crust, new gravity measurements were acquired 
along the CSP (Figs. 8 and S2; see footnote 1). 
Measurements were conducted using a Scintrex 
CG5 relative gravimeter with a global naviga-
tion satellite system (GNSS) and real-time kine-
matic positioning. Recordings were subjected to 
a standard processing scheme using GravProcess 
(Cattin et al., 2015) and computed with a reduc-
tion density of 2670 kg/m3. The data set’s accu-
racy is mainly related to the vertical accuracy 
of the GNSS positioning system and does not 
exceed 0.2 mGal (Fig. S2; see footnote 1).

4. POTENTIAL FIELD MODELS

4.1. Pre-existing Models

The first magnetic models in central–western 
Sweden were presented by Dyrelius (1980), who 
attempted to model the large Jämtland anomaly 
based on a set of parallel, E–W-striking profiles. 
This study suggested that a thick (>10 km), 
asymmetric and highly magnetic (∼0.075 SI) 
body needs to be introduced to account for the 

Figure 6. Core scan pictures from the Collisional Orogeny in the Scandinavian Caledonides (COSC)-2 project drilling show the deformation 
along the dolerite margins at ∼1591 m and ∼1859 m. Deformation (fractures, fluids, and grain-size-reduction) increases toward the contacts 
between the dolerites and the host rock (porphyries), and the contacts show mylonitic/cataclastic zones. Core scan pictures of “undeformed” 
dolerite and porphyry away from the contacts are shown for comparison.
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A B

C D

Figure 7. Maps of central Sweden are shown. (A) Geologic, (B) Bouguer gravity anomaly, (C) magnetic anomaly, and (D) 0.5 vertical 
derivative of the magnetic field. Note the change in the intensity of the magnetic and gravity anomalies across the Storsjön–Edsbyn 
Deformation Zone and the continuation of the Transscandinavian Igneous Belt-related positive magnetic anomaly (Jämtland anom-
aly) beneath the Caledonian nappes. East of the Caledonian front and north of the Hassela Shear Zone, the dolerites of the Central 
Scandinavian Dolerite Group mapped in Figure 7A (in green) are clearly apparent on the magnetic map in panel D. Magnetic and 
gravity anomalies L1, L2, L3, L4, N1, N2, N3, and D1 are discussed in the text. COSC—Collisional Orogeny in the Scandinavian 
Caledonides boreholes; SEDZ—Storsjön–Edsbyn Deformation Zone; HSZ—Hassela Shear Zone; PF—Persåsen fault.
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magnitude and shape of the Jämtland anomaly. 
It was assumed that variations of the magnetic 
field could be explained by highly magnetic 
top basement undulation, which is commonly 
ascribed to the Rätan granite. Subsequently, vari-
ous potential field models of the Central Scandes 
were proposed based on new data sets such as 
sampled rock density and magnetic susceptibil-
ity values (Elming, 1980) or heat flow values 
(Pascal et  al., 2007). The focus was on long 
wavelength anomalies related to the Caledonian 
nappes and the rocks of the Transscandinavian 
Igneous Belt (e.g., Dyrelius, 1986; Elming, 
1988; Skilbrei et al., 2002; Ebbing et al., 2012). 
These models focused on the interpretation of 
the shape of the Caledonian nappes and the 
main lithological units that form the crust along 
an E–W section that roughly follows the trace 
of the Central Caledonian Transect profile and 
extends westward to the Norwegian coast. In a 
more local study, Hedin et al. (2014) modeled 
in 3-D the anomaly related to the Seve Nappe 
complex (Middle Allochthon) based on the geo-
physical data from the COSC-1 drilling project 
and the interpretation of the CSP.

Despite these different models, no study 
attempted to model second-order potential 
field anomalies based on the interpretation of 
the seismic reflection profiles to determine the 
architecture of the basement underneath the 
Caledonian nappes. Whereas the small-scale 

anomalies have usually been proposed to be 
related to highly magnetic basement undula-
tion (e.g., Dyrelius, 1980; Hedin et al., 2014), 
basement rocks exposed in antiformal basement 
windows actually correspond to porphyries and 
granitoids that are only weakly magnetized 
(Elming, 1980, 1988). This observation is sup-
ported by the results from the COSC-2 drilling, 
which revealed that the underlying basement is 
composed of weakly magnetized volcanic por-
phyries and that only the dolerites show a con-
siderably high magnetic susceptibility (Fig. 5A). 
As such, existing geologic models do not explain 
the magnetic and gravity anomalies observed in 
the study area (Figs. 7B and 7D).

4.2. New Forward Gravity and Magnetic 
Models along the CSP and East–Central 
Caledonian Transect Profile

New forward magnetic and gravity model-
ing was done along the CSP (Fig. 9) and the 
eastern segment of the Central Caledonian 
Transect (Fig. 10) that incorporates new petro-
physical and geophysical data from the COSC 
drilling and the new gravity surveying, as well 
as geometric constraints from the reflection 
seismic profiles. Modeling procedures were 
developed with the GM-SYS extension of the 
Oasis Montaj software (https://www .seequent 
.com /products-solutions /geosoft-oasis-montaj /

gm-sys/). Only the eastern part of the Central 
Caledonian Transect (East Central Caledonian 
Transect) profile was modeled because of the 
lack of magnetic data in the western part. Our 
new gravity data follow the acquisition line of 
the CSP via Sällsjö (Fig. 8) and were projected 
onto the Common Depth Points (CDP) line of 
the CSP profile. The same was done with some 
offset measurements to the north of the CSP. A 
N–S projection was used, which roughly corre-
sponds to the strike of the magnetic anomalies 
in map view. Density and magnetic suscepti-
bility values used for the models are listed in 
Figures  9–10. They are mostly derived from 
the Gamma density (MSCL) and magnetic sus-
ceptibility (downhole logging) values acquired 
during the COSC-2 drilling (see Fig. 5A) and 
partly from the data set of Elming (1980). 
Because magnetic remanence of the rocks in 
the study area was shown to be negligible (Elm-
ing, 1980) and due to the lack of information 
about the magnetic properties of the rocks at 
depth, our models do not consider magnetic 
remanence. It is clear that magnetic susceptibil-
ity and density may change significantly within 
the same lithological unit and at the outcrop 
scale (Elming, 1980). For example, the mag-
netic susceptibility of the Rätan granite shows 
strong variation from the contacts to the center 
of the pluton, and the latter shows much higher 
susceptibility values (mean 0.030 ± 0.007 SI) 

Figure 8. Locations of indi-
vidual gravity measurements 
acquired along the compos-
ite seismic profile (CSP) are 
shown. Gravity values are plot-
ted in Figure  9 and detailed 
in Figure S2 (see footnote 1). 
COSC—Collisional Orogeny in 
the Scandinavian Caledonides 
boreholes.
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E

Figure 9. Forward gravity and magnetic model of the composite seismic profile (CSP) is shown. Map view of the (A) gravity (minimum cur-
vature gridding of the new gravity data presented in Figure S2; see footnote 1) and (B) magnetic anomalies along the CSP line, (C) profile 
view of the observed and calculated potential field anomalies, and (D) associated block model based on the interpretation of the (E) CSP. 
Note the magnetic and gravity anomaly L1, which correlates with the tip of the parallel west-dipping seismic reflections that were identi-
fied as the top and base of a ∼240-m-thick dolerite by the Collisional Orogeny in the Scandinavian Caledonides (COSC-2) project drilling 
(Fig. 5). Also note the gravity low to the east of the L2 anomaly that we infer to be related to a ∼1-km-thick basin between the sub-horizontal 
reflections q7 and q8. Inset shows the interpreted west-dipping normal fault at the base of the basin.
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than the western (0.007 ± 0.008 SI) and eastern 
(0.018 ± 0.012 SI) boundaries of the intrusion 
(Mattsson and Elming, 2001a). Similarly, the 
magnetic susceptibilities of individual dolerites 
east of the Caledonian front (Central Scandi-
navian Dolerite Group) vary considerably, 

from ∼0.003 SI to ∼0.06 SI and locally up to 
∼0.08 SI in the Ulvö area (Elming and Matts-
son, 2001). The results of the COSC-2 drilling 
(Fig. 5A) also show that there is considerable 
variation within a single dolerite intrusion. 
However, for the sake of simplicity, our mod-

els do not include density or magnetic suscep-
tibility gradients. Only the Rätan batholith is 
divided into three different bodies to account 
for the stronger magnetic and gravity anoma-
lies east of the Caledonian front (see discus-
sion below).

A

B

C

D

E

Figure 10. Forward gravity and magnetic model of the East Central Caledonian Transect profile is shown. Map view of the (A) gravity and 
(B) magnetic anomalies along the East Central Caledonian Transect line, (C) profile view of the observed and calculated potential field 
anomalies, and (D) associated block model based on the interpretation of the (E) Central Caledonian Transect seismic profile. The high 
and symmetric magnetic and gravity anomalies (e.g., N3) are attributed to isolated bodies within the Rätan batholith, whereas the asym-
metric L1 anomaly is similar in amplitude, wavelength, and shape to the L1 anomaly on the Composite Seismic Profile (Fig. 9C), which is 
attributed to a thick, west-dipping dolerite.
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We used the results from the COSC-2 drill-
ing and the seismic profiles as the initial frame-
work to test our geologic interpretations. The 
majority of the flat-lying, prominent reflections 
discussed in section 3.1 are therefore assumed 
to be dolerites with high magnetic susceptibil-
ity and density that intrude, mainly, porphyries 
with rather low magnetic susceptibility and 
low-density.

The magnetic profile along the CSP model 
(Figs. 9B–9C) displays a large, long wavelength 
anomaly centered on the profile that decreases 
in intensity toward the edges of the profile. Such 
an anomaly requires the presence of a large and 
highly magnetic body (most likely of the Trans-
scandinavian Igneous Belt, e.g., Rätan-type). 
In the western part of the profile, the increase 
in gravity and decrease in the magnetics can 
be associated with the occurrence of the dense 
Lower Seve Nappe (Middle Allochthon). At 
the center of the profile, at least three asym-
metric magnetic anomalies can be recognized 
(L1, L2, and one at 40 km in Fig.  9C). The 
magnetic anomaly L1, which also fits with the 
eastern termination of a local gravity high, can 
be directly related to the highly magnetic and 
dense ∼240-m-thick dolerite drilled by the 
COSC-2 well. Because the volcanic porphyries 
have a rather low magnetic susceptibility and 
similar west-dipping seismic reflections also 
terminate upward at the location of the other 
magnetic anomalies (e.g., L2), we interpret the 
highly magnetic dolerites to generate the short 
wavelength (<10 km) and low amplitude (∼60 
nT) magnetic anomalies (Figs.  9B–9D). On 
the eastern part of the profile, a gravity low is 
observed whose western limit corresponds to 
magnetic anomaly L2 (Figs. 9A and 9C). On the 
seismic profile, the location of the gravity low 
corresponds to the occurrence of two parallel 
sub-horizontal seismic reflections at 0 km (q7 in 
Fig. 9E) and ∼1 km (q8 in Fig. 9E) depth (b.s.l.). 
In between them, a blurring of the reflectivity is 
observed. The lower reflection (q8) of this seis-
mic unit displays a normal offset at 40 km along 
the profile that we interpret as a west-dipping 
normal fault (see insert in Fig. 9E). As such, this 
unit is interpreted as a sedimentary basin that 
lies beneath the main Caledonian décollement 
(q7 reflection).

The East Central Caledonian Transect model 
(Fig.  10) shows a long wavelength (50-km-
wide) and high-amplitude positive magnetic 
anomaly at the center of the profile (Figs. 10B–
10C). The magnetic intensity decreases toward 
the eastern and western edges of the profile, 
and the eastern part of the section shows in 
general a lower magnetic intensity (∼0 nT) 
than the western part (∼300 nT). The latter 
value (300 nT) is close to the “background,” 

or average, magnetic intensity along the CSP 
section (Fig. 9C), which suggests that the base-
ment is composed of rocks with similar physi-
cal properties. The gravity decreases westward 
from −40 mGal to −80 mGal and remains con-
stant between 20 km and 0 km (Figs. 10A and 
10C). These large-scale anomalies suggest that 
the density of the crust increases toward the 
east and that a highly magnetic body is located 
at shallow depth in the center of the profile 
and potentially extends westward beneath less 
magnetic rocks. As such, our interpretation 
involves a thick (∼10 km), highly magnetic 
(>0.04 SI) Rätan body at shallow depth at the 
center of the section that deepens westward 
under the low density, low magnetic volcanic 
porphyries. Toward the east, this Rätan body 
progressively wedges out and is replaced by a 
very dense and weakly magnetic crust of Sve-
cofennian origin, as observed at the surface 
of the Fennoscandian Shield (Fig.  7). Three 
nearly symmetric, high-amplitude magnetic 
anomalies (amplitude >300 nT), which are 
associated with gravity peaks, can be recog-
nized at 34 km, 45 km (N3), and 53 km along 
the profile (Fig.  10C). These anomalies do 
not seem to relate to any of the west-dipping 
reflections on the seismic section (Fig. 10E). 
Instead, the N3 anomaly is clearly located 
above the ∼3-km-wide, droplet-shaped zone 
q6 of blurred reflectivity seen in Figure 4B and 
described in section 3.1. In map view, these 
anomalies appear as isolated circular bodies 
and are similar in shape, size, and amplitude 
to the monzodiorite and monzogabbroic rocks 
of the “Nordkölen belt,” which intrude the 
Rätan granite east of the Caledonian front (see 
 section 2.2). In the western part of the section, 
we observe an asymmetric, positive magnetic 
anomaly of comparatively low amplitude 
(<100 nT; Figs. 10B–10C) above the upward 
termination of steeply west-dipping reflections 
on the seismic section (Fig. 10E). This anomaly 
shares the same magnetic (asymmetric shape 
and ∼60 nT amplitude) and seismic charac-
teristics as the interpreted dolerites on the CSP 
section (e.g., anomaly L1 and L2 in Fig. 9). 
A gravity low can be recognized at 20 km in 
the gravity profile (Fig. 10C) and gravity map 
(Fig. 10A). It occurs east of a large, undulated 
seismic reflection (q5 in Figs.  4B and 10E) 
and, in map view, in the northern continuation 
of the gravity low that dominates the eastern 
part of the CSP model (Figs.  9A and 7B). 
As such, we interpret this gravity low to be 
related to a ∼1-km-thick sedimentary basin 
that underlies the flat-lying Lower Allochthon. 
The base of this basin corresponds to the top of 
the  conductive layer  identified on the resistiv-
ity profile (Fig. 4C; Korja et al., 2008).

5. DISCUSSION

5.1. Crustal Architecture and Northward 
Extension of the Transscandinavian 
Igneous Belt in Western-Central Sweden

Volcanic porphyries were observed in base-
ment windows of central-western Sweden, 
and we report similar rocks down to at least 
2.3 km depth in the parautochthonous basement 
(Fig. 5). Potential field models (Figs. 9–10) sug-
gest the existence of a rather thick (∼10 km) 
volcanic sequence underneath the Caledonian 
nappes that is potentially similar in composi-
tion, age, and mode of formation to the Dala 
porphyries (Beckholmen, 1978; Roberts, 1997; 
Lundqvist and Persson, 1999). Interestingly, 
the distribution of the volcanic porphyries 
from the Jämtland area occurs as an appar-
ent right-stepping en-échelon continuation of 
the Dala porphyries (Fig. 11A), mirroring the 
geometry of the Jämtland anomaly on the mag-
netic map, which appears to be delimited by 
NW–SE-trending features (Fig.  11B; Olesen 
et al., 2010). These observations are in accor-
dance with the model of Bergman et al. (2006), 
who proposed that the emplacement of the 
rocks of the Transscandinavian Igneous Belt 
and the Dala Porphyries is related to dextral 
transpression along WNW–ESE-trending shear 
zones such as the Storsjön–Edsbyn Deforma-
tion Zone. The strain pattern resulting from 
such dextral transpression potentially implies 
the formation of WNW–ESE pull-apart basins 
and, by analogy with the Dala porphyries, these 
rocks might have been deposited in a subsid-
ing volcanotectonic graben (Bergman et  al., 
2006). It is still unclear, however, what kind of 
structures define the boundaries of these basins 
and how these volcanics were deposited with 
respect to the intrusive rocks of the Transscan-
dinavian Igneous Belt and the Svecofennian 
basement.

5.2. Geometry, Distribution, and Origin of 
the Mafic Intrusions

Our potential field models and seismic inter-
pretations suggest that the basement underneath 
the Caledonian nappes is intruded by mainly 
flat-lying, thin (∼1 m) and thick (up to 240 m) 
dolerites, which mostly steepen toward the east 
(Figs.  9–10). On the magnetic anomaly map 
(Figs.  7C and 12), the arcuate N–S-trending 
anomalies (e.g., L3 and L4, see section 3.3) 
have the same order of amplitude (∼100 nT) and 
wavelength (<10 km) as the magnetic anomalies 
that could be tied to the dolerites in the poten-
tial field models (e.g., L1 and L2; Figs. 7 and 
9–10). As such, we propose that these  anomalies 
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 correspond to the surface expression of west-
dipping dolerites in the basement beneath the 
Caledonian cover as interpreted on the East 
Central Caledonian Transect and CSP sections 
(Fig.  12). In this case, the geometry of these 
anomalies in map view suggests that the east-
ernmost intrusions recognized on the CSP and 
Central Caledonian Transect profile form arcu-
ate, inclined sheets in their eastward termination. 
The geometries, in section and in map view, of 
the mafic intrusions described above are com-
monly associated with the “saucer-shaped” type 
of intrusions, which are characterized in 3-D by 

a flat-lying inner sill that becomes steeper later-
ally (inclined sheets or “wings”) and often flat-
tens outward as an outer sill (Thomson and Hut-
ton, 2004; Polteau et al., 2008b; Galland et al., 
2009). At the surface, saucer-shapes (and also 
sill complexes) often form elliptic intrusions, as 
described in the Karoo Basin region in South 
Africa (Chevallier and Woodford, 1999; Polteau 
et al., 2008a; Galerne et al., 2011). Interestingly, 
thick and wide (∼110 km) saucer-shaped intru-
sions attributed to the Central Scandinavian Dol-
erite Group were identified in the Bothnian Sea 
east of the study area (Buntin et al., 2019). More-

over, the elliptical shape of the Central Scandi-
navian Dolerite Group intrusions within the Fen-
noscandian Shield (east of the Caledonian front; 
Fig. 12C), which is pictured on the geologic map 
for ∼100 km in the NW–SE direction (Fig. 1), 
agrees with the geometry of saucer-shaped 
intrusions in the sub-surface. In addition, ellip-
tic Central Scandinavian Dolerite Group sills 
showing thicknesses ranging from ∼50 cm to 
300 m (similar to the dolerites drilled by COSC-
2) were described in the Ulvö complex (Larson, 
1980), which is north of the city of Sundsvall 
(Fig. 1). This reasoning suggests that the arcuate 

A B

Figure 11. (A) Schematic tectonic map illustrates the proposed regional kinematics related to the formation of the 1.7–1.65 Ga Transscan-
dinavian Igneous Belt rocks (modified after Bergman et al., 2006). Inset shows the main structures and kinematics related to the formation 
of right-stepping en-échelon pull-apart basins. (B) Magnetic anomaly map of Scandinavia shows the geometry of the Jämtland positive 
magnetic anomaly associated with the rocks of the Transscandinavian Igneous Belt (TIB; from Hedin et al., 2014, based on Olesen et al., 
2010). Note the apparent right-stepping en-échelon geometry on the eastern edge of the Jämtland magnetic anomaly (black arrows). The 
Dala and Jämtland volcanic porphyries show a similar en-échelon distribution that is in accordance with the formation of pull-apart ba-
sins controlled by NW–SE shear zones. DP—Dala porphyries; RB—Rätan batholith; DG—Dala granitoids; VG—Värmland granitoids; 
SEDZ—Storsjön–Edsbyn Deformation Zone.
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shape of the magnetic anomalies in map view 
(Fig. 12A), which we relate to westward-dipping 
mafic intrusions at depth (Fig. 12B), corresponds 
to the eastern flank of large-scale sill complexes 
and saucer-shaped intrusions. By extrapolation, 

the gently eastward-dipping reflections on the 
western side of the Central Caledonian Transect 
profile (Fig. 4B) correspond to the western flank 
of ∼110-km-wide, flat-lying intrusions beneath 
the Caledonian nappes.

We observe that the width of the proposed flat-
lying intrusions on the Central Caledonian Tran-
sect profile (∼110 km) is similar to those of the 
elliptical Central Scandinavian Dolerite Group 
on the geologic map and the saucers  identified 

A

B

C

Figure 12. (A) Oblique 3-D view of the magnetic map (0.5 vertical derivative; see Fig. 7D) at the location of the composite seismic profile 
(CSP) and Central Caledonian Transect (CCT) profile highlight the geometry of the magnetic lineaments at the surface. (B) Same view as 
in panel A with transparent magnetic map to reveal the sections from the potential field models of Figures 9D–10D. The arcuate magnetic 
lineaments (green dashed lines) correspond to the surface termination of the west-dipping reflections that are interpreted as dolerites on 
the CSP and CCT section. (C) Oblique 3-D view of the geologic map east of the Caledonian front shows the elliptical shape of the Central 
Scandinavian Dolerite Group (Fig. 1). Note the striking similarities in size and shape in map view between the magnetic lineaments and the 
dolerites of the Central Scandinavian Dolerite Group.
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on the BABEL seismic reflection profiles below 
the Bothnian Sea by Buntin et al. (2019). In con-
trast to the BABEL section, we acknowledge the 
fact that it is hard to identify continuous, 100-km-
wide, flat-lying reflections on the Central 
 Caledonian Transect profile, especially because 
the prominent reflections seem disrupted or 
absent near the center of the section (40–70 km). 
Different explanations can account for such dis-
ruptions in this part of the section: (1) the reac-
tivation of the sills as thrust faults/shear zones 
related to the Caledonian orogeny (see section 
5.3), i.e., the sub-horizontal seismic reflections 
correspond to both deformation zones and mafic 
intrusions, and deformation (cataclasites and 
mylonites) at the contact between the dolerites 
(high seismic velocity) and the host rock (lower 
seismic velocity) could be responsible for a lower 
impedance contrast; or (2) the occurrence of a 
complex and dense set of dikes, sills, and related 
mafic magma percolation in the center of the sau-
cers that are generally poorly imaged by reflec-
tion seismology (e.g., Eide et al., 2018; Rabbel 
et al., 2018; Buntin et al., 2019). The occurrence 
of mainly mafic rocks would increase the aver-
age seismic velocity in the center of the sill com-
plex and thus attenuate the seismic impedance 
contrast between the dolerites and the host rock. 
An interpretation involving more dense material 
at the lower–middle crustal level in this part of 
the Central Caledonian Transect profile is partly 
supported by the existence of seismic velocity 
anomalies (Fig. 4C). Another striking observa-
tion is the apparent asymmetry of the intrusions 
on the Central Caledonian Transect section, i.e., 
the eastern flank shows steeper sheets than the 
sub-horizontal intrusions on the western flank. 
We suggest that this asymmetry could be related 
to the conditions of intrusion (e.g., direction of 
the magma flow, host-rock lithologies, regional 
stress field) and/or to subsequent basement defor-
mation and tilting related to the Caledonian orog-
eny. Note, however, that it could also be a cut 
effect of a 2-D line through a 3-D intrusion (i.e., 
the western part of the section is oblique to the 
dolerite sheets).

Information on the age of the dolerites that 
intrude the basement beneath the nappes would 
help to constrain their origin. Because evidence 
for syn- to late Caledonian magmatism or vol-
canism is lacking in the Lower Allochthon, and 
because dolerites are affected by Caledonian 
deformation in the parautochthonous basement 
(Johansson, 1980; Stel, 1988), a Caledonian 
age for the intrusions can be discarded. As the 
dolerites intrude the equivalent of the Dala por-
phyries, they must be younger than 1.7 Ga. Dif-
ferent ages might actually exist (1.5 Ga, 1.2 Ga, 
or 1 Ga; see section 2.2 and Fig. 3), and it is 
unclear whether all of the intrusions observed on 

the CSP and Central Caledonian Transect pro-
file have the same age. However, it is likely that 
most of the intrusions belong to the ca. 1.2 Ga 
Central Scandinavian Dolerite Group because of 
their widespread occurrence in central Sweden 
(Fig.  3) and a similar mode of emplacement, 
i.e., elliptical, flat-lying intrusions with thickness 
ranging from ∼1 m to ∼300 m (Larson, 1980). 
More precise age-dating is required to determine 
the exact timing of emplacement with respect 
to the different Central Scandinavian Dolerite 
Group sub-groups identified in the area (Söder-
lund et al., 2006).

Further evidence for ascribing these dolerites 
to the Central Scandinavian Dolerite Group is 
the apparent genetic link between the emplace-
ment of the dolerites in the Jämtland region and 
the main shear zones. As postulated by Söder-
lund et al. (2006), older (Svecofennian or Trans-
scandinavian Igneous Belt-related) shear zones 
could have functioned as pathways for magma, 
as was suggested for the Lower Cretaceous High 
Arctic Large Igneous Province in the Barents 
Sea by Minakov et al. (2018). The parallel ori-
entation of the intrusions that form the southern 
margin of the 100-km-wide elliptical intrusions 
and the Hassela Shear Zone (Fig. 7) suggests at 
least a minor control of pre-existing structures 
on the distribution of the Central Scandinavian 
Dolerite Group magmatism. West of the Cale-
donian front, the complex network of flat-lying 
intrusions described in this study is located 
in the potential westward continuation of the 
Storsjön–Edsbyn Deformation Zone and Has-
sela Shear Zone. The spatial extension of these 
shear zones and of the Central Scandinavian 
Dolerite Group, which run from western-central 
Sweden eastward to the Bothnian Sea (Bergman 
et al., 2006), corresponds to the area character-
ized by a 10-km-thick, high-velocity lower crust 
(Fig. 4C; England and Ebbing, 2012). As such, 
in contrast to England and Ebbing (2012), who 
proposed that the very dense and thick lower 
crustal material is related to mafic underplating 
associated with the Transscandinavian Igneous 
Belt formation, we suggest that it is related to the 
ca. 1.2 Ga Central Scandinavian Dolerite Group 
magmatic event. Indeed, the wide extent of the 
high-velocity lower crustal body better corre-
sponds to the spatial distribution of the Central 
Scandinavian Dolerite Group than to the rocks of 
the Transscandinavian Igneous Belt (see Fig. 3). 
Moreover, the velocity anomaly in the center of 
the Central Caledonian Transect profile seems 
to form a dome in the lower crust and propa-
gate upward into the middle and upper crust 
(Fig. 4A), which corresponds to the center of the 
large, flat-lying intrusions. A very similar dom-
ing of the lower crust was reported by Buntin 
et al. (2019) below the saucer-shaped intrusions 

in the Bothnian Sea. Altogether, and in accor-
dance with Söderlund et al. (2006), this suggests 
that shear zones such as the Hassela Shear Zone 
could have been used as pathways for magma 
migration at the base of the crust. That, in turn, 
favored the formation of dike and sill complexes 
in the overlying middle/upper crust. Finally, the 
major axis of elliptical, saucer-shaped sills was 
inferred to be parallel to the feeder dike below 
(Pollard and Johnson, 1973; Goulty and Scho-
field, 2008; Galerne et al., 2011). The striking 
parallelism between the Hassela Shear Zone 
and the major axis of the NW–SE elongated, 
elliptical intrusions west of the Caledonian front 
(Fig. 1) further supports a link between this shear 
zone and the feeder system of the Central Scan-
dinavian Dolerite Group.

The documentation of flat-lying dolerite 
sheets (flat parts of the saucers/sills) in the shal-
low crystalline crust, as in the Transscandinavian 
Igneous Belt or in the metavolcanic and granitoid 
rocks of the Svecofennian crust (Figs. 3 and 10; 
Juhlin, 1990; Buntin et al., 2019), is an intrigu-
ing observation. Similar flat-lying intrusions in 
igneous middle/upper crust have been reported 
from different cratons (e.g., Howard, 1991; 
Ivanic et al., 2013; Brown and Kim, 2020), but 
models concerning their emplacement are still 
debated (Buntin et al., 2019). The mechanisms 
controlling their emplacement are not straight-
forward in light of the established models for sill 
emplacement, which state that either (1) far field 
compressional tectonic stresses control the for-
mation of horizontal igneous sheets perpendicu-
lar to σ3 (e.g., Walker et al., 2017; Stephens et al., 
2018); (2) the host rock is mechanically layered 
(e.g., Kavanagh et  al., 2006; Galland et  al., 
2009, 2018), as in numerous sedimentary basins 
worldwide (e.g., Svensen et  al., 2009; Magee 
et al., 2016; Spacapan et al., 2018), in layered 
volcanic systems (e.g., Smittarello et al., 2019), 
and in anisotropic rocks such as foliated shale 
(Souche et al., 2019) or strongly sheared lower 
crustal rocks (Wrona et  al., 2019); or (3) the 
magma reached at the so-called “level of neutral 
buoyancy” when the density of the mafic magma 
became higher than that of the host rock (e.g., 
Francis, 1982). However, the geologic observa-
tions poorly support these models. Firstly, the 
proposed tectonic scenarios for the formation of 
the Central Scandinavian Dolerite Group sug-
gest back-arc extension or hotspot-related mag-
matism (Söderlund et al., 2006), which rules out 
a scenario for sill formation controlled by com-
pressional stresses. Secondly, prominent layer-
ing, heterogeneities, or anisotropy of the host 
rock do not explain a mechanical control on the 
emplacement of the sills. The Jämtland volcanic 
porphyries may display structural heterogene-
ities between the succession of lava flows and 
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the batholiths of the Transscandinavian Igneous 
Belt, and the Svecofennian domain may con-
sist of amalgamated, flat-lying lenses of granite 
with both sub-horizontal contacts and magmatic 
foliations (e.g., Bartley et al., 2012; Cruden and 
Weinberg, 2018, and references therein). How-
ever, even if this characteristic batholith structure 
could exist (e.g., Mattsson and Elming, 2001a, 
for the easternmost part of the Rätan granite), 
it is very unlikely that the intrusive contacts 
and foliations extend over distances as large as 
100 km, as suggested by the complex nature 
of the foliation in the Svecofennian basement 
(Skyttä et  al., 2020). The presence of older, 
large-scale, flat-lying shear zones controlling 
sill emplacement is also unlikely considering 
the prominent vertical Storsjön–Edsbyn Defor-
mation Zone and Hassela Shear Zone in the 
basement of central Sweden. Thirdly, the large 
volumes of the dolerite sills suggest significant 
magma influx and driving pressures, as opposed 
to the neutral buoyancy theory that implies low 
driving pressure and the likely halt of magma 
propagation (Hogan et al., 1998). Consequently, 
a reliable explanation for the formation of large, 
flat-lying mafic sheets in the Baltican crust is 
lacking at the moment. This poses the ques-
tion of whether the established theories for sill 
emplacement have missed a fundamental aspect, 
in particular in crystalline bedrock.

Based on the results of the COSC-2 drill-
ing, we interpret most of the prominent seismic 
reflections in the basement as mafic intrusions 
(Figs. 9D–10D). Such an interpretation is sup-
ported by forward magnetic and gravity model-
ing, which identifies the west-dipping seismic 
reflections as highly magnetic and dense sheets 
(Figs.  9–10) as responsible for N–S-trending 
magnetic lineaments (Fig. 12). The results from 
the COSC-2 drilling also confirm that the double, 
parallel seismic reflections with opposite imped-
ance contrast correspond to the top and bottom 
of thick intrusions (∼240 m) across which the 
seismic velocity is increasing (Fig. 5). Accord-
ingly, we interpret similar double reflections on 
the CSP and Central Caledonian Transect pro-
file as thick mafic intrusions. Besides, many of 
the reflection intersections do not exhibit offset, 
which precludes their interpretation as faults or 
shear zones younger than 1.2 Ga. Nevertheless, 
basement deformation related to the Caledonian 
orogeny is clearly observed at the surface, and we 
can infer that some of these reflections correspond 
to deformation zones or lithological boundaries.

5.3. Implications for Basement Deformation 
During Caledonian Orogeny

We assume that interpreted basement defor-
mation on the CSP and Central Caledonian Tran-

sect profile is related to the Caledonian orogeny. 
While we cannot rule out basement deforma-
tion related to the Sveconorwegian orogeny 
(1.1–0.9 Ga), different observations from the 
sub-surface support the Caledonian orogeny (ca. 
430 Ma) as being the main tectonic event in the 
study area. East–SE-directed Caledonian defor-
mation (i.e., shortening in the orientation of the 
seismic profiles) dominates the geologic map, as 
indicated by the N–S to NNW–SSE orientation 
of basement windows and the strike of major 
thrusts (Fig.  1). The low-angle deformation 
zones described in the pre-Cambrian tuffs can 
be observed in the Ordovician flysch and in the 
volcanic porphyries, which suggests that they all 
deformed during the same post-Ordovician con-
tractional event. In contrast, as far as we know, 
the nearest area affected by the Sveconorwegian 
deformation is the Dala Province to the south, 
where orogenic structures and late orogenic 
0.98–0.95 Ga dikes strike in the WNW–ESE 
orientation, i.e., parallel to the seismic profiles 
(Fig. 3; Lundqvist and Persson, 1996; Magnor 
et al., 1996; Stephens and Wahlgren, 2020).

Seismic reflections attributed to Proterozoic 
intrusions represent reliable markers for investi-
gating basement deformation during the Caledo-
nian orogeny. On the Central Caledonian Tran-
sect profile, we recognize some reflections that 
are interrupted against a ∼60-km-long interface 
that is determined by aligned, discontinuous, 
and gently west-dipping, flat-lying reflections 
(dashed line in Fig. 13A). Using the Move soft-
ware (https://www .petex .com /products /move-
suite/), which allows kinematic restoration of 
geologic and seismic sections, we attempt to 
match the pairs of reflections by applying the 
same amount of top-to-the-west displacement 
(∼6 km). The restored profile shows a very good 
fit between pairs of reflections across the pro-
posed structure (Fig. 13B). It is striking that the 
upward termination of this interface lies, along-
strike, to the east of the eastern limb of the Olden 
antiform, which corresponds to the easternmost 
major Caledonian deformation involving the 
basement in the area (Fig. 1). Considering this, 
note that the dome-shaped seismic reflections 
recognized on the Central Caledonian Transect 
profile (q5 in Fig. 4B) are located in the hang-
ing wall of the proposed contractional structure 
and probably represent the basement antiform 
of the Olden window toward the south. As such, 
based on our results and the geology of the 
area, we propose that the interface along which 
seismic reflections are offset represents a good 
candidate for the location of the Caledonian 
sole thrust in this section. Similar gently west-
dipping reflections in the hanging wall may rep-
resent deformation zones as well. As part of this 
study, we present a seismic interpretation of the 

North-Central Caledonian Transect-1 and Cen-
tral Caledonian Transect profiles (Fig. 13C) that 
includes the deformation related to the Caledo-
nian orogeny. Our interpretation mostly involves 
gently west-dipping shear zones or thrust faults, 
with the Mullfjället antiform as an antiformal 
stack related to basement duplexes that were 
subsequently tilted toward the foreland due to 
underthrusting and the formation of a triangle 
zone, a geometry described by, e.g., Couzens-
Schultz et al. (2003). At the front of this triangle 
zone, low-angle thrusts propagate and allow 
for the juxtaposition of basement slices such 
as observed in the Olden window (Gee, 1975b; 
Rice and Anderson, 2016). Interestingly, in the 
hanging wall of these subhorizontal thrusts, 
the dome-shaped (or undulated) top basement, 
between 60 km and 80 km along the Central 
Caledonian Transect profile (Fig. 13C), appears 
to be the southward continuation of the Olden 
antiform in map view (Fig. 1). The occurrence 
of a gravity low in our potential field model 
(Fig.  10E) suggests that the eastern antiform 
(78 km) is overlain to the east by a sedimentary 
basin. Potential candidates for these sedimentary 
rocks are the Tonian to Cambrian conglomer-
ates, sandstones, and shales of the Risbäck and 
Sjoutälven Groups (Gee, 1975a). These sedi-
ments were mapped in the northern part of Jäm-
tland County, where they are affected by several 
thrust faults (e.g., Greiling et al., 2018). Finally, 
we interpret most of the west-dipping reflections 
beneath the Skardöra antiform (Fig. 4B) as con-
tractional structures that propagate eastward 
across the flat-lying to gently east-dipping mafic 
intrusions. They are responsible for the small 
horizontal offset and kinked geometry of the 
reflections in this part of the profile (Figs. 13A 
and 13C).

The interpretation of the CSP based on the 
results from the COSC-2 drilling suggests that 
the upper crust of the Fennoscandian basement 
is intruded by a complex network of west-
dipping and saucer-shaped dolerites (Fig. 14). 
Flat-lying reflections appear to be offset across 
the thick dolerite drilled (Figs.  14A–14C). 
This vertical offset of ∼700 m can be observed 
along the entire intrusion and is in accordance 
with the structural observations of the drill core, 
which show deformation zones along the mar-
gins of the thick dolerite (Figs. 5A and 6). Note, 
in particular, the clear duplication and offset of 
the reflections in Figure 14A that rule out the 
interpretation of the reflection offsets as related 
to intrusion opening. In addition, the dilation 
due to intrusion opening will be much smaller 
than the offset shown by the reflectors. Also, 
other west-dipping dolerites seem to offset 
sub-horizontal reflections (Figs. 14D–14E) and 
thus localize contractional deformation. Our 
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 interpretation suggests basement duplication in 
the hanging wall of mafic intrusions at the west-
ern margin of the pre-Cambrian basin (34 km 
in Fig. 14). This contractional deformation was 
potentially transferred within and detached at 
the base of the basin, as is suggested by the 
occurrence of several west-dipping reflections 
that are interpreted as thrusts within this unit 
(Fig. 14F). We propose that part of the base-
ment deformation was localized and accom-
modated along the mafic intrusions’ margins in 
this section. Although the amount of displace-
ment seems rather low along a single intrusion 

(i.e., a few hundreds of meters), a significant 
amount of shortening could have been accom-
modated, considering the numerous dolerites 
interpreted on this profile (and possibly those 
that are too small to be resolved). Such strain 
localization along dike margins has already 
been described in the Olden window (Johans-
son, 1980; Troëng, 1982), in various nappes 
of the Caledonides (e.g., Gayer et  al., 1978; 
Krill, 1986; Rice, 1986; Hudleston, 1989), as 
well as in other tectonic systems (e.g., Fos-
sen and Cavalcante, 2017; Scott, 2019; Wilson 
et al., 2020). The dolerites potentially acted as 

rheological heterogeneities along which strain 
can localize, facilitated by strain-softening and 
fluid circulation (e.g., MacDonald et al., 2017). 
The occurrence of the pre-orogenic, continu-
ous (no offset), and thick drilled dolerite that 
extends from 1.5 km to 7.5 km depth between 
10 km and 25 km precludes the existence of a 
sole thrust (or any low-angle thrust) at shal-
low crustal depth (<8 km) on the western part 
of the section as formerly proposed by Hedin 
et  al. (2012). Indeed, if any shallow dipping 
fault were present at shallow depth on the 
western part of the section, the parallel double 

A

B

C

Figure 13. (A) Central Caledonian Transect (CCT) is shown. (B) Attempt to partially restore the CCT seismic profile using offset seismic 
reflections. Pairs of yellow, blue, green and pink arrows point towards seismic reflections that can be used as markers for restoration. About 
6 km of displacement along the dashed line is required to align pairs of reflections. (C) Seismic interpretation of the North Central Caledo-
nian Transect (NCCT) and CCT profiles. Note the flat-lying geometry of the mafic intrusions and the flat-ramp geometry of the proposed 
thrusts at the center of the CCT profile. CSDG—Central Scandinavian Dolerite Group; CDP—Common Depth Points line.
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 reflections (reflection q1 in Fig.  4A) corre-
sponding to the drilled west-dipping dolerite 
would likely be offset horizontally. However, a 
potential candidate for the location of the sole 
thrust on the section can be found in a west 
dipping zone across which no cross-cutting 
reflection can be recognized and along which 
reflections appear to become parallel (Fig. 14). 
Assuming that this zone corresponds to a defor-
mation zone, the sole thrust would be located 
at 8 km depth on the western part of the section 
and would reach the surface near the eastern 
end of the profile (Fig. 14).

The determination of contractional structures 
on the CSP and Central Caledonian Transect 
profile provides the basis for discussing the 
mode of deformation of the Baltica basement 
during the Caledonian orogeny. While some of 
the contractional structures appear to cross-cut 
dolerites (Central Caledonian Transect profile, 
Fig. 13), other faults localized along some of 
these intrusions, most likely along the dolerites 
that were favorably oriented with respect to the 
direction of shortening (CSP, Fig. 14). East of the 
Lower Seve Nappe, our seismic interpretation 
of the Central Caledonian Transect profile sug-
gests the existence of about three décollement 
levels in the upper 8 km of the basement (60 km 
in Fig. 13). In contrast, maximum two poten-
tial décollement levels at ∼3 km and ∼8 km 

depth can be identified on the CSP (10 km in 
Fig.  14). This along-strike structural varia-
tion can reasonably be attributed to basement 
structural/compositional inheritance and sug-
gests an important control of pre-existing mafic 
intrusions on basement deformation during the 
Caledonian orogeny. As observed in Figure 3, 
the Fennoscandian Shield in central Sweden is 
characterized by numerous mafic intrusions of 
various geometries, and our study confirms the 
existence of a dense network of flat-lying intru-
sions west of the Caledonian front (Fig. 15). It is 
also the area across which the architecture of the 
Caledonian orogeny appears to be segmented 
along-strike by the Grong-Olden basement 
window and the Persåsen fault, as discussed 
above (Fig. 1). However, this area is also char-
acterized by the Hassela Shear Zone and the 
Storsjön–Edsbyn Deformation Zone, and we 
cannot rule out that these structures played a 
role during the orogenic evolution. As such, 
one can question whether the non-cylindrical 
orogenic architecture in central Sweden was 
primarily controlled by (1) the Hassela Shear 
Zone and Storsjön–Edsbyn Deformation Zone 
or (2) by the occurrence of a dense network of 
thick mafic intrusions within the basement. In 
the first case, older structures would be expected 
to have reactivated (structural inheritance), as is 
supported by the occurrence of fluid circulation 

along the Storsjön–Edsbyn Deformation Zone 
during the Middle Devonian (Högdahl et  al., 
2001). However, clear evidence for deforma-
tion along this structure that is younger than 
1.2 Ga is lacking (Bergman et  al., 2006). In 
the case of the mafic intrusions (compositional 
inheritance), we know that dolerite margins 
partly accommodated deformation. However, it 
is unclear how much this contributes to crustal 
shortening and how deformation was distributed 
in a basement intruded by a dense network of 
dolerites. It is possible that the west-dipping 
segments of these intrusions functioned as local 
ramps, whereas their sub-horizontal parts acted 
as flats. Since these dolerites intruded at differ-
ent levels where they formed a sub-horizontal/
saucer-shaped stacked layering (Fig. 15), they 
may function as flat-ramp trajectories at dif-
ferent levels. This would render displacement 
along individual intrusions relatively small 
(e.g., Fig.  14). We suggest that the geometry 
and length of the sub-horizontal thrusts inter-
preted from the Central Caledonian Transect 
profile were (at least partly) governed by pre-
existing sills in the basement (Figs. 13 and 15). 
Further field investigations, guided by analogue/
numerical models, would be useful for address-
ing the respective roles of inherited structures 
and pre-existing intrusions during Caledonian 
deformation.

A B C D E

F

Figure 14. The Composite Seismic Profile (CSP) is interpreted and close-ups are shown of locations where reflections are offset (insets A, 
B, C, D, and E). Note the upward extension of the thrust identified in Figure 14E into the pre-Cambrian basin (Fig. 14F). Note also the 
gently west-dipping and saucer geometries of the dolerite intrusions. COSC—Collisional Orogeny in the Scandinavian Caledonides project; 
CDP—Common Depth Points line.
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5.4. Nature of the Seismic Reflections in the 
Basement

Results from COSC-2 and our forward grav-
ity and magnetic models show that most of the 
prominent seismic reflections at shallow depth 
correspond to mafic intrusions. The positive 
magnetic (observed as ∼60 nT linear features 
on the magnetic map in Figs. 7D and 12A) and 
gravity anomalies related to the gently dipping 
reflections (e.g., anomaly L1 in Figs. 9 and 12) 
can only be explained by a sharp lithological 
contrast between high density/magnetic bodies 
and their host rocks. This is supported by the 
presence of a mapped dolerite (Central Scandi-
navian Dolerite Group) to the east of the Cale-
donian front, which propagates northwestward 
below the Caledonian nappes. The magnetic 
anomaly of this outcropping dolerite (anomaly 
D1 in Figs. 7A and 7D) has an amplitude and 
geometric characteristics similar to those of 
the magnetic anomalies associated with the 
prominent west-dipping reflections in the CSP 
and Central Caledonian Transect profile (e.g., 
anomalies L1, L2, and L3 in Figs.  7D and 
9–10). The characteristics of these anomalies 
are incompatible with shear zones, which are 
generally not characterized by high density nor 

high magnetic susceptibility, and whose bound-
aries are often gradual across the protolith. This 
assumption is supported by the complex and 
low magnetic and gravity anomalies associated 
with the Storsjön–Edsbyn Deformation Zone 
and the Hassela Shear Zone in the Fennoscan-
dian Shield (Figs. 7A and 7C).

The question that poses itself is whether 
some of the reflections at depth could repre-
sent alternative features such as shear zones. 
Seismic profiling of the crystalline continental 
crust showed early in the 1980s that it could be 
highly reflective, and several hypotheses were 
put forward concerning the source of the reflec-
tivity, including mylonite zones (Fountain et al., 
1984), overpressured fracture zones (Jones and 
Nur, 1984), and large-scale lithological bound-
aries (Brewer et al., 1981). Normally pressured 
fracture zones in the upper crust and mafic sills 
were alternative options discussed (e.g., Juhlin 
and Pedersen, 1987). Since those early studies, 
a number of studies have identified sources of 
seismic reflections by either drilling or pro-
jecting reflecting zones to the surface and cor-
relating them with mapped geologic features. 
Fracture zones that are at hydrostatic or near 
hydrostatic pressure have been identified in both 
Canada and Sweden as reflectors in conjunc-

tion with surveying to site repositories for the 
storage of spent nuclear fuel (Mair and Green, 
1981; Juhlin and Stephens, 2006). In addition, 
strong reflections originating from dolerites and 
weaker ones from felsic sills were identified in 
the Siljan area of central Sweden via drilling into 
the crystalline crust to ∼6.6 km (Juhlin, 1990). 
Mylonite zones have also been interpreted as 
the source of reflections in a number of areas 
in North America (Hurich et  al., 1985; John-
son and Smithson, 1985; Ratcliffe et al., 1986). 
Recently, Brown and Kim (2020) reviewed seis-
mic profiling data from 16 locations in Europe 
and North America and concluded that most of 
the reflectivity observed at these sites could be 
attributed to mafic sills that have intruded into 
more felsic bedrock. Where reflections have 
been interpreted or proven to originate from 
dolerites, they generally have a distinct signature 
with usually a simple waveform representing the 
reflection. Often the reflections from the top and 
bottom interfere with one another constructively 
to amplify the reflected signal. This is due to the 
dolerites being laterally continuous over large 
areas and having a thickness that is relatively 
constant. In contrast, reflections from mylonite 
or shear zones generally have a complex pat-
tern of reflectivity with no sharp reflections and 

Figure 15. Three-dimensional block diagram of central Sweden shows the geometry of mafic intrusions within the crust of Baltica and the 
Caledonian deformation (1:1 scale). The basement antiforms in the hanging wall of gently west-dipping thrusts coincide with the southward 
continuation of the Grong-Olden window (OW).
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 significant variation in signature laterally (e.g., 
Rey et al., 1994; Wrona et al., 2020) and occur 
over a longer time interval. This can be attributed 
to the complex and variable nature of the physi-
cal properties of these zones (Burlini et al., 2005; 
Almqvist et al., 2013; Adam et al., 2020). Most 
of the reflections between 1 km and 9 km on the 
CSP and Central Caledonian Transect profiles 
east of COSC-1 have clear, distinct onset and 
are likely dolerites, while the few others could 
indeed represent shear zones, or sheared doler-
ites, of unknown age.

It is possible that some of the mafic intrusions 
were emplaced during shear zone formation, for 
example, during the 1.2 Ga event (Central Scan-
dinavian Dolerite Group), or followed the path 
of pre-existing shear zones. This hypothesis can 
be postulated because some of the reflections 
display a lozenge-shaped geometry at depth on 
the Central Caledonian Transect profile (e.g., 
below reflection q1 in Fig. 4B), while a few oth-
ers show a sigmoid shape (q2 in Fig. 4B). With 
the available data, it is not possible to exclude 
this hypothesis. However, observations from the 
Olden window suggest rather that dolerites are 
deformed by Caledonian shear zones (see, e.g., 
fig. 8 in Stel, 1988) and that Caledonian deforma-
tion is localized along mafic intrusions (Johans-
son, 1980; Stel, 1988). Besides, there is no 
evidence from field observations that these intru-
sions follow pre-existing or active shear zones. 
In addition, it is hard to explain the geometry 
(saucer-shapes and sills) and length (>100 km) 
of the intrusions as corresponding to shear zones 
that were subsequently intruded by magma (see 
section 5.2). As such, our primary interpretation 
involving dense and thick dolerites can largely 
account for most of the prominent reflections in 
the basement of central-western Sweden.

6. CONCLUSION

Based on the results from the COSC-2 drill-
ing, new gravity data, and forward potential 
models, we show that the basement west of the 
Caledonian front is mostly composed of volca-
nic porphyries and granites from the Transscan-
dinavian Igneous Belt. In accordance with the 
tectonic scenario involving dextral en-échelon 
pull-apart basins for the emplacement of the 
Transscandinavian Igneous Belt rocks, we pro-
pose that these porphyries correspond to the 
northwestward extension of the Dala porphyries 
underneath the Caledonian nappes. In addition, 
we show that the basement is intruded by thick 
(∼240 m), highly magnetic and dense dolerite 
sheets that are responsible for arcuate-shaped, 
asymmetric, and short wavelength anomalies 
on aeromagnetic maps. Further interpretation of 
the CSP and Central Caledonian Transect seis-

mic profile indicates the existence of ∼100-km-
wide sill complexes and saucer-shaped mafic 
intrusions in the upper crust. The spatial extent, 
geometry, and petrology of these flat-lying mafic 
intrusions compare well with the dolerites of the 
Central Scandinavian Dolerite Group recog-
nized further east in the Fennoscandian Shield 
and in the Bothnian Sea. These results suggest 
a genetic link between the Central Scandinavian 
Dolerite Group and the pre-existing Hassela 
Shear Zone and Storsjön–Edsbyn Deformation 
Zone and reveal a discrepancy between the pro-
posed tectonic setting for the emplacement of the 
Central Scandinavian Dolerite Group involving 
extension and the pre-existing models for the 
emplacement of sills in crystalline upper crust 
that imply compressional stresses or mechanical 
layering.

Structural observations from the COSC-2 
drilling and seismic interpretations show that 
Caledonian deformation localized along doler-
ite margins, which likely represent rheological 
heterogeneities. Our interpretation of the Central 
Caledonian Transect profile further indicates the 
existence of a sole thrust whose length and flat-
lying geometry suggest that part of the defor-
mation was controlled by pre-existing sills in 
the basement. In the hanging-wall of this sole 
thrust, similar low-angle thrusts and the stacking 
of basement slices could explain the kilometer-
wide basement antiforms observed in the Cen-
tral Caledonian Transect profile and described 
further north in the Grong-Olden basement 
window. On a broad scale, the existence of such 
a dense network of thick mafic intrusions that 
controlled basement deformation may partly 
account for the non-cylindrical architecture of 
the orogen in central-western Sweden.
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