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Abstract The present study is a detailed structural analysis of 3D seismic data in the Selis
Ridge in the western Loppa High in the Norwegian Barents Sea, to which seismic attributes and
spectral decomposition were applied. The analysis reveals that pre-Devonian basement rocks are
crosscut by a 40–50 kilometers wide, several kilometers thick, E–W- to WNW–ESE-striking fold-
and-thrust belt, including a steep, kilometer-thick, top-SSW shear zone. The folds display dome-
and trough-shaped geometries, the thrusts appear to have been reactivated dominantly as top-
west structures, and the main shear zone warps over the top of the Selis Ridge. The fold-and-
thrust belt is interpreted as part of the latest Neoproterozoic (ca. 650–550Ma) Timanian Orogeny,
which was reworked during E–W Caledonian contraction in the Ordovician–Silurian. The results
are analogous to recent findings in the northern Norwegian Barents Sea and Svalbard. The pre-
sented interpretation provides the basis for discussing Neoproterozoic–Paleozoic plate tectonics
reconstructions, the influence of Precambrian–early Paleozoic structures on post-Caledonian fault
complexes, and the location of the Timanian and Caledonian suture zones.

Plain Language Summary The contribution explores geophysical techniques to image
the internal geometry of highly deformed rocks and crosscutting structures. The results show that
the crust of the southwestern Barents Sea consists of E–W-trending, highly deformed belts of rocks
that probably formed ca. 600 million years ago.

1 Introduction

The Norwegian Barents Sea is located along the
paleo-Caledonian margin between Norway and Sval-
bard ( 1a) Despite a large number of studies focusing
on the sub-surface geology of the southwestern Bar-
ents Sea (e.g., Gudlaugsson et al., 1987, 1998; Faleide
et al., 1984, 1993; Gabrielsen et al., 1990; Indrevær
et al., 2013; Kairanov et al., 2021; Marín et al., 2021),
the Precambrian–early Paleozoic tectonic evolution
of the area is still largely unknown. This is mostly
due to the limitation of current seismic datasets,
which do not image pre-Devonian basement rocks
well (e.g., Gudlaugsson et al., 1987; Faleide et al., 1984,
1993; Indrevær et al., 2013), and to the rarity of ex-
ploration wells penetrating basement rocks (Slagstad
et al., 2008). The nature of basement rocks in the Bar-
ents Sea and their evolution in the Precambrian–early
Paleozoic therefore remain elusive.

Recently, the hydrocarbon industry took a new in-
terest in pre-Devonian metamorphosed rocks after
major oil discoveries weremade in fractured Precam-
brian basement rocks in the North Sea (Riber et al.,
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2015). In addition, oil discoveries in fractured–kars-
tified Pennsylvanian–Permian carbonates over de-
formed basement rocks in the Loppa High in the Bar-
ents Sea (Matapour et al., 2019) suggest there might
be a relationship between basement-seated struc-
tures and the distribution of overlying karst systems
and hydrocarbon accumulations. These discoveries
highlight the important control of the state of defor-
mation and nature of basement rocks on overlying
sedimentary successions. In addition, the recent dis-
covery of several kilometers thick, thousands of kilo-
meters long Timanian thrust systems oblique to the
N–S-trending Caledonianmargin in the northern Bar-
ents Sea and Svalbard (Klitzke et al., 2019; Koehl, 2020;
Koehl et al., 2022a) opened a new window into the
early history of the Norwegian Arctic. These works
suggest that Precambrian structural trends exist in
basement rocks of the Barents Sea, and that these
Precambrian trends can be segregated from other
trends and mapped in detail.

The advancement of multi-attribute analysis tech-
niques has significantly improved the ability to cap-
ture subtle geologic information that is not easily de-
tected on the original seismic data or using single
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Figure 1 – (a)Overviewmap of the Barents Sea showing major structural elements in thin white lines (from the Norwegian
Petroleum Directorate) and major fault trends in the Barents Sea (Timanian; yellow lines). (b) Zoom in the Loppa High
and Selis Ridge showing the study area in the western Norwegian Barents Sea. The location of the 3D seismic dataset is
shown as a thick white polygon. The basemap in (a) and (b) is from Jakobsson et al. (2012). (c) Color-blend map of the
Top-basement reflection in the Selis Ridge. The location of Figure 8a–b is shown as a red rectangle, and seismic lines shown
in subsequent figures as white lines. See location of dataset in (b). Abbreviations: AFC: Asterias Fault Complex; AKTW:
Alta–Kvænangen tectonic window; BaFZ: Baidaratsky Fault Zone; BB: Bjørnøya Basin; BFC: Bjørnøyrenna Fault Complex; BP:
BjarmelandPlatform; CTF: Central Timan Fault; ETF: East Timan Fault; FG: ForlandsundetGraben; FP: Finnmark Platform; FSB:
Fingerdjupet Sub-Basin; FTB: Fold-and-Thrust Belt; HB: Harstad Basin; HfB: Hammerfest Basin; HFC: Hoop Fault Complex;
JFC: Jason Fault Complex; KCFZ: Kongsfjorden–Cowanodden fault zone; KDFZ: Kinnhøgda–Daudbjørnpynten fault zone; LH:
Loppa High; MB: Maud Basin; MFC: Måsøy Fault Complex; MFZ: Molloy Fracture Zone; MH: Mercurius High; NB: Nordkapp
Basin; ND: Norsel Dome; NH: Norsel High; OB: Olga Basin; PSP: Polhem Sub-Platform; RFC: Ringvassøya Fault Complex; SaD:
Samson Dome; SeFZ: Senja Fracture Zone; SFZ: Spitsbergen Fracture Zone; SH: Stappen High; SIP: Seiland Igneous Province;
SISZ: Sørøya–Ingøya shear zone; SkB: Sørkapp Basin; SR: Senja Ridge; SvB: Sørvestnaget Basin; SvD: Svalis Dome; TFFC:
Troms–Finnmark Fault Complex; TKFZ: Trollfjorden–Komagelva Fault Zone; TyB: Tiddlybanken Basin; TøB: Tromsø Basin;
VH: Veslemøy High; VKSZ: Vimsodden–Kosibapasset Shear Zone; WTF: West Timan Fault.

attributes. The present study utilizes post-stack re-
processing, new seismic attributes and spectral de-
composition on 3D seismic data in the western Loppa
High (Figure 1a–b), where basement rocks are found
at shallower level and formaN–S-trending ridge (Selis
Ridge; Sund et al., 1986; Indrevær et al., 2017).

The presented results have implications for the
nature of basement rocks in the Barents Sea, the

reworking of Timanian folds and thrusts by subse-
quent tectonic events, the accretion of the Barents
Sea to Baltica, the location of the Timanian and Cale-
donian sutures (Figure 1a), and plate tectonic re-
constructions of the Barents Sea in the Neoprotero-
zoic–Phanerozoic.

More generally, the present study has significant
implications for the interpretation of basement rocks
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on seismic data and the geometry of fold-and-thrust
belts worldwide, for structural inheritance in conti-
nental domains with more than one trend of preex-
isting structures, for petroleum exploration on base-
ment highs, and for our understanding of craton
growth and the stability of continental crust and
tectonic plates over time. Notably, the 3D seis-
mic attribute blend and spectral decomposition tech-
niques used in the present study could be applied
to other datasets to delineate basement structures
and fabrics, and therefore significantly further corre-
lation of structures and deformation events region-
ally. Improving the quality of regional seismic data is
of great importance because, unlike fieldwork, they
provide vertically- and laterally-continuous, several
(tens–hundreds of) kilometers wide snapshots of the
crust, which are invaluable in resolving regional geo-
logical relationships.

2 Geological Setting

2.1 Timanian Orogeny

The Timanian Orogeny is a latest Neoproterozoic
(ca. 650–550 Ma) episode of top-SSW contraction
that involved subduction beneath Baltica, traces of
which are found in northwestern Russia (e.g., No-
vaya Zemlya, Pechora, Timan Range, Kanin Penin-
sula; Siedlecka and Roberts, 1995; Olovyanishnikov
et al., 2000; Lorenz et al., 2004; Roberts et al., 2004)
and northeasternmost Norway (Varangerhalvøya;
Siedlecka and Siedlecki, 1967, 1971; Siedlecka, 1975;
Gabrielsen et al., 2022, Figure 1a). This tectonic
episode is associated with blueschist-facies meta-
morphism, top-SSW fold-and-thrust systems, and
subduction- and island-arc-related magmatism in
Russia (Olovyanishnikov et al., 2000; Gee et al., 2000;
Remizov, 2003; Dovzhikova et al., 2004; Pease et al.,
2004; Beckholmen and Glodny, 2004; Remizov and
Pease, 2004; Kostyuchenko et al., 2006). In Nor-
way, Timanian deformation is characterized bymildly
metamorphosed sedimentary successions truncated
by the NNE-dipping Trollfjorden–Komagelva Fault
Zone, which represents the Timanian front thrust
in Varangerhalvøya (Siedlecka and Siedlecki, 1967;
Siedlecka, 1975; Herrevold et al., 2009; Gabrielsen et al.,
2022, Figure 1a).

Though previously thought to be restricted to
northwestern Russia and northeasternmost Norway,
other studies have shown that Timanian-aged ig-
neous rocks (Peucat et al., 1989; Dallmeyer et al.,
1990; Griffin et al., 2012), (amphibolite-facies) meta-
morphism (Manecki et al., 1998; Majka et al., 2008,
2012) and associated unconformity (Bjørnerud, 1990;
Bjørnerud et al., 1991; Birkenmajer, 1991) are found
in Svalbard (Figure 1a). Recent studies mapped and
dated Timanian shear zones onshore Svalbard (e.g.,
Vimsodden–Kosibapasset Shear Zone; Mazur et al.,
2009; Faehnrich et al., 2020), which connect with thou-
sands of kilometers long, tens of kilometers thick
systems of top-SSW brittle–ductile thrusts extend-

ing from the Urals to Svalbard (Klitzke et al., 2019;
Koehl, 2020; Koehl et al., 2022a, Figure 1a). More-
over, studies in northern Greenland (Rosa et al., 2016;
Estrada et al., 2018a) and Arctic Canada (Estrada et al.,
2018b), and in the Chukchi Borderland (O’Brien et al.,
2016) and the Lomonosov Ridge (Rekant et al., 2019)
reported respectively subduction-related magmatic
suites of latest Neoproterozoic age and Timanian-
aged igneous crust.

The timing of Timanian tectonism is constrained by
geochronological studies of calc-alkaline and alkaline
magmatic suites in northwestern Russia. Syn–late-
subduction/collision calc-alkaline suites are dated to
700–515 Ma (Dovzhikova et al., 2004; Kuznetsov et al.,
2007) and include 557 ± 6 Ma granitoids interpreted
as late–post Timanian intrusions (Gee et al., 2000;
Pease et al., 2004). By contrast, alkaline suites yielded
ages of 565–500 Ma and display elongate shapes
in the field believed to reflect intrusion in exten-
sional–transtensional setting (Larionov et al., 2004;
Kuznetsov et al., 2007).

2.2 Caledonian Orogeny

The Caledonian Orogeny resulted in the closure of
the Iapetus Ocean and collision of Laurentia and
Baltica in the Ordovician–Silurian. In northern Nor-
way, the Berlevåg Formation (Kirkland et al., 2007a)
are part of the low-grade para-authochthonous cover
and are in tectonic contact with structurally overly-
ing rocks of the Kalak Nappe Complex (Roberts, 1998),
which are believed to be of Iapetian–Laurentian ori-
gin (Slagstad et al., 2006; Corfu et al., 2007; Kirkland
et al., 2007b, 2008). The latter were intruded by ig-
neous rocks of the Seiland Igneous Province in the
latest Neoproterozoic–earliest Cambrian and thrust
onto Baltica and metamorphosed to amphibolite fa-
cies during the Caledonian Orogeny (Sturt et al., 1978;
Gayer et al., 1985).

In Svalbard, Caledonian deformation is recorded
as several–tens of kilometers wide fold-and-thrust
belts including blueschist–eclogite-facies metamor-
phism (Horsfield, 1972;Manby, 1986; Ohta et al., 1989,
1995; Dallmeyer et al., 1990; Harland et al., 1992; Gee
et al., 1994; Witt-Nilsson et al., 1998; Johansson et al.,
2004, 2005). Caledonian metamorphism and mag-
matism are recorded as far east as Franz Joseph Land
(Knudsen et al., 2019) and Severnaya Zemlya (Kurapov
et al., 2020). Since Svalbardwas until recently thought
to have been assembled and accreted to Norway
during the Caledonian Orogeny, the Caledonian su-
ture was therefore proposed to run NE–SW through
the Barents Sea (Breivik et al., 2005; Knudsen et al.,
2019). However, the recent discovery of continu-
ous, latest Neoproterozoic Timanian thrusts extend-
ing from northwestern Russia to Svalbard challenges
this claim and rather suggests a location of the Cale-
donian suture west of or in western Svalbard (Koehl
et al., 2022a).

Caledonian thrusts show an overall top-SE trans-
port direction onshore northern Norway (Ramsay
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et al., 1985; Townsend et al., 1986; Gayer et al., 1987;
Townsend, 1987; Kirkland et al., 2007a) and on the
western Finnmark Platform in the Barents Sea (Jo-
hansen et al., 1994; Gudlaugsson et al., 1998; Koehl
et al., 2018), but strike N–S in Svalbard (Horsfield,
1972; Birkenmajer, 1975, 2004; Harland, 1978;Manby,
1986; Ohta et al., 1989; Dallmeyer et al., 1990; Harland
et al., 1992; Gee and Page, 1994; Gee et al., 1994; Ly-
beris and Manby, 1999; Johansson et al., 2004, 2005)
and the northern Barents Sea (Koehl et al., 2022a).
The northerly swing of Caledonian fabrics and struc-
tures occurs on the Finnmark Platform and can be
traced on high-resolution magnetic and gravimetric
data (Gernigon and Brönner, 2012; Gernigon et al.,
2014, Figure 1a).

2.3 Late–post-Caledonian Extensional
Collapse

In Devonian times, late–post Caledonian collapse-
related extension triggered reactivation of Caledo-
nian thrusts and shear zones as low-angle normal
faults, leading to the formation of core complexes on-
shore northern Norway (e.g., Steltenpohl et al., 2011)
and northwestern Svalbard (Braathen et al., 2018),
and on the Finnmark Platform in the Barents Sea
(Koehl et al., 2018, Figure 1a). Extensional collapse is
recorded by up to ca. 9–10 km thick sedimentary de-
posits in northern Spitsbergen (Murascov and Mokin,
1979; Friend et al., 1997). A Late Devonian episode of
contraction, the Svalbardian Orogeny, was previously
inferred (Vogt, 1928; Vogt and Horn, 1941; Roberts,
1983; Torsvik et al., 1986; Piepjohn, 2000), but was later
firmly rejected in Norway (e.g., Hossack, 1984; Norton,
1987; Chauvet and Séranne, 1994) and is now thought
to be unlikely to have occurred in Svalbard either
(Koehl and Allaart, 2021; Koehl et al., 2022b, and ref-
erences therein)).

In the Carboniferous, continued extension trig-
gered high-angle brittle faulting and formation of
grabens and half grabens filled with sedimentary suc-
cessions, which are preserved in Svalbard (Cutbill and
Challinor, 1965; Cutbill et al., 1976; Aakvik, 1981; Gjel-
berg, 1984; Braathen et al., 2011), and in the northern
(Anell et al., 2016; Klitzke et al., 2019; Koehl et al., 2022a)
and southern Barents Sea (Indrevær et al., 2017; Koehl
et al., 2018; Tonstad, 2018). Conversely, areas located
in the footwall of normal faults (e.g., Jason Fault Com-
plex; Indrevær et al., 2017, 2018) were uplifted, e.g.,
Selis Ridge in the western Loppa High (Figure 1b),
and show thinning, onlapping, (partly) eroded or non-
deposited upper Paleozoic sedimentary successions
(Sund et al., 1986; Indrevær et al., 2017). In the Penn-
sylvanian–Permian, extension gradually died out and
a regional carbonate platform developed in the Bar-
ents Sea (Samuelsberg et al., 2003; Larssen, 2005;
Rafaelsen et al., 2008; Nordaunet-Olsen et al., 2015)
and Svalbard (Cutbill and Challinor, 1965; Ahlborn and
Stemmerik, 2015).

2.4 Late Jurassic–Early Cretaceous Rift-
ing

The Triassic was tectonically quiet despite local occur-
rences of minor normal faulting in the Barents Sea
and Svalbard (Anell et al., 2013;Osmundsen et al., 2014;
Ogata et al., 2018). The Jurassic–Cretaceous, however,
recorded renewed extension, which resulted in the
formation of rift basins filled with several kilometers
thick sedimentary successions in thewestern Barents
Sea (Gudlaugsson et al., 1987; Faleide et al., 1984, 1993;
Gabrielsen et al., 1990; Indrevær et al., 2013; Kairanov
et al., 2021; Marín et al., 2021).

In the Loppa High, the Selis Ridge was uplifted
during down-west normal movement along the Ja-
son Fault Complex (Gabrielsen et al., 1990; Indrevær
et al., 2017, 2018), down-northwest movement along
the Bjørnøyrenna Fault Complex in the north (Røn-
nevik and Jacobsen, 1984;Gabrielsen et al., 1990, 1997),
and down-south normal movement along the Aste-
rias Fault Complex in the south (Gabrielsen, 1984;
Gabrielsen et al., 1984, 1990, Figure 1b). Note that the
latter possibly acted as a reverse fault in the Triassic
and Early Cretaceous (Gabrielsen et al., 2011; Indrevær
et al., 2017). Mini basins such as the Swaen Graben,
consists of WNW–ESE- and ENE–WSW-trending seg-
ments (Figure 1b), formed east of the Selis Ridge
(Gabrielsen et al., 1990; Omosanya et al., 2017). The
basin terminates against N–S- to NNE–SSW-striking
faults just east of the Selis Ridge (Gabrielsen et al.,
1990; Indrevær et al., 2017, Figure 1b).

2.5 Early Cenozoic Eurekan Contraction

In the early Cenozoic, opening of the Labrador Sea
and Baffin Bay led to the collision of northern Green-
land with western Svalbard during the Eurekan tec-
tonic event (Chalmers and Pulvertaft, 2001; Oakey and
Chalmers, 2012), which resulted in the formation of
theWest Spitsbergen Fold-and-Thrust Belt (Steel et al.,
1985; Dallmann et al., 1993, Figure 1a). This defor-
mation belt continues into the northern Barents Sea
and was believed to terminate just north of Bjørnøya
(Nøttvedt et al., 1988; Bergh and Grogan, 2003). How-
ever, traces of post-Permian contraction onshore
Bjørnøya, including N–S-trending folds and reverse
faults (Worsley et al., 2001, and Koehl’s personal ob-
servations) suggest that Eurekan tectonism reached
farther south.

In the southern Barents Sea, this is illustrated by
reactivation of the Bjørnøyrenna and Jason fault com-
plexes as reverse faults, possibly starting in the Late
Cretaceous–early Cenozoic (Gabrielsen et al., 1997; In-
drevær et al., 2017). This was potentially accompanied
by large-scale transpressional movements along the
Senja Fracture Zone during the opening of the North
Atlantic (Riis et al., 1986; Knutsen et al., 1992; Knutsen
and Larsen, 1997, Figure 1a) as suggested by NW–SE
contractional folds and thrusts in the Sørvestnaget
Basin (Kristensen et al., 2018).
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2.6 Mid–late Cenozoic Extension

The breakup of the North Atlantic initiated at the Pa-
leocene–Eocene boundary (Storey et al., 2007; Faleide
et al., 2008) and was followed by breakup in the Fram
Strait at magnetic chron 6 in the early Miocene (Du-
mais et al., 2020, Figure 1a). Extension resulted in nor-
mal faulting and sediment deposition in basins, such
as the Forlandsundet Graben in western Spitsbergen
(Manby, 1986; Lepvrier, 1990; Kleinspehn and Teyssier,
1992, 2016; Schaaf et al., 2021), and the Sørvestnaget
and Tromsø basins in the southwestern Barents Sea
(Rønnevik and Jacobsen, 1984; Gabrielsen et al., 1990;
Knutsen and Larsen, 1997, Figure 1a). Cenozoic up-
lift resulted in thinned Cenozoic andQuaternary sedi-
mentary successions in the Loppa High (Knutsen et al.,
1992; Knutsen and Larsen, 1997).

3 Data and Methods

The results we present are based on detailed analy-
sis and interpretation of high-resolution 3D seismic
reflection data from Lundin Energy Norway imaging
the Selis Ridge. Spectral decomposition techniques
and several seismic attributes were applied to the
3D seismic data to remove noise and enhance the
visualization and mapping of intra-basement struc-
tural trends. Interpretation of intra-basement re-
flections and structures was also enhanced by using
time-slices through the frequency spectral decompo-
sition volume (Figure 1c). Post-stack reprocessing
included structural smoothing, integrated trace, fre-
quency, and filtering helped to enhance the signal-
to-noise ratio of the 3D seismic data. The seismic vol-
ume was cut at a depth of 3.5 seconds (TWT).

Both amplitude (amplitude, variance, correlation
mapping, continuity) and volumetric attributes (ap-
parent structural dip and azimuth, curvature, flexure,
envelope, tensor) were applied to the data. For ex-
ample, the curvature attribute improves imaging of
geometric features at various scales. The structural
dip attribute is an edge detection method which en-
hances rapid changes in local dip, e.g., fractures and
bedding surfaces. Seismic flexure has the potential to
delineate subtle faults and fractures, especially those
overlooked by the popular discontinuity and curva-
ture attributes, and the envelope attribute delineate
faults by lateral discontinuity. We used opacity blend
to visualize the blending of the selected attributes.

The present work focuses on Precambrian–lower
Paleozoic rocks in the Selis Ridge, which consists of
four segments (southernmost, southern, central, and
northern; Figure 2) characterized by seismic reflec-
tions grouped into discrete seismic facies (SF; Fig-
ure 3). Notably, the southern and northern segments
are dominated by reflections of SF1 and SF3, the
southernmost and central segments by SF2 reflec-
tions, and the boundary between the southernmost
and southern and the central and northern segments
by SF4 reflections (Figure 3).

Post-Caledonian sedimentary successions are

therefore neither interpreted, nor discussed. Post-
Caledonian brittle faults are exclusively described
where interacting with underlying basement reflec-
tions. For more details about their formation and
reactivation history, the reader is referred to previ-
ous works (Gabrielsen, 1984; Rønnevik and Jacobsen,
1984; Gabrielsen et al., 1984, 1990; Indrevær et al.,
2017, 2018). Our interpretation is tied to exploration
wells 7120/1-1, 7220/6-1 and 7220/6-2R, all of which
penetrated metamorphosed basement rocks in the
Selis Ridge (Figure 1).

4 Results and Interpretations

The Selis Ridge is located in the western part of
the Loppa High, where it defines an elongated N–S-
trending ridge of uplifted pre-Devonian basement
rocks. It is bounded from the Hammerfest Basin
by the Asterias Fault Complex in the south, from
the Polhem Sub-Platform by the Jason Fault Com-
plex in the west, and from the Bjørnøya Basin by the
Bjørnøyrenna Fault Complex in the northwest (Fig-
ure 1b). The Selis Ridge is divided into northern, cen-
tral, southern and southernmost segments, which
are respectively dominated by moderate- to high-,
low-, moderate-, and low- to moderate-amplitude re-
flections (Figure 2). Both the central and southern-
most segments become narrower upwards (dome
shape), whereas the southern and northern seg-
ments become broader upwards (trough shape; Fig-
ure 2). Internal reflections in all four segments are
abruptly truncated upwards by post-Caledonian sed-
imentary successions.

4.1 Folded Basement Rocks

4.1.1 Descriptions

In the north, basement reflections dominantly dip
steeply to the south and show high amplitude (seis-
mic facies 1 – SF1; Figure 3). Southwards, basement
reflections display a gradual decrease in amplitude
and show low amplitude in the southern segment.
They also show a gradual change in dip direction to-
wards the central segment, where they dominantly
dip northwards (Figure 4). In the central segment of
the Selis Ridge, the seismic facies is characterized by
a partly chaotic signature as shown by the relatively
homogeneous, low-amplitude, and poor lateral and
vertical continuity of seismic reflections in this area
(SF2; Figure 3). Seismic reflections in the southern
segment abruptly switch to a steep northerly dip and
moderate amplitude (Figure 5). In the southernmost
segment, reflections displaymoderate amplitude and
a gentle northerly dip or partly chaotic character (Fig-
ure 5).

Reflections in the northern segment show dom-
inantly asymmetric, both convex- and concave-
upwards curving geometries from several hundreds
of meters to several kilometers wide (SF1; Fig-
ure 6a–e). In the central, southern and southernmost
segments, both asymmetric and symmetric curvy ge-
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Figure 2 – Interpreted (upper inset) and uninterpreted (lower inset) seismic section through the Selis Ridge showing amajor
E–W- toWNW–ESE-trending fold-and-thrust belt including dominantly top-north asymmetric folds and top-south to top-SSW
major thrusts and mylonitic shear zones. Notice the trough-shaped (half-graben-like) geometries defined by the northern
and southern segments, whereas the southernmost and central segments display dome (horst-like) geometries. The lateral
projections of exploration wells 7120/1-1, 7220/6-1 and 7220/6-2 R are shown in as white lines. Yellow rectangles show the
location of Figure 5, and Figures SI-3 and SI-6 (see Supporting Information). The legend is common to all seismic sections.
Location is shown in Figure 1c. Abbreviations: CS: Central segment; NS: Northern segment; SmS: Southernmost segment;
SS: Southern segment.

ometries are found, both in N–S and E–W seismic
transects, though in minor numbers due to the lower
amplitude of reflections in these areas (SF2; Figures 7
and Figure SI-1 in Supporting Information).

In the north, several kilometers wide, asymmet-
ric curvy reflections commonly display acute angles
and show wavelengths of several kilometers (Fig-
ure 6d–e). In places, reflections curve sideways into
pointy recumbent packages (Figure 6d–e). In map
view, the reflections that are part of these packages
form kilometer-scale oval-shaped geometries with an
E–W-trending long axis (Figure 8 and Figure SI-2 in
Supporting Information).

SF1 asymmetric curvy geometries are also ob-
served at scales of several hundreds of meters to 1–2
km. In the north, the convex-upwards endmember of
these features consistently shows long southern and
short northern edges, whereas the concave-upwards
endmember displays long northern and short south-
ern edges (Figure 4). Both end members geometries
appear to lean towards the north in the northern
segment (Figure 6d–e). By contrast, convex-upwards
asymmetric reflections farther south (near the cen-
tral segment) display long northern and short south-
ern edges and lean towards the south (Figure 6a–c).
This is also the case locally in the central, south-

ern and southwesternmost segments (Figures 2 and
5). In E–W cross section, comparable asymmetric ge-
ometries are observed and consistently display long
eastern and short western edges leaning towards the
west (Figure 9a–d). Like every other intra-basement
reflection, asymmetric curvy geometries are trun-
cated upwards by the main post-Caledonian uncon-
formity (Figures 2 and 4). In places, SF1 asymmetric
curvy reflections are found in clusters and appear ar-
ranged into 0.5–1 second (TWT) thick packages of S-
shaped reflections (Figures 9b–d and 10a, and Figure
SI-3 in Supporting Information).

The (eastern portion of) the northern and cen-
tral segments and the southern segment of the Selis
Ridge display (several) kilometer-wide, 0.5–1.5 sec-
ond (TWT) thick, U-shaped packages of low- to high-
amplitude seismic reflections (SF3; Figure 3) respec-
tively in E–W and N–S cross sections (Figures 5, 9a–d,
and 10b–c). The U-shaped packages of SF3 are sepa-
rated from underlying packages of tighter (i.e., form-
ing acute angle) curving SF1 reflections bymajor high-
amplitude reflections, which truncate underlying re-
flections at a high angle and against which overly-
ing reflections terminate as downlaps (Figures 9b–d
and 10b–c). By contrast to other commonly curv-
ing intra-basement reflections forming acute angles,
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Figure 3 – Summary table of all the seismic facies observed in the study area. Seismic facies 1 and 4 were penetrated
respectively by exploration wells 7220/6-1 and 7220/6-2 R in the northern segment of the Selis Ridge (see also Figure SI-1 in
Supporting Information), and seismic facies 2 was penetrated by exploration well 7120/1-1 in the southernmost segment.

Figure 4 – Interpreted (upper inset) and uninterpreted
(lower inset) seismic section through the northern and cen-
tral segments of the Selis Ridge. In the northern segment,
the section shows asymmetric folds and major thrusts and
shear zones with dominant top-north tectonic transport di-
rection in the north and top-south transport in the south. In
the central segment, the section shows upright folds. The
location of Figure 6a–e is shown as yellow rectangles. See
legend in Figure 2. Location is shown in Figure 1c.

Figure 5 – Interpreted (upper inset) and uninterpreted
(lower inset) seismic section through the central, southern
and southernmost segments of the Selis Ridge. The sec-
tion shows upright folds within the dome-shaped central
and southernmost segments, and top-south thrusts and a
U-shaped basin in the trough-shaped southern segment.
The location of Figure SI-1(b-c) is shown as yellow rectan-
gles. See Figure 2 for location and legend.
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Figure 6 – (a) Interpreted (left hand-side inset) and un-
interpreted (right hand-side inset) showing the main NNE-
dipping shear zone at the boundary between the north-
ern and the central segments of the Selis Ridge. The main
zone consists dominantly of NNE-dipping mylonitic thrusts
and asymmetric, south- to SSW-verging folds indicating top-
SSW tectonic transport. (b) and (c) show interpreted (left
hand-side inset) and uninterpreted (right hand-side inset)
zoomed-in portions of the main shear zone and asymmet-
ric, south- to SSW-verging fold structures. (d) Interpreted
(upper inset) and uninterpreted (lower inset) showing re-
cumbent, isoclinal folds, including an overturned antiform
near the Top-basement reflection. (e) Interpreted (upper
inset) and uninterpreted (lower inset) displaying thrusts ac-
companied by overlying (ramp) antiforms and underlying
synforms. In the north, the data show symmetrical upright
fold structures. Location of (a–e) is shown in Figure 4. See
legend in Figure 2

Figure 7 – Interpreted (upper inset) and uninterpreted
(lower inset) seismic section through themain NNE-dipping
shear zone. Notice how the shear zone, which involves
slightly asymmetric west-verging folds, warps over the top
of the Selis Ridge and begins to curve down on the west-
ern flank of the ridge where it is truncated by the Jason
Fault Complex. Meta-igneous rocks in the footwall of the
shear zone show dominantly upright folds. Also note the
exploitative attitude of post-Caledonian brittle faults in the
east, which formed along preexisting low-angle basement
fabrics. The yellow rectangle shows the location of a. See
legend in Figure 2 and location in Figure 1c.

SF3 reflections within these upper packages typically
undulate forming curving geometry with obtuse an-
gles and show exclusively concave-upwards geome-
tries (Figures 5, 9b–d, and 10b–c). In map view, all the
SF3 U-shaped packages display oval-shaped geome-
tries (Figure 8).

4.1.2 Interpretations

On the one hand, the pervasive low-amplitude, partly
chaotic character of SF2 reflections in the central
and southernmost segments suggest relatively ho-
mogeneous rock units with little lithological varia-
tions. These basement rocks are therefore inter-
preted as foliated igneous rocks (Figure 3). This is
supported by penetration of foliated mafic metaig-
neous rocks (fine-grained gabbro/basalt?) by explo-
ration well 7120/1-1 in the southernmost segment of
the Selis Ridge (cf. completion report of well 7120/1-
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Figure 8 – (a) Interpreted and (b) uninterpreted zoom in
the northern segment of the Selis Ridge showing the oval
shape of fold structures in basement rocks (yellow lines)
with elongated E–W-trending axes (orange lines; e.g., folds
F1a and F1s) and flattened N–S-trending axis (pink lines;
e.g., folds F2a and F2s). ThemainNNE-dipping shear zone is
shown in red and post-Caledonian brittle fault complexes in
white. Notice the highly flattened and stretched fold struc-
tures within the main shear zone. Location is shown in Fig-
ure 1c.

1 at npd.no) and by petrological modelling suggest-
ing the presence of large intermediate–mafic intru-
sions in the southern part of the Loppa High (Fich-
ler and Pastore, 2022). On the other hand, the high-
amplitude character of SF1 reflections in the northern
and southern segments suggests frequent and signif-
icant lithological variations in basement rocks there.
Thus, rocks in the northern and southern portions of
the Selis Ridge are interpreted as several kilometers
thick successions of metasedimentary (possibly with
metaigneous/metavolcanic) rocks (Figure 3). This is
supported by exploration well 7220/6-1 and 7220/6-
2R, which penetrated quartzite and phyllite and phyl-
lonite in the northern segment (see Section SI-1, Fig-
ures SI-4A and SI-4B in Supporting Information).

The curvy geometries of SF1 and SF2 reflections
are interpreted as fold structures, and these compare
well with folds inmetamorphosed basement rocks on
seismic data elsewhere (e.g., Ji and Long, 2006; Koehl
and Allaart, 2021; Koehl et al., 2022a). The wavelength
of fold structures ranges from hundreds of meters
to several kilometers with amplitudes of a few tens
to hundreds of milliseconds (TWT) and trend domi-

nantly E–W and subsidiarily N–S (Figures 4 and 9a–d).
Notable geometries include dominantly (1) hundreds
of meter- to kilometer-wide, west-, north- and south-
verging, close to tight folds (Figure 4) arranged into
duplexes and/or antiformal thrust stack structures
(Figure 10a and d, and Figures SI-3 and SI-5 in Sup-
porting Information; Boyer and Elliott, 1982), (2) sev-
eral kilometers wide, isoclinal, recumbent synclines
and (ramp) anticlines (Figure 6d–e), and (3) open up-
right folds in the northernmost tip and central, south-
ern and southernmost segments (Figures 5 and 6e,
and Figure SI-6 in Supporting Information). The oval
shapes formed by several kilometers wide folds in
map view are interpreted as non-cylindrical dome-
shaped folds (Figure 8). This is reflected by the in-
teraction of west-verging N–S- and south- and north-
verging E–W-trending folds (Figures 2, 4, 6a–e, 7,
9a–d, and 10a–d, and Figure SI-6 in Supporting Infor-
mation). Fold structures are tighter on N–S-trending
seismic sections (Figures 2, 4, and 6a–e) than on E–W-
trending transects (Figures 7, 9a–d, and 10a–d). This
is further illustrated by the short N–S axes and elon-
gated E–W axes of the oval-shaped in map view (Fig-
ure 8).

The shallow U-shaped packages (SF3) in the east-
ern part of the central and northern segments and
in the southern segment of the ridge (Figures5, 9b–d,
and 10b–c) are consistently located above major dis-
ruption surfaces and display gently curved instead of
moderately–tightly curved geometries. In addition,
they are involved in oval-shaped folds (troughs) in
map view (Figure8). They are therefore interpreted
as potential piggyback basins (Figure 3). This is fur-
ther supported by the downlap geometries of reflec-
tions within these packages and by the truncation of
underlying, more tightly folded U-shaped reflections,
suggesting deposition within an evolving basin (Fig-
ures 9b–d and 10b–c).

4.2 Faults and Mylonitic Shear Zones in
Basement Rocks

4.2.1 Descriptions

In the northern and southern segments of the
Selis Ridge, moderate- to high-amplitude SF1 re-
flections are commonly truncated by steep, planar,
dominantly high-amplitude, south-dipping, disrup-
tive surfaces (SF4; Figure 3), which terminate abruptly
against the post-Caledonian unconformity upwards
(Figure 6d). The upwards terminations of these dis-
ruption surfaces commonly coincide withminor (tens
of meters high) protuberances in the trace of the
post-Caledonian unconformity (Figures 5, and 6a and
d–e). It should be noted that concave-upwards reflec-
tions defining synforms are consistently found below
major SF4 disruptions, whereas dominantly convex-
upwards geometries interpreted as antiforms are
generally found above (Figure 6d–e).

In the east in the central and northern segments,
moderate- to high-amplitude SF1 and SF2 reflections
are truncated by similarly steep, planar and high-
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Figure 9 – Interpreted (left hand-side inset) and uninterpreted (right hand-side inset) E–W seismic sections through the
northern segment of the Selis Ridge. (a) The section shows the eastward component of dip of the main shear zone. Notice
the generally more open character of west-verging folds in basement rocks compared to south- to SSW-verging folds in N–S-
trending sections, apart from a few isoclinal folds in the vicinity of the shear zone. (b)West-verging folds, S-shaped duplexes,
and potential U-shaped piggyback basin in basement rocks. The section shows toplap reflection geometries below the base
of the piggyback basin and the Top-basement unconformity, and onlap to downlap geometries within the piggyback basin.
(c) Section showing a major U-shaped piggyback basin in the hanging wall of major top-west thrusts, which are associate
with west-verging folds and duplex structures. Notice the downlap and toplap geometries respectively within and below the
basin. The section also shows the southern continuation of fold F2a, which displays a geometry of ramp anticline (Caledonian
antiform; see also Figure 8 for map view of the fold). (d) West-verging folds and piggyback basin with associated toplap
refection terminations. Notice the coinciding of more gently dipping basement fabrics and flattening of the Top-basement
unconformity in the west. Location of insets is shown in Figure 1c and legend in Figure 2.
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Figure 10 – Interpreted (left hand-side inset) and uninterpreted (right hand-side inset) E–W seismic sections through the
northern segment of the Selis Ridge. (a) West-verging folds and duplexes (S-shaped) in the northernmost Selis Ridge. (b)
and (c) U-shaped piggyback basins with toplap truncation of seismic reflections by the base of overlying basins. Notice the
onlap geometries within the basins. The section also shows Caledonian folds F2s and F2a, which coincide respectively with
U-shaped piggyback basins andwith shallower portions of the Selis Ridgewhere piggyback basins aremissing. (d)Antiformal
thrust stack in the northern segment of the Selis Ridge(black frame). Note the antiformal geometry defined by basement
fabrics in the west, which coincides with the shallowest portion of the ridge and with the flat portion of the Top-basement
unconformity. Location of insets is shown in Figure 1c and legend in Figure 2.
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amplitude, semi-continuous, east-dipping disruptive
surfaces (Figure 9a and c). These disruptions, how-
ever, do not truncate the shallowest U-shaped reflec-
tion packages in the east, which are located above
major disruption surfaces (Figure 10b–c).

An item of notable importance is found at the
boundary of the central and northern segments (Fig-
ures 2, 4, and 8) and corresponds to a 4–5 km
wide package of steep (see Figure SI-7, in Support-
ing Information, for depth conversion of the structure
dip angle), planar, north-dipping, moderate- to high-
amplitude reflections (SF4; Figure 3), which coincides
with an E–W- to WNW–ESE-trending magnetic linea-
ment (Gernigon et al., 2014). Reflections within this
package are more continuous and consistently trun-
cate less steeply dipping reflections in the north and
south (Figure 6a). Within this package, multiple, hun-
dreds of meter- to kilometer-wide, upwards-convex
reflections with short southern and long northern
edges leaning towards the south are found above
major disruption surfaces in N–S-trending cross sec-
tions (Figure 6b–c). In E–W-trending cross sections,
the package of SF4 reflections displays an overall
upwards-convex, steeply east-dipping geometry that
becomes gently dipping to sub-horizontal near the
top of basement rocks in the western part of the
Selis Ridge (Figures 7 and 9a). Major linear north-
and east-dipping continuous reflections within this
package truncate other reflections below the main
post-Caledonian unconformity. Notably, all gently to
moderately south-dipping SF1 reflections in the north
are truncated (Figure 4). The north- and east-dipping
geometries of the SF4 reflections indicate an overall
north-northeastern dip (Figures 6a–c, 7, and 9a), and
depth conversion suggests a gentle to moderate dip
(31–46°; Figure SI-7 in Supporting Information).

An analogous feature is observed at the bound-
ary of the southern and southernmost segments
of the Selis Ridge. There, a kilometer-wide pack-
age of steeply north-dipping, moderate-amplitude
SF4 reflections abruptly truncates less steeply dip-
ping moderate- to high-amplitude SF1 reflections in
the north, including reflections part of the U-shaped
SF3 package (Figure 5). Depth conversion suggests a
moderate dip angle (41–46°; Figure SI-7 in Supporting
Information).

4.2.2 Interpretations

SF1–3 fold structures in the Selis Ridge are trun-
cated by steep east-, north- and south-dipping, pla-
nar, dominantly high-amplitude SF4 reflections. Be-
cause of their disruptive and high-amplitude char-
acter, steep planar SF4 reflections are interpreted
as faults with possible fault-parallel dykes (Figure 3).
The small (tens of meters high) positive relief created
by these faults (and possible fault-parallel dykes) on
the morphology of the main post-Caledonian uncon-
formity suggest that they consist of material more
resistant to erosion than the surrounding bedrock.
A possible candidate is mylonite, which is made up

with denser, strongly deformed material (Bell and
Etheridge, 1973; Sibson, 1977; Arbaret and Burg, 2003).
Amajor argument to support this interpretation is the
higher reflectivity character (higher amplitude) and
planar aspect of mylonite and tilted dykes on seis-
mic data generated respectively by preferredmineral
orientation along foliation and shear surfaces (Chris-
tensen, 1965, 1966; Fountain et al., 1984; Hurich et al.,
1985) and by density contrast of igneous rocks (espe-
cially if mafic) with adjacent mylonite and metased-
imentary rocks (e.g., Phillips et al., 2018; Koehl et al.,
2018, 2022a). Positive relief is commonly created
by mineral precipitation along shear zones and mag-
matic intrusionsmore resistant to erosion (e.g., Eberts
et al., 2021, their Figure 2b), which typically produces
rugose subcrops with numerous asperities and pro-
tuberances (e.g., Phillips et al., 2016, 2018, their Fig-
ures 14 and 1c, respectively). In addition to their duc-
tile character, it is highly probable that the faults are
(at least) partly brittle as suggested by their disruptive
and offsetting character. One of the high-amplitude
SF4 reflections interpreted as a mylonitic ductile fault
surface was penetrated by exploration well 7220/6-
2R in the northern part of the Selis Ridge (see Figure 1
for location, Section SI-1, Figures SI-4A and SI-4B in
Supporting Information). Cores from thewell showed
that basement rocks consist of foliated metasedi-
mentary rocks alternating with cataclastic and foli-
ated fault rocks, including possible phyllonite, cata-
clasite, and mylonite (see Section SI-1, Figures SI-4A
and SI-4B in Supporting Information). This strongly
supports an interpretation as brittle–ductilemylonitic
faults/shear zones and suggests the presence of a
major, 40–50 km wide, E-W-trending fold-and-thrust
system (with north- and south-verging folds) in base-
ment rocks in the Selis Ridge and of a less devel-
oped, 10–20 km wide system of top-west folds and
thrusts. Seismic data only extend to 3.5 seconds
(TWT) depth and it is possible that the fold-and-thrust
system extends beyond that depth. Nevertheless,
based on seismic velocities of ca. 6–7 km.s-1 for Pre-
cambrian–lower Paleozoic basement rocks in the Bar-
ents Sea (Gernigon et al., 2018), it appears that fold-
and-thrust systems in the Selis Ridge are at least sev-
eral to tens of kilometers thick (Figures 1, 4, 7, 9a-b,
and 10a-d).

SF4 mylonitic ductile faults (and possibly related
intrusions) alternate with and truncate packages of
basement rocks deformed into hundreds of meters
to several kilometers wide west-, south- and north-
verging fold structures (SF1). Notably, several kilo-
meters wide, E–W-trending, isoclinal, recumbent syn-
clinal folds are consistently found below major fault
disruption surfaces, and comparable (ramp) anti-
clines are consistently located above major faults
(Figure 6d–e). These E–W-trending, (several) kilo-
meters wide anticlines and synclines and the major,
WNW–ESE-striking faults are therefore interpreted as
thrusts and contractional, thrust-related folds. Fur-
thermore, the truncation and (tens to hundreds of
meter-scale) lateral offset of fold axial surfaces by
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major E–W-striking faults inmap view suggest aminor
component of (dominantly left-) lateral movement
along WNW–ESE-striking faults in the Selis Ridge (i.e.,
reverse-sinistral oblique slip; Figure 8).

As a result, the 4–5 km wide package of steep,
NNE-dipping, planar, high-amplitude SF4 reflections
bounding the central segment from the northern seg-
ment is interpreted as a major, WNW–ESE-striking,
brittle–ductile, oblique-slip shear zone with possible
shear-zone-parallel dykes (Figure 6a). This is further
supported by the gentle to moderate dip angle of the
structure based on depth conversion (31–46°; Figure
SI-7 in Supporting Information). The contractional
origin of the shear zone is inferred from the presence
of south-verging folds in between major shear sur-
faces (and possible intrusions), which indicate a for-
mation as a top-SSW thrust (Figure 6b–c). A similar in-
terpretation is also proposed for the kilometer-wide
package ofmoderate-amplitude SF4 reflections sepa-
rating the southern segment from the southernmost
segment (Figure 5). These two major shear zones in
the Selis Ridge are comparable in thickness and ge-
ometry to other major shear zones on seismic data
elsewhere (Christensen and Szymanski, 1988; Fisher
et al., 1989; Wang et al., 1989; Johansen et al., 1994;
Hajnal et al., 1996; Gudlaugsson et al., 1998; Phillips
et al., 2016; Hedin et al., 2016; Fazli Khani et al., 2017;
Clerc et al., 2018; Koehl et al., 2018; Lenhart et al., 2019;
Phillips and McCaffrey, 2019; Osagiede et al., 2020;
Wrona et al., 2020).

4.3 Faults and Folds in post-Caledonian
Sedimentary Rocks

4.3.1 Descriptions

Bjørnøyrenna Fault Complex Brittle faults in post-
Caledonian sedimentary rocks include parts of the
Bjørnøyrenna and the Jason fault complexes (Fig-
ures 1b and 8). The Bjørnøyrenna Fault Complex
(Rønnevik and Jacobsen, 1984; Gabrielsen et al., 1990,
1997) displays a major, ca. 0.5 second (TWT), down-
north normal offset of the main post-Caledonian un-
conformity. Upwards, it shows decreasing normal
offset prior to dying out within Triassic sedimentary
rocks (Figure 11), which are folded into an anticline.
Folding along the Bjørnøyrenna Fault Complex and
in adjacent upper Paleozoic–lower Cenozoic, post-
Caledonian sedimentary successions is truncated by
the late Cenozoic Upper Regional Unconformity. The
fault dies out eastwards (Figures 2 and 4).

At depth, the Bjørnøyrenna Fault Complex flattens
so that it becomes parallel to the base of and bedding
surfaces within Carboniferous–Permian sedimentary
successions, possibly creating a décollement above
the top of underlying basement rocks. At deeper
levels, below the basin, the fault merges with mod-
erately north-dipping, high-amplitude SF1 basement
reflections making up the northern limb of a major
antiform at the northern end of the Selis Ridge (Fig-
ure 11). Below the adjacent post-Caledonian sedi-
mentary basin, SF1 reflections are involved in a sev-

Figure 11 – Interpreted (upper inset) and uninterpreted
(lower inset) throught the northern segment of the Selis
Ridge. The section shows themain NNE-dipping shear zone
in the south, north-verging folds in the hanging wall of the
shear zone, and the axial traces of the F1a and F1s folds (see
also Figure 8 for map view). The section also shows the in-
fluence of basement fabrics on post-Caledonian faults and
basins. Faults developed on fold limbs (e.g., Bjørnøyrenna
Fault Complex) and basins coincide with major synformal
folds in basement rocks. Location is shown in Figure 1c and
legend in Figure 2.

eral kilometers wide synform (probable syncline),
which mimics the attitude of the trough-shaped
basin. On the northern end of the basin, minor,
moderately south-dipping, normal faults antithetic
to the Bjørnøyrenna Fault Complex offset the main
post-Caledonian unconformity and merge with un-
derlying moderately south-dipping, high-amplitude
SF1 (SF4?) reflections within basement rocks making
up the northern limb of the synform (Figure 11).

Jason Fault Complex The Jason Fault Complex (In-
drevær et al., 2017, 2018) and a possibly relatedminor
fault are partly observed along the southwestern part
of the Selis Ridge (Figures 7 and 12). There, the Jason
Fault Complex is associated to minor N–S folds and
subvertical reverse faultswithin post-Caledonian sed-
imentary successions (Figure 7). At depth, the Jason
Fault Complex parallels and merges with the west-
ern limb of a major, several kilometers wide, N–S-
trending antiform within basement rocks (Figure 7).

Farther north, a small brittle fault offsets the post-
Caledonian unconformity and basement rocks along
the limb of the next major, N–S-trending antiform
(Figure 12). The fault shows a thin wedge of thick-
ened, upper Paleozoic sedimentary strata in the
hanging wall and merges with the west-dipping fold
limb at depth (Figure 12).

In the east, the post-Caledonian unconformity is
offset by minor, moderately east-dipping normal
faults (Figure 7). These faults die out rapidly upwards
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Figure 12 – Interpreted (upper inset) and uninterpreted
(lower inset) E–W seismic section through the northern seg-
ment of the Selis Ridge. The section shows a U-shaped
piggyback basin in the hanging wall of a major top-west
thrust and west-verging folds and duplexes in the footwall
in the core of the ridge. The data also show how preex-
isting basement fabrics was partly reactivated during post-
Caledonian normal faulting (segment of the Jason Fault
Complex formed along west-dipping fold limb). Location
is shown in Figure 1c and legend in Figure 2.

at or near the base of the post-Caledonian sedimen-
tary successions.

4.3.2 Interpretations

The parallel and merging attitude of the
Bjørnøyrenna and Jason fault complexes and re-
lated faults with major fold limbs in basement rocks
at depth suggest that post-Caledonian faults and
basins developed along preexisting N–S and E–W
basement-seated structures, in the present case,
several kilometers wide synforms and antiforms
(Figures 7, 11, and 12). By contrast, the minor, mod-
erately dipping normal faults in the north and east
merge with underlying high-amplitude SF1 and/or
SF4 mylonitic basement reflections (Figure 11). They
show an exploitative relationship (Phillips et al.,
2016) and are therefore interpreted as reactivated

embrittled portions of mylonitic thrusts/shear zones.

There seem to be no relationship between folds in
upper Paleozoic–lower Cenozoic sedimentary rocks
and along the Bjørnøyrenna and Jason fault com-
plexes and folds in basement rocks (see discussion
chapter). The folds in post-Caledonian rocks are in-
terpreted as fault-propagation folds (Suppe and Med-
wedeff , 1990), which suggest inversion of the faults.
These folds are truncated by the (late Cenozoic)
Upper Regional Unconformity (Figure SI-8 in Sup-
porting Information), which suggests that the for-
mation of the folds and inversion of related faults
(Bjørnøyrenna and Jason fault complexes) most likely
took place in the Late Cretaceous–early Cenozoic.

5 Discussion

5.1 Crosscutting Relationships

N–S fold and thrust structures within basement rocks
in the Selis Ridge display typical dips and geometries
for contractional structures, thus supporting our in-
terpretation and suggesting that they were not or
only mildly reworked during subsequent events. The
tighter and more evolved character of E–W folds and
thrusts suggest that they formed first and were sub-
sequently reworked (refolded) during the formation
of the N–S-trending fold-and-thrust system. A prob-
able scenario would therefore involve a first episode
of N–S-oriented contraction and a second episode of
E–W-oriented contraction (Figure 13a–b). This is fur-
ther illustrated by the oval shape of several kilome-
ters wide fold structures in map view, showing short
N–S axes and elongated E–W axes (Figure 8). The un-
suitable (sub-) orthogonal orientation of E–W folds
and thrusts (Figure 13a) to the second episode of
E–W-oriented contraction (Figure 13b) likely offered
high resistance to deformation and tectonic rework-
ing, hence resulting in gentler and less evolved ge-
ometries for N–S-trending folds, and in the shorter
N–S-trending axis of the dome-shaped folds (Fig-
ure 8). Reworking and tightening of E–W folds and
thrusts is also supported by the abnormally steep dip
of the thrusts and by isoclinal and recumbent fold ge-
ometries (Figures 2, 4, and 6d–e). Alternatively, the
second episode of E–W-oriented contraction was less
intense than the first episode of N–S-oriented con-
traction, thus possibly resulting into less evolved ge-
ometries.

The reworked character of E–W to WNW–ESE struc-
tures is further illustrated by the geometry of the
main shear zone. In N–S cross section, the shear
zone dips consistently towards the north-northeast
and shows a relatively planar geometry (Figure 6a–c),
whereas it displays an east-dipping and upwards-
convex geometry in E–W cross section (Figures 7,
9a, and 13). This geometry is analogous to that of
the dome-shaped folds and suggests that the initially
NNE-dipping shear zone was later deformed into a
N–S-trending, north-plunging fold structure, which
now forms a warp at the top of the western Selis
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Figure 13 – Tectonic evolution of the Timanian thrust sys-
tem in the Selis Ridge. (a) Top-SSW thrusting and associ-
ated F1 folding. Notice the formation of SSW-verging folds
within the shear zone. (b) Caledonian reworking of major
shear zones and of F1 folds into N–S-trending folds (F2) and
top-west thrusting. Notice the formation of west-verging
foldswithin the reactivated shear zone. (c)Post-Caledonian
(Carboniferous–Permian and Jurassic–Cretaceous) exten-
sion leading to the formation of the Jason Fault Complex
along the western limb of the N–S-folded major shear zone
and, eventually, to the down-west truncation of the shear
zone. (d) Eurekan inversion of the Jason Fault Complex and
uplift of the Selis Ridge. Abbreviations: F1s: F1 synform;
F2a: F2 antiform; F2s: F2 synform; JFC: Jason Fault Com-
plex.

Ridge (Figures 7 and 9a).

5.2 Timing of Formation

Two pre-Devonian events fitting the inferred cross-
cutting relationships and main tectonic stress orien-
tation are the Timanian and Caledonian orogenies.
The former led to the formation of WNW–ESE, dom-
inantly top-SSW folds and thrusts in northwestern
Russia (Siedlecka and Roberts, 1995; Olovyanishnikov
et al., 2000; Lorenz et al., 2004; Roberts et al., 2004; Ko-
rago et al., 2004; Kostyuchenko et al., 2006), northern
Norway (Siedlecka and Siedlecki, 1967, 1971; Siedlecka,
1975), and Svalbard and the northern Barents Sea
(Manecki et al., 1998; Majka et al., 2008; Mazur et al.,
2009; Klitzke et al., 2019; Faehnrich et al., 2020; Koehl,
2020; Koehl et al., 2022a; Koglin et al., 2022), through
NNE–SSW-oriented contraction. The latter resulted
intoNE–SW- andN–S-trending structures respectively
in northern Norway (Ramsay et al., 1985; Townsend
et al., 1986;Gayer et al., 1987; Townsend, 1987; Kirkland
et al., 2007b) and Svalbard (Horsfield, 1972; Birken-
majer, 1975, 2004; Harland, 1978; Manby, 1986; Ohta
et al., 1989, 1995; Dallmeyer et al., 1990; Harland et al.,
1992; Gee and Page, 1994; Gee et al., 1994; Lyberis and
Manby, 1999; Johansson et al., 2004, 2005), with a doc-
umented switch of trend on the Finnmark Platform
and the Bjarmeland Platform (Gernigon and Brönner,
2012; Gernigon et al., 2014).

The switch of trend occurs south of the Selis
Ridge, which suggests that theN–S-trending folds and
thrusts in the study area are probably Caledonian.
The west-verging character of N–S folds and thrust
in the Selis Ridge is consistent with the top-west ver-
gence and transport direction of Caledonian struc-
tures in Bjørnøya (Braathen et al., 1999) and north-
eastern Svalbard (Flood et al., 1969; Harland et al.,
1992; Gee and Page, 1994; Lyberis and Manby, 1999).
Note that the geometry of N–S-trending symmetric
folds within the west-verging fold-and-thrust system
in the Selis Ridge (Figure 7 and Figure SI-1 in Support-
ing Information) is comparable to that of Caledonian
folds in basement rocks in Svalbard and the north-
ern Barents Sea (Koehl and Allaart, 2021; Koehl et al.,
2022a).

The system of E–W folds and thrusts is sub-parallel
to WNW–ESE-striking Timanian structures in Rus-
sia (e.g., Central Timan and West Timan faults and
Baidaratsky Fault Zone; Olovyanishnikov et al., 2000;
Lopatin et al., 2001; Korago et al., 2004; Roberts et al.,
2004; Lorenz et al., 2004; Kostyuchenko et al., 2006),
northern Norway (e.g., Trollfjorden–Komagelva Fault
Zone; Siedlecka and Siedlecki, 1967, 1971; Siedlecka,
1975) and Svalbard (e.g., Vimsodden–Kosibapasset
Shear Zone; Mazur et al., 2009; Faehnrich et al., 2020).
The subtle difference in trend potentially reflectsmild
Caledonian reworking, e.g., folding inmap view. Such
map-view folding was recently reported for Timanian
folds and thrusts in the northwestern Barents Sea
near the Caledonian collision zone, where they al-
ternate between E–W and NW–SE orientations (Kl-
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itzke et al., 2019; Koehl, 2020; Koehl et al., 2022a).
Therefore, we propose that the E–W-trending fold-
and-thrust system in the Selis Ridge represents the
reworked portion of a Timanian thrust system (Fig-
ure 13a). This is further supported by their top-SSW
transport direction (Figure 6a–c), i.e., similar to the
top-SSW vergence of Timanian folds and thrusts else-
where. In addition, if originally oriented WNW–ESE
like in northwestern Russia, northern Norway and
the eastern Barents Sea, Timanian faults in the Selis
Ridge would have been ideally oriented to the main
E–W Caledonian contraction to reactivate as sinistral
strike-slip faults (Figure 13b). Caledonian reactiva-
tion of Timanian thrusts as sinistral strike-slip faults
is documented by minor left-lateral offsets of dome-
shaped folds along E–W-faults in map view (Figure 8).
This suggests that deep, NW–SE-trending structures
in the area, e.g., the North Loppa High Shear Zone
(Gernigon and Brönner, 2012; Gernigon et al., 2014),
which coincides with the northern termination of the
Selis Ridge, may have also formed during the Tima-
nian Orogeny.

Since no geochronological ages are available off-
shore, it is possible that E–W folds and thrusts in
the Selis Ridge are Caledonian. However, they are
perpendicular to the main Caledonian trend in the
Barents Sea (Gernigon and Brönner, 2012; Gernigon
et al., 2014), Bjørnøya (Braathen et al., 1999) and Sval-
bard (Horsfield, 1972; Birkenmajer, 1975, 2004; Har-
land, 1978; Manby, 1986; Ohta et al., 1989, 1995;
Dallmeyer et al., 1990; Harland et al., 1992; Gee and
Page, 1994; Gee et al., 1994; Lyberis and Manby, 1999;
Johansson et al., 2004, 2005), and their reworked
character suggests that they are older than N–S-
trending Caledonian structures. In addition, if E–W
folds and thrusts were Caledonian in age, compara-
ble structures would probably be found in Svalbard.
But despite being reactivated–overprinted during the
Caledonian Orogeny, WNW–ESE-striking structures in
Svalbard clearly preserve a latest Neoproterozoic (Ti-
manian) initial signal (Manecki et al., 1998;Majka et al.,
2008; Faehnrich et al., 2020; Koglin et al., 2022). There-
fore, E–W-trending fold-and-thrust system in the Selis
Ridge most likely formed in the latest Neoprotero-
zoic. The mild reworking of basement rocks in the
Selis Ridge during Caledonian contraction may be ex-
plained by the existence of unsuitably oriented struc-
tures and fabrics that stroke sub-parallel to the main,
E–W-oriented Caledonian stress, making basement
rocks in the area unlikely to be further intensely de-
formed.

The potential piggyback basins below the main
post-Caledonian unconformity in the east and in
the southern part of the ridge are separated from
underlying moderately folded basement by folded
erosional unconformities, which truncate underlying,
moderately to tightly folded reflections at a high an-
gle (Figures 9b–d and 10b–c). This relationship and
the tighter character of fold structures within under-
lying basement rocks compared to those in the piggy-
back basins suggest that underlying basement rocks

were already (partly) folded before being eroded
prior to the formation of the basins. The piggyback
basins therefore probably formed during the Tima-
nian Orogeny. This is further supported by their in-
volvement in trough-shaped folds (i.e., folded both
during the Timanian and Caledonian orogenies).

5.3 Influence on post-Caledonian Faults
and Basins and Reactivation–Over-
printing

5.3.1 Fold Structures

The western Barents Sea–Svalbard margin was af-
fected by early Cenozoic Eurekan contraction (Dall-
mann et al., 1993; Bergh and Grogan, 2003; Lasabuda
et al., 2018). Therefore, we propose that the E–W- and
N–S-trending folds in upper Paleozoic–lower Ceno-
zoic sedimentary rocks and along the Bjørnøyrenna
and Jason fault complexes formed during this event
(Figure 13c–d). These folds affect the base of the Car-
boniferous–Permian succession and the main post-
Caledonian unconformity and underlying basement
rocks (Figure 11). However, based on the present
dataset, it is uncertain to which extent basement
rocks are affected by Eurekan folding since intra-
basement reflections below the Bjørnøyrenna and Ja-
son fault complexes are low amplitude and partly
chaotic (Figures 7 and 11). Nonetheless, based on
folding of the main post-Caledonian unconformity,
basement rocksmust be involved to at least the same
extent as the lower part of Carboniferous–Permian
succession and, therefore, deformed into an open,
E–W-trending syncline (Figure 11).

N–S-trending faults and fabrics in the Selis Ridge
parallel Eurekan basins and highs in the northwest-
ern Barents Sea (Bergh and Grogan, 2003) and west-
ern Spitsbergen (Dallmann et al., 1993). The ero-
sional truncation of Triassic sedimentary strata (es-
pecially in the western part), the absence of Juras-
sic–Cretaceous sediments, and the thinned Cenozoic
sedimentary strata over the Selis Ridge (e.g., Indrevær
et al., 2017) suggest that the ridge was uplifted in the
early Cenozoic (Figure 13d). This is also supported
by Late Cretaceous–early Cenozoic inversion of post-
Caledonian fault boundarie (Bjørnøyrenna and Jason
fault complexes;Gabrielsen et al., 1997; Indrevær et al.,
2017). Nevertheless, since post-Caledonian sedimen-
tary strata deposited over the Selis Ridge are rel-
atively undeformed, Eurekan contraction probably
had a minor impact on basement structures in the
core of the Selis Ridge, which is consistent with the
location of the study area some distance from the
main Eurekan orogenic system in western Spitsber-
gen (Steel et al., 1985; Dallmann et al., 1993) and the
northwestern Barents Sea (Bergh and Grogan, 2003).

5.3.2 Bjørnøyrenna and Jason Fault Com-
plexes

The normal offset of the Base Triassic reflection, E–W-
trending contractional folds, and truncation of these
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folds by the Upper Regional Unconformity suggest
that the Bjørnøyrenna Fault Complex formed as a
normal fault sometime in the Jurassic–Early Creta-
ceous and was inverted during (Late Cretaceous?–)
early Cenozoic Eurekan contraction. This is compa-
rable to what was proposed by previous works (Røn-
nevik and Jacobsen, 1984;Gabrielsen et al., 1990, 1997).

By contrast, wedges of thickened upper Paleo-
zoic sedimentary rocks in the hanging wall of the
Jason Fault Complex (Indrevær et al., 2017) and re-
lated faults in the west (Figure 12) suggest that they
initiated as normal faults in the Carboniferous–Per-
mian (Figure 13c). Rotated fault blocks farther west
with thickened wedges of Jurassic–Cretaceous sed-
imentary strata indicate that these faults were re-
activated in the Jurassic–Cretaceous (Indrevær et al.,
2017, 2018). Fold structures and minor sub-vertical
reverse faults in upper Paleozoic–Mesozoic sedimen-
tary rocks in the hanging wall of the faults (Indrevær
et al., 2017, 2018, Figure 7) suggest theywere inverted
during Eurekan contraction (Figure 13d).

The exploitative andmerging relationships of post-
Caledonian brittle faults respectively with underlying
(mylonitic?) basement fabrics and with basement-
seated folds in the study area further highlight the
strong influence of preexisting fabrics and structures
on subsequent faults and basins (Figures 7, 11, and
12).

5.4 Comparison with Timanian and
Caledonian Structures in the North-
ern Barents Sea

5.4.1 Timanian Structures

Notable similarities between Timanian structures in
the Selis Ridge and in the northern Barents Sea and
Svalbard include a dominant south-southwest ver-
gence of main faults and folds (Figures 5 and 6a–c).
In addition, the 40–50 km width of the potential Ti-
manian fold-and-thrust system in the Selis Ridge is
comparable to that of Timanian thrust systems in the
northern Barents Sea and Svalbard, e.g., Kongsfjor-
den–Cowanodden and Kinnhøgda–Daudbjørnpynten
fault zones (Koehl et al., 2022a). However, E–W folds in
the Selis Ridge are tighter (isoclinal; Figures 2, 4, and
6d–e) than thosemapped in the northern Barents Sea
(Koehl, 2020; Koehl et al., 2022a). A possible explana-
tion may be that these were intensely reworked dur-
ing Caledonian contraction.

Timanian thrusts in the Selis Ridge show a simi-
lar reactivation and overprinting history as those in
the northern Barents Sea and Svalbard. They were
reactivated during Caledonian contraction as sinis-
tral strike-slip faults, e.g., Vimsodden–Kosibapasset
Shear Zone in southern Spitsbergen (Mazur et al.,
2009; Faehnrich et al., 2020) and minor left-lateral off-
sets of dome-shaped folds in the Selis Ridge (Fig-
ure 8). Timanian faults in the northern Barents Sea
and Svalbard were further reactivated as and over-
printed by oblique-slip normal-sinistral faults in the

Devonian–Carboniferous (Ziemniak et al., 2020; Koehl,
2020; Koehl et al., 2022a) and as reverse faults near
the Eurekan collision margin in the early Cenozoic
(Koehl et al., 2022a). This is also possibly the case for
Timanian thrusts and folds in the Selis Ridge as doc-
umented by minor, moderately dipping, Carbonifer-
ous normal faults in the north and east, which devel-
oped along embrittled mylonitic surfaces and fabrics
in basement rocks (Figures 11 and 12) and by proba-
ble Eurekan folding (tightening) of Timanian folds in
basement rocks below the Bjørnøyrenna Fault Com-
plex (Figure 11).

A potential partial limitation in comparing E–W
folds and thrusts in the Selis Ridge with their coun-
terparts in the northern Barents Sea and Svalbard is
that 3D seismic data in the Selis Ridge only penetrate
down to 3.5 seconds (TWT), whereas 2D seismic in the
northern Barents Sea show depths down to 6–7 sec-
onds (TWT; Koehl, 2020; Koehl et al., 2022a). Thus, the
portion of the newly presented, E–W-trending fold-
and-thrust system in the Selis Ridge may represent
the upper part of a several to tens of kilometers thick
thrust system.

The folded geometry of Timanian thrust systems
in the northern Barents Sea and Svalbard in map
view, which consist of alternating E–W- and NW–SE-
striking segments (Klitzke et al., 2019; Koehl, 2020;
Koehl et al., 2022a), may have implications for struc-
tures in the southern Barents Sea, such as the Swaen
Graben (Gabrielsen et al., 1990;Omosanya et al., 2017).
The peculiar shape of the Swaen Graben mimics
folded Timanian thrust systems in the northern Bar-
ents Sea and Svalbard suggesting that the E–W to
NW–SE structures observed within the Selis Ridge
continue eastwards below upper Paleozoic–Ceno-
zoic sedimentary successions, thus potentially ex-
erting structural control on the formation of post-
Caledonian basins and faults there too.

5.4.2 Caledonian Structures

In the northern Barents Sea, hundreds of meter-
to several kilometer-wide, N–S-trending folds re-
work E–W- to WNW–ESE-trending Timanian fab-
rics and structures and are truncated by major
post-Caledonian unconformities (Koehl, 2022; Koehl
et al., 2022a). These structures are comparable in
trend/strike, size (hundreds of meters to 10 km wide;
see Koehl et al., 2022a, their figures 3b and 4f), and
geometries to those in the Selis Ridge and, in places,
they extend onshore Svalbard (Horsfield, 1972; Birken-
majer, 1975, 2004; Harland, 1978; Manby, 1986; Ohta
et al., 1989; Dallmeyer et al., 1990; Harland et al.,
1992; Gee and Page, 1994; Gee et al., 1994; Lyberis and
Manby, 1999; Johansson et al., 2004, 2005) and corre-
spond to Caledonian folds in Proterozoic and lower
Paleozoic rocks.
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5.5 Implications for Late Neoprotero-
zoic–Paleozoic Reconstructions

The present results suggest that the Caledonian su-
ture must be located west of the Selis Ridge and of
the Loppa High, and that basement rocks in the Selis
Ridge are (para-) uchthonous of Baltica. This is consis-
tent with recentwork in the northern Barents Sea and
Svalbard, which documented the presence of con-
tinuous WNW–ESE-striking, Timanian fold-and-thrust
systems (Koehl et al., 2022a), thus rejecting the in-
ferred location of the Caledonian suture by Breivik
et al. (2005) and placing it west of or in western Spits-
bergen where blueschist- and eclogite-facies meta-
morphism of Caledonian age was recorded (Hors-
field, 1972; Dallmeyer et al., 1990; Ohta et al., 1995;
Kośmińska et al., 2014), and west or in the western
part of the Stappen High. This indicates that the Bar-
ents Sea block was already accreted to northern Nor-
way in the latest Neoproterozoic.

5.6 Implications for the Location of the
Timanian Suture

Island-arc magmatic suites (Remizov, 2003; Remizov
and Pease, 2004) and blueschist-facies metamor-
phism in the Urals (Beckholmen and Glodny, 2004) and
subduction-related granitoids (Gee et al., 2000; Pease
et al., 2004) and mafic arc magmatism beneath the
Pechora Basin (Dovzhikova et al., 2004) possibly in-
dicate subduction beneath Baltica in the latest Neo-
proterozoic terminating with the Timanian Orogeny.
Pease et al. (2004) suggested that the main Tima-
nian suture is located between the Pechora and the
Timan Range (Figure 1) based on marked changes
in basement signature on gravimetric and magnetic
data across the Izhma zone (Kostyuchenko et al., 2006).
This is supported by the presence of Timanian thrust
systems both in the field and on seismic data, e.g.,
the East and Central Timan faults, the latter of which
merges with the West Timan Fault and the Trollfjor-
den–Komagelva Fault Zone farther west (Olovyanish-
nikov et al., 2000; Lorenz et al., 2004; Roberts et al.,
2004; Kostyuchenko et al., 2006, Figure 7). Regional
correlation of magnetic and gravimetric anomalies
related to Timanian grain and structures across the
Barents Sea (Koehl et al., 2022a) suggests that the
western continuation of the Timanian suture near the
Central and East Timan faults in the Timan Range
would be located between the southernmost Selis
Ridge and the western continuation of the Trollfjor-
den–Komagelva Fault Zone offshore, the Sørøya–In-
gøya shear zone (Koehl et al., 2018). This is sup-
ported by the presence of strongly foliated (pre-
Caledonian?), mafic, metaigneous rocks (fine-grained
gabbro/basalt?) penetrated by well 7120/1-1 in the
southernmost Selis Ridge (cf. completion report of
well 7120/1-1 at npd.no). However, it is also possi-
ble that foliated mafic rocks on the Selis Ridge are re-
lated to the Seiland Igneous Province. Future stud-
ies of basement rocks and crosscutting structures in
the Loppa High, Finnmark Platform, and below the

Hammerfest Basin will hopefully provide more input
to this outstanding question.

6 Conclusions

1. The Selis Ridge is transected by a 40–50 kmwide,
several kilometers thick, E–W-trending, latest
Neoproterozoic, Timanian fold-and-thrust sys-
tem, including a NNE-dipping shear zone (and
possibly shear-zone-parallel intrusions), which
was mildly reworked into dome-shaped struc-
tures by a less-developed 10–20 km wide, N–S-
trending system of west-verging Caledonian
folds and thrusts in the early–mid Paleozoic.

2. The formation of post-Caledonian brittle faults
on the Selis Ridge was controlled by preexisting
Timanian and Caledonian folds and thrusts, as
shownby exploitative andmerging relationships.

3. The Caledonian suture is locatedwest of the Selis
Ridge.

4. Basement rocks of the Selis Ridge were already
accreted to Baltica in the latest Neoproterozoic.

5. The Timanian suture in the western Barents Sea
is probably located on the southernmost edge of
the Selis Ridge or below the Hammerfest Basin.
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