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Abstract
Background

The Svalbard Archipelago is commonly believed to have been located
at comparable latitude and, possibly, to have been attached to
Laurentia in the early Paleozoic (500-420 Ma) based on trilobite
assemblage similarities. Trilobite assemblage differences and lack of
mixing between Laurentia-Svalbard and Baltica were further used to
propose that these continents were separated by the lapetus Ocean
at that time. However, recent structural correlation of Timanian
(650-550 Ma) thrust systems throughout the Barents Sea show that
Svalbard was already attached to Baltica in the latest Neoproterozoic
and remained so during the Phanerozoic.

Methods

The present study presents a new interpretation of seismic reflection
data from the DISKOS database, which were tied to nearby
exploration wells. The study uses recently acquired knowledge of the
seismic facies of intensely deformed pre-Caledonian rocks and
principles of seismic stratigraphy to interpret the data.

Results

The present study reconciles the proximity of Svalbard and Laurentia
with the early accretion of Svalbard to Baltica in the latest
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Neoproterozoic. It also describes the influence of Timanian thrust
systems on paleoenvironments and possible effects on trilobite
assemblages, e.g., the lack of mixing between those of
Laurentia-Svalbard and Baltica.

Conclusions

The identification of elongate, emerged topographic highs in the
Barents Sea and Svalbard in the late Neoproterozoic-early Paleozoic
suggest that paleontological constraints should be considered with
greater care when discussing continent separation since thrust
systems may act as major faunal barriers within a single tectonic
plate. Other factors to consider when discussing plate separation
include paleoclimatic belts.

Plain language summary

Previous paleontological studies have used the differences in faunas
(in the present case, now extinct fossil occurrences of trilobites)
between two or more continental blocks (presently the Svalbard
Archipelago, North America, and Scandinavia) to infer separation of
these blocks by large distances up to several thousands of kilometers
ca. 550 to 420 million years ago due to global plate tectonics
processes. The present study shows that this method is biased
because previous studies undermined factors such as climatic belts
and (topographic) faunal barriers such as large, mountain-building
cracks in the Earth's crust. The study builds on previous work on
seismic data in the Barents Sea and Svalbard, which identified
continuous, thousands of kilometers long, tens of kilometers thick
networks of cracks extending from northwestern Russia to Svalbard
and potentially northern Greenland, which formed 650 to 550 million
years ago, therefore demonstrating a connection between all these
continental blocks at 550-420 Ma.
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(11787 Amendments from Version 1

The comments by Dr. Alfonsa Milia led to an update of the
seismic interpretation in Figure 2b-c and Figure 3c-d. In
addition, a few technical terms were updated throughout

the manuscript (e.g., “sequence stratigraphy” into “seismic
stratigraphy”, “toplap” into “erosional truncation”). Also added

a new Figure 1 with a paleogeographic reconstruction by
Smethurst et al. (1998) showing the trilobite assemblages in the
Early Ordovician of relevant continents.

On the suggestion of Dr. Esther Izquierdo-Llavall, a specification
on the seismic data used for structural mapping in Koehl et al.
(2022a) and Koehl and Stokmo (2024) was added. It would not
be relevant for the present paper to include several figures
published in previous manuscript (seismic dataset and magnetic
anomaly map). Also added additional paragraphs to explain why
none of the interpreted ifaults are normal faults and a paragraph
about paleomagnetic data in the introduction. Additional
specifications were added to the figures (e.g., location of the
wellbores, scales) and figure captions.

A description of Svalbard's three terranes and minor
modifications to Figure 1b were included on the suggestion by
Dr. Alexandre Kounov.

Finally, the author of the present manuscript updated the
literature list on the Cambrian fauna (trilobites and acritarch) of
northern Greenland and added paleothermocline as a potential
barrier to biological mixing based on the suggestion by

Prof. John Peel (by email).

Any further responses from the reviewers can be found at
the end of the article

Introduction

Paleontological constraints have been extensively used in
trying to understand plate tectonics over the past 100 years,
e.g., von Ubisch (1921, 1928), Eckhardt (1922), Colosi
(1925), and de Beaufort (1925) who were some of the
first scientists to use paleontological records of South America
and western Africa to support Wegener’s Continental Drift
theory (Wegener, 1929). It is now widely accepted that South
America was juxtaposed to western Africa in the late
Paleozoic—Mesozoic, forming part of the supercontinent named
Pangea and, thus, explaining similar paleontological records
in upper Paleozoic-Mesozoic sedimentary rocks on both
continents (e.g., Cisneros et al, 2015; Modesto, 20006;
Trewick, 2017). Similarly, faunal analyses already by Lemoine
(1911) showed that Madagascar remained relatively close to
eastern Africa until the mid-Cenozoic, while India had already
been rifted away.

Later on, paleontological records were further used to infer
land or sea connections between continents (e.g., Hansen &
Holmer, 2011) and, even in some cases, estimate the minimum
distance between two continents and the width of oceanic
domains. This is the case of the Iapetus Ocean between Baltica
and Laurentia, which was estimated to reach a maximum
width of up to 5000 kilometers in the Ordovician, based
on paleomagnetic and paleontological data (Cocks & Torsvik,
2002; Domeier, 2016; Torsvik & Trench, 1991; Figure 1).
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This is yet to be supported by paleomagnetic data, which
are sparse and of poor quality in Baltica and inexistent in
Svalbard for that period (e.g., Torsvik & Rehnstrom, 2001).
In addition, paleomagnetic data only yields information on
the latitude position of continents and are worthless to resolve
longitudinal movements, which have been dominating the
most recent Wilson Cycle (E-W seafloor spreading in the
Atlantic, Pacific, and central Indian oceans). The resolution of
paleomagnetic data (550 km; Butler, 1992) and occasionally
aberrant behavior (Abrajevitch & van der Voo, 2010) are
other obstacles to the use of such data for paleogeographic
reconstructions.

The use of faunal assemblages to infer the paleogeographic
position of continental blocks is generally restricted to
shallow-marine (e.g., Ordovician trilobites in Svalbard, Baltica and
Laurentia; Fortey, 1984; Fortey & Bruton, 2013; Fortey & Cocks,
2003) or terrestrial groups (e.g., Mesosaurus; Modesto, 2006)
since deep-marine faunas may spread over entire oceans (e.g.,
conodonts; Bergstrom, 1983; Wright & Stigall, 2013). Terres-
trial and shallow-marine faunas are more prone to allopatric
speciation by vicariance, i.e., the isolation of a population by
(a) geographic barrier(s) such as mountain ranges (Trewick,
2017; Wright & Stigall, 2013). Such barriers are known to have
broadly affected faunas in Laurentia in the Ordovician (e.g.,
onset of Taconian Orogeny; Wright & Stigall, 2013). However,
recent studies show that vicariance events may also affect marine
faunas for tens of millions of years. For example, in the past
25 Myr, the configuration of the continents formed major
barriers (Terminal Tethyan Event, Isthmus of Panama, East
Pacific Barrier), which prevented and in places still prevent the
exchange of tropical faunas between the main biogeographical
regions (Cowman & Bellwood, 2013).

A key feature is the use made of Lower Cambrian and
Lower Ordovician shallow water trilobite assemblages in
Laurentia, Svalbard, and Baltica to infer terrane amalgamation
and separation through time. In the early Cambrian, while
Laurentia (Fritz, 1972; Poulsen, 1974) and southwestern
Spitsbergen showed remains of Olenellus svalbardensis Kielan
(Birkenmajer, 1978; Birkenmajer & Orlowski, 1977; Kielan,
1960; Major & Winsnes, 1955), the Cambrian trilobite record of
Baltica was dominated by specimen of the Holmia, Schmidtiellus,
and Kjerulfia genera (Holmiidea family, olenellid trilobite;
Ahlberg et al., 1986), together with ptychopariid trilobite
(Ahlberg, 1980). Similarly in the Early Ordovician, Greenland
and northeastern Spitsbergen were dominated by a bathyurid
trilobite assemblage, Baltica showed primarily asaphid trilo-
bites (Megistaspidinae and Ptychopygiinae), which were used
to propose the presence of a broad oceanic domain, the lapetus
Ocean between Laurentia—northeastern Spitsbergen and Baltica
in the Ordovician (Cocks & Torsvik, 2002; Domeier, 2016;
Fortey & Bruton, 1973; Fortey & Bruton, 2013; Fortey &
Cocks, 2003; Kroger et al., 2017; Torsvik & Cocks, 2005;
Figure 1). This model implies the presence of a major
NE-SW-trending suture zone in the Barents Sea between
Norway and Svalbard, which was suggested by previous
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Figure 1. Paleogeographic and trilobite assemblages for relevant continents in the Early Ordovician modified after Smethurst
et al. (1998). Notice the latitudinal change in the trilobite assemblages in Gondwana (including Avalonia), which is dominated by
Calymenacean-Dalmanitacean trilobite in polar regions and by Dikelokephalinid at lower latitudes. The Svalbard Archipelago and the Barents
Sea were added to Baltica based on the work by Koehl et al. (2022a) and Koehl et al. (2023). Also notice the c. 5000 km width inferred by

previous works for the Iapetus Ocean between Baltica and Laurentia

studies based on Ocean Bottom Seismometer data (Aarseth
et al., 2017; Barrere et al., 2011; Breivik et al., 2002; Breivik
et al., 2003; Breivik et al., 2005; Gee & Teben’kov, 2004; Gee
et al., 2008; Gernigon et al., 2014; Gudlaugsson et al., 1998;
Knudsen et al.,, 2019; Krysinski et al., 2013; Shulgin et al.,
2020). However, these monodisciplinary studies only consid-
ered the composition of the crust, and concrete evidence of
such a major suture such as a fossil subduction zone and related
structures (e.g., fold and thrust systems) is lacking. In addition,
other fossil assemblages, though they generally agree to a prox-
imity of all Svalbard’s basement terranes and North America,
also show a similarity of fossil assemblages between Baltica
and Laurentia in the Cambrian (Ahlberg et al., 1986; Palmer
& Peel, 1979; Poulsen, 1974; Babcock, 1994) and between
Baltica and northeastern Svalbard in the Ordovician (Hansen &
Holmer, 2011).

Recent analysis of seismic, magnetic, and gravimetric data
throughout the Norwegian Barents Sea and the Svalbard
Archipelago revealed the presence of several kilometers thick,

deep, crustal-scale, hundreds—thousands of kilometers long,
WNW-ESE-striking thrust systems, which display comparable
top-SSW kinematics to and merge with Timanian fold and
fault systems in the Russian Barents Sea, and onshore Novaya
Zemlya and northwestern Russia (Koehl, 2020; Koehl et al.,
2022a; Koehl et al., 2023; Figure 2a). Such orogenic systems
are also found onshore—offshore northern Norway (Koehl &
Stokmo, 2024). These thrust systems suggest that all ter-
ranes of the Svalbard Archipelago and the Barents Sea were
already accreted to northern Norway at ca. 550 Ma and pre-
clude the occurrence of large-scale strike-slip movements
along major N-S-striking fault zones such as the Billefjorden
Fault Zone during the Paleozoic (e.g., Harland er al., 1974;
Harland er al., 1992; Labrousse et al., 2008) because these
would truncate the late Neoproterozoic Timanian thrust sys-
tems. Furthermore, the presence of Timanian grain is thought
to extend beyond the Svalbard margin into the Fram Strait
(e.g., Hovgard Ridge; Koehl, 2020), and possibly onshore
northern Greenland (Estrada et al., 2018a; Rosa et al., 2016;
Figure 2a).
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Figure 2. (a) Overview of Timanian thrust systems and fingerprints in the Norwegian Arctic showing the location of the study area (white
frame). The dashed black line marks the boundary between the Russian and Norwegian Barents Sea. (b) Overview of the study area in the
Norwegian Barents Sea showing major Timanian thrust systems and the location of seismic profiles displayed in Figure 3. Timanian thrusts
are from Koehl et al. (2022a), Koehl et al. (2023), Koehl (2024), and Koehl & Stokmo (2024). The basemap is the International Bathymetric Chart
of the Arctic Ocean from Jakobsson et al. (2012). Abbreviations: AA: Atomfjella Antiform; BeFZ: Bellsundbanken fault zone; BFZ: Billefjorden
Fault Zone; H2: Hopen-2 exploration well; KCFZ: Kongsfjorden-Cowanodden fault zone; KDFZ: Kinnhggda-Daudbjgrnpynten fault zone; LFZ:
Lomfjorden Fault Zone; NY: Ny Friesland; P1: Plurdalen-1 exploration well; RA: Rijpdalen Anticline; R1: Raddedalen-1 exploration well; SKFZ:
Steilgya-Krylen fault zone; Sg: Serkapp Land; VKSZ: Vimsodden-Kosibapasset Shear Zone; W: Wedel Jarlsberg Land.

The present contribution builds on the discovery of continuous
Timanian thrusts throughout the Barents Sea and the Svalbard
Archipelago by Koehl er al. (2022a) and discusses the impor-
tance of Timanian thrusts in these areas (Figure 2b) on the use of
paleontological records in plate tectonics reconstruction,
especially when used to estimate the distance between two
continents and determine terrane amalgamation and separation.
The present contribution explores the late Neoproterozoic—early
Paleozoic history of the Svalbard and the Barents Sea through
analysis of the seismic reflection data and discusses the
role of tectonic structures as potential major biogeographical
boundaries. For information on the geophysical data (which
includes both 2D and 3D seismic reflection data, gravimetric
and magnetic anomaly maps, and exploration wellbores, includ-
ing well tie), the reader is referred to Koehl et al. (2022a)
and Koehl & Stokmo (2024).

Geological setting

The lower Cambrian trilobite record of both southwestern
Spitsbergen and Laurentia show comparable trilobite assem-
blages, including notably occurrences of Olenellus svalbardensis
Kielan (Birkenmajer, 1978; Birkenmajer & Orlowski, 1977;
Fritz, 1972; Kielan, 1960; Major & Winsnes, 1955; Poulsen,
1974), which belong to the Bonnia-Olenellus Zone of the Pacific
trilobite province (Birkenmajer & Orlowski, 1977; Cowie,
1974). In Svalbard, such fossils occur in the in the
Olenellusbreen Member of the Vardepiggen Formation and
in the Flakfjellet Member of the Blastertoppen Formation in

Wedel Jarlsberg Land and Sgrkapp Land (Birkenmajer, 1978;
Birkenmajer & Orlowski, 1977; Fritz, 1972; Kielan, 1960; Major
& Winsnes, 1955; Poulsen, 1974). Trilobite assemblages are
supposedly different in Baltica and include mostly olenellid
trilobites of the Holmiidea family (Holmia, Schmidtiellus,
and Kjerulfia genera; Ahlberg et al., 1986) and ptychopariid
trilobites (Ahlberg, 1980), which typically define the Baltic
trilobite province. It was therefore proposed that southwestern
Spitsbergen was located close to Laurentia, but was separated
from Baltica by large distances in the early Cambrian.

Similarly, based on trilobite fossil assemblage similarities,
the northeastern terrane of Svalbard (i.e., Ny Friesland and
Nordaustlandet; see Figure 2b for location) is believed to have
been located at comparable latitude and possibly adjacent to
northeastern Greenland in the Ordovician (Cocks & Torsvik,
2002; Fortey, 1975; Fortey & Bruton, 2013; Fortey & Bruton,
1973; Fortey & Cocks, 2003; Kroger et al., 2017; Smith &
Rasmussen, 2008). Cocks and Torsvik (2002) and Fortey and
Cocks (2003) further argue that the presence of bathyurid
trilobites in both areas and their absence on Baltica, together
with the presence of megistaspinid trilobites on Baltica and
their absence in Laurentia—Svalbard suggest a broad separation
of both continents in the Ordovician.

Moreover, the island of Bjgrngya in the Barents Sea shows

Lower-Middle Ordovician sedimentary strata analogous to strati-
graphic equivalents in northeastern Greenland (Smith, 2000;
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Smith & Rasmussen, 2008). These overlie sedimentary rocks
of presumed late Proterozoic age unconformably, thus suggest-
ing a significant hiatus in the latest Neoproterozoic—earliest
Ordovician, which is also comparable to the stratigraphic
setting in northeastern Greenland (Smith, 2000; Smith et al.,
2004). These similarities are thought to reflect the proximity of
Bjgrngya with northeastern Greenland in the Ordovician and,
thus, that Bjgrngya was part of Laurentia at that time.

The Svalbard Archipelago (excluding Bjgrngya) is com-
monly believed to be divided into three terranes consisting of
Proterozoic—early Paleozoic metamorphic rocks, which recorded
different tectonothermal events (e.g., Harland, 1969; Harland
et al., 1992; Harland et al., 1993). Svalbard’s three terrane
are commonly thought to have accreted during the early—mid
Paleozoic Caledonian and Svalbardian orogenies through
hundreds—thousands of kilometers long movements along major
N-S-striking faults like the Billefjorden Fault Zone (Harland
et al., 1974; Harland et al., 1992; Labrousse et al., 2008). Simi-
larly, the Barents Sea is thought to correspond to a compos-
ite continental terrane assembled and accreted with Baltica
and Svalbard during the Caledonian Orogeny. The Ilapetus
Ocean suture is commonly thought to crosscut the Barents Sea
in a NE-SW fashion between Svalbard and northern Norway
as suggested mostly from Ocean Bottom Seismometer data
(Aarseth et al., 2017; Barrére et al., 2011; Breivik et al., 2002;
Breivik et al., 2003; Breivik et al., 2005; Clark et al., 2013;
Gee et al, 2008; Gee & Teben’kov, 2004; Gernigon er al.,
2014; Gudlaugsson et al., 1998; Knudsen et al., 2019; Krysinski
et al., 2013; Shulgin et al., 2020). Although Ocean Bottom
Seismometer data are reliable to discuss the composition of
the crust and, therefore, to infer the possible presence of
suture zones at depth (e.g., Aarseth et al., 2017; Breivik et al,
2002; Breivik et al., 2003; Breivik et al., 2005), they do not
provide much information about existing structures (including
subduction-related structures such as folds and thrusts) and
are not as reliable as interdisciplinary studies (e.g., Klitzke
et al, 2019; Koehl et al., 2022a). Notably, recent interdisci-
plinary works and reviews suggest that Svalbardian tecton-
ism did not occur in Spitsbergen (Koehl, 2021; Koehl er al.,
2022b), that Svalbard’s terranes and the Barents Sea were
already amalgamated in the latest Neoproterozoic during the
Timanian Orogeny at 650-550 Ma, and, thus, that the Iapetus
suture is located in western Spitsbergen (Figure 2b), i.e., sig-
nificantly west of the Billefjorden Fault Zone (Koehl er al.,
2022a). Recent works also invalidated the occurrence of
large-scale strike-slip movements along N-S-striking fault
zone in Svalbard and the Barents Sea (Koehl & Allaart, 2021;
Koehl et al., 2022a).

The structural and tectonic study by Koehl er al. (2022a)
provided for the very first time evidence of continuous, late
Neoproterozoic  (i.e., 650-550 Myr old) thrust systems
throughout the Barents Sea and Svalbard, thus pinning these
areas together since 650 Ma. The present study focuses on
the implications of these thrust systems for paleontology
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and paleogeography and notably on the relationship between
trilobite assemblages distribution and plate tectonic separation.

Methods

The present study is based on the interpretation of seismic
reflection data in the northern Norwegian Barents Sea and
Svalbard, which are all from the Norwegian National Data
Repository for Petroleum Data (DISKOS database) of the
Norwegian Petroleum Directorate. Seismic data were tied to
exploration wells on Edgegya (Raddedalen-1 and Plurdalen-1
wells; Bro & Shvarts, 1983; Harland & Kelly, 1997) and
Hopen (Hopen-2 well; Anell er al, 2014). See Koehl et al.
(2022a, notably their method chapter) for detailed information
on the well tie and for further discussion on the stratigraphy.
Petrel (version 2021.3) was used to interpret the seismic
reflection data, and CorelDraw (version 2017) was used
to design the figures. Alternative open-source software are
OpendTect and GIMP respectively.

The present study uses new knowledge in the seismic facies
and structural character on seismic data of intensely deformed
Proterozoic basement and lower Paleozoic metasedimentary
rocks in the Barents Sea (see description of these successions
in Koehl er al., 2022a; Koehl er al., 2023) and principles of
seismic stratigraphy (e.g., erosional truncation, downlaps and
onlaps; Mitchum et al., 1977) to segregate them from overlying
unmetamorphosed upper Paleozoic sedimentary successions. In
order to be able to distinguish the various structures described
in the present manuscript, high-resolution versions of the
figures are found in Underlying data (Koehl, 2023).

Results

Proterozoic basement rocks

Proterozoic basement rocks typically show moderate—high-
amplitude seismic reflections either arranged into up to
3—4 seconds (TWT) thick packages of moderately NNE-dipping
reflections (see black lines in Proterozoic succession in
Figure 3a—c), or into packages of gently undulating, typi-
cally poorly continuous reflections (see thin yellow lines in
Proterozoic succession in Figure 3a—c and white lines in
Proterozoic succession in Figure 4a). Reflections of the former
packages terminate abruptly upwards within the Proterozoic
succession or against lower—upper Paleozoic successions with
erosional truncation geometries (see white half-arrows marking
truncation by fuchsia reflections within Proterozoic succession
in Figure 3a—c and Figure 4b). Reflections of the latter pack-
ages are either undulating gently with a similar wavelength as
reflections of overlying lower Paleozoic succession (see thin
yellow lines in Proterozoic succession in Figure 3a—c and
Figure 4a), or truncated upwards by lower—upper Paleozoic
successions (e.g., white half arrows in Proterozoic succession in
Figure 3c and Figure 4c). In places, the Proterozoic basement
succession is characterized by moderate-high-amplitude,
flat-lying reflections with relatively high continuity of up to
20-25 kilometers (see thick, flat-lying yellow lines in Proterozoic
succession in the footwall of the Kongsfjorden-Cowanodden
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Figure 3. Seismic profiles (a) in Storfjorden, (b) south of Hopen, and (c) between Bjgrngya and Spitsbergen. The profiles show several
kilometers thick, crustal-scale, dominantly NNE-dipping Timanian thrust systems (black lines) within Proterozoic basement rocks, and
related overprints within lower Paleozoic, upper Paleozoic, and Mesozoic (-Cenozoic?) successions. The profiles also show major (erosional)
unconformities between the Proterozoic basement, lower Paleozoic, and upper Paleozoic successions (white half-arrows). The projected
location of exploration wells to which the interpretation was tied was added to (a) and (b). The projection was made along a WNW-ESE- to
NW-SE-trending axis for the Raddedalen-1 and Plurdalen-1 wells in (a), i.e., parallel to the Kongsfjorden-Cowanodden fault zone, and along
a NNE-SSW-trending axis for the Hopen-2 well in (b), i.e., perpendicular to Timanian fault systems. Note that the wells were drilled onshore
above sea level. The depth of the projected traces of the wells is therefore not the same as the original well. However, the thickness of
sediments penetrated by the wells is accurate and was time-converted to be directly compared with the interpreted seismic profiles (see
Koehl et al., 2022a their supplement S3 for more details). The white rectangles indicate the location of Figure 4a-d.

Fault Zone in Figure 3a). For a more detailed description of Lower paleozoic rocks

Proterozoic basement rocks and interpretation of thrust The lower Paleozoic succession in the northern Norwegian
systems and related structures, the reader is referred to Koehl Barents Sea and Svalbard Archipelago is typically 0.5-1 sec-
et al. (2022a). ond (TWT) thick but reaches a thickness of c. 1.5 s (TWT)
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Figure 4. (a) Zoom in seismic data showing the undulating geometry of reflection characterizing Proterozoic basement and lower Paleozoic
successions, whereas reflections within upper Paleozoic succession are relatively flat lying (white lines). (b) Zoom in seismic data showing
erosional truncation geometries in moderately NNE-dipping reflections below the fuchsia and pink reflections in the north, and the
onlapping character of reflections at the base of the upper Paleozoic succession over the lower Paleozoic reflection (white half-arrows).
(€) Zoom in seismic data Between Bjorngya and Serkapp showing the onlapping character of reflections within the lower Paleozoic
succession onto a Proterozoic basement paleo-high (white half-arrows) and early Paleozoic reactivation of an inherited Timanian thrust that
offset the base of the lower Paleozoic succession in a reverse fashion. (d) Zoom in seismic data showing erosional truncation geometries
near the top of the lower Paleozoic succession and onlap geometries at the base of the upper Paleozoic succession (white half-arrows). See
location of (a-d) zooms in Figure 3. The legend is identical to Figure 3, except where specified otherwise. The location of (a-d) is shown as

white rectangles in Figure 3a-c.

in places (e.g., between Spitsbergen and Bjgrngya; Figure 3c).
This succession consists of gently undulating, low—moderate-
amplitude seismic reflections (see thin yellow lines within lower
Paleozoic succession in Figure 3a-b and white lines within
lower Paleozoic succession in Figure 4a). On E-W-trending
seismic sections, some of these reflections are truncated upwards
by flat-lying continuous reflections of the upper Paleozoic
succession, thus resulting in erosional truncation geometries

(see white half arrows in Figure 3b and Figure 4d). By contrast,
erosional truncation geometries are sparse in this succession in
N-S- to NNE-SSW-trending seismic sections. Instead, reflec-
tions within the lower Paleozoic succession appear to onlap
Proterozoic basement rocks and, in places, they are laterally
juxtaposed against or even partly overlain by Proterozoic base-
ment rocks (e.g., between Bjorngya and Spitsbergen and in
Storfjorden; Figure 3a and c¢ and Figure 4c). Onlap geometries
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are consistently accompanied by thinning of the lower Paleo-
zoic succession over Proterozoic basement highs, e.g., between
Bjgrngya and Spitsbergen where the succession shows a
thickness << 0.5 second (TWT; Figure 3¢ and Figure 4c), or near
Serkapp and south of Hopen where it is completely absent in
places (Figure 3a—b and Figure 4b and d).

Upper Paleozoic-Mesozoic sedimentary rocks

Upper Paleozoic—-Mesozoic successions in the Barents Sea
and Svalbard are characterized by relatively continuous and
flat-lying reflections displaying both high and low amplitudes
(Figure 3a—c and Figure 4a-b). The reflections either onlap
Proterozoic—lower Paleozoic successions (white half arrows in
upper Paleozoic succession in Figure 3a—b and Figure 4b and d),
or parallel the Top lower Paleozoic reflection (Figure 3a—c and
Figure 4a and c). Typical thickness of the upper Paleozoic suc-
cession is 1-1.5 second (TWT). The Mesozoic succession was
largely eroded around the Svalbard Archipelago (Figure 3a) but
it reaches a thickness > 2 seconds (TWT) towards the east and
southeast (Figure 3b).

Discussion

Caledonian reactivation of Timanian thrusts and
Proterozoic-early Paleozoic structural highs

Local erosional truncation geometries displayed by reflec-
tions within the lower Paleozoic succession against upper
Paleozoic strata are interpreted as erosional unconformities
and suggest that, in places, lower Paleozoic rocks in the
northern Barents Sea were deposited and eroded prior to the
Devonian (Figure 3b and Figure 4d). However, north of
Bjgrngya, the lack of erosional truncation within the lower
Paleozoic succession and the extremely thin character of this
succession (much thinner than 0.5 second TWT) suggest
that the area was likely a topographic high during most of
the early Paleozoic (i.e., non-deposition or deposition of a
condensed succession; Figure 3c and Figure 4c). This is sup-
ported by the geometry of NNE- and SSW-dipping thrusts
bounding the Proterozoic basement high. These thrusts propa-
gate into overlying and adjacent lower Paleozoic rocks and
offset the Top Proterozoic basement reflection, thus suggest-
ing basement uplift due to minor top-SSW and top-NNE
reactivation of Timanian thrust systems in the early Paleozoic
(Figure 3c and Figure 4c). This episode of tectonism
most likely reflects Caledonian reactivation—overprinting of
Timanian thrust systems in this area, evidence of which are
found throughout the Barents Sea and northern Norway
(Koehl et al., 2023; Koehl & Stokmo, 2024).

Similarly, offshore near Serkapp, the lower Paleozoic succes-
sion is thinning dramatically and is even completely absent
above portions of the Kinnhggda—Daudbjgrnpynten Fault
Zone and does not show erosional truncation (Figure 3a—b and
Figure 4b). In addition, basement-seated thrusts showing
reverse offsets of the Top Proterozoic basement reflection
transported slices of Proterozoic basement rocks onto lower
Paleozoic rocks, thus indicating early Paleozoic thrusting
and deposition of (part of) the lower Paleozoic succession into
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narrow foreland and piggy-back basins (Figure 3a and c¢ and
Figure 4b—c).

Reactivation of Timanian thrusts as sinistral-reverse faults
during Caledonian contraction is also known from onshore
southwestern Spitsbergen (Faehnrich er al., 2020; Koehl et al.,
2022a; Mazur et al., 2009). There, the Vimsodden—Kosibapasset
Shear Zone segment of the Kinnhggda—Daudbjgrnpynten Fault
Zone, which is associated to amphibolite facies metamorphism
of Timanian age in nearby basement rocks (Majka ez al., 2008;
Majka et al., 2012; Manecki et al., 1998) and a major erosional
unconformity between Tonian—lower Cryogenian and upper
Cryogenian—Ediacaran rocks (Bjgrnerud, 1990; Bjgrnerud
et al., 1991; Wala et al., 2021), was completely overprinted by
Caledonian deformation in the Middle Ordovician—Silurian
(462 = 11 Ma and 424 + 6 Ma; Fachnrich et al., 2020).
Nevertheless, smaller nearby shear zones, which are less
prone to reactivation and overprinting and strike parallel to the
Vimsodden—Kosibapasset Shear Zone, may have preserved
records of Timanian movement (Faehnrich et al., 2020, their
sample 16-73A), thus potentially illustrating the reactivation
history of Timanian thrusts in the Norwegian Arctic. Note that
the large-scale (hundreds of kilometers) strike-slip movements
initially suggested by early studies of the Vimsodden—Kosibapasset
Shear Zone were invalidated by the geometry of Timanian
thrusts in Storfjorden (Koehl et al., 2022a) and by the prob-
able continuation of Timanian thrusts in the Fram Strait
(Koehl, 2020; Koehl, 2024), northern Greenland (Estrada
et al., 2018a; Rosa et al., 2016), and Arctic Canada (Estrada
et al.,2018b).

Other erosional unconformities exist onshore Svalbard between
upper Neoproterozoic (Ediacaran) and lower Paleozoic rock
successions. The northernmost is the unconformity observed
between the Ediacaran Dracoisen Formation and the lower
Paleozoic Kapp Sparre Formation in western Nordaustlandet
(Stouge et al., 2011). Koehl et al. (2022a, their supplement
S2b) identified the presence of a major Timanian thrust in adja-
cent portion of the northern Barents Sea, the Steilgya—Krylen
fault zone. It is probable that this major fault was reactivated
during Caledonian contraction in the early Paleozoic, thus
explaining the occurrence of the unconformity in western
Nordaustlandet.

Some interpreted late Neoproterozoic Timanian thrusts are
overlain by wedges of lower Paleozoic rocks thickening
towards the faults (e.g., Figure 3a and ¢ and Figure 4b). These
geometries potentially suggest syn-tectonic sedimentation along
normal faults in the early Paleozoic. Some of these potential
normal faults are associated with upwards-convex reflections
geometrically similar to rollover anticlines (e.g., southernmost
thrust system in Figure 3c). However, most of the wedges
of lower Paleozoic rocks can be explained by Caledonian
reverse reactivation of nearby Timanian thrusts during
mid-Paleozoic Caledonian contraction (e.g., Figure 3a and
Figure 4b) with an interpretation as foreland/piggy-back
basins. This is particularly well illustrated in Figure 4a and c.
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Since most WNW-ESE-striking Timanian thrusts were not
suitably oriented to accommodate E—W-oriented Caledonian
contraction, many were not reactivated during the Caledonian
Orogeny.

In addition, convex-upwards bedding reflections are found
both within Proterozoic and lower Paleozoic (metamor-
phosed) basement rocks, some of which are onlapped by lower
Paleozoic sedimentary rocks (Figure 3c). This would imply
continuous normal faulting during the late Neoproterozoic—early
Paleozoic. This contrasts markedly with the occurrence of
major thrust-cored basement highs in the area (e.g., northern
thrust system in Figure 3c), contractional indicators within all
basement-seated thrust systems in the study area (e.g., asym-
metric folds, contractional duplexes, antiformal thrust stacks,
and minor thrusts; Figure 3a—c and Koehl et al., 2022a their
Figure 4a—e), and reverse offsets of the lower Paleozoic rock
succession in nearby areas (Figure 3c and Figure 4c) together
with onshore evidence for two major contractional events during
this period (Timanian and Caledonian orogenies; Braathen
et al., 1999; Majka et al., 2008; Mazur et al., 2009).

Furthermore, some of the apparent traces of normal fault-
ing occur within major Proterozoic basement highs, which
were therefore deeply eroded in the early Paleozoic. Since
Timanian mylonitic thrust systems represent major rheo-
logical discontinuities, it is highly probable that they con-
tributed to shaping the relief carved by erosion in the early
Paleozoic and created some depression, which were later
passively filled with lower Paleozoic sediments.

Use of trilobite assemblages to infer disconnection of
Baltica and Svalbard in the Cambrian-Ordovician

The marked differences in trilobite assemblages in southwestern
Spitsbergen and Laurentia (presence of Olenellus svalbardensis
Kielan; Birkenmajer, 1978; Birkenmajer & Orlowski, 1977;
Fritz, 1972; Kielan, 1960; Poulsen, 1974), and in Baltica
(dominance of Holmia, Schmidtiellus, and Kjerulfia genera of
the Holmiidea family; Ahlberg, 1980; Ahlberg ef al., 1986) led
previous workers to suggest a proximity of the southwestern
terrane of Spitsbergen with Laurentia and a separation by
large distances with Baltica (e.g., Torsvik & Cocks, 2016).
The lower Cambrian trilobites in Svalbard were found in shallow
sea sediments (dolomite) of the Blastertoppen Formation
(Birkenmajer, 1978).

In addition, bathyurid and megistaspinid trilobites found
exclusively on Laurentia—northeastern Spitsbergen and Baltica
respectively were used to suggest that these continents
were disconnected in the Early Ordovician. Both groups are
thought to have evolved mostly in shallow seas and to reflect
shallow marine environments (Fortey & Cocks, 2003).

Seismic data in the northern Barents Sea and Svalbard
clearly show that elongated, WNW-ESE-trending highs fol-
lowing reactivated—overprinted Timanian thrust systems existed
in the early Paleozoic (Figure 3a and c, and Figure 4b—c).
Extremely thin to absent lower Paleozoic successions
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over these highs suggest that they were emerged above sea
level for most of the early Paleozoic, i.e., an environment not
habitable by trilobites. These emerged WNW-ESE-trending
highs formed in the late Neoproterozoic (—earliest Paleozoic?)
and represented discrete topographical barriers between the
southern (Baltica) and northern (Svalbard) portions of the con-
tinent. These barriers are thought to have prevented exchanges
and mixing between trilobite communities of Baltica and
Svalbard and to have acted as barriers between shelf faunas
(Figure 5a). This is further illustrated by the hiatus between
uppermost  Neoproterozoic and Early-Middle Ordovician
sedimentary rocks onshore Bjgrngya (Smith, 2000), which
suggests that this island was largely emerged throughout the
Cambrian and exposed to continental erosion, and by shallow
marine fossil assemblages within Lower-Middle Ordovician
rocks on the island indicating persisting shallow marine envi-
ronment during the Ordovician. The presence of elongated
highs in the Barents Sea is also supported by erosion or
non-deposition of early-middle Cambrian deposits along
NW-SE-trending highs in the Timanides of northwestern Russia
(Bogolepova & Gee, 2004).

Furthermore, the large number of WNW-ESE-striking
Timanian thrusts in the Barents Sea suggest that, even if a few,
N-S-trending, shallow marine connections (e.g., N-S-trending
troughs) existed between the footwall and hanging wall of
individual WNW-ESE-striking Timanian thrusts, dispersal of
marine shelf faunas between Baltica and Svalbard—Laurentia
would have been difficult due to the large number of
topographical barriers (i.e., Timanian thrusts) between Baltica
and Svalbard (Figure 5a). Note that such barriers did not
impede exchanges between northern Norway and northwestern
Russia as suggested by comparable continental to shallow
marine faunal assemblages in the Ediacaran—Cambrian (e.g.,
Desiatkin er al., 2021; Hogstrom et al., 2013; Jensen et al.,
2018; Kolesnikov, 2019; Kolesnikov & Desiatkin, 2022).
Additional obstacles to faunal mixing between Svalbard and
Baltica may have been related to (1) climatic and environmen-
tal barriers due to the latitude difference between Svalbard,
which was located at relatively low latitude comparable to
Laurentia and Siberia (both of which also display bathyurid
trilobite assemblage), and Baltica, which was located at mid
to high southerly latitudes (e.g., Cocks & Torsvik, 2002;
Cocks & Torsvik, 2021; Fortey & Cocks, 2003; Figure 1),
and (2) to the onset of Caledonian folding and thrusting in
the Early Ordovician in Baltica (Eide & Lardeaux, 2002;
Roberts et al., 2002) and in Svalbard (Dallmeyer et al., 1990;
Horsfield, 1972), hence further compartmentalizing the
Barents Sea and preventing faunal exchanges between Baltica
and Svalbard (Figure 5b). Caledonian deformation both
formed new N-S- to NNE-SSW-striking thrusts (e.g., Braathen
et al., 1999; Ohta, 1979; Ohta et al., 1986; Witt-Nilsson et al.,
1998) and reactivated WNW-ESE-striking Timanian thrusts
with minor dominantly sinistral strike-slip to reverse movements
(e.g., Koehl et al., 2022a; Koehl et al., 2023; Mazur et al.,
2009), reworking some of them into NNE-SSW-striking folds
and thrusts (Koehl et al., 2022a; Koehl et al., 2023; Koehl
& Stokmo, 2024). It is worth noting that transgressive events
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Legend

= = Timanian fold-thrust systems === Continent-Ocean Boundary at present

Caledonian fold-thrust systems 3a___ Seismic profiles in figure 2

| . Emerged paleo-highs @  Locality Ordovician trilobites in Svalbard (Fortey, 1975)

- Faunal exchange @  Localities Cambrian trilobites in Svalbard (Birkenmajer, 1978)

Figure 5. Conceptual model showing how emerged paleo-highs in the Barents Sea and Svalbard following (a) preexisting Timanian thrusts in
the Cambrian and (b) both inherited (and reactivated) Timanian and newly formed Caledonian thrusts in the Ordovician controlled biological
exchanges/mixing between Svalbard and Baltica in the early Paleozoic. Despite the opening of lapetus, biological mixing between Greenland
and Svalbard may have been possible until the Early Ordovician when top-east/southeast Caledonian thrusting and folding initiated, which

was possibly compensated by transgression due to the closing of lapetus (Fortey, 1984). Present Continent-Ocean Boundary is from
Dumais et al. (2020).

related to the closing of lapetus may have partly compen- the north, therefore probably further allowing continuous
sated Caledonian folding and thrusting in the Ordovician in exchange between Svalbard and Greenland (Fortey, 1984).
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A critical example of the described climatic and environmental
barrier is illustrated by the distribution of Early Ordovician
trilobite in Gondwana (Smethurst er al., 1998; Figure 1).
Northern Africa and Avalonia were located near the South
Pole and show Calymenacean—Dalmanitacean assemblages,
whereas other parts of Gondwana located at lower latitudes
(e.g., South America, Arabia, India, and Australia) show
Dikelokephalinid assemblages (Figure 1).

Fossil assemblages are still very useful in inferring connections
between continents, e.g., juxtaposition of South America and
western Africa in the late Paleozoic—Mesozoic (Cisneros
et al., 2015; Colosi, 1925; de Beaufort, 1925; Eckhardt, 1922;
Modesto, 2006; Trewick, 2017; von Ubisch, 1921; von Ubisch,
1928) or a connection of northern Norway with northwestern
Russia in the Ediacaran—Cambrian (Desiatkin er al., 2021,
Hogstrom et al, 2013; Jensen et al, 2018; Kolesnikov,
2019; Kolesnikov & Desiatkin, 2022), but the present study
shows that the use of paleontological markers to infer discon-
nection between continents should be considered with care.
In the present case, the Svalbard Archipelago was accreted
to Baltica and to Laurentia in the latest Neoproterozoic
during the Timanian Orogeny (Koehl, 2020; Koehl et al.,
2022a). Svalbard remained attached to Baltica throughout the
Paleozoic—early Cenozoic. In the early Paleozoic, Svalbard was
separated from Laurentia by the lapetus Ocean and later col-
lided with Laurentia as suggested by blueschist and eclogite
facies metamorphism of Caledonian age in western Spitsbergen
(Dallmeyer et al., 1990; Horsfield, 1972; Kosminska et al.,
2014; Ohta et al., 1995). However, the maximum distance
between Svalbard and Laurentia at that time remains specula-
tive. The lapetus Ocean between Svalbard and Laurentia may
have reached a width of several thousands of kilometers just like
between Laurentia and Baltica (e.g., Domeier, 2016; Torsvik &
Trench, 1991) or may have been significantly narrower. The
fossil records on both continents simply suggest that exchanges
of shelf faunas were possible between Svalbard and Laurentia in
the early Cambrian—earliest Ordovician and, thus, that these two
continents were possibly located close to each other and/or
that they remained at a similar latitude (e.g., Figure 1 and
Figure 5a-b). Blueschist—eclogite facies metamorphism in
western Spitsbergen indicates that oceanic crust was sub-
ducted between Svalbard and Laurentia in the early Paleozoic,
i.e., that the suture of the Iapetus Ocean is most likely
located in western Spitsbergen and that Svalbard and Baltica
remained attached to each other throughout the Paleozoic, which
is further supported by the identification of Timanian thrusts
in the Loppa High and the southwestern Barents Sea (Koehl
etal., 2023).

It is worth noting that other biotic assemblages such as
acritarchs and chitinozoans do not yield the same results as
trilobites when considering a disconnection between Baltica
and Laurentia in the Cambrian—Ordovician (Servais et al., 2005;
Slater et al., 2017). Fortey and Mellish (1992) previously used
biased arguments (e.g., unrevised dataset of acritarch species)
to discredit the use of these groups (Servais et al., 2023).
However, acritarchs and chitinozoans are now known to be
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just as valuable paleogeographic indicators as trilobites and
show similar assemblages on both Baltica and Laurentia, thus
suggesting a proximity of the two paleocontinents (Servais
et al., 2005; Servais et al., 2023; Slater et al., 2017), i.e.,
contrasting with the results from trilobite faunas.

The trilobite fossil record of Laurentia, Baltica, and Svalbard
is also not without ambiguities. For instance, Poulsen (1974)
and Palmer and Peel (1979) showed that specimens of the
Holmia genera, which are representative of the Baltican trilobite
province (Ahlberg et al., 1986), are also found in northeastern
Greenland (i.e., Laurentia), therefore suggesting a link between
Baltica and Laurentia in the early Cambrian rather than a
separation by large distances.

Another potential bias is the lack of consideration of paleo-
thermoclines, which appear to have controlled the distribution
of trilobites in northern Greenland in the middle Cambrian
(Babcock, 1994). There, deep-water polymeroid trilobites
show affinities to shallow, cool-water assemblages in paleo-
continents located at high paleolatitude at that time, i.e., Baltica
(Babcock, 1994). The resemblance of northern Greenland
deep-water fauna with Baltican fauna was initially used to
ascribe an allochthonous character to middle Cambrian rocks in
northern Greenland (i.e., exotic terrane). However, cool-water
species were proven to be ubiquitous regardless of depth and
latitude. In addtion, mixing of the Baltican and Laurentian tri-
lobite assemblages occurred through gravity flow in northern
Greenland, therefore invalidating the possibility of large
tectonic transport of the rocks containing the Baltican assem-
blages in the middle Cambrian (Babcock, 1994). These rocks
were simply deposited at discrete levels in the water column
(i.e., different temperature conditions and depositional envi-
ronment). Babcock (1994)’s study not only suggests a strong
influence of temperature (paleothermocline) on the distribution
of fauna, but also an affinity of Laurentia and Baltica in the
middle Cambrian, thus further questioning the use of trilobite
assemblages to infer tectonic plate separation.

Implications for plate reconstructions worldwide

The present study suggests that paleontological evidence,
alone, is not a robust enough argument to infer long-distance
separation of two continents or terranes. Consequently, many
plate tectonics reconstructions, including recent ones, using
the paleontological record as a discriminating factor should be
reexamined. For example, Popov and Cocks (2017) using
the faunal recruitment principle of Fortey and Cocks (2003)
proposed a separation of all the Kazakh terranes by at least
1000 km from one another, and a similar separation (of the
Kazakh terranes) with Siberia and Baltica in the early
Paleozoic based on faunal assemblages, thus suggesting that
the Kazakh terranes formed an archipelago several thousands
of kilometers wide. Such enormous size is unrealistic as shown
by the space problem it generates on plate reconstructions
with other major continents located at similar latitude such
as Baltica and Laurentia (Domeier, 2018). It is therefore
paramount to distinguish stand-alone discriminating factors and
factors to be used in combination with others, and to establish
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clear guidelines as to what factors or combination of factors do
warrant major continent/terrane separation.

The Earth’s sedimentary record represents only local and
partial records of past faunal assemblages during specific time
periods because of the non-deposition of sediments and their
erosion in emerged areas for example. Let us image a dis-
tant future in which the fossil record of polar bears in Norway,
Sweden and Finland was non-existent, due to for example
non-preservation of polar bear remains in emerged areas of
Norway and/or erosion of most if not all of the sedimentary
record of the past few million years. This is reasonable because
Norway does not show any onshore sedimentary record
of the Cretaceous—early Cenozoic period for example (i.e., more
than 100 Myr), whereas both Greenland and Svalbard show
Cretaceous and early Cenozoic sedimentary strata (e.g.,
Dallmann, 2015; Stemmerik er al., 1998; Svennevig, 2018).
Let us also imagine that the sedimentary record from present-
day and onwards in both Greenland, Norway, and Svalbard was
preserved and captured the current distribution of polar bears
in Arctic areas (i.e., in Greenland and Svalbard; Dupouy-Camet
et al., 2017). Following the faunal recruitment principle
proposed by Fortey and Cocks (2003), paleontologists exam-
ining the fossil record of the present-day period and onwards in
Greenland, Svalbard, and Norway millions of years from now
could infer that the former two were likely part of the same
tectonic plate and were disconnected from (not on the same
plate as) the latter based on the presence of polar bear remains
both in Greenland and Svalbard but not in Norway (see
current distribution of polar bears in Dupouy-Camet et al., 2017).
This is erroneous because Svalbard belongs to the same tectonic
plate as Baltica (Eurasian Plate), whereas Greenland belongs
to the North American Plate. The faunal recruitment principle
of Fortey and Cocks (2003) simply does not take into account
environmental factors such as paleoclimatic belts, paleother-
moclines, and major tectonic structures, which may play a
significant role in the distribution of species and resulting
fossil record.

Conclusions

In the early Paleozoic, inherited Timanian thrust systems
defined WNW-ESE-trending paleo-highs exposed to continen-
tal erosion in the northern Barents Sea. These highs acted as
dispersal barriers for shallow marine faunas (e.g., Cambrian—
Ordovician trilobites) that have been commonly used to infer
continent—terrane separation in plate tectonics reconstructions.
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While the trilobite record suggests that Svalbard and Baltica
were disconnected in the Cambrian—Ordovician, the presence
of continuous, crustal-scale Timanian thrust systems through-
out the Barents Sea and the Svalbard Archipelago indicates that
Svalbard was accreted to Baltica in the latest Neoproterozoic
and that these two continents remained attached to each other
throughout the Paleozoic. The present study therefore suggests
that paleontological records alone are not robust enough proxies
to infer continent and/or terrane disconnection since other fac-
tors (e.g., major thrust systems, latitude differences, paleoclimatic
belts, and paleothermocline) may play a significant role in
preventing exchange and mixing between biological assem-
blages of aggregated continental plates during extended periods
of time.

Data availability

Source data

The Two-Way Time (TWT) seismic reflection data used in
the present study is under license by the DISKOS (Norwegian
National Data Repository for Petroleum Data) database of the
Norwegian Petroleum Directorate. The data may be accessed
for research purposes and access can be requested by contacting
the Norwegian Petroleum Directorate at https://www.npd.no/
fakta/om-oss/kontakt-oss/.

Underlying data

DataversNO: Replication data for: Implications of Timanian
thrusts systems in the Barents Sea and Svalbard on using
palontological constraints for plate tectonics reconstructions.
doi.org/10.18710/BWZHLS (Koehl, 2023).

This project contains the following underlying data:

- 00_ReadMe.txt. (detailed instructions to reuse the dataset
and dataset relationship to existing contributions and
datasets)
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This paper is presenting several seismic reflections profiles on the basis of which it was suggested
the existence of a WMW-ESE trending thrust belt acting as a barrier for the shallow marine fauna
between Svalbard Archipelago and Baltica from the Cambrian to the Ordovician. Such a scenario
comes to refute the previously suggested idea of the existence of a large Iapetus ocean between
these two crustal fragments.

I think that the paper is generally well written and the presented data support well the suggested
major conclusions. However, I have some remarks concerning the early Paleozoic tectonic
evolution of the study area. It is not getting clear if the author suggests some active tectonics
during the early Paleozoic responsible for the formation of the highs barrier or the relief is totally
inherited from the Neoproterozoic Timanian thrusting.

Details of my remarks and suggestions could be found in an annotated PDF file.:

Is the work clearly and accurately presented and does it cite the current literature?
Yes

Is the study design appropriate and does the work have academic merit?
Yes

Are sufficient details of methods and analysis provided to allow replication by others?
Yes

If applicable, is the statistical analysis and its interpretation appropriate?
Yes

Are all the source data underlying the results available to ensure full reproducibility?
Yes

Are the conclusions drawn adequately supported by the results?
Yes
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Competing Interests: No competing interests were disclosed.
Reviewer Expertise: Structural geology, Tectonics

I confirm that I have read this submission and believe that I have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard.

Jean-Baptiste Koehl

Dear Dr. Kounov, thank you very much for your input on the manuscript, it is highly
appreciated. Here is our reply to your comments. We hope the changes we implemented
improve the shortcomings of the manuscript highlighted by your comments and
suggestions. Please do not hesitate to contact us shall this not be the case for some
comments. Comments by the reviewer

Comment 1: Plate tectonic reconstruction concept did not exist so far back in time.

Response: Agreed.
Changes: Replaced “plate tectonic reconstruction” by “trying to understand plate tectonics”.

Comment 2: To much of “similar” words in this sentence.

Response: Agreed.
Changes: Replaced “similar” by “comparable”.

Comment 3: Tell us a bit more about these terranes.

Response: Agreed.

Changes: Added “The Svalbard Archipelago (excluding Bjgrngya) is commonly believed to be
divided into three terranes consisting of Proterozoic-early Paleozoic metamorphic rocks,
which recorded different tectonothermal events (e.g., Harland, 1969; Harland et al., 1992;
Harland et al., 1993).” and added Harland (1969) and Harland et al. (1993) to the reference
list.

Comment 4: Why within the Spitsbergen? Could you show on figure 1b where it could be? In
figure 4 the Iapetus ocean is given between the Greenland and the archipelago.

Response: Agreed.

Changes: Added the location of high-pressure Caledonian rocks in western Spitsbergen and
added reference to Figure 1b.

Comment 5: The post-Timanian thrusts rather cut through the whole Lower Paleozoic
sediments and I do not see evidence of syn-tectonic sedimentation. I would say from what I
see in the sections that the major Timanian thrusting continues in the early Paleozoic
where the sedimentation was syn-tectonic with the formation of piggy-back basins. I see
one big event of thrusting which is waning somewhere within the early Paleozoic.
Unfortunately we do not have

Response: Disagreed. Thrusting mostly occurred in the late Neoproterozoic as documented
by the minor propagation of Timanian thrusts into lower Paleozoic metasedimentary rocks
(e.g., Figure 3b-c). Thus, only minor reactivation of Timanian thrusts occurred during the
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Caledonian Orogeny in the early-mid Paleozoic.

Changes: Replaced “top-SSW and top-NNE thrusting” by “minor top-SSW and top-NNE
reactivation of Timanian thrust systems” and added “, evidence of which are found
throughout the Barents Sea and northern Norway (Koehl et al., 2023; Koehl and Stokmo,
2024" at the end of the paragraph.

Comment 6: Here you confirm the early Paleozoic tectonics which is syn-sedimentational.
This must be different from the Caledonian mid Paleozoic event.

Response: Disagreed. See response to comment 5.

Changes: See response to comment 5. Added “formed in the late Neoproterozoic (-earliest
Paleozoic?) and” in the third sentence of the paragraph.

Comment 7: Here you have the age of the major thrusting which led to the relief formation
and erosion. An alternative scenario will be to have slow subsidence during this time span
which is leading to the filing of a formed during the Neoproterozoic relief. By the early-
middle Ordovician the whole relief was drowned and sediments started to be deposited
everywhere. Would you believe in such scenario?

Response: Disagreed. The hiatus suggests exposure above sea level, which could be
through either thrusting, or eustatic sea-level fall, or a combination of both during the latest
Neoproterozoic because lower Paleozoic (meta) sedimentary rocks cap the Proterozoic
basement highs (Figure 2 and Figure 3). Regional subsidence is possible to explain the
flooding of the Proterozoic basement highs, but so is eustatic sea-level rise. Since this is not
the focus of the present manuscript and does not impact the main conclusions, it is best to
leave it out.

Changes: See response to comments 5 and 6.

Comment 8: It seems to me too long and containing a lot of irrelevant information. I will
suggest to shorten it to the most important message from the study area only.

Response: Disagreed. These are far-reaching implications of the present works, which could
be applied to many other studies.

Changes: None.

Comment 9: T am a bit puzzled. I am afraid I did not understand your idea. On page 7 in the
Discussion you are talking about Early Paleozoic thrusting, basement uplift and deposition.
From this I have understood that the highs were formed during this early Paleozoic tectonic
event and therefore they are not inherited from the Timanian orogeny as you are stating
here. Please make it clear in the whole text.

Response: Agreed. The thrust systems are Timanian and formed in the late Neoproterozoic.
The early Paleozoic signal (reverse offset of early Paleozoic metasedimentary rocks; Figure
3b-c) represents a minor reactivation of the Timanian thrusts during Caledonian
contraction. This was further specified in the text. See also response to comments 5 and 6.
Changes: See response to comments 5 and 6.

Competing Interests: No competing interests were disclosed.
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Reviewer Report 28 May 2024
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© 2024 I1zquierdo-Llavall E. This is an open access peer review report distributed under the terms of the Creative
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.

?

Esther Izquierdo-Llavall
Instituto Geolégico y Minero de Espafia, Zaragoza, Spain

This manuscript presents the interpretation of three seismic reflection profiles located in the
eastern offshore of Svalbard. These profiles are in double time and two of them are N-S-striking
whereas the third one is E-W striking; they do not intersect to each other. The interpreted seismic
units and seismic facies are well-tied although none of the available exploration wells are located
along seismic traces (from wells shown in figure 1). From the interpretation of seismic lines,
authors propose a structural map of Timanian thrusts extending along the Russian and
Norwegian Barents Sea. The map and the accompanying explanation highlights that these thrusts
are along-strike continuous, with no major structural interruptions, which suggests there is no an
ancient (post-thrusting) suture zone disrupting them (representing the suture of the lapetus
Ocean). At this point, previous paleontological data suggesting a ~5000 km separation between
the Baltica and Svalbard (ancient Iapetus Ocean) during early Paleozoic times are discussed and
the paleontological criteria used is questioned.

The manuscript is well written and presented ideas are easy to follow. I personally found very
interesting the way in which the author uses structural data to constrain plate tectonics models.
The abstract and plain language summary are concise and clear. But the reader misses some
relevant information at some points of the text/figures. Here there is a list of the main points that
could be improved:

1. The presented seismic lines are located close to the eastern coast of Svalbard but the
structural correlation of Timanian thrusts extends over hundreds/thousands of kilometers
further to the East of this seismic information. It remains unclear how this structural
correlation (which is key in the paleontological and tectonic plates model discussed) is done.
If it is based on additional seismic/gravity/magnetic data from previous studies (as
mentioned in the Introduction), it will be worth to show a map of magnetic/gravity
anomalies and their trend or a map with the location of previously interpreted seismic
profiles. Authors argue on the continuity of the thrust system, but readers would need to
know how continuous (or discontinuous) the dataset used for inferring thrust geometries is.

2. A 5000 kilometers distance between Baltica and Laurentia in the Ordovician is suggested by
paleontological and paleomagnetic data (said in the Introduction), but only paleontological
data are questioned in the discussion. To complete this last part of the manuscript, it could
be interesting to include some comments on the reliability of paleomagnetic constraints.
Are available paleomagnetic data useful to infer the location of the Iapetus Ocean? Can they
constraint the terrane paleolatitudes discussed in the manuscript?

3. Use of wells. Wells are not located over seismic traces but at a certain distance from them.
Authors reference previous works to say that well tying was done, but it is probably useful
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for the reader to visualize (although projected) where these wells are on seismic profiles.
Also, the reader misses some words on the depth of the wells. Are they reaching the pre-
Cambrian and it is therefore a well-based knowledge of the seismic facies related to these
basement units?

4. Interpretation of seismic profiles. Some of the thrusts affecting the Precambrian basement
show a normal fault kinematics when the top Proterozoic horizon is examined. Besides,
these apparently normal faults are consistent with thickness changes in overlying lower
Paleozoic units (that thicken towards fault planes). This occurs in the southern part of figure
2c and central part of 2a. How are these thickness variations explained? It seems they
indicate an extensional reactivation of basement faults during the lower Paleozoic which
would have to be reconciled with the contractional reactivation described in relation to the
basement high in figure 2c. Additionally, a word on the faults affecting upper Paleozoic
units is missing.

5. Figure 1: The horizontal scale and the reference on the structural mapping of Timanian
thrusts are lacking. A label indicating the location of the island of Bjgrngya, which is
mentioned in the text, can be included.

6. Figures 2-3. Indicate in the figure caption that inlets in figure 2 are shown in figure 3.
Resolution of the seismic profiles (2 and 3) is low and makes difficult the evaluation of the
quality of the seismic interpretation done. Even if the high-resolution profiles are published
as underlying data, the author may try to play a bit with palette colors, brightness... to try to
better capture the main features that are interpreted in the seismic profiles shown in the
manuscript.

7. Figure 4. From the text, the reader gets that WNW-ESE-striking Timanian thrusts were
contractionally reactivated as WNW-ESE Caledonian thrusts. But figure 4 shows two
perpendicular trends for Timanian-Caledonian structures?

I hope all these comments and suggestions will help the author to refine the present version of
the manuscript.

Is the work clearly and accurately presented and does it cite the current literature?
Yes

Is the study design appropriate and does the work have academic merit?
Yes

Are sufficient details of methods and analysis provided to allow replication by others?
Yes

If applicable, is the statistical analysis and its interpretation appropriate?
Not applicable

Are all the source data underlying the results available to ensure full reproducibility?
Partly

Are the conclusions drawn adequately supported by the results?
Partly
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Competing Interests: No competing interests were disclosed.
Reviewer Expertise: Structural geology and tectonics, paleomagnetism

I confirm that I have read this submission and believe that I have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard, however I have
significant reservations, as outlined above.

Jean-Baptiste Koehl

Furthermore, some of the apparent traces of normal faulting occur within major Proterozoic
basement highs, which were therefore deeply eroded in the early Paleozoic. Since Timanian
mylonitic thrust systems represent major rheological discontinuities, it is highly probable
that they contributed to shaping the relief carved by erosion in the early Paleozoic and
created some depression, which were later passively filled with lower Paleozoic sediments.”

Comment 5: Figure 1: The horizontal scale and the reference on the structural mapping of
Timanian thrusts are lacking. A label indicating the location of the island of Bjerngya, which
is mentioned in the text, can be included.

Response: Agreed. However, the location of the island of Bjgrngya is already displayed in
Figure 1b.

Changes: Added “Timanian thrusts are from Koehl et al. (2022a), Koehl et al. (2023), Koehl
(2024), and Koehl and Stokmo (2024)."” in the caption of Figure 1 and a scale to Figure 1a and
b.

Comment 6: Figures 2-3. Indicate in the figure caption that inlets in figure 2 are shown in
figure 3. Resolution of the seismic profiles (2 and 3) is low and makes difficult the evaluation
of the quality of the seismic interpretation done. Even if the high-resolution profiles are
published as underlying data, the author may try to play a bit with palette colors,
brightness... to try to better capture the main features that are interpreted in the seismic
profiles shown in the manuscript.

Response: Agreed. The author of the present manuscript has tried to manipulate the color
palette and brightness to the figure's advantage, without much success. The high-resolution
versions of the figures are crucial to visualize the discussed features and are published on
DataverseNO (Open Access data repository), as commonly done for studies of regional
seismic reflection profiles by the author of the present manuscript (e.g., Koehl et al., 20223;
Koehl et al., 2023; Koehl, 2024; Koehl and Stokmo, 2024).

Changes: Added “The white rectangles indicate the location of Figure 3a-d.” in the caption
of Figure 2, and “The location of ( a-d) is shown as white rectangles in Figure 2a-c.” in the
caption of Figure 3.

Comment 7: Figure 4. From the text, the reader gets that WNW-ESE-striking Timanian
thrusts were contractionally reactivated as WNW-ESE Caledonian thrusts. But figure 4 shows
two perpendicular trends for Timanian-Caledonian structures?

Response: This is correct. Some WNW-ESE-striking Timanian thrusts were reactivated
during the Caledonian Orogeny and new N-S-striking thrusts formed during the Caledonian
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Orogeny and/or major Timanian thrusts were partly reworked into N-S- to NNE-SSW-
striking fold-and-thrust systems (e.g., Koehl et al., 2022a; Koehl et al., 2023).

Changes: Added “(and reactivated)” in the caption of Figure 4 and “Caledonian deformation
both formed new N-S- to NNE-SSW-striking thrusts (e.g., Ohta, 1979; Ohta et al., 1986; Witt-
Nilsson et al., 1998; Braathen et al., 1999) and reactivated WNW-ESE-striking Timanian
thrusts with minor dominantly sinistral strike-slip to reverse movements (e.g., Mazur et al.,
2009; Koehl et al., 2022a; Koehl et al., 2023), reworking some of them into NNE-SSW-striking
folds and thrusts (Koehl et al., 2022a; Koehl et al., 2023; Koehl & Stokmo, 2024).” to the
discussion. Also added Ohta (1979), Ohta et al. (1986), and Witt-Nilsson et al. (1998) to the
literature list.
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? Alfonsa Milia
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The paper discusses how the presence of a thrust belt in the Barents Sea and Svalbard may have
been a barrier for the spread of trilobites between different regions. The implications of this are
fundamental for the palaeogeographic reconstruction of the area where, in contrast, the presence
of an ocean as a barrier for the spread of trilobites had been assumed. The subject is interesting,
and the “Smoking gun” is the documentation of emerged areas at that time. It is important to
point out that: a) The story concerns the recognition of a thrust belt located in the area where the
Iapetus ocean was hypothesized, during the pre-Paleozoic-Paleozoic period, in the Barents Sea-
Svalbard. The hypothesis of an ocean in that area was based on the distribution of trilobites in the
area and in particular on the differences in the Trilobite assemblage between Laurentia-Svalbard
and Baltica. To understand the new proposed geological history, it is important to reconstruct the
physiography of the area and of the emerged zones that may have functioned as a barrier for the
distribution of the Trilobites. The broader outcome is the reevaluation of the role of paleontology
in reconstructing the paleogeography of an area. b) The challenge is to individuate the erosional
truncation, gaps in the succession that suggest the formation of the barriers at that time. ¢) The
work is based on the interpretation of seismic reflection profiles.

I suggest to eliminate: 1) the term “Sequence stratigraphy”, as this term is linked to the
identification of systems tracts to be correlated with climatic fluctuations, and replace it with the
term “Seismic stratigraphy”; 2) The term “Toplap” that is classically referred to the strata
termination of the upper part of the progradational units; in this contest is more appropriate the
use of “angular unconformity” or “erosional truncation”.
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Abstract:

Methods: I suggest to change in “The interpretation of seismic reflection profiles from the DISKOS
database, calibrated with the boreholes drilled in the adjacent emerged areas, was used to
reconstruct the geology of the area and in particular the buried thrust belt" The term "NEW
INTERPRETATION" does not seem appropriate since the interpretation proposed by the author
seems to be the same or very similar to the one published by the same author in 2022 (e.g. Koehl
et al., 2022"). However, a more detailed interpretation can be made in Figure 3, where some
details of the seismic profiles can be seen (see the attached modified linked figure here, with an
explanation of the annotations in the paragraph below):

Regarding figure 3, the author should check the reference in the text relating to figure 3C and 3D
which are perhaps reversed. Regarding the interpretation of the profiles, although the chain areas
present complex structures that are difficult to interpret on seismic profiles, following the parallel
sections of the reflectors, the angular discordances and the stratal terminations it is possible to
propose more detailed interpretations ).

Conclusion: I suggest to change in “The individuation of emerged areas in correspondence of the
thrust belt suggest that .... The results indicate that paleontological constraints....” This is because
the subject of the paper is the analysis of the thrust belt using the interpretation of seismic
profiles.

Keywords: insert “seismic reflection profiles” (the paper is based on the interpretation of seismic
reflection profiles)

The Introduction should focus on the palaeogeography of the area and the presence of an ocean
in the palaeogeographical maps. Successively you can explain on what basis it was made, and
introduce the discovery of the thrust belt, first assumed from the OBS data and then
reconstructed using seismic profiles etc. Beginning with "Paleontological contraints have been ..."
suggests the idea that this is paleontological work.

Geological setting: I suggest to add a figure with a paleogeography. I think this is fundamental
for this work.
The last sentence of the Geologic Setting “The present study focuses...” should be deleted.

Methods: Please add a figure with a stratigraphic column of the area or a well stratigraphy. What
does “new knowledge in the seismic facies and structural character.” mean?

Results: I suggest reorganizing this paragraph by first describing the seismic units by identifying
the 4 main units (e.g. A, B,C,D). Then, based on the geometric features and correlation with the
stratigraphies of boreholes and outcrops, a geological attribution can be given (e.g. Age, lithology
etc. Pre-Cambrian, Cambrian-Silurian, Devonian- Permian, Mesozoic).

I recommend talking about thickness in seconds. However, if it is necessary to report in kilometers
it would be helpful to indicate the speeds used for the transformation from seconds to kilometres.

Discussion: Please change in “CALEDONIAN REACTIVATION OF TIMANIAN THRUST AND EVIDENCE
OF PHYSIOGRAPHIC BARRIERS”

Please change “Local toplap geometries......." in “Angular unconformities ..........ccc.c..... suggest
that.......... where deformed and eroded prior to the Devonian”.
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The lack of an angular unconformity and a thin succession do not document a continental erosion!
However, these characteristics in correspondence of a structural high due, for example, to the
nappes superposition suggest the formation of a submarine or continental physiographic barrier.

Figure 1: Order caption: toponyms (NY, W), wells (P1, R1), fault zones/anticlines (AA, RA, BeFZ, BFZ,
etc.).
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