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Abstract

The present study of field, petrological, exploration well and seismicd#staribesackward
dipping duplexes comprised of phyllitic coal and bed¢iagallel décollements and thrusts
localized along lithological transitions imectonically thickened Loweri lowermost Upper
Devonian, uppermost Devoniavississippian and uppermost Pennsylvaniewermost Permian
sedimentary strata of the Wood Bay and/or Widje Bay and/or Grey Hoek fonsiatib the
Billefjorden Group and of the Wordiekammen Formation respectiVélg study shows that these
structuregartially decoupled uppermost Devorii@ermian sedimentary rocks of the Billefjorden
and Gipsdalen groups from Lowéywermost Upper Devoan rocks of the Andrée Land Group
and Mimerdalen Subgroup during early Cenozoic Euraleirmationin central Spitsbergen.
Eurekan strain decoupling along these structures iesgléferential deformation between Lowier
lowermost Upper Devonian rocks of the Andrée Land Group/Mimerdalen Subgroup and overlying
uppermost DevonidiPermian sedimentary strata of the Billefjorden and Gipsdalen groups in
central northern Spitsbergenithoutrequiring an episode of (Ellesmerian) contraction in the Late
Devonian.Potential formation mechanisrma beddingparallel décollements and thrusts include
shortcut faulting, and/or formation as a roof décollement in a-femtl hanging wall (or ramp)
anticline, as an imbricate fan, as an antiformal thrust stack, and/or apifajpdtgation folds over
reactivated/overprinted basemamiated faults. The interpretation of seismic data in
Reindalspasset indicateghat Devonian sedimentary rocks of the Amdreand Group and
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Mimerdalen Subgroup might be preserved east of the Billefjorden Fault Zioggesting that the
Billefjorden Fault Zone did not accommoda¢®erse movemeir the Late Deonian Hence, he
thrusting of Proterozoic basement rocks over LoWevonian sedimentary rocks along the
Balliolbreen Fault and fold structures within strata of the Andrée Land Group and Mimerdalen
Subgroup in central Spitsbergen may be explained by a combination ofedstv@arboniferous
normal faulting with associatddotwall rotation and exhumation, and subsequenttest early
Cenozoic Eurekan thrusting alg the Billefjorden Fault Zon&inally, the study shows thatajor
eastdipping faults, like the Billefjorden Fault Zonmay consists of several, discrete, unconnected
(softlinked and/or stepping) or, most probably, offset fault segments that were
reactivated/overprinted with varying degree during Eurekan deformation due to strain partitioning

and/or decouplinglong sukorthogonal NNEdipping reverse faults

1. Introduction

The main goal of this contribution is to examine the influence of strain decoupling and
partitioning on deformation patterns within DevoriiBermian sedimentary successionsentral
Spitsbergerduring the early Cenozoic Eurekan tectonic event. The impact of this event, though
well studied in western Spitsbergen where it resulted in the formation of the West Spitsbergen
Fold-and Thrust Belt (Dallmann et al1988,1993;Braathen et al., 199%9yith multiple levels of
detachment and décollemeMdher, 1984; Maher et al., 198Bergh et al., 2000 lacks detailed
characterizationn central Spitsberge(rigure la; see DataverseNO for higtesolution versions
of all figures and supplemertt$tps://doi.org/10.18710/MXKQPE

The studyhas potential implications fatrain partitioning in rift systems and distal parts

of fold-andthrust belts. Notably, the studyescribesbeddingparallel décollement leveland
imbricate link thrust{McClay and Insley, 1986) anged into gently dipping duplex@sthin
weak sedimentary beds of the Andrée Land Group, Billefjorden Group and Wordiekammen
Formation which were, thus far, not descrihexhd discussegheir role in partially decoupling
Eurekan deformatiom late Paleozoic sedimentary successidogential formation mechanisms
such as shortcut faulting (Buiter and Pfiffner, 20@8)d the influence of preexisting inherited
structureqe.g., Billefjorden Fault Zone) are reviewed

The identification of sticturesshowing comparable geometries and kinematics (e.g.,
beddingparallel décollementsyithin discrete stratigraphic units (e.g., coals and coaly shales of
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the Billefjorden Group)oth on nearshore seismic data and onshore during structural fieldwork
furthervalidatesthe useof seismic interpretation in areatereextensivgglacial) erosionresulted
in partial destruction and coveringf outcrop transect with loose materialand where large
portions of the outcrops availalfier field mappingarehardly accessiblér detailed inspection
because located on steep sloaed cliffs The study also illustrates the complementarity between
fieldwork, whichprovide detailedlithological and structuratlata andseismictransectgroviding
continuous transectlrough deformation belts and fault zones

The study also briefly discusses implications tbe Ellesmerian Orogeny, a poorly
constraineghortlived episode otontractionableformation in the Late Devonidimat presumably
explains the juxtaposition of Proterozoic basement agamseri lowermost UppemDevonian
sedimentary strata of the Andrée Land Group and Mimerdalen Sub@fogp 1938; Harland et
al., 1974; McCann, 2000; Piepjohn, 2000; Piepjohn ekald); PiepjohnandDallmann, 2013
and dfferential deformation between folded Devonian rocks of the Andrée Land Group and
Mimerdalen Subgroup and poorly deformed rocks of the uppermost Dei/Beiamian
Billefjorden and Gipsdalen groups in Dickson Land éentral SpitsbergenNotably, the
contribution shows that Eurekan deformatiooalizedin weak intensely deformed sedimentary
units of the uppermost DevonidPermian sedimentary rocks of the Billefjorden and Gipsdalen
rocks that Devonian sedimentargaks of the Andrée Land Group are possibly preserved east of
the Billefjorden Fault Zone and, thus, that the Billefjorden Fault Zone most likely did not act as a
reverse fault in the Late Devonian, and that juxtaposition of Proterozoic basement agaerst Low
Devonian rocks in central Spitsbergen may be achieved through Carboniferous normal faulting and
early Cenozoic Eurekan tepest thrustingHence, the studgontributes to our understanding of
deformationpartitioning in foldandthrust belts consisting of thick sedimentary successions, and
for the extent of the Ellesmerian Orogemnythe Arctic, which presumably extends from Arctic
Canadandnorthern Greenland to Spitsbergen

Finally, the study has impliation for the segmentation and linkage of-biftunding fault
with long-lived tectonic historiesThus far,although segmentation of the Billefjorden Fault Zone
was described (e.g., Beelum and Braathen, 204B@ngstrike geometrical and kinematics
variations along the Billefjorden Fault Zohave beempoorly addressed artdntativelyattributed
to the complex tectonic history of this faukhe presentstudy further discussethe significant
alongstrike variations in geometry and kinemat the extent and potential segmentation okth



Billefjorden Fault Zonein conjunction with a new trend of NN&pping faults striking
95 suborthogonal to the mainiS-trending structuralgrain in the study areaThe role of these

suborthogonal faults in Eurekan strain partitioning is briefly discussed.

2. Geological setting
2.1. Caledonian Orogeny
100 Spitsbergeiis composed of three terrartbatstartedassemblingluringthelate Cambrian
Silurian CaledonianOrogenyand were juxtaposed against one another bg-$triking crustal
faults like the Billefjorden Fault Zone (Harland and Wright, 1979; Ohta et al., 1989, 1995; Gee and
Page, 1994). Caledonian deformation was accompanied by tectonothemtalvatie highgrade
(eclogite and blueschist) metamorphism from «@ambrian to late Silurian times that occurred
105 during subduction and closure of the lapetus Ocean and that are partly preserved in northwestern
(Ohta et al., 1989) and western Spitsberg¢o(r sf i el d, 1972; KoSmi EBska
Caledonian grain in western, northwestern, central and eastern Spitsbergen forms major,
gently plunging, NS-trending folds and thrust stacks with wa#veloped foliationAn example
is the Atomfjella Antifam in Ny-Friesland Figurelb), an antiformal thrust stack that consists of
110 a succession of nappes composed of Proterozoic granite and metasedimentary rocks separated by
westverging (Flood et al., 1969; Balashov et &B93; WittNilsson et al., 1998; Johansson and
Gee, 1999; Johansson et al., 2004, 2005) and/egdspthrusts (Manby and Michalski, 2014).

2.2.Devonian latépostorogenic collapse
115 In the Early Devonian, laipostCaledonian gravitational collapse initiatédhorowicz,
1992; Roy, 2007, 2009; Roy et al., unpublished) leading to the deposition of sewhatki(®ld
Red Sandstone) basins throughout Spitsbergen (Birkenmajer and Turnau, 1962; Harland et al.,
1974; Manby and Lyberis, 1992; Manby et al., 1994jlann and Piepjohn, 2020) and
emplacement of laterogenic plutons in northwestern, central and eastern Spitsbergen (Hamilton
120 etal., 1962; Gayer et al., 1966; Ohta et al., 2002; Myhre et al, 2008).
In northern Spitsbergen, Devonian sedimentary rockthefSiktefjellet, Red Bay and
Andrée Land groups (Gee and MoeBtuart, 1966; Friend et al., 1966; Friend and MeStyart,
1972; Murascov and Mokin, 1979; Friend et al., 199 gure2) deposited during extension and
subsidence along iNé-striking normal faults, forming wesited (halt) grabens, e.g., in
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Raudfjorden, Bockfjorden (Manby and Lyberis, 1992; Manby et al.,)1 2dwirée Land and Kota
(Roy, 2007, 2009; Roy et al., unpublish&djurela). However, other works argue that Devonian
sedimentary deposits tife Andrée Land Group and Mimerdalen Subgr@tigure?2) in Svalbard
deposited along lovangle, postCaledonian detachments that accommodated largerdsnmiitop

east, normal movement (e.g., the Woodfjorden detachment) and are associated-kirtaragtic
eastverging folds (Roy, 2007, 2009; Roy et al., unpublished). In addition, recent studies show that
basement ridges, e.g., the Bockfjorden Anticimeorthwestern Spitsbergen, may have exhumed

as core complexes along leamgle extensional detachments (e.g., the Keisarhjelmen detachment),
and Ki Ar geochronology suggests that exhumation occurred from late Silurian to Late Devonian
times (Braathen et al2018).

2.3. EllesmerianOrogeny

Ellesmerian deformation is thought to have initiated in the Late Devidbaaly
Mississippian, possibly in the Late Frashiieamennian (Vigran, 1964, Allen, 1965, 1973; Pcelina
et al., 1986; Brinkmann, 1997; Schweitzer, 19P8&pjohn et al., 2000) and was presumably
recorded by the deposition of coagmined sedimentary rocks of the Mimerdalen Subgroup
(Planteryggen and Planteklgfta formations; Piepjohn and Dallmann, 2014). However, recent fossil
and spore analysis suggest early Frasnian (ca. 380 Ma) age for these stratigraphic units (Berry
and Marshall, 2015). Deformation is believed to have stopped prior to the deposition off middle
late FamennidrMississippian (Scheibner et al., 2012; Lindemann et al., 2013; Marstalll et
2015; Wartzen et al., 2019; Lopes, pers. comm. 2019) sedimentary rocks of the Billefjorden Group
(Vogt, 1938; Piepjohn, 2000). Previous works also suggested that huridedsinds of
kilometerscale strikeslip movement along Ns-striking faults, ., Billefjorden Fault Zone,
finalized the accretion of basement terranes constituting the Svalbard Archipelago (Harland et al.,
1974; Harland and Wright, 1979; Ohta et al., 1989), while more recent studies argue for limited
amounts of strikaslip movemen{McCann, 2000; Piepjohn, 2000).

In Pyramiden, in Dickson Land (northéagentral Spitsbergerfigure 1b), Proterozoic
basement rocks were thrudtmpwest onto Lower Devonian sedimentary rocks of the Wood Bay
Formation along the Balliolbreen Fault (Harland et al., 1974; Piepjohn, 2000; Bergh et al., 2011)
in Late Devonian times, and presumably undeformed uppermost Devbtlisaissippian clastic
ard coatbearing sedimentary deposits of the Billefjorden Group overlie folded Léovezrmost
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Upper Devonian metasedimentary rocks that were involved in Ellesmerian deformation. In
Triungen Figurelai b), folded gently dipping Lower Devonian rocks of the Wood Bay Formation

are juxtaposed against flging, undeformed, uppermost Devoriifgdermian strata of the
Billefjorden Group and Wordiekammé&mrmation along the TriungéGrgnhorgdalen Fault Zone
(McCann and Dallmann, 1996). In Sentinelfjellet and OdellfjieFegre 1b), the Balliolbeen

Fault thrusted Proterozoic basement rocks in the hanging wall over Devonian sedimentary rocks
of the Andrée Land Group and Mimerdalen Subgroup in the footwall and is thought to be
unconformably overlain by undeformed, uppermost Devanlississippian sdimentary rocks of

the Billefjorden Group, thus suggesting Late Devort@mwest thrusting(Friend and Moody

Stuart, 1972; Harland et al., 1974; Lamar et al., 1986).

2.4.Carboniferous basins

In Carboniferous times, ENEBVSW extension formed narrow, kilometeio tens of
kilometerwide, N'S- to NWi SEtrending troughs, e.g., Billefjorden Trough (Maher Jr., 1996;
McCann and Dallmann, 1996; Braathen et al., 2011), bounded by major faults suah as th
Billefjorden Fault Zone (Harland et al., 1974), which was reactivated as a normal fault from
Odellfjellet in the north to Reindalspasset in the south (Baelum and BraathenFRQL21ar b).

Shortly after the end of Ellesmerian deformation, partly eroded Devonian sedimentary
rocks of the Andrée Land Group and Mimerdalen Subgroup were covered by uppermost Devonian
Mississippian (Marshall et al2015), fluvial, coal and clastierich deposits of the Billefjorden
Group (Cutbill and Challinor, 1965; Cutbill et al., 1976; Aakvik, 1981; Gjelberg, 1981,; 1984
Figure2). These are divided into the Harbyebreen and Mumien formations, which are composed
of the Triungen and Hoelbreen, and Sporehggda and Birger Johnsonfjellet members respectively.
The Triungen ath Sporehggda members dominantly consist of clastics whereas the Hoelbreen and
Birger Johnsonfjellet members are composed of coal seams and coaly shales (Cutbill and Challinor,
1965; Cutbill et al., 1976; Aakvik, 1981; Gjelberg and Steel, 1981; Gjelbed; ERjure?2).

These deposits are found in Arctic areas stretching from the Barents Sea (Bugge et al.,
1995; Larssen et al., 2002) to Arctic Canada (Enkioad Formation; Davies and Nassichuck,
1988) and were presumably deposited during a period of tectonic quiescence (Johannessen and
Steel, 1992; Braathen et al., 2011; Smy&akora et al., 2018), though a sigttonic deposition
was also proposed for the rocks in Arctic Canada (Beauchamp et al., 2018), the Barents Sea
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(Koehl et al., 2018), Bjgrngya (Gjelberg, 1981), and in Spitsbergen in the northern part of the
Billefjorden Trough (Koehl and MuiieBarrera, 2018).

In the Pennsylvanian, fluvial to shaNlanarine sedimentary strata of the Gipsdalen Group
were deposited in subsiding basins. These are divided into the Hultberget, Ebbadalen,
Minkinfjellet, Wordiekammen and Gipshuken formations in central Spitsbergen (Cutbill and
Challinor, 1965; Johannesset®80; Gjelberg and Steel, 1981; Johannessen and Steel, 1992;
Braathen et al., 2011; Smyr&ikora et al., 2018), all of which range from late Serpukhovian to
earliest Permian in ad€igure2).

Sedimentary strata of the Gipsdalen Group are mostly composed of clastic, carbonate and
evaporitic deposits and karst breccia, and represent the thickest sedimentary succession in the
Billefjorden Trough (McWhael953; Cutbill and Challinor, 1965; Holliday and Cutbill, 1972;
Johannessen, 1980; Langy, 190igure2). The deposition of sedimentary strata of thétb&rget
Ebbadalen, and Minkinfjelldbrmations was accompanied by kilometer scale normal displacement
along N S-striking faults like the Billefjorden Fault Zone, whereas the Wordiekamareh
Gipshuken formations were deposited during minor tectonigigc(iGjelberg and Steel, 1981;
Fedorowski, 1982; Braathen et al., 2011; Sm®8#ora et al., 2018).

2.5. Eurekan deformation

In the Paleocene (ca. 62 Ma), Eurekan deformation initiated in western Spitsbergen due to
the opening of the Labrador Sea and Baffin Bay between Canada and Greenland (Chalmers and
Pulvertaft, 2001; Oakey and Chalmers, 2012) and resulted in the formaiih@\est Spitsbergen
Fold-and Thrust Belt between Kongsfjorden and Sgrkapp (Harland, 1969; Lowell, 1972; Harland
and Horsfield, 1974; Maher et al., 1986; Dallmann et al., 1988, 1993; Andresen et al., 1994; Bergh
and Grogan, 2003) and formation of a forelabasin, the Tertiary Central Basin, in central
Spitsbergen (Larsen, 1988; Petersen et al., 2016). Eurekan thrusts and folds in Spitsbergen
dominantly strike and trend NNVBSE (Harland and Horsfield, 1974; Bergh and Andresen, 1990;
Dallmann et al., 19938ergh et al., 2011Blinova et al., 2012) except in Kongsfjordéadgurela)
where they strike and trend WNWWSE (Bergh and Andresen, 1990; Beeglal., 2000; Saalmann
and Thiedig, 200, 2001 Piepjohn et al., 2001). Earl@enozoic thrusts in western Spitsbergen
commonly form décollements in shaly beds, e.g., in Triassic shales in Midterhuken (Maher, 1984,
Maher et al., 198@:igurela). In centrdleastern Spitsbergen, major Sistriking brittle faults like



the Billefjorden Fault Zone were partly reactivated by Eurekan deformation in Flowerdalen
(Harland et al., 1974; Haremet al.,, 1990; Haremo and Andresen, 19BRyure 1b) and

220 Reindalspasset (Baelum and Braathen, 2012) in the south, but were apparently unafietbedn
areas like Sentinelfjelletsée location irFigure 1b) where uppermost Devoniavississippian

strata seem to unconformably lie ovlee fault (Harland et al., 1974).

3. Methods
225 The present contribution usssike and dipneasurements of bedding and fracture surfaces
in Devoniari Mississippiansandstone, coals, aedaly shales of the Billefjorden Groapllected
in summer 2016 in PyramideRigurelb). These were used to determine the state of deformation
of the varioudithological units ofthe Billefjorden Groupto infer the presence of major faulénd
to assess fault kinematidgnfortunately only few slickensides of poor quality were recorded and
230 these are not presentiedthe present study
The study also useasicroscopic analysis of fault rocks and sedimentary rocks adjacent to
brittle faults as a confirmation tool (included in supplement Tin sections were cut
perpendicular to potentialittte faults in the fieldo better observed brittle deformation and offset
Cohesive fault rock was exclusively encountered in a gully below the mine entrance in Pyramiden,
235 along the potentidield occurrence of thBalliolbreen Fault.
Seismic data imearshore fjords in central Spitsbergen are from the Norwegian Petroleum
Directorate and uninterpreted seismic lines are provided in supplement 2. Seismic interpretation
was tied to data from exploration well 7816/t Reindalspassefigurelai b; Eide et al., 1991)
and timé& depth conversion of well data is based on checkshots from Equinor and Store Norske
240 Spitsbergen Kulkompani. The weglenetrated late PaleozoMesozoic sedimentary rocks and
ends at a depth of 2261 m with 54 m of uppermost DevoNlesissippian strata of the

Billefjorden Group.

4. Resultsand interpretations
245 4.1.Field and petrological data
4.1.1. Pyramiden
In Pyramiden, a steepbastdipping, N S-striking brittle fault crops out in a gully below
the entrance of thel®sian coal mineSigure3). This fault is located halivay to the mine in the



gully and crosscuts steeply eadipping Lower Devonian sedimentary rocks of the Wood Bay
250 Formation (Figure 2), which are involvd into a large fold structure with Devonian bedding
surfaces locally overturned to the e@sgure3 andFigureda, and applement 3). The fault shows
meterthick lenses ofcataclastic fault rock (supplement 1). Devonian sedimentary rocks are
dominated by poorly deformed quartz crystals showing undulogmcton and limited
recrystallization (supplement 1), whereas cataclastic fault rock shows distributed fractures with
255 little (centimeterscale) to no displacement.
There is no trace of Proterozoic basement rocks in this area although field studies and
geological maps suggest that Proterozoic basement was thrusted over Lower Devonian strata along
the Balliolbreen Fault (McCann, 1993; McCann and Dallmann, 1996; Piepjohn et al., 1997,
Dallmann et al., 1999, 2004; Bergh et al., 2011; svalbardkartet.npolé@ample preparation for
260 thin sectioning actually proved problematic for Devonian sedimentary (Qukstziticsandstone)
located in the hanging wall of the presumed fault, which resulted in misleading thick sections
showing quartz crystals resembling pyenes (supplement 1). Thus, it is more likely that earlier
maps showing exclusively Devoniavlississippian sedimentary rocks of the Wood Bay Formation
and Billefjorden GrougFigure2) below the mine entrance by Harland et al. (1974), Aakvik (1981),
265 Lamar et al. (1986), and Trust Arktikugol (1988; Sirotkin, pers. comm. 2019) are correct.
Farther up the gully, a onevo mete-thick succession of interbedded sandstone and coal
is juxtaposed against steeply ediiping Lower Devonian strata to the west and overlain by a (at
least three meter) thick layer of uppermost Devdridiasissippian coals of the Billefjorden Group
that shows phyllitic shear fabricd=igure 3 and Figure 4b and supplement)4 The presence of
270 abundant coal suggests that thisiawe meters thick unit is part of the Billefjorden Group as well
(Figure2). Bedding surfaces within the ditevo meterthick succession dip gentlgteeply to the
east Figureda), display sigmoidal geometries withlike shapes, and terminate abruptly against
the three metethick layer of uppermost DevoniaMississippian phyllitic coal upwards and
against Lower Devaan rocks downwards (dashed yellow linessigure4b). In addition, coaly
275 shales within this succession display phyllitic fabrics similathtise observedithin overlying
coals, and seem to form repeated successions of alternating beds of sandstone and coaly shale
truncated by steeply eadipping sigmoidal fault surfaces (thin dashed red linésgnre4b). The
Z-like sigmoidal shape of bedding surfaces, phyllitic shear fabrics of the coaly shales, and possible
repetitions of the succession suggest that the steeplyippstg, sigmoidal faults crosscutting the
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succession are imbricate thrust faultsrgst@et 3 m Figure3), i.e., possible link thrusts (McClay
and Insley, 1986), which accommodated-togst to topWWNW movements. The truncation of
sandstoniecoaly shale beds upwards and downwards, the abrupt transition (pardyed by
screes) with underlying Lower Devonian rocks and overlying uppermost Devdfigsissippian
coals, and &haped phyllitic shear fabrics within overlying coals ssggeat the sandstoheoaly
shale succession is bounded by modétate-angle, eastlipping floor and roofthrusts (McClay,
1992) with topwest to topWNW sense of shear. In cressction, the interaction of intra
succession, steeply ealipping link thiusts and intesuccession, moderaiew-angle floor and
roof-thrusts defines an eadipping duplex structure (Boyer and Elliott, 1982) of imbricate thrusts
bounded upwards and downwards by potential décollements and/or detachments parallel to original
(i.e., prior to deformation) bedding surfaces (e.g., thick red lines showing the transition from
interbedded coaly shales and sandstone to coal, and from coal to sands$tapueedb). The
nomenclature of hindward/forwaxipping duplexes of Boyer and Elliott (1982) does not apply
here since th foreland of the West Spitsbergen Faltt Thrust Belt (Tertiary Central Basin) is
located southeast ®fy r a mi den . Thus, the term fklpgngwar do
character of the duplexes, i.e., oppositely to the inferred transport direction.

Above the mine entrance, sedimentary rocks of the Billefjorden Group are dominated by
yellow sandstoa that are crosscut by dominant WNBRSEstriking fractures and subsidiaryi N
S and ENEWSW-striking fractures (stereonets 1 and 2Higure 3) showing obliqueslip
kinematics. Poorly preserved slickenside lineations did not yield any information on relative
displacement between footwall and hanging wall. In the west, dark sandstone and quartzite crop
out and conta fossil wood, which are probablyower Devonian in age. The contact between the
Lower (i lowermost Upper?) Devonian dark sandstone and uppermost DeMdigaissippian
yellow sandstone of the Billefjorden Group, and ifid@vonian lithological contacts.@, between
Devonian quartzite ahdark sandston&jgure4a), although partly covered by screes and/or mostly
made of loose blocks, do not appear to be faulted or tectonized and trend d.BE8EWO NW
SE as beddm surfaces appear to change from matyi steeply eastlipping below the mine
entrance to gently NNHipping above the mine entrandgdure3 andFigure4a), i.e., parallel to
the dominant fault trend in both uppermost DevonMississippian (stereonet 1 Kigure3) and

Lower (' lowermost Upper?) Devonian rocks (stereonet Bigure3).

10



310 Noteworthy, most outcrops of uppermost Devonbississippian strata in this part of the
study area trend i®V to WNWI ESE. Thus, the dominance of WNWSEstriking faults is
unlikely the resulof measurements flawed by a preferential outcrop trend, sinde © WNWI
ESEtrending outcrops would rather favor identification and measuremerit®stiking faults.

A possible interpretation of outcrops and structures in Pyramiéigaré 1b) is that the

315 subvertical, NS-striking brittle fault within steeply eastipping Lower Devonian strata in the
gully below the coal mine entrancEigure 3 and Figure 4a) represets the Balliolbreen Fault
segment of the Billefjorden Fault Zone, and that-Emygle roof/floor thrusts between Lowér (
lowermost Upper?) Devonian rocks and the overlying successiomppermost Devonidn
Mississippian sandstone, coaly shale and ce@u(e 4b) correspond to the upwaflttening

320 continuation of this fault. However, no fault was observed between Lévesvermost Upper?)
Devonian rocks of the Andrée Land Group (and Mimerdalen Subpyrand sandstones of the
Billefjorden Group above the mine, and lithogical and stratigraphic contacts there display
significantly different trends (WNWESE to NW SE; Figure4a).

325 4.1.2. Triungen
Fieldwork in Triungen (see location irrigure laib) showvs that the Triungen

Grgnhorgdalen Fault Zone (McCann and Dallmann, 1996) and the contact between Lower
Devonian of the Wood Bay Formation and overlying uppermost Deviddigsissippian
sedimentary rocks of the Billefjorden Group along the fault are largely covered by dark screes

330 (Figured4cie). In the hanging walthough, Lower Devonian sedimentary strata are moderately
tilted to the south and define an angular unconformity with overlying)yilagy strata of the
Billefjorden Group Figure4c). Based on the presence of thick,-fighg, coatrich strata in the
lower part of the Billefjorden Group overlying LowBevonian sedimentary strata in the hanging
wall of the fault, the dark screes along the fault tr&igufre 4di €) areinterpretedto represent

335 uppermost DevoniamMississippian coalxoaly shales that might have been dragged along the
Triungeri Grgnhorgdalen Fault Zone during tectonic movements.

4.2.Seismic data

4.2.1. Seismic units and stratigraphy

11
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In seismic sections, Precambii&aledonianbasement rocks commonly show chaotic
reflections, most likely arising from their complex tectonic history (e.g., Caledonian folding,
shearing, thrusting and peSaledonian extensional and contractional overprints), and subparallel
reflections, possibly aoesponding to seismic artifacts (e.g., multipléSgure 5ai g; see
DataverseNO for highesolution versions of all figures and supplements
https://doi.org/10.18710/MXKQPE

Potential Devonian rocks of the Andrée Land Group in Reindalsp@sgate lai b and

Figure2) are characterized by partly disrupted, seomtinuous, sulparallel to chaotic, moderate

to low-amplitude seismic reflectiongrigure 5g). The moderateto low-amplitude character of
internal seismic reflections within this seismic unit suggests that it is made up with relatively
homogeneous deposits with minor lithologicaliadons. ThusPevonian rocks in Reindalspasset
areinterpreted to consisf thick successions of medidno fine-grained sedimentary rocks such

as siltstone and shales, possibly of the Loviz@mvonian Wood Bay(or timeequivalent
Marietogoen Formation in southern Spitsbergangl/or Middle Devonian Grey Hoek and/or Wijde
Bay formations

Uppermost DevonidrMississippian sedimentary rocKgigure 2) are characterized by
high-amplitude seismic reflections that are most likely the product of acoustic impedance contrast
between low density coal seams interbedded with clastic depositss&sigtic facies is relatively
common for uppermost Devoniavississippian sedimentary rocks in the Norwegian Barents Sea
(Koehl et al.,, 2018; Tonstad, 2018). In Reindalspasset, uppermost Dé\Mississippian,
phyllitic, coatrich deposits of the Billefjalen Group were penetrated by exploration well 7816/12
1 at a depth of 2261 m (Eide et al., 1991), which corresponds to a time of 0.96 s (TWT) when time
converted Figure5g).

PennsylvaniaiPermian sedimentary strata of the Gipsdalen G(Bigure 2) are mostly
composed of packages of subparallel{tovmoderateamplitude seismic reflections separated by
discrete, moderateto high-amplitude reflections. The Hultberget and Ebbadalen formations
dominantly show partly disrupted, subparallel reflectipassibly representing mediurto fine-
grained sedimentary strata (e.g., of the Trikolorfjellet Member) that, in places, alternate with
chaotic seismic facies probably characterizing cegramed sedimentary deposits (e.g., of the
Odellfjellet and/or Ebbalva members; Johannessen, 1980; Johannessen and Steel, 1992; Braathen
et al., 2011; SmyrakSikora et al., 2018). The Minkinfjellet and Wordiekammen formations are
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dominated by a thick package of spérallel, moderateto low-amplitude seismic reflections
mostly representing carbonate and gypsum depoBiturge 5). The top reflection of the
Wordiekammen Formation is characterized by high ammitadd is relatively easy to trace
throughout the study aredi@ure 5). Finally, the Gipshuken Formation displays chaotic to
subhorizontal andubparallel lowamplitude seismic reflection&igure5). The Wordiekammen

and Gipshuken formations are easily identified on seismic data because they crop out at sea level
along the northern shore of Sassenfjorden and Tempelfjorden and, henbe,digattly tied to
onshore geology (Dallmann et al., 2004, 2009; Dallmann, 2015). Mesozoic sedimentary rocks are

not the focus of the present study and were therefore not described.

4.2.2. Structures in Sassenfjordefempelfjorden

Seismic data in Sassenfjord@rempelfjordenFigurelai b) show that basement rocks and
overlying, uppermost DevoniaRermian sedimentary rock$ the Billefjorden and Gipsdalen
groups are folded into two open, upright, NBE to WNWi ESEtrending fold structures that
coincide with similarly trending, several kilometeide, elongated ridges representimglifted
portion of the seafloor in Sassenfjen and Billefjorder{Koehl, 2020; Koehl et al., submitted),
and with steeply NNHlipping, basemergeated faults mostlyonfined to basemeritDevonian?)
rocks and uppermost Devoniavississippian coatich deposits of the Billefjorden Group, or that
die out upwards in the lower part of the Gipsdalen Grdtgure5a). Based on the minor reverse,
top-SSW offset of thickened uppermd@vonian Mississippian sedimentary strata, it is probable
that the two gentle fold structures formed in the early Cenozoic agpfapiagation folds due to
upward propagation and reverse reactivation/overprinting of-Nigging basemerdeated faults.

Sebmic data in Sassenfjorden and Tempelfjorden also shatwhighamplitude seismic
reflections characterizing uppermost Devoiildississippian sedimentary rocks significantly
thicken (approximately twice thicker) towards the seshithwest, near the insarction of the
eastdipping Billefjorden Fault Zone with NN#ipping basemergeated faults, potentially
suggesting that uppermost Devonilhssissippian rocks represent early gy sedimentary
deposits (Prosser, 1993) and are part of the initiatigge f@@awthorpe and Leeder, 2000) of the
Billefjorden Trough Figure5ai b). There, highamplitude seismic reflections representing €oal
rich uppernost DevonianMississippian strata display laterally disrupted, (Sptilted, Z-shaped
geometriesKigure5b and e) that contrast with contingsubparallel, subhorizontal geometries
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of the reflections in the northeadtidure 5a, and €e). Since similar Zhaped geometries
interpreted as duplex structures comprised of beegiémgllel décollements (floerand roof
thrusts) connected by beddioblique linkthrusts wee encountered in locally thickened, coal
rich, uppermost DevoniaMississippian sedimentary deposits in Pyramideigure 4b), it is
conceivablehat, in Sassenfjordéiempelfjorden too, significant rheological contrasts between
uppermost DevonidmMississippian codlcoaly shale and sandstone of the Billefjorden Group
localized the formation of duplerelated décollements and thrust faults duriagyeCenozoic
deformation

Locally, moderateto low-amplitude, subparallel seismic reflections of the Hultberget,
Ebbadalen, Minkinfjellet and Wordiekammen formations are disrupted by and slightly bending
along moderate to shallow dipping, beddoigique reflections, which are interpreted as minor
early Cenozoic thrust faultsigure5a, c, d and f). These minor thrusts appear to flatbemwards
and die out within higlamplitude seismic reflections of the Billefjorden Group, thus supporting
the presence of beddimarallel décollements in uppermost Devoinddississippian sedimentary
rocks Figure5c).

Seismic reflections within the overlying Gipshuken Formation dip gently to moderately and
display continuous to partly chaotic faci€sgure5f). These are disrupted by possible gently- NE
to east and SW to westdipping thrusts that seem to flatten downwards into the Top
Wordiekammen Formation reflection, forming parpogsible imbricate thrust systenkégureba,
c, d and f) resembling thrusts within coals and coaly shales of the Billefjorden Gigupedb).
This interpretation is supported by onshore Eurekan thrust geometries on the northern shore of
Sassenfjorden (supplement 5). Thisgeggs the presence of (a) décollement level(s) within the
Wordiekammen Formation and/or at the boundary between the Wordiekammen and Gipshuken
formations. Internal seismic packagesthin the Gipshuken Formatiounlisplay significant
thickness variations, pching out laterally and, in places, becoming as thick as the whole
Gipshuken FormatiorF{gure5a, c, d and f). These thickness variations are tentatively related to
tectonic thickening due to early Cenozoic thrusting and, potentially, to the presence of partially

mobile evaporite withithe Gipshuken Formation (Dallmann et al., 1999).

4.2.3. Structures in Reindalspasset

14



435

440

445

450

455

460

Seismic data in Reindalspasset showi&Nending open fold structurd-igure 5g). In
Lower Middle Devonian rocks, the lowermost part of the fold shows-semiinuous to chaotic,
moderateto low-amplitude, locally undulating seismic reflections that display intensive disruption
and sigmoidshaped geometrieg-iure 5g). Moderate to low-amplitude reflections within
sigmoidshaped seismic packages display &d Zshaped geometries that are diseap
respectively by moderately wesind eastlipping reflections that appear to be responsible for the
thickening of internal units and that flatten and die out upwards prior to or at the boundary with
overlying uppermost DevoniaNississippian rocksHigure 5g). Thesesigmoidshaped seismic
packages are interpreted as thickened sheets crosscut by early Cenozoic thrust faulitaited, in
form duplex structures comprised of fle@and roofthrusts connected by link thrusts. Associated
undulating reflection geometries are thought to represent folding. Based on tbensinbous,
low- to moderateamplitude seismic facies and on thegence of folds and beddisgbparallel
thrusts, it is probable that (at least the upper part of) this seismic unit is composed-atkhale
Lower Middle Devonian sedimentary strata of the Wood Bay and/or Grey Hoek and/or Wijde
formations.

The core ofhe fold is partly composed of gently welpping to flatlying, high-amplitude
seismic reflections representing coigh sedimentary strata of the Billefjorden Group, which were
penetrated by exploration well 7816412t a depth of 2261 m (Eide et 4B91), i.e., 0.96 s (TWT,;
Figure5q). In the east, sedimentary strata of the Billefjorden Group can be traced as continuous,
gently westdipping,sub-parallel reflections that thicken westwards against the eastern limb of the
fold and that are locally folded and disrupted by a few gently-dipging, beddingsubparallel
reflections that accommodate local thickening of the Billefjorden Group andehmay represent
minor early Cenozoic thrust fault§igure 5g). High-amplitude reflections of the Billefjorden
Group are thickest within théold hinge, where they show undulating geometries and are
intensively disrupted. These disruptions may be the result of early Cenozoic thrusting along low
angle, beddingubparallel faults, which are probably responsible for the thickening of uppermost
Dewvoniari Mississippian strata within the fold hinge and are possibly forming part of an antiformal
stack or ramp anticlind={gure5g). The largestf these potential early Cenozoic thrusts localized
along the boundary between uppermost Devamassissippian and Pennsylvanian sedimentary
strata, i.e., parallel to the eastern limb of the fold, and splays upwards into four faults. This fault
and assdated splays quickly die out upwards within the fold hinge in the upper part of the
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uppermost DevonidmMississippian and in the lower part of the Pennsylvanian sedimentary
succession, offset sediments of the Billefjorden and Gipsdalen groups in a remenseg (possible

465 repeated portion of the Billefjorden Group), and flatten into the base of the Billefjorden Group or
uppermost part of the Lowigvliddle Devonian successiofrijure5g). The lowermost splay of
this thrust was most likely penetrated by exploration well 7816/aAd consists of phyllitic coal
and sheared coaly shales of the Billefjorden Group (Eide et al., ERRte5g). Beddingparallel
thrusts in uppermost Devoniadississippian strata are further supported by the presence of an

470 analogous, suhborizontal, beddingparallel fault within the overlying MiddidJpper Triassic
sedimentary rocks of the Barentsgya Formation, which was also penetrated by well-18416d12
represents a possible early Cenozoic décollement (Eide et al., 1991; see uppeninakt cutial
fault in Figure5q).

Continuous to sertontinuous, parallel, dominantly moderate high-amplitude seismic

475 reflections representing Resylvaniainlower Permian sedimentary strata of the Hultberget,
Ebbadalen, Minkinfjellet and Wordiekammen formations thicken eastwards and westwards away
from the fold hinge, i.e., opposite to sedimentary rocks of the Billefjorden Group, and appear to be
affected by much fewer disruptions and, therefore, to be only mildly deforiFigdré 59).
Pennsylvaniailower Permian strata are thickest alothg eastern fold limb where they are

480 crosscut by three splays of the early Cenozoic thrust localized along the boundary between the
Billefjorden and Gipsdalen groups and by a steeply-dipging brittle fault. This steeply east
dipping fault shows a plangeometry in crossection, thickening of the Hultberget, Ebbadalen,
Minkinfjellet and Wordiekammen formations in the hanging wall, minor normal offsets of seismic
reflections within these stratigraphic units, and dies out within the lower part of tltkdkonmen

485 Formation upwards and the upper part of the Lowéaldle Devonian succession downwards.
Based on crossection geometries, offset kinematics, and thickening of stratigraphic units, this
steeply dipping normal fault is interpreted as a Carbonifermrmal fault possibly representing

the southwards continuation of the Billefjorden Fault Zone.
490 5. Discussion

5.1.Implications of contractional duplexes and décollements in DevbNiessissippian

sedimentary rocks for Ellesmerian and Eurekan deformation
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Uppermost DevonidrMississippian sedimentary rocks of the Billefjorden Group in
Pyramiden [Figure4b) and Sassenfjordémempelfjorden Figure5a, b, d and )eare arrangeth
gently dipping duplexes comprised of interbeddediaually shale and sandstone deposits with
sigmoidal shear fabrics and (imbricate) link thrusts (McClay andyn$986) connecting bedding
parallel décollements (roof and floor thrusts/detachments; McClay, 1992) localized along
lithological boundaries. These structures and geometries are typical in coal deposits reworked by
contractional deformation (Phillipso2003, 2005; Molinda, 2003; Elizalde et al., 2016). The
interpretation of beddingarallel décollements is supported by minor early Cenozoic thrusts
crosscutting the Hultberget, Ebbadalen, Minkinfiellet and Wordiekammen formations in
Sassenfjordamempelfjaden igure laib) that flatten downwards and die out within
sedimentary strata of the Billefjorden Groigure5c), and by the presence of analogous shallow
dipping, beddingparallel décollements in uppermost Devoriidfississippian coals and coaly
shales sedimentary strata of the &jlbrden Group in Odellfjellet (Koehl and Mufi@arrera,
2018), in Robertsonbreen (between the uppermost Devdvlississippian Hgrbyebreen
Formation and Pennsylvanidde r mi an Wor di ekammen For mati on;
in northeastern Bjgrngya (Kbl, in prep.), at Midterhuken and in St. Jonsfjorden (where the
unconformity between uppermost Devoriihssissippian and Pennsylvanian sedimentary rocks
possibly acted as a décollement/subhorizontal thrust; Maher and Welbon, 1992; Gasser and
Andresen, 203; Figure 1a), in Nordenskiold Land (Braathen and Bergh, 1995), and, potentially,
in Oscar | Land (Bergh and Andresen, 1990) and Wedel Jarlsbergi Tamell Land (Dallmann
and Maher, 1989Figure 1a). Imbrication within the duplexes in Pyramiden indicates\wast
thrusting, and most likely reflects Euagk contractiontranspression since it ifié only post
Mississippian episode of contractidgranspression recorded in Spitsbergen. Similar Eurekan
duplex geometries with sigmoidal bedding surfaces and link thrusts were also observed in Triassic
strata in Spitsbergen (Andresen et al., 1992; HarangdoAndresen, 1992; Andresen, 2009), thus
further supporting an interpretation of early Cenozoic thrusting in Pyramiden.

In Reindalspasset, potential décollements anddogle thrusts folded into a gentle upright
anticline and possibly forming an antifoahthrust stack were identified on seismic data within
Loweri Middle Devonian strata of the Wood Bay and/or Grey Hoek and/or Wijde Bay formations
and uppermost DevoniaNlississippian rocks of the Billefjorden Grougrigure 5g). In
tectonically thickened and mildly folded uppermost Devonidississippian rocks, lovangle
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brittlei ductile thrust faults are comprised of phyllitic (i.e., sheared) and brittle coaksti(gtea by
well 7816/121 at a depth of 2262280 meters; Eide et al., 1991) that are similar to sheared
uppermost DevonidamMississippian coals in Pyramiden, and are arranged into potential duplexes
that are comparable to duplexes and thrust systems iermppt DevoniaiMississippian
sedimentary rocks in Pyramidefigure 1 and Figure 4b) and Sassenfjordeéfempelfjorden
(Figure l, andFigure5b and e). The geometries of these duplexes, thrusts and décollements
seismic data in Spitsbergen are similar to analogous structures on seismic data worldwide (e.g.,
Morley et al., 2017, thefigure 8). Potential Lowé&Middle Devonian rocks shogigmoidshaped
duplex structures, décollements, folding and thrusting comparable to deformation structures in
analogous rocks in Andrée Land, e.g., Bravallafjella Fold Zone (Piepjohn, 2006aballand
Piepjohn, 202Q)andin southern Spitsbergen (e.g., RekensBigire 1a; Dallmann, 1992), thus
potentially supporting the preservation of Devonian sedimentary rocks of the Andrée Land Group
(and/or Mimerdalen Subgroup) east of the Billedgn Fault Zone in Reirdspasset, pending that
the observed normal fault does actually represent the southern continuation of the Billefjorden
Fault Zone Figure5g; see sectio®.3). The presence of décollements within Lokdiddle (I
lowermost Uppe?) Devonian rocks is further supported by the observation of similar structures
between shale and sandstone units of the Wood Bay and Grey Hoek formations in Andrée Land
(Roy, 2007, 2009; Roy et al., unpublished).

Based on the significant differences infatenation styles, it is probable that the
décollements and backwadipping duplexes in sheared uppermost DevdrNéssissippian
coal$ coaly shales decoupled early Cenozoic Eurekan deformation between foldedjcshale
Lower Devonian rocks and undeformeéd poorlydeformed uppermost DevonidPermian
sedimentary strata in PyramideRiqure 3 and Figure 4b). Seismic dta in Sassenfjordén
Tempelfjorden also show potential duplexes and décollements within uppermost Devonian
Mississippian coatich depositsKigureba, b, d and e). In these fjords, steeply dipping, basement
seated brittle faults seem to have propagated upwards during early Cenozoic Eurekan deformation,
resulting in faukpropagation foldig and reverse offsets in uppermost DevoiRermian
sedimentary stratd={gure5a and c). These faults die out upwards within uppermost Devionian
Pennsylvanian sedimentary rocks, while minor early Cenozoic thrusts crosscutting Penngylvanian
Permian sedimentary strata appear to flatten downwards and die out inEmipgtude seismic
reflections interpreted as uppermost DevonMississippian coalsthus, also suggesting
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decoupling of Eurekan deformation by early Cenozoic décollements in uppermost Dévonian
Mississippian coals of the Billefjorden Group.

In Reindalspasset, early Cenozoic duplexes and thrusts within potentiali Micie
Devonian strat of the Wood Bay and/or Grey Hoek and/or Widje Bay formations die out upwards
and minor thrusts within Pennsylvani&ermian rocks die out downwards near or at the boundary
with coaltrich sedimentary rocks of the Billefjorden Grodpgure5g), thus also supporting the
presence of early Cenozoic décollements within uppermost Devdississippian coaly shales
and coals and (partial) decouplingEidrekan deformation. Thickened caelh deposits are long
known to be able to decouple deformation both in contractional (Frodsham and Gayer, 1999, their
figures 1b, 2, 7 and 9) and extensional settings (Wilson and Wojtal, 1986, their figures 7 and 10).
In Svalbard, recent field studies by Koehl and MuBazrera (2018) in the northern part of the
Billefjorden Trough in Odellfjellet Figure 1b) showed that beddingarallel duplexshaped
décollements in uppermost Devoriidfississippian coaly shales may have partly inhibited early
Cenozoic Eurekan contracticmanspression in overlyg Pennsylvanian strata, thus further
supporting the presence of such décollements in PyramiBeguré 4b), Sassenfjordén
Tempelfjorden Figurebai f) and Reindalspassetiguresq).

Uppermost DevonidrMississippian coatich strata are locally thicker in Pyramiden, thus
resulting in their exploitation by Russia until the early 90s (Livshitz, 1966; Cutbill et al., 1976).
They are also thicker in Sassenfjorden in the hangialof the eastlipping Billefjorden Fault
Zone near the intersection with a NMipping basemerdeated faultKigurel, andFigure5ai d),
and within the hinge zone of the anticline adjacent to the possible southward continuation of the
Billefjorden Fault Zone in ReindalspasskEigure5g). Recent studies of sedimentary rocks of the
Billefjorden Group in the Ottar Basin (Tonstad, 2018), the Finnmark Platform (Koehl et al., 2018)
in the SW Barents Sea, and the nerthpart of the Billefjorden Trough (Koehl and MufBarrera,

2018) show that uppermost Devoriidfississippian sedimentary strata were deposited into
subsiding basins bounded by normal faults. In addition,-&mgplitude seismic reflections in the
Ottar Bain representing thickened, ceoath, uppermost DevonidaMississippian sedimentary
strata analog to those observed in Sassenfjoiidampelfjorden are thickest on basin edges where
fluvial systems dominated in latest Devoniltississippian times (Tonstad(018). It is possible
that, in Spitsbergen too, thick uppermost Devoinldississippian coal seamgre restricted to the
basin edges along boundary faultéis would explairthe localization of contractional duplexes
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and décollements iareas such as Pyramiden, Sassenfjorden, Reindalspasset and (potentially)
Triungen during early Cenozoic deformatidrhese contractional duplexeartially decoupd
deformation between Lowdowermost Upper Devonian sedimentary rocks of the Andréel La
Group and Mimerdalen Subgroup and thick PennsylvaRiarmian deposits of the Gipsdalen
Group, and locally shiettithe latter from Eurekan deformation, while Pennsylvanian sedimentary
rocks in basinal areas in the hanging wall of the OdellfjelletitRaere involved in Eurekan
deformation, and Carboniferous normal faults were inverted, e.g., in Odellfjellet (Koehl and
MufiozBarrera, 2018), LavehovdéHultberget (Dallmann, 1993; Maher and Braathen, 2011),
Adolfbukta (Harland et al., 1988), Lykteneggtoehl et al.,2020, Anservika (Ringset and
Andresen, 1988), and Sassenfjordeigre5ai f).

Based on field and seismic data in central Spitsbergen (present study; Koehl and Mufioz
Barrera, 2018; Koehl et al2020 and on analog modelling (Bonini, 2001), it is possiliat t
Loweri lowermost Upper Devonian sedimentary deposits of the Andrée Land Group and
Mimerdalen Subgroup were folded exclusively in early Cenozoic times since the differences in
deformation style and intensity between Devonian and Carbonifd?eumian degsits can be
explained simply by decoupling of Eurekan deformation by weak, uppermost Deévonian
Mississippian, coaland shalegich sedimentary deposit$ the Billefjorden Group (FigsFigure
4b, andFigureb5ai e and g; Koehl and MufieBarrera, 2018). Henca,shorilived episode of Late
Devonian (Ellesmerian) deformatiaa not required to explain differential deformation within
Lower Devonian to rmian sedimentary successions in central Spitsbergen, thus potentially
simplifying the late Paleozoic tectonic history of the area by reducing it to the Caledonian Orogeny
and laté postCaledonian extensional collajjs#ting. This is further supported lgyfield study in
Robertsonbreen (central Spitsbergeigurelb ) , wher e Di bmann and Gr ewi
sedimentary strata of the lowermost Upper Devonian Planteklgfta Formation and uppermost
Devonian Mississippian Hgrbyebreen Formation are bathilarly folded, i.e., suggesting that
early Cenozoic deformation may be (at least partially) responsible for folding of ilowermost
Upper Devonian rocks of the Andrée Land Group and Mimerdalen Subgroup in central
Spitsbergen.

Strain decoupling, déc@ients and contractional duplexes are common features in the
West Spitsbergen Foland Thrust Belt and were described at various locations and within varied
rock types and stratigraphic units. Notably, Ringset and Andresen (1988) and Harland et al. (1988)
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discussed the presence of subhorizontal, beeutngllel décollements within Pennsylvanian
evaporites of the Ebbadalen and Minkinfjellet formations in eastern Billefjorden, from which early
Cenozoic Eurekan thrusts may have ramped upwards into trailorgcate fans (Boyer and Elliott,

1982) due to lateral lithological variations within Pennsylvanian formations (Ringset and
Andresen, 1988). In addition, in western Spitsbergen, Maher (1988), Saalmann and Thiedig (2000)
and Bergh and Andresen (1990) desaditearly Cenozoic décollements and gently hinterland
dipping duplexes in uppermost PennsylvanRermian sedimentary deposits of the
Wordiekammen, Gipshuken and Kapp Starostin formations, which may represent analogs to
duplex structures and associated lieglgharallel décollements and leangle thrusts within
uppermost DevonidmMississippian coals and coaly shales in Pyramiden, Sassenijorden
Tempelfjorden and Reindalspasdeag(re4b andFigure5). Noteworthy, a model of critical wedge
taper for the West Spitsbergen FalddThrust Belt predicted an increasing influence of
decoupling (as observed in Pyramiden, Sassenfjoidanpelfjorcen and Reindalspass€&igure

4b andFigureb5) towards the foreland of the fold and thrust belt, i.e., near the study area in central
Spitsbergen (Braathen et al., 1998). these earlier models and observations are in agreement
with the model of strain partitioning and decoupling along bedgiatnllel décollements and

thrusts proposed by the present study in Pyramiden.

5.2.Formation mechanism for duplexes and décollements in uppermost Dévonian
Mississippian rocks in Pyramiden
Backwarddipping duplexes in Pyramiden are juxtaposed againstdgasing (and locally
overturned westlipping) Devonian strata of the Andrée Land Group and Mimerdalen Subgroup
(Figures 2 and 3a and b) adjacent to and showing similar attitude to major fold striuctures
Mimerdalen thus far ascribed to the Ellesmerian Orogeny (Vogt, 1938; Piepjohn, 2000; Bergh et
al., 2011).It is possible that, during early Cenozoic folding, Lomewermost Upper Devonian
rocks of the Andrée Land Group and Mimerdalen Subgroup in tils¢ may have acted as a
relatively rigid buttress, i.e., partly deforminigut not as easily as overlyingeak uppermost
Devonian Mississippian coals and coaly shales of the Billefjorden Gritnap localized the
formation of duplexes and décollements, ,&hds,allowing these structures to ramp upwards to
the west. This is supported by field studies (Fard et al., 2006) and analog modelling (Bahroudi and
Koyi, 2003) in the Zagros Foldnd Thrust Belt showing buttressing, backwaligping duplexes
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and décollments in the hanging wall of despated faults, and by analog modelling of
décollements in weak sedimentary layers with limited lateral extent (Costa and Vendeville, 2002,
t heir mod el 3) . Notabl vy, Costa andhorixoatal d e v i
sedimentary strata may have been tilted backwards (i.e., eastwards in Pyramiden) during
contraction, and that décollement lithology (i.e., uppermost DevioMi@sissippian codlcoaly

shale) may be incorporated and transported\ftesgt to topWWNW in Pyramiden;Figure4a) as

part of the hanging wall sequence during thrusting. In Pyramiden, this is supported by drill data
from Trust Arktikugolshowing that coal seams of the Billefjorden Group at the mine continue
eastwards and preserve a gdntlederate dip to the east (Aakvik, 1981, his figure 8.2.5). This
interpretation implies the presence of the Balliolbreen Fault in Pyramiden, whicltussiéd in
section5.3.

Another possibility is that the Pyramiden outcrop represents a mildly inverted extensional
fault-block that was gently folded due to upward propagation of the Balliolbreen Fault (if present
at all in Pyramiden; see sectiérB) and Odellfjellet Fault (e.g., gentle tilt to the esstitheast of
strata of the Minkinfjellet Formation in Pyramiden; Koehl et al.,@0Faultpropagation folds
(Schlische, 295) were discussed along the Lgvehovden Fault (Maher and Braathen, 2011) and
Billefjorden Fault Zone (Braathen et al., 2011; Baelum and Braathen, 2012) in cental Spitsbergen.
However, this model implies the existence of the Balliolbreen Fault in Pyraesdesteeply east
dipping fault, which is not obvious (see sectt8), and, alone, does not explain the presence of
beddingparallel décollementsna backwaredipping duplexes within uppermost Devoriian
Mississippian coals and coaly shales of the Billefjorden Group in Pyramiden and Sassénfjorden
Tempelfjorden Figure4b, andFigure5b and e). Moreover, seismic data in Reindalspasset show
that a steeply easlipping normal fault potentially representing the southwards continuation of the
Billefjorden Fault Zone (OdellfjelkeFault?) is located along the eastern flank of a broad, gentle
anticline Figure 5g) and, hence, might be related to (or might have interagiéd the fold
structure but is most likely not the cause of folding in this area.

Analog modelling of inversion in asymmetric hgifaben basins shows features similar to
those observed in Pyramiden, demonstrating a potential relationship between wgalynadt
sedimentary deposits and segments of Basunding faults (Buiter and Pfiffner, 2003, their figure
6a). Notably, in presence of weak, gyt sedimentary rocks in basedge faukblocks, newly
formed shortcut shear zones or faults (McCE889) may branch off preexisting inverted basin
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bounding normal faults, and ramp up into the weak;rgysedimentary strata, potentially using
décollement levels to accommodate contraction. Buiter and Pfiffner (2003) further argue that
basement blocksxperience much less contracticglated rotation along preexisting normal faults.
Thus, a possible scenario for the early Cenozoic tectonic history of the Billefjorden Fault Zone in
Pyramiden might involve the formation of a shortcut shear zone or faatj ah inverted portion
of the Billefjorden Fault Zone at depth, branching off and ramping upwards into, weakardal
coaly shaledominated sysiift sedimentary rocks of the Billefjorden Group, forming bedéding
parallel décollements (Phillipson, 2003,080 Molinda, 2003; Elizalde et al., 2016) and east
dipping, backwarelipping duplexesKigure4b).

Alternatively, early Cenozoic reverse reactivation/overprinting of the potentially upward
flattening Balliolbreen Fault (if present at all in Pyramiden; see sest®might have triggered
the development of a décollement within and of a faatid hanging wall anticline (e.g., the Kuga
Fold Belt in northwestern China; Wang et al., 201zquierdeLlavall et al., 2017) above
uppermost DevonidmMississippian coals, e.g., in Reindalspasseégure 5g). In this scenario,
backwarddipping duplexes and décollements in uppermost DevoNlesissippian coalxoaly
shales may have acted as a roof décollement decoupling uppermost DelRemaian strata from
(Loweri lowermost Upper) Devonian rocks, passively thrusting the foower the latter (Bonini,
2001). Through this process, the length of the roof sequence (uppermost DieRemnigian
sedimentary strata) remains essentially the same, whereas the length of the floor sequerice (Lower
lowermost Upper Devonian rocks of the Andiéed Group and Mimerdalen Subgroup) decreases
through intense folding (Bonini, 2001). This may (partially) explain the significant differences of
deformation between folded Lowdowermost Upper Devonian of the Andrée Land
Group/Mimerdalen Subgroup (Vodt938; Harland et al., 1974; Piepjohn et al., 1997; Michaelsen
et al., 1997; Michaelsen, 1998; Piepjohn, 2000), strongly sheared uppermost Dievonian
Mississippian strata of the Billefjorden Groupiqure 4b), and poorly deformed to gently tilted
uppermost DevonidiPermian strata of the Billefjorden and Gipsdalen groups in central
Spitsbergen (e.g., Braathen et al., 2011) without a4ilved episo@ of Ellesmeriancontraction
in the Late Devnian. The lack of uppermost Devonidtississippian coals and coaly shales of
the Billefjorden Group directly on top of folded Lowerldwermost Upper?) Devonian
sedimentary rocks above the mine entrance in Agenmmay suggest that uppermost Devonhian
Mississippian coalsoaly shales were too thin or too localized (s§i?) to allow décollements to
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ramp all the way up to the mine entrance or that early Cenozoic Eurekan coritteantigpression

was too mild tdorm a complete rampnticline (assuming that the Balliolbreen Fault is present in
Pyramiden) with roof décollement over Lower Devonian sedimentary rocks (e.g., Faisal and Dixon,
2015).

Another plausible interpretation might be that of (a) vescted infbricate fan(s) in
Pennsylvanian evaporitic deposits and/or uppermost Devidvliasissippian coals and coaly
shales at depth in the Billefjorden Trough with edipping imbricate thrusts ramping upwards
into coals and coaly shales of the Billefjorden Graughe footwall of the Odellfjellet Fault, in
Pyramiden. This interpretation is supported by field studies of Ringset and Andresen (1988) who
discussed imbricate (thrust) fans and associated basal décollement developed along lithological
boundaries withinhe Ebbadalen Formation in Ansenvikzipshuken (se€igurelb for location),
Harland et al. (1988) who described sheared evaporites within the Ebbadalen and Gipshuken
formations in eastern Billefjorden, and by recent field studies showing the preSarmaentially
gently easdipping, beddingparallel thrustdécollement within the Billefjorden Group and
Hultberget Formation in Anservika (Henningsen et al., pers. comm. 2019), and within the
Hultberget Formation in Lykteneset (Koehl et 2020).

Based on field data, backwadibping duplexes and beddupgrallel décollements in
uppermost DevonidMississippian coals and coaly shales of the Billefjorden Group in Pyramiden
are believed to have formed through a combination of at least two ermamhanisms, including
Devonian rocks of the Andrée Land Group and Mimerdalen Subgroup acting as a relatively rigid
buttress to the west (e.grigure5g), faultpropagation folding of (a) preexisting fault(s) like the
Balliolbreen Fault and/or Odellfjellet Fault (although not very likely), shortcut faulting propagating
upwards and westwardsofm the Billefjorden Fault Zone (e.g., Buiter and Pfiffner, 2003),
ramp/faultbend hanging wall anticline with roof décollement (e.g., Faisal and Dixon, 2015), and
imbricate fan with basal décollement in the Billefjorden Trough (e.g., Ringset and André38n,
Henningsen et al., pers. comm. 2019).

5.3. Geometry and kinematics of the Balliolbreen Fault and implications for Ellesmerian and
Eurekandeformationevents and Carboniferous normal faulting
Structural field analysis in the gully below the entrancehef Russian coal mine in
Pyramiden has shown the presence of avaubical, steeply eastipping brittle fault tentatively
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interpreted as the Balliolbreen Fault and comprised of cataclastic fault rock thatagath the
mine, crosscuts steeply ealpping, quartzitic, (Lowdrlowermost Upper?) Devonian sedimentary
rocks involved in a fold structure with bedding locally overturned to the Eigstré 3 andFigure
4a, and supplemer8). Thin section analysis on both sides of this fault (supplement 1) shows
745 cataclased (Lowélowermost Upper?) Devoniagquartzitic sandstone both in the fault footwall
and haging wall, suggesting that there are no basement rocks at this locality, which is supported
by geological maps of Harland et al. (1974), Aakvik (1981), Lamar et al. (1986), and geological
maps and logs of Trust Arktikugol (1988; Sirotkin, pers. comm. 20h9addition, the steeply
eastdipping fault does not seem to extend upwards into overlying uppermost Dévonian
750 Mississippian clastic deposits above phyllitic eneh sedimentary strata. It is possible that the
décollements within uppermost Devoriidississippian coaliscoaly shales represent the upward
low-angle continuation of the steeply edgiping fault, but the structural location of the
décollements (almost directly over the fault) would require an abrupt change of geometry of the
fault from subvetical to low-angle (c. 30°Figure4b) within a narrow zone, which is ukdly. In
755 addition, fault surfaces and lithological transitions switom dominant NS to NNW SSE strikes
and trends in uppermost Devoriidfississippian coalsoaly shales below the cealine entrance
(Figure 3 and Figure 4a, and stereonet 3 iRigure 3) to dominantly WNWESE in Lower [
lowermost Upper?) Devonian rocks and uppermost DevoNlasissippian sandstone above the
mine entranceHigure3 andFigureda, and stereonet 2 Figure3), i.e., parallel to most outcrops
760 sections ofippermost DevonidmMississippian strata in this part of the study area.
Above the coal mine in Pyramiden, the contact between Loilewé¢rmost Upper?)
Devonian sedimentary strata and uppermost DevoMasissippian sedimentary rocks is not
clearly expose (partly loose blocks) and its nature is relatively speculative. It may be (1) a
(folded?) stratigraphic unconformity and/or (2) a beddacallel décollement. Based on the
765 internal geometry of bedding surfaces and deformation state of uppermost DéNbssssippian
sedimentary strata of the Billefjorden Group, which are arranged into contractionalengsg
duplexes separated by leangle, beddingparallel décollementd-(gure4b), it is possible that the
stratigraphic contact hosts a décollement, e.g., the potential prolongation of one of the décollements
within coal and coaly shaleich deposits of the Billefjorden Grourigure 3 and Figure 4b).
770 However, uppermost DevoniaMississippian deposits above the coal mine appear to consist only
of clastic deposits and, hence, lack weak ¢aalaly shales into which décollements preferentially
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localize. Thus, the contact between Low&towermost Uppg?) Devonian and uppermost
Devoniari Mississippian sedimentary rocks above the mine in Pyramiden most likely corresponds
to a (folded?) unconformity.

775 Even if the décollements within uppermost DevonMississippian coals and shales
(Figure4b) were to represent the upwards continuation of the steepidipastg fault Figure3),
these most likely do not extend into Lowédofwvermost Upper?) Devonian and uppermost
Devonian Mississippian sandstone units above the mine entrance. Based on the similarity between
the strike and dip of thsteeply eastlipping fault and the trend and dip of (locally overturned)

780 Lower Devonian bedding surfaces in Pyramideigyre 3 andFigure4a), it is possible that the
steeply eastlipping fault formed as a minor, beddipgrallel (fold-limb parallel) fault related to
postCaledonian gravitional collapse processes anddogle dedchments (e.g., the Woodfjorden
detachment in Andrée Land; Roy, 2007, 2009; Roy et al., unpublistigare 1a) in Lowei
lowermost UpperDevonian sedimentary rocks of the Andrée Land Group and Mimerdalen

785  Subgroup in northern Spitsbergéa.g., Chorowicz, 1992), or formed as a minor, bedgiagllel
Eurekan accommodation thrust (e.g., Cosgrove, 2015) in the early Cer®inog&no majordult
was identifiedin Pyramiden it is probable that the Balliolbreen Fault does not crop out or is not
presentthere. This is supported by microsctructures along the steeplydipastg fault in
Pyramiden [Figure3), e.g., mild undulose extinction and limited recrystallization and low amounts

790 of displacement along distributed brittle cracks in fault rock (supplement 1), which indicate mild
deformation associated with lograde pressuréemperature conditions (< 280°C; Stipp et al.
2002).

In Reindalspasset, the planar, edipping normal fault that offsets Pennsylvariikmver

Permian sedimentary rocks may represent the potential continuation of thebdnasihng

795 Odel | fj el l et Fidueehy), and thefEBrekanthusti(amd associated splays) localized
along the boundary between uppermost Devamssissippian and Pennsylvanian sedimentary
successionsHgure5g) the continuation of the (inverted?) Balliolbreen Fault. Fault relationships
in cross section in Reindalspasset are comparable to what is proposed for ther&atiialtd
Odellfjellet faults in Pyramiden, e.g., possible merging at depth and hundreds of toeter

800 kilometerscale lateral spacing between the faults (see previous section), assuming that the
Balliolbreen Fault is present in Pyramid& he preservationf oweri lowermost Upper Devonian
sedimentary rocks of the Andrée Land Group and/or Mimerdalen Subgroup east of the Billefjorden
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Fault Zone in Reindalspasset suggests that this fault did not accomniogtatest reverse
movement in Late Devonian times asposed by previous works in Dickson Land (Vogt, 1938;

805 Friend, 1961; Piepjohn, 2000; Dallmann and Piepjohn, 2020). Would such movements have
occurred, Devonian sedimentary rocks of the Andrée Land Group and/or Mimerdalen Sutbgroup
the upthrusted bloc&as of the Billefjorden Fault Zone would have been exposed and subjected to
continental erosion. This islearly not the case in Reindalspassefiere potential Lowér
lowermost UppeDevonian sedimentary rock units appear to thicken eastwHlndspresence of

810 Devonian sedimentary east of the Billefjorden Fault Zone in Reindalspasset is also supported by
the interpretation of well bore data in the Raddedalerell in Edgegya (Harland and Kelly, 1997).

The Balliolbreen Fault displays significant alesigike variations in geometrand

kinematics In the north, in Odellfjellet and Sentinelfjelldigurelb), the Balliolbreen Fault dips
c. 60 65° to the east and juxtaposes Precambrian basement unconformably overlain by uppermost

815 Devoniarni Mississippian strata of the Billefjorden Group in the haggwall against Lower
Devonian strata of the Wood Bay Formation supposedly unconformably overlain by uppermost
Devonian Mississippian rocks of the Billefjorden Group (Harland et al., 1974; Lamar et al., 1986;
Lamar and Douglass, 1995). Both in Odellfielend Sentinelfjellet, it is unclear whether the
Balliolbreen Fault offsets uppermost Devoriighssissippian strata, or if the fault is

820 unconformably overlain by uppermost Devoriikhississippian rocks (Lamar et al., 1982, 1986;
Lamar and Douglass995). Athough Harland et al. (1974) argue that the Triungen Member of
the Hgrbyebreen Formation is unfaulted in Sentinelfjellet (thus potentially supporting Late
Devonian topwest thrusting along the Balliolbreen Fault and no further reactivation), stratigraphic
contacts in this area are covered by screes and pootlgxposed (like in Triungen Figure4ci

825 €) and inaccessible because located on stagp slopé<liffs (see toposvalbard.npolar.no). The
presence of newly evidenced décollements in the lgueet of the Billefjorden Groupn
Pyramiden, Sassenfjordehempelfjorden and Reindalspas§eigure4b andFigure5) suggest
that the nature of the contact of the Billefjorden Group with underlying Devonian rock units must
be interpreted with carespecially were covered bygrees. If sedimentary stratiloe Billefjorden

830 Group are actually truncated by the Balliolbreen Fault in Sentinelfjellet (e.g., McCann, 1993, his
figures 5.9 and 5.10), then early Cenozoic thrusting may, in conjunction with Carboniferous normal
faulting, explain the observed juxtajaen of Precambrian basement and Lower Devonian
sedimentary rocksHgure 6). In this scenario, basement rocks constituting the Caledonian
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Atomfjella Antiform were located close to the surface at the end of the Caledonian Orogeny, thus
leaving no (or limited) accommation space east of the Billefjorden Fault Zone inrRyigsland
(Figurela) during Devonian sedimentation sourced from the collapsing orogexlamehing core
complexesn the west and eagt.g., Bockfjorden Anticline; Braathen et al., 20E&ure6a). In

the Carboniferous, normal faulting and footwall rotation along the Odellfjellet Fault possibly
exhumedor kepta small portion of basement roclatively close to the surfage the fotwall

of the fault Figure6bi c). Later on,subsequent early Cenozoic deformation may have thrusted part
of the exposed basement rockghe footwall as a kilometescale lens along a possibly inverted
Carboniferous normal fault, the Balliolbreen Faudtg(re 6d) potentially leathg to extensive
deformation of Lowdrlowermost Upper Devonian rocks in Dickson Land, which acted as a
buttress absorbing most of Eurekan deformation together with sheared uppermost Devonian
Mississippian coals and shales of the Billefjorden Grougte(that deformation withirLoweri
lowermost Upper Devonian rocks is not detaileBigure6d). In this model, Carboniferous normal

and early Cenozoireverse offsets along the Balliolbreen Fault have similar magnitude, as shown
in Mumien (juxtaposition of the Ebbadalen Formation and Billefjorden Group against the
Wordiekammen Formation and the Billefjorden Group with no apparent offset at top Biléefjo
Group level; Dallmann et al., 2004; Dallmann, 20Bgure 1b), and in Sentinelfjellet and
Odellfjellet (top of Billefjorden Group offset byi @0 m; Harland et al., 1974; Lamar et al., 1986;
Figure6e). Thus, it is possible that the above mentioned localities reflect different structural levels
of the same fault systerkigure6e). Eurekan inversion of Carboniferous normal faults in central
Spitsbergen is also supported by reverse offset and-ielagtd folding along the Overgangshytta
fault in Odellfjellet (Koehland MufiozBarrera, 2018), and by minor reverse offset of thickened,
uppermost DevonidmMississippian and Pennsylvanian sedimentary deposits in the hanging wall
of the eastipping Billefjorden Fault Zone, near the intersection with a steeply -Nidging
basementseated fault in Sassenfjorddfiquresb).

The high degree of uncertainty in the relationship (truncated or truncating) between the
Balliolbreen Fault and uppermost Devoriibfississippian sedimentary strata of the Billefjorden
Group (especially in Odellfiellet and Sentinelfjellet; Harland et al., 1974; Lamar et al., 1986; Lamar
and Douglass, 1995), and the uncertainty regarding the natubhe @bntact (unconformity or
beddingparallel décollemenishrusts) between Lower Devonian and uppermost Devbnian
Mississippian sedimentary strata shed by the presence of bquidimie! Eurekan décollements
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and thrusts in PyramiderFigure 4b), Sassenfjordéiempelfjorden Eigure 5b, ¢ and e) and
ReindalspassefFi{gure5g) call for caution and further @eexamination of outcrops of uppermost
Devonian Mississippian rockslong the Balliolbreen Fault in centrgbig&hbergen.

Notably, the significant along strike differences in cresstion geometry from subvertical,
e.g., in Pyramiden (if present at afgure 3 and Figure 4b) to shallow dipping, e.g., in
Reindalspasset (Eurekan thrust localized along the Billefijo@gsdalen groups boundary;
Figurebq), together with the strong contrasts in offset stratigraphic units, e.g., Pennsylvanian rocks
of the Ebbadalen Formation overlain by carbonates of the Wordiekammen Formation in the
hanging w# against Lower Devonian rocks of the Wood Bay Formation unconformably overlain
by strata of the Wordiekammen Formation in the footwall in Yggdrasilkampen (Dallmann et al.,
2004; Figure 1b), Pennsylvanian Ebbadalen Formation against uppermost Pennsyill@u&m
Permian Wordiekammen Formation in Mumien (Dallmann et al., 2004; Dallmann, 2015), Lower
Devonian rocks overlain by uppermost Devoindississippian Billefjorden Group in the hanging
wall against Lower Devonian rocks in the footwall in Pyramiden (if present digllre 3 and
Figureda), Precambrian basement rocks in the hanging wall against Lower Devonian rocks in the
footwall in Odellfjellet and Sentinelfjellet (Harland et al., 1974; Lamar et al., 1986), and in inferred
timing and kinematics, e.g., Carboniferous normal faulting igdrgsilkampen (Dallmann et al.,
2004), early Cenozoic reverse movement in Pyramiden (if present Bigallte 4b) and possibly
in Reindalspassdif present at allfFigure5g) and Flowerdalen (Harland et al., 1974; Haremo et
al., 1990; Haremo and Andresen, 1992), Carboniferous normabkalydCenozoic reverse faulting
in Mumien (Dallmann, 2015), and potential Late Devonian (e.g., Harland et al., 1974; Piepjohn,
2000; Dallmann and Piepjohn, 2020) or early Cenozoic thrusting (this study; Koehl and-Mufioz
Barrera, 2018) in Odellfjellet ande8tinelfjellet, suggest that the Balliolbreen Fault might consist
of several, discrete, disconnected (dimfited and/or stepping?) or possibly offset fault segments
crosscut by suborthogonal faults (McCann, 1993, his figure 5.11; K2@2).

For exampd, a basemerseated reverse fault in Sassenfjoideempelfjorden
accommodated tefSW thrusting during Eurekateformation Figure 5ai b) andseem tohave
limited the amount of Eurekan reactivation/overprinting (strain partitioning) alongligasng
segments of the Billefjorden Fault Zoimethis area, which shows mainly doveast Carboniferous
normal offset with limited amount of early Cemiz reworking along the main eadipping fault

(e.g.,Figure5d), and may be responsible for restricting sediment deposition/preservation to th
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southwest of Sassenfjorden during Eurekan tectonism in the early Centbzmigexplaining
sediment prognance from the northeast (e.g., Petersen et al., 2Bh@ther example where strain
partitioning may have occurred along suborthogonal faults is Yggdrasilkampen, where the possible
continuation of the Balliolbreen Fault juxtaposes Pennsylvanian (hanging wall) against Lower
Devonian (footwall) sedimentary rocks suggesting that Carboniferous hdaum#ng was
followed by limited early Cenozoic reactivation/overprinting if any at all. The character of the
Billefjorden Fault Zone in Sassenfjorden and Yggdrasilkampen contrasts sharply with areas farther
north (e.g., in Sentinelfjellet and Odellfiel] Harland et al., 1974; Lamar et al., 1986; Lamar and
Douglass, 1995; Dallmann et al., 2004; Dallmann, 2015) and farther south (e.g., in Flowerdalen;
Harland et al., 1974; Haremo et al., 1990; Haremo and Andresen,Fi§a&1b) where the east
dipping Billefjorden Fault Zone displays clear evidence ofw@st Eurekan movementdore of

these (WNW ESEstriking) suborthogondhults are described arigeir impact on Eurekan strain
partitioningfurtherdiscussed ifkoehl et al. 020.

6. Conclusion

1. Thickened uppermost DevoniaMlississippian sedimentary deposits of the Billefjorden
Group in central Spitsbergen are aged in duplexes comprised of phyllitic cbabaly
shale interbedded with sandstone showing sigmoidal shear fabrics separated by imbricate
thrusts linking an upper (roof thrust) and a lower (floor thrust) décollements that localized
along lithological trangons.

2. Early Cenozoic beddingarallel décollements and thrusts in tectonically thickened; coal
rich sedimentary rocks of the Billefjorden Group, in the Wordiekammen Formation, and in
Lower lowermost Upper Devonian sedimentary rocks partially decouplectkBo
deformation, resulting in intense folding in Devonian sedimentary rocks of the Andrée Land
Group and Mimerdalen Subgroup and uppermost Devohlasissippian coals of the
Billefjorden Group, and mild to no deformation in Carbonifefdteymian stratan central
Spitsbergenthus suggesting that Late Devonian Ellesmerian contraction is not required to
explain differential deformation withinLower Devonian to Permian sedimentary

successions in central Spitsbergen
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. Early Cenozoic backwardipping duplexesand beddingparallel décollements in the

Billefjorden Group in Pyramiden formed through shortcut faulting propagating upwards
and westwards from the Odellfjellet Fault, and/or as roof décollements of a rarApéiadilt
hanging wall anticline, and/or as paf an imbricate fan with basal décollement in the
Billefjorden Trough. Early Cenozoic contractional structures in uppermost Devonian
Mississippian coalxoaly shales also include faydtopagation folds over preexisting
basementeated faults in Sasseamfilen, and a possible antiformal thrust stack (or ramp

anticline) in Reindalspasset.

. Loweri lowermost Upper Devonian sedimentary rocks might be preserved east of the

Billefjorden Fault Zone in Reindalspasset, thus suggesting that the Billefjorden Fault Zone

did not act as a reverse fault in Late Devonian times.

. Thrusting of Proterozoic basement rocks over Lower Devonian sedimentary rocks along

the Balliolbreen Fault and fold structures within strata of the Andrée Land Group and
Mimerdalen Subgroup in centr@pitsbergen may be explained by a combination of down
east Carboniferous normal faulting with associated footwall rotation and exhumation, and

subsequent teprest early Cenozoic Eurekan thrusting along the Billefjorden Fault Zone

. The uncertain relationghi of the Balliolbreen Fault with uppermost Devoiiian

Mississippian sedimentary strata and the poorly constrained nature of the contact
(unconformity or beddingarallel décollemenitshrusts) between Devonian of the Andrée
Land Group and Mimerdalen Subgrougnd uppermost Devoniaklississippian
sedimentary strata, as well as significant along strike variations inggogsen geometry,

offset stratigraphy, and inferred timing and kinematics suggest that the Balliolbreen Fault
consists of several, discrete connected (softinked and/or stepping) or most likely offset
fault segments that were reactivated/overprinted with varying degree during Eurekan

deformation due to strain partitionimdpng suborthogonal Eurekan reverse faults

Data availability

High-resolution versions of the figures and supplements of the manuscript necessary to
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Figure 1: (a) Topographid bathymetric map around Spitsbergen modified after Jakobsso
et al. (2012). AbbreviationsBi: Billefjorden; Bk: Bockfjorden; Kg: Kongsfjorden; Mi:

1395 Midterhuken; Ra: Raudfjorden; Re: Reindalspasset; Ra: RokensataSs: Sassenfjorden;
SJ: StJonsfjorden; Tp: Tempelfjorden; Tr: Triungen; (b) Geological map modified from
svalbardkartet.npolar.no showing the main tectonestratigraphic units and structures in
the study area in central Spitsbergen. Abbreviations: AA: Atonfiella Antiform; Af:
Adolfbukta; An: Anservika; BF: Balliolbreen Fault; Fw: Flowerdalen; Gh: Gipshuken; Ly:

1400 Lykteneset;La: Lavehovderi Hultberget; Mu: Mumien; Od: Odellfjellet; OF: Odelfjellet
Fault; Py: Pyramiden; Re: Reindalspasset; Rs: RobertsonbreerRT: Robertsonbreen
thrust; Se: Sentinelfjellet; TGFZ: Triungeni Grgnhorgdalen Fault Zone; Tr: Triungen; Yg:
Yggdrasilkampen.
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Figure 3: Aerial photograph of the Pyramiden coal mine locality showing intensely folded
(dotted orange lines) Lower Devonian rocks in the west juxtaposed against clastand coal
rich, uppermost Devoniar Mississippian sedimentary rocks of the Billefjorden Groupwhich
are overlain by Pennsylvaniafilower Permian strata of the Gipsdalen Group in the east.
Dashed lines represent lithostratigraphic transitions. Dotted lines represent bedding surfaces
as seen on the photograph, whereas white symbols indicate beddingrd and dip in map
view (seeFigure 4a). Note the Zshaped fabrics of uppermost DevoniainMississippian
sedimentary strata (yellow lines) along potential beddingarallel décollements (red lines)
near the boundary between Lower Degnian and uppermost DevoniaiiMississippian
sedimentary rocks. The white frame shows the location dfigure 4b. Lower hemisphere
Schmidt stereonets show (1) contoured poles of fracture surfaces in the uppermost Devoriian
Mississippian Billefjorden Group (red indicates high and blue low density), (2) contoured
poles of fracture surfaces within sandstone units of the Billefjorden Group, (3) gat circles
of fracture surfaces within coaly shaleand coatbearing units of the Billefjorden Group, and
(4) contoured poles of fracture surfaces in Lower Devonian rocks. Photo by Asle Strgm.
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Figure 4: (a) Satellite photograph of the Pyramiden locality (Figure 3) from
toposvalbard.npolar.no. See legend iRigure 3. Bedding surface measumments are shown in
white. The lower hemisphere Schmidt stereonet shows bedding surface measurements in the
1430 Billefjorden Group as contoured poles (red indicates high andblue low density); (b) Field
photograph of the base of uppermost DevoniaMississippian, coaly shaleand coatrich
sedimentary rocks of the Billefjorden Group below the mine entrance in Pyramiden. The
photo shows gently eastlipping stratigraphic unit boundaries that localized the formation
of bedding-parallel décollements (thick red and thick dashed red lines). Within induvidual
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