O o0 I N B~ WDN =

—_—
—_ O

—
\]

[
W

NSRS \S RN S I ST S IS IS I S U s e e e
O 0NN WNNF,OOVWINWU B

A W W W W W W W W W W
S O 0 N O N bk~ WD = O

Crustal scale subsidence and uplift caused by metamorphic phase changes
in the lower crust: A model for the evolution of the Loppa High area, SW
Barents Sea from late Palaeozoic to Present

Kjetil Indreveer*, Sebastien Gac, Roy H. Gabrielsen & Jan Inge Faleide

The Research Centre for Arctic Petroleum Exploration (ARCEX), Department of Geosciences,
Sem Szlands vei 1, 0371 Oslo, University of Oslo, Norway

*Correspondence (kjetil.indrevar@geo.uio.no)

Abbreviated title: 4 model for the evolution of the Loppa High area

Abstract

The Loppa High area has been subject to several events of uplift and subsidence from the Late
Palaeozoic to Present. The driving mechanisms behind the vertical movements, however, are
not fully understood. We propose that uplift and subsidence were influenced by the
combination of density changes caused by metamorphic phase changes in a 90x140 km wide
mafic lower crustal body below the high and local (rift-related) and far-field stress. Through a
numerical modeling approach we analyze the tectonically induced variations in pressure and
temperature in the lower crust, its influence on phase changes in the mafic body and the
affiliated vertical movements. Results show that i) densification of the mafic body caused by
far-field compression associated with the late Triassic westward translation of Novaya
Zemlya could cause surface subsidence, ii) heat and fluid influx provided by early Cretaceous
rifting could trigger density reduction and surface uplift and iii) the present day geometry of
the Loppa High as observed in seismic data can be reproduced by combining the modeled
effect of rift flank uplift and phase changes in the mafic body. Phase change-driven vertical
movements may also have affected other structural highs in the western Barents Sea,
including the Stappen High.

The Loppa High is located in the southwestern Barents Sea. It is bordered by the late Jurassic-
early Cretaceous Hammerfest Basin to the south and the very deep, mainly early Cretaceous,
Tromse and Bjerneya basins to its west (Figure 1; Gabrielsen et al. 1990). The Loppa High
has a multi-stage tectonic history and is influenced by several phases of uplift and subsidence:
Its core and predecessor, the Selis Ridge (Figure 1 & 2a), became gradually uplifted and
eastward tilted in the late Carboniferous to middle Triassic (mainly mid-late Permian) (Riis et
al. 1986; Wood et al. 1989; Gudlaugsson et al. 1998; Glerstad-Clark 2011). This event was
succeeded by late Triassic subsidence of a wider area to form a sediment depocenter on top of
the former high. Contemporaneously with the onset of accelerated lithospheric thinning in the
neighboring Tromse and Bjerneya basins in the early Barremian, the depocenter was uplifted

to form a sub-aerially exposed platform corresponding to the present day Loppa High (Wood
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et al. 1989; Gabrielsen et al. 1990; Faleide et al. 1993a,b; Glorstad-Clark 2011; Indreveer et al.
2017). Minor renewed uplift likely took place in Paleogene times as a part of regional uplift
and tilting (Vorren et al. 1991; Riis & Fjeldskaar, 1992; Nyland et al. 1992; Riis, 1996;
Dimakis et al. 1998; Cavanagh et al. 2006; Green & Duddy 2010).

The driving mechanisms behind the repeated uplift and subsidence of the Loppa High remain
poorly understood. Previous work have suggested that the late Carboniferous to middle
Triassic uplift of the Selis Ridge reflects rift-related footwall uplift along major extensional
faults along the western flank of the Selis Ridge (Ziegler, 1978, Wood et al. 1989; Johansen
1994; Gudlaugsson et al. 1998) perhaps associated with depth-dependent extension (Glerstad-
Clark 2011). Furthermore, it has been suggested that subsequent cooling of the thinned
lithospheric mantle explains the late Triassic subsidence and the formation of the depocenter
as a part of a post-rift sag-basin (Clark et al. 2014) and that the early Cretaceous uplift of the
Loppa High was a direct consequence of accelerated lithospheric thinning in the Tromse and
Bjerngya basins to the west (Glerstad-Clark 2011; Indreveer et al. 2017). This hypothesis was
further strengthened by Indrever et al. (2017) who linked the presence of early Barremian to
early Aptian/middle Albian tectonic inversion structures along the flanks of the Loppa High to
a distinct event of uplift of the high in this period. The uplift appears to be successfully
modelled by lithospheric stretching and flexural isostasy (Clark et al. 2014), although the rift-
flank-perpendicular wavelength of uplift of the Loppa High (>100 km) is greater than that
typically associated with rift flank uplift for crustal extension of such magnitude (f = 3) (see
Roberts & Yielding 1991; Kusznir & Ziegler 1992; Gabrielsen et al. 2005; Huismans &
Beaumont 2005; Henk 2006) and therefore partly fails to explain the observations.

The mechanism for the formation of the Selis Ridge as caused by rift-related footwall uplift as
suggested above appears to be kinematically valid. However, if the late Triassic subsidence
and early Cretaceous uplift was related to cooling and heating of a rift flank, subsidence and
uplift of similar amplitude and wavelength would be expected in the Hammerfest Basin
located along the same rift flank just south of the Loppa High. This is not observed in the
seismic record (cf. Gabrielsen 1984; Berglund et al. 1986; Gabrielsen et al. 1990) and

indicates that additional mechanism(s) were involved in the evolution of the Loppa High.

We suggest that in the full analysis of the Loppa High, the presence of a ~90x140 km large

body of assumed mafic composition in the lower crust below the high as indicated by
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magnetic, gravity, and seismic data must be taken into consideration. The geometry of this
body is evident from the interpretation of reflection seismics and its lateral extent is
constrained using gravity and magnetic data (Figure 1, Ritzmann & Faleide, 2007; Ebbing &
Olesen 2010; Barrere et al. 2011; Gernigon et al. 2012; Marello et al. 2013; Clark et al. 2014).
The body was probably emplaced during the Caledonian Orogeny (Ritzmann & Faleide,
2007) as the eastern margin of the Loppa High and Hammerfest Basin is believed to overlap
the Caledonian suture zone (Torsvik & Cocks 2017). Depending on local conditions of
pressure and temperature, such mafic bodies may be subject to metamorphic phase changes
and associated density changes (Semprich et al, 2010). Compression may cause tectonic
overpressure leading to densification and events associated with lithosphere heating (such as
rifting or a plume) may supply enough heat to trigger phase changes to produce lighter
mineral assemblages (Cloetingh & Kooi, 1992; Burov & Cloetingh, 2009; Cloetingh &
Burov, 2011). Such density changes may in turn cause vertical surface deformation (Kaus et

al. 2005; Semprich et al. 2010; Gac et al. 2013, 2014).

As the Palaeozoic to present geological evolution of the Barents Sea is associated with both
orogenic events and rifting, metamorphic phase changes in the assumed mafic body below the
Loppa High may have contributed to the repeated vertical motions of the high. This paper
focuses on evaluating the effects of such phase changes in the mafic body located below the
Loppa High. The model considers the effects of tectonically induced changes in pressure and
temperature. We notably investigate whether or not Permian to late Triassic far-field east-
directed contraction associated with the Polar Urals and thrusting of Novaya Zemlya (Figure
1) (e.g. Buiter & Torsvik 2007) may have caused densification of the mafic body and surface
subsidence. Second, thermo-kinematic models of basin formation are applied in evaluating the
effects of thermal uplift of the Loppa High as linked to the early Cretaceous rifting event and
examine whether or not it is likely that this event generated sufficient heat to lower the
density of the mafic body and hence cause additional uplift. We test the validity of the results
by evaluating if the model can reproduce key geometries associated with the present day

Loppa High as observed from seismic data.

2 Geological setting
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The main structural elements surrounding the Loppa High that are relevant for the present
work include the Hammerfest Basin in the south and the Tromse and Bjerngya basins to the

west. These basins are shortly characterised in the following.

The Hammerfest Basin is separated from the Loppa High by the E-W-striking extensional top-
to-the-south Asterias Fault Complex (Figure 1). This basin is delimited in the south by the
north- to northwest-dipping Troms-Finnmark Fault Complex and by the Ringvassey-Loppa
Fault Complex in the west that is characterised by a down-stepping array of normal faults to
the deeper Tromse Basin (Gabrielsen, 1984). To the east, the Hammerfest Basin gradually
shallows and flexes to become the Bjarmeland Platform (Gabrielsen 1984; Gabrielsen et al.
1990). The Hammerfest Basin was subject to extension throughout the Carboniferous-Eocene,
but particularly owes its present configuration to fault activity in the Late Jurassic to earliest
Cretaceous. Fault activity in the Hammerfest Basin was interrupted in the early Barremian as
fault activity focused to the Bjorneya and Tromse basins and the main subsidence of these
basins (Rennevik et al. 1982; Gabrielsen 1984; Berglund et al. 1986; Gabrielsen et al. 1990;
Faleide et al. 1993b; 2008; Clark et al. 2014; Indrever et al 2017).

The Bjornoya and Tromso basins (Figure 1) were initiated during Carboniferous and
Permian-early Triassic rifting. Both basins are influenced by halokinesis affiliated with the
late Carboniferous-early Permian evaporites. Late Jurassic - earliest Cretaceous extension was
followed by accelerating subsidence and accumulation of very thick sediment sequences in
the early Cretaceous as demonstrated by the down-faulting of Jurassic sediments to ~13 km
depth in the Bjerneya Basin across Bjerneyrenna Fault Complex (Rennevik et al. 1982;
Gabrielsen et al. 1990; Faleide et al. 1993b; 2008; Clark et al. 2014). The axis defined by the
Ringvassey-Loppa and Bjerneyrenna fault complexes marks the position of a major
basement-involved, Caledonian zone of weakness (Rennevik et al. 1982; Gabrielsen 1984;
Gabrielsen et al. 1990; Faleide et al. 1993a,b; 2008; Ritzmann & Faleide 2007; Torsvik &

Cocks 2017) and may explain why extension became focused in this zone.

2.1 Events of contraction

The SW Barents Sea has been exposed to several events of contraction or uplift in the
Paleozoic - Mesozoic. Far-field events relevant to the present analysis include the evolution of
the northernmost part of the Uralian Orogeny (Polar Urals) and thrusting in the Novaya

Zemlya-region. These events were linked to the closure of the Uralian Ocean that eventually
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developed into a continent-continent collision between Baltica and Siberian cratons (Torsvik
& Cocks 2017). The collision started in the sout in the Carboniferous and migrated
northwards to reach the Barents Sea area in the middle Permian to early Triassic (Zonenshain
et al. 1990; Puchkov, 1997, 2009; Brown & Echtler 2005; Gee et al. 2006). Novaya Zemlya
was upthrusted in late Triassic — early Jurassic times (Otto & Bailey 1995; Bogatsky et al.
1996; Nikishin et al. 1996; Torsvik & Andersen 2002; Ritzmann & Faleide 2009) and is
believed to mark the northwards (and delayed) continuation of the Polar Urals. Previous
geodynamic modeling and plate reconstruction (Buiter & Torsvik, 2007; Torsvik & Cocks
2017) suggest Novaya Zemlya translated westward by ~100 km as a part of the up-thrusting.
The tectonic events relevant for the present paper and their relative timing are summarised in

Figure 3.

3 Geological constraints for the numerical model

Several key observations made in the seismic reflection data need to be reproduced by the
numerical model for the model to be deemed valid. Such observations were therefore used to

calibrate model parameters and to evaluate model results. They include:

1. A distinct zone of gradual thickening of the upper Triassic strata towards the (palaeo)-
basin center defines a sag-basin-like depression that resulted from late Triassic subsidence in
the Loppa High area (Figure 2a). Estimates on the amount of sediment thickening yield a
thickness increase of ~1 km (corrected for later erosion and assuming 4 km/s velocity in late
Triassic sediments) onto the present day Loppa High. The zone of thickening is concentric in

map view and defines the southern and eastern limit of the late Triassic basin area (Figure 1).

2. The early Cretaceous event of uplift, which elevated the area that at present defines the
Loppa High, was contemporaneous with the onset of accelerated lithospheric thinning in the
Tromse and Bjerneya basins initiating in the early Barremian (Indrever et al. 2017). The
eastern boundary of the uplifted area coincides with a monocline affecting the Triassic and
Jurassic sequences (Figure 2a). This structure also marks the zone of thickening of the upper
Triassic sequence, suggesting that the eastern and southern boundary of the area that subsided
in the late Triassic corresponds to the area that was later uplifted in the early Cretaceous
(Figures 1 & 2a). The renewed uplift had a rift-perpendicular wavelength of ~100 km and
affected an area that extended ~150 km parallel to the rift axis.
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3. The lateral extent of the mafic body located at the base of the Loppa High (Ritzmann &
Faleide, 2007) coincides well with the lateral dimensions of the present-day Loppa High and
thus also with the area that subsided in the late Triassic (Figure 1 & 2).

4. Evidence of early Cretaceous uplift also exists to the south of the Loppa High, suggested by
the westward thinning and subsequent thickening of the lower Barremian — Aptian strata
along the western rim of the Hammerfest Basin (Figure 2b). This is believed to represent a
short-lived event of uplift occurred in the early Barremian. This event affected a ~40 km wide
zone along the rift flank, which stands in strong contrast to the width of the area uplifted to

form the Loppa High (> 100 km).

Although both values of wavelengths are within an expected range as caused by the
mechanism of rift flank uplift (e.g. Kooi et al. 1992; van der Beek et al. 1994, 1995), it is the
contrasting amount of uplift between the neighbouring Loppa High and Hammerfest Basin
that strongly suggest the influence of additional uplift mechanism(s) for the Loppa High. We
assume that the response of the Hammerfest Basin reflects the true effect of early Cretaceous
rift flank uplift (thermal and isostatic) and that the Loppa High experienced rift flank uplift of
similar wavelength due to early Cretaceous rifting. We accordingly use the response of the
western flank of the Hammerfest Basin to calibrate the modeled rift flank uplift input
parameters (including sedimentation, erosion, compaction, crust- and mantle thinning, heat
transfer and flexural isostasy) for the Loppa High in order to determine the component of

uplift of the high that can be attributed to rift flank uplift alone.

5. Density change in the mafic body could result from pressure and temperature changes
caused by tectonic processes. For the late Triassic subsidence of the Loppa High to be caused
by phase changes in the mafic body, an increase in pressure (or change in temperature) is
required. Based on the contemporaneous timing, the Polar Urals and/or the westward up-
thrusting of Novaya Zemlya in the east (Figure 3) are the only candidates for an enhanced

stress situation.

To summarise, the conspicuous spatial correlation between the area subject to vertical
movements through time and the lateral extent of the mafic body at depth strongly suggests an

influencing role of the mafic body in the evolution of the Loppa High and is the main
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motivation for the modeling done in the present work. Furthermore, model also needs to
reproduce the contrasting wavelength of uplift between the Loppa High and the Hammerfest

basin for the model to be deemed valid.

4 Modeling

The modeling was performed in three stages:

1) First, a 2D plan-view elastic model covering the Barents Sea was generated to
estimate the order-of magnitude of the potential compressional stresses that could
affect the Loppa High area at lower crustal levels as a result of contractional events in
the eastern Barents Sea (Figure 4a).

2) Thereafter the effects of the early Cretaceous extension in the southwestern Barents
Sea and associated basin formation and rift flank uplift were simulated using the
Tecmod2d thermo-kinematic modeling tool (Figure 4b).

3) The modeled pressures and temperatures from the above models were used as input in
a phase change model to calculate expected changes in density in a mafic body located
below the Loppa High (Figure 4¢). The densities were used as input to a 2D density-
isostasy model, which modeled vertical movements at the surface as a result of phase

changes in a mafic body at depth.

The different model set-ups, results and correlation with observations from seismic data are

described in detail below.

4.1 Model M1 - Late Triassic compression modeling

To cover the sequential development of the Loppa High, the potential for transferring stress
generated by west-vergent Carboniferous to late Triassic shortening from the eastern- to the
western Barents Sea at lower crustal level was first modeled. In lack of better constraints on
the interplay between the Polar Urals and Novaya Zemlya, we modeled the effect of the late
Triassic thrusting of Novaya Zemlya only. For simplicity, we assumed that the Barents Sea
crust is dividable into an upper and lower crust, with its yield strength determined by the
mechanical properties of quartz and plagioclase (diorite), respectively. A dioritic lower crust
can sustain differential stress up to 1000 MPa (Cloetingh & Burov 1996) thus leaving any
lower differential stress to result in elastic deformation only. Since we are solely interested in

stresses affecting the Loppa High at lower crustal levels, we thus used a purely elastic plate
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stress model to estimate the order of magnitude of potential horizontal compressive stresses
propagating through the lower crust from Novaya Zemlya to the Loppa High at the time of
subsidence (model M1, Figure 5).

The map-view model dimension was set to 1000 x 1000 km, covering the entire Barents
Sea (Figure 4a). The model used a Young’s Modulus of 10 GPa and a Poisson ratio of 0.25.
The values and composition used as input parameters for the model are all geologically
reasonable and the model results are considered to represent a “best guess” estimate of lower
crustal stress at the time of subsidence. We acknowledge that our model is a simplification as
the Barents Sea region has an heterogenous and asymmetric lithospheric structure
characterised by a thick, cold and stronger lithosphere in the eastern Barents Sea (including
Novaya Zemlya) and a thinner, hotter and weaker lithosphere in the western Barents Sea
(including the Loppa High area, Klitzke et al. 2015; Gac et al. 2016). The contrasting
lithosphere thickness must have influenced how compressive stress originating from Novaya
Zemlya propagated westward through the lithosphere but is no taken into account in the

modeling presented herein.

Previous geodynamic modeling and plate reconstruction (Buiter & Torsvik, 2007) suggest
Novaya Zemlya was translated westward by 100 km to its present location, with no later
movement (total shortening is maintained). This is consistent with 100 km of westward
contraction imposed on the east side of the model corresponding to the present-day shape of

Novaya Zemlya.

The model shows that compressional stresses in the lower crust dissipate westward as the

stresses radiate from the apex of stress at Novaya Zemlya. The model indicates that the

present day Loppa High area experienced increased horizontal compressional stress (oy =

O1) causing a differential stress of oy - Oy =~ 300 MPa as a result of shortening caused by the

eastward translation of Novaya Zemlya (Figure 5). If the lithostatic pressure component is

taken into account, the total horizontal stress amounts to ~1.3 GPa at Moho level.

Model M2 — Early Cretaceous extension
In this model, the effect of the onset of rifting in the Tromse and Bjerngya basins in the early
Barremian was simulated in order to evaluate the modeled and observed amplitude and

wavelength of rift flank uplift and heat influx as a result of early Cretaceous rifting (Figure
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6a). We use “rift flank uplift” as a term that includes the effect of crust- and mantle thinning,

thermal heating and flexural isostasy in the continued text.

Model M2 utilised the modeling software Tecmod2D (Figure 4b), which models lithospheric
extension applying thermo-kinematic principles in a 2D-section parallel to extension (Riipke
et al. 2008) in pure shear (McKenzie, 1978; Jarvis & McKenzie 1980. The Tecmod2D’s
forward model explores both lithosphere-scale (crust- and mantle thinning, heat transfer and
flexural isostasy) and basin-scale (sedimentation, erosion and compaction) processes
simultaneously. Crust and mantle lithosphere locally extend for a finite duration during the
rift phase. The amount of extension is defined by thinning (f) factors for crust and mantle.
The rift phase is characterised by basin formation and upwelling of hot asthenosphere.
Extension is followed by a post-rift phase marked by cooling of the thermal anomaly
supplying additional post-rift subsidence (McKenzie, 1978). Tecmod2d computes the
subsidence during rifting and post-rift phase so that isostatic equilibrium is maintained
throughout the simulation. The extensional modeling takes into account sedimentation and

thermal blanketing effect of sediments.

The stratigraphic record in the Tromse Basin indicates that accelerated early Cretaceous
rifting took place from early Barremian to early Cenomanian (Indrevaer et al 2017). The
present thickness of the compacted post-Jurassic strata is ~12 km. A crustal stretching factor
of ~3 is necessary to isostatically compensate this sediment pile. We therefore assume that the
crust and mantle lithosphere thinned by a factor 3 in a time span of 30 Myr. Extension rate
was set constant throughout the rifting phase. The crustal stretching factor was set to
maximum at the center of the model laterally decreasing from the center outwards over a
distance of 50 km following a sine curve. The model was calibrated to reproduce uplift

wavelengths similar to that experienced by the Hammerfest Basin.

The model shows that rifting would cause an 8 km deep Tromse Basin and a rift-flank uplift
with an amplitude in the order of 200 m along the western flank of the Loppa High,
progressively decreasing away from the basin over a distance of ~50 km (Figure 6a). This
was followed by thermal relaxation giving an additional post-rift subsidence of ~4 km in the
Tromse Basin (which corresponds to the observed post-rift sediment thickness). At present,

the effect of thermal flank uplift has largely receded (Figure 6a).
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It is particularly emphasised that the amount of rift flank uplift (as modeled to mirror the
actual effect of uplift of the western flank of the Hammerfest Basin) does not manage to
reproduce the observed wavelength of early Cretaceous uplift as experienced by the Loppa
High. Additional mechanism(s) must therefor be added in order to explain the present

geometry of the high.

Model M3 - The phase change model

Model M3 was run to assess the effect of tectonically induced changes in pressure and
temperature as obtained from model M1 and M2. A phase change model was coupled with a
density-isostasy model in order to model vertical motions at the surface as a function of

changing densities in the mafic body at depth (Figure 4c).

The density of mafic rocks was estimated from its assumed composition, calculated pressure
(assuming a lithostatic reference state of stress) and temperature-dependent phase change
model. The phase change model is computed with the Perple X software (e.g. Connolly,
2005). It is based on Gibbs free energy minimization, which gives the proportion,
compositions and thermodynamic properties of stable phases as a function of pressure and
temperature. From the amounts and the densities of the phases predicted, the bulk rock

density can be calculated. The thermodynamic calculations assume phase equilibrium.

Calculated densities were used as input in a 2D density-isostasy model of continental
lithosphere to compute the vertical motions caused by metamorphic phase changes in the
lower crustal mafic body (Figure 4¢). Computations were performed in a 500 km wide and
120 km thick continental lithosphere E-W-section crossing the Loppa High and the Tromse
Basin. The model consisted of two horizontal layers: a 36 km thick crust overlying an 84 km
thick mantle lithosphere. Those values are consistent with the average calculated depths of
Moho and lithosphere-asthenosphere boundary (LAB) in the southwestern Barents Sea
(Klitzke et al. 2015). In the model, a mafic body was positioned in the crust. The dimensions
of the mafic body were determined from free-air gravitational, reflection seismic and
magnetic data (Ritzmann & Faleide 2007) and are set to be 100 km wide and 10 km thick in
the model. The top of the body was set at a depth of 26 km and its base at 36 km deep (Moho

level).
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Acknowledging the uncertainties affiliated with the mafic body beneath the Loppa High, we

made several assumptions in the modeling. These are discussed in the following.

Composition of the mafic body: We modeled the pressure-temperature-dependent density of
the mafic body assuming a wet mafic gabbroic composition characterised by low SiO, content
(Rudnick & Fountain 1995; Semprich et al. 2010) (Figure 4c¢). Minor differences in assumed
composition would, however, result in considerable variations in calculated densities within

the mafic body at given changes in pressure and temperature (e.g. Connolly 2005).

Fluids: The efficiency of phase changes and the density of the resulting mineral assemblage
depend strongly on the presence or influx of fluids. In our modeling, we assumed that phase
changes occurred during events of prograde metamorphism and during retrograde
metamorphism only in the case where fluid influx was likely (e.g. during rifting). We further
assumed that the amount of fluids during phase changes was kept constant and that phase

changes were efficient and instantaneous throughout the mafic body.

Volume changes: Density changes in mafic rocks during metamorphism are generally
accompanied by changes in rock volume. The effect of volume changes on the modeled
amplitudes of uplift and subsidence are in the present work calculated to be in the order of 10
meters or less, even when considering extreme cases where volume loss/gain is
accommodated along the vertical axis only. As these values are below the sensitivity of the

phase change model, we assume a constant volume in the modeling.

Sedimentation and erosion would modify pressure and temperature in the lower crust through
loading/unloading and thermal blanketing. This, in turn, would alter the density of the mafic

body and cause additional isostatic adjustments.

Although these mechanisms certainly have had a significant influence on the absolute
amplitudes of uplift/subsidence, they would only amplify the effects of uplift/subsidence
related to phase changes in the mafic body, and thereby not influence the general trends in the
modeling. Sedimentation and erosion would likely not affect the wavelength of phase change-
induced uplift/subsidence as the wavelength is primarily controlled by the lateral extent of the
mafic body. Hence, we do not take sedimentation/erosion into account in the phase change

model.
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To summarise, uncertainties related to composition, presence of fluids, volume changes and
sedimentation/erosion as discussed above would all amplify (or not significantly limit) the
amplitudes of phase change-induced uplift or subsidence. In this sense, the presented absolute
values of densities and amplitudes of uplift/subsidence can be considered tentative only,
although the general trends suggested by the modeling would not be affected. The modeled
wavelengths of uplift/subsidence associated with phase changes, however, would not be
significantly influenced by the uncertainties mentioned above. We thus consider the model to
be valid for the purpose of modeling contrasting wavelengths of uplift and subsidence in the

Loppa High area, as is key to the present analysis.

A modeled lithostatic pressure of ~0.98 GPa and a temperature of ~489°C at 36 km depth
(base of the mafic body) was estimated for the situation prior to late Triassic contraction
(Figure 6b). These values correspond to an average density of 3178 kg.m™ for a wet mafic

rock modeled to be present below the Loppa High.

Model M3 suggests that the late Triassic compression affiliated with the thrusting of Novaya
Zemlya (Model M1) increased the pressure at Moho level to 1.3 GPa, triggered prograde
metamorphism in the mafic body. The computed average density in the body increased to
3194 kg.m™ causing ~200 m subsidence in the area situated above the mafic body (Figure
6b). The model suggests that the subsidence generated a basin-dipping monocline that formed
atop the outer boundary of the mafic body at depth (Figure 6b). The modeled basin depth
(~200 m) is less than the observed depth from the seismic data (~1 km). However, the effect
of sediment loading is not taken into account, an effect that would have deepened the basin
further. The modeled depocentre remained deep throughout the Jurassic, in harmony with that

observed in the seismic data.

The effect of heat and fluid influx associated with early Cretaceous mantle thinning and
rifting accompanying the formation of the deep Tromse and Bjernegya basins was modeled by
introducing a second phase change in the mafic body (Figure 6b). According to the model,
the pressure was reduced to lithostatic due to the onset of E-W extension. The modeled Moho
temperature increased from 489°C to 514°C on the western side of the Loppa High. This
caused prograde metamorphism in the western half of the mafic body. Heating in the eastern

half of the mafic body was very limited, but we assume that fluid influx associated with
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extension and basin formation did also affect the eastern half of the mafic body promoting
retrograde phase changes due to the pressure decrease. The average density of the mafic body
was 3160 kg.m™ at the termination of rifting, with a more pronounced reduction in density in
the western part of the Loppa High (3139 kg.m™) compared to the eastern part (3182 kg.m™).
According to the model, the phase changes in the mafic body inverted the late Triassic basin
infill, uplifting the upper Triassic sequence ~200 m above the pre-subsidence baseline (top
Permian, Figure 6b). Because of the additional heating of the western part of the mafic body,
the western part was uplifted an additional ~100 m close to the rift flank. The uplift inverted
the late Triassic monocline resulting in a spatial overlap between the late Triassic zone of
thickening, the outer boundary of the mafic body at depth and the newly formed monocline
facing away from and defining the outer boundary of the newly formed high. The spatial
overlap between the three matches what is observed in seismic data (Figure 1 & 2a). As later
fault activity related to the opening of the North Atlantic ocean localised further west (e.g.
Faleide et al. 2008), we assume that no later retrograde metamorphism occurred in the mafic
body until present, thus preserving the lighter mineral assemblages and maintaining the Loppa

High as a positive structure.

For reference, the combined effect of rift flank uplift and phase changes are given in Figure

6c.

Discussion

For the total model for the development of the Loppa High to be considered successful, it
must reproduce the main geological observations as seen in the present Loppa High area and
its vicinity. Our modeling results show that phase changes caused by pressure and
temperature variations due to tectonic processes (i.e. late Triassic compression from Novaya
Zemlya and early Cretaceous rift-induced heat and fluid influx) are sufficient to cause vertical
motions of a magnitude and lateral distribution to that seen in the reflection seismic data. The
model thus satisfactorily explains the spatial overlap between the subsided area in the late
Triassic, the uplifted area in the early Cretaceous and the lateral extent of the mafic body at
depth (Figure 6). Comparing the modeled and the observed wavelength of early Cretaceous
uplift as experienced by the Loppa High (Figure 7), it is evident that rift flank uplift as a
response to accelerated extension in the Tromse and Bjernegya basins alone cannot explain the

observed wavelength of uplift (Figure 7a). Rift-flank uplift has definitely affected the Loppa
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High in the early Cretaceous in a similar fashion to that observed at the western rim of the
Hammerfest Basin (Figure 7b). However, it is only by adding the effect of phase changes in
the mafic body that the model manage to reproduce values of wavelength for uplift in
accordance with the geometry of the present day Loppa High. It is emphasised that the
modeled effect of rift flank uplift as calibrated from the response of the western rim of the
Hammerfest Basin corresponds well to the area affected by Carboniferous — middle Triassic
formation of the Selis Ridge, supporting previous work that suggested the Selis Ridge formed
through the mechanism of rift flank uplift along the present day Ringvassey-Loppa and
Bjerngyrenna fault complexes (Wood et al. 1989; Glerstad-Clark 2011; Clark et al. 2014).

A conceptual model of the Late Palaeozoic — present evolution of the Loppa High area

Based on the above model results and discussion and previously published observations and
analyses, we present a unified conceptual model for the evolution of the Loppa High from late
Palaeozoic to present-day (Figure 8). The emplacement of the mafic body was probably
associated with the Silurian-Devonian Caledonian Orogeny, and it can be speculated that it
represents the lower part of the suture zone separating rocks of Laurentian and Baltican origin
(Ritzmann & Faleide, 2007; Gernigon et al. 2012; Torsvik & Cocks, 2017) and comprised of
subducted gabbroic oceanic crust. Subsequent orogenic collapse, moderate extension and
regional subsidence transformed the Barents Sea into a shallow epicontinental sea
characterised by large evaporitic basins by the Carboniferous and Permian (Gabrielsen et al.
1990; Faleide et al. 1993a,b) (Figure 8, I-IIT). The Carboniferous to middle Triassic (mainly
mid-late Permian) stages of formation of the Tromse and Bjerngya basins was accompanied
by uplift and rotation of the Selis Ridge in the Loppa High area, generating an elongated,
~100 km long ridge stretching along strike of the rift flank with a rift-perpendicular
wavelength of ~40 km (Figure 8, II). We have not included in full the formation of the Selis
Ridge in our present model approach, but the width of the Selis Ridge fits well with the
expected wavelength of rift flank uplift for the early Cretaceous phase, supporting that the
formation of the Selis Ridge is indeed a result of this mechanism as suggested by others

(Wood et al. 1989; Glerstad-Clark 2011; Clark et al. 2014).

In the Late Triassic, the Loppa High area subsided and formed a depocenter with a southern
and eastern boundary corresponding to a zone of thickening of the late Triassic sequence
(Figure 1 & 2) (Glerstad-Clark et al. 2010). This event of subsidence has been suggested by
Clark et al. (2014) to be linked to a subsequent cooling of the thinned lithospheric mantle
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associated with late Carboniferous to middle Triassic rifting. However, if this was the
dominating mechanism, the depocenter should be expected not to be limited to the present day
Loppa High, but also include the Hammerfest Basin located along the same rift flank, which
is not the case (Figure 1). According to our model results, we thus suggest that subsidence
was influenced by prograde phase changes in the mafic body at the base of the Loppa High
and that these phase changes were promoted by increasing compressional stress in the Barents
Sea related to the reported ~100 km westward migration of Novaya Zemlya (Buiter & Torsvik
2007) (Figure 8, IV). Due to tectonic quiescence in the Jurassic, the modeled depocenter

remained deep throughout the Jurassic, which corresponds to observations (Figure 8, V).

In the early Cretaceous, accelerated thinning of the lithosphere resulted in the deepening of
the Tromse and Bjerneya basins west of the Loppa High (Faleide et al., 1993a,b; Glerstad-
Clark 2011; Clark et al. 2014). The upwelling of the asthenosphere supplied heat and fluids to
the base if the Loppa High and, according to our modeling, caused rift flank uplift of the
western flank of the Loppa High with a wavelength of ~40 km that was superimposed on a
phase change-driven uplift with a wavelength of ~100 km caused by a transition to lighter
mineral assemblages in the mafic body at depth (Figure 7a). The uplift inverted the late
Triassic depocentre as the Loppa High, outlined to the south and east by a monocline (Figure

8, VI).

From the middle Cretaceous to the Present (Figure 8, VII-IX), subsequent cooling following
early Cretaceous rifting caused a post-rift basin development west of the Loppa High,
overstepping the rims of the syn-rift Tromsg and Bjerneya basins. Gentle subsidence was
interrupted by episodes of minor renewed uplift that affected the entire Barents Sea in the
Paleogene (Vorren et al. 1991; Riis and Fjeldskaar, 1992; Nyland et al. 1992; Riis, 1996;
Dimakis et al. 1998; Cavanagh et al. 2006). At present, the effect of thermal rift-flank uplift
has largely receded due to cooling, leaving behind only uplift as the effect of the early

Cretaceous phase change in the mafic body.

Similar effects of phase change-driven vertical movements may also be valid for other
structural highs in the Barents Sea. One example may be the Stappen High, which is located
northwest of the present study area. It is positioned along a left-stepping segment of the same
rift axis as the Loppa High, and is flanked to the west by the Vestbakken Volcanic Province,
similar in depths to the Tromsg and Bjerngya basins (Gabrielsen et al. 1990) (Figure 1). The
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southern part of the Stappen High is characterised by magnetic and gravity anomalies
comparable to that seen beneath the Loppa High (Skilbrei et al. 2001; Ritzmann & Faleide
2007; Gernigon et al. 2014) and shows a similar structural evolution: The Stappen High
experienced late Carboniferous — early Permian uplift, subsidence in the Triassic and renewed
uplift in the early Cenozoic (Wood et al. 1989; Gabrielsen et al. 1990; Faleide et al. 1993a,b;
Worsley et al. 2001; Blaich et al. 2012, 2017). This renders the possibility that the Stappen
High experienced similar effects of lower crustal phase changes as a part of its tectonic
history. The fact that the latter phase of uplift of the Stappen High post-dates the early
Cretaceous event of uplift of the Loppa High strengthens this hypothesis, as the main phase of
formation Vestbakken Volcanic Province was in the Eocene (e.g. Faleide et al. 1993, 2008;
Ryseth et al. 2003). This indicates that the early Cenozoic uplift of the Stappen High was
linked to heat and fluid influx associated with basin formation in the west, in a similar fashion
that the early Cretaceous uplift of the Loppa High was associated with contemporaneous

rifting in the Tromseg and Bjerneya basins.

7. Conclusions

The Loppa High has been subject to several events of subsidence and uplift as is reflected by
the complex geometry of the high in the seismic record. Using a forward thermo-mechanical
modeling approach coupled with a phase change model for mafic rocks we propose a new

model of evolution for the Loppa High from late Palaecozoic to present day.

We propose that the evolution of the Loppa High area is strongly influenced by changes in
density as a result of phase changes in a mafic body located at the base of the Loppa High.
Our model results show that late Triassic far-field compression caused by the westward
translation of Novaya Zemlya in the eastern Barents Sea likely contributed to densification of
the mafic body leading to subsidence and the formation of a depocentre in the Loppa High
area. Further, the results show that early Cretaceous rift activity could provide an influx of
heat and fluids to the mafic body causing phase changes towards lighter mineral assemblages

and subsequent uplift of the high.

The model successfully reproduces wavelengths of repeated uplift and subsidence as observed
in the seismic data, including the spatial correlation between late Triassic depocentre, the area
that became uplifted to form the early Cretaceous Loppa High and the lateral extent of the

mafic body at depth. Furthermore, the model explains the contrasting wavelengths of early
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Cretaceous uplift of the Loppa High (~100 km) compared to uplift of the western rim of the
Hammerfest Basin (~40 km). We conclude that these relationships cannot be reproduced by

modeling the effect of thermal and isostatic rift flank uplift mechanisms alone.

Similar effects of phase change-driven vertical movements may also be valid for other
structural highs in the Barents Sea and beyond. One candidate is the Stappen High, located
northwest of the Loppa High, which shows a similar structural evolution and magnetic and

gravity anomalies comparable to that of the Loppa High.

Acknowledgements

The present work is part of the ARCEx project (Research Centre for Arctic Petroleum
Exploration), which is funded by the Research Council of Norway (grant number 228107)
together with 10 academic and 9 industry partners. We thank TGS-NOPEC Geophysical

Company ASA for access to seismic data.

References

Barrere, C., Ebbing, J., & Gernigon, L. 2011. 3-D density and magnetic crustal
characterization of the southwestern Barents Shelf: implications for the offshore prolongation
of the Norwegian Caledonides. Geophysical Journal International, 184(3), 1147-1166.

Berglund, L. T., Augustson, J., Ferseth, R., Gjelberg, J. & Ramberg-Moe, H. 1986. The
evolution of the Hammerfest Basin. In: Spencer, A.M., Campbell, C.J., Hanslien, S.H., Holter,
E., Nelson, P.H.H., Nysether, E. & Ormaasen, E.G. (eds) Habitat of hydrocarbons on the
Norwegian continental shelf (pp. 319-338). Graham and Trotman London.

Blaich, O. A., Faleide, J. L., Rieder, M., Ersdal, G. A., & Thyberg, B. I. 2012. Seismic
velocities guiding geological interpretation in frontier areas: the Stappen High area, SW
Barents Sea. First Break, 30(12).

Blaich, O. A., Tsikalas, F., & Faleide, J. I. 2017. New insights into the tectono-stratigraphic
evolution of the southern Stappen High and its transition to Bjerngya Basin, SW Barents Sea.
Marine and Petroleum Geology.

Bogatsky, V.I., Bogdanov, N.A., Kostyuchenko, S.I., Senin, B.V., Sobolev, S.F., Shipilov,
E.V., Khain, V.E., 1996. Explanatory notes for the tectonic map of the Barents Sea and the
northern part of European Russia, Scale 1:2500000, edited by N.A. Bogdanov and V.E. Khain.
Institute of the Lithosphere, Russian Academy of Sciences, Moscow.

Brown, D., & Echtler, H. 2005. The Urals. Encyclopedia Geol, 2, 86-95.



582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631

Buiter,S.J.H. & Torsvik,T.H., 2007. Horizontal movements in the eastern Barents Sea
constrained by numerical models and plate reconstructions. Geophysical Journal
International, 171, 1376-1389, doi: 10.1111/5.1365-246X.2007.03595.x

Burov, E., & Cloetingh, S. 2009. Controls of mantle plumes and lithospheric folding on
modes of intraplate continental tectonics: differences and similarities. Geophysical Journal
International, 178(3), 1691-1722.

Cavanagh, A. J., Di Primio, R., Scheck-Wenderoth, M., & Horsfield, B. 2006. Severity and
timing of Cenozoic exhumation in the southwestern Barents Sea. Journal of the Geological
Society, 163(5), 761-774.

Clark, S. A., Glorstad-Clark, E., Faleide, J. 1., Schmid, D., Hartz, E. H. & Fjeldskaar, W.
2014. Southwest Barents Sea rift basin evolution: comparing results from backstripping and
time-forward modelling. Basin Research, 26(4), 550-566.

Cloetingh, S. & Kooi, H. 1992. Intraplate stresses and dynamical aspects of rifted basins.
Tectonophysics, 215, 167-185.

Cloetingh, S. & Burov, E. 1996. Thermomechanical structure of European continental
lithosphere constraints from rheological profiles and EET estimates. Geophys. J. Int. 124,
695-723.

Cloetingh, S. & Burov, E. 2011. Lithospherioc folding and sedimentary basin evolution: a
review and analysis of formation mechanisms. Basin research, 23, 257-290.

Connolly, J. A. D. 2005. Computation of phase equilibria by linear programming: a tool for
geodynamic modeling and its application to subduction zone decarbonation. Earth and
Planetary Science Letters, 236(1), 524-541.

Dimakis, P., Braathen, B. 1., Faleide, J. L., Elverhei, A., & Gudlaugsson, S. T. 1998. Cenozoic
erosion and the preglacial uplift of the Svalbard—Barents Sea region. Tectonophysics, 300(1),
311-327.

Ebbing, J., & Olesen, O. 2010. New compilation of top basement and basement thickness for
the Norwegian continental shelf reveals the segmentation of the passive margin system. In
Geological Society, London, Petroleum Geology Conference series (Vol. 7, pp. 885-897).

Faleide, J. 1., Végnes, E. & Gudlaugsson, S. T. 1993a. Late Mesozoic—Cenozoic evolution of
the southwestern Barents Sea. In: Parker, J.R. (ed.) Geological Society, London, Petroleum
Geology Conference series (Vol. 4, pp. 933-950).

Faleide, J. 1., Végnes, E., & Gudlaugsson, S. T. 1993b. Late Mesozoic-Cenozoic evolution of
the south-western Barents Sea in a regional rift-shear tectonic setting. Marine and Petroleum
Geology, 10(3), 186-214.

Faleide, J. 1., Tsikalas, F., Breivik, A. J., Mjelde, R., Ritzmann, O., Engen, O. & Eldholm, O.
2008. Structure and evolution of the continental margin off Norway and the Barents Sea.
Episodes, 31(1), 82-91.



632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680

Gabrielsen, R.H. 1984. Long-lived fault zones and their influence on the tectonic
development of the south-western Barents Sea. Journal of the Geological Society of London,
141, pp. 651-662.

Gabrielsen, R. H., Faerseth, R. B. & Jensen, L. N. 1990. Structural Elements of the
Norwegian Continental Shelf. Pt. 1. The Barents Sea Region. Norwegian Petroleum
Directorate.

Gabrielsen, R. H., Braathen, A., Olesen, O., Faleide, J. L., Kyrkjebg, R., & Redfield, T. F.
2005. Vertical movements in south-western Fennoscandia: a discussion of regions and

processes from the Present to the Devonian. Norwegian Petroleum Society Special
Publications, 12, 1-28.

Gac, S., Huismans, R.S., Simon, N.S.C., Podladchikov, Y.Y., Faleide, J.I., 2013. Formation
of intra-cratonic basins by lithospheric shortening and phase changes: a case study from the
ultra-deep East Barents Sea basin. Terra Nova 25, doi:10.1111/ter.12057.

Gac S., Huismans, R.S., Simon, N.S.C., Faleide, J.I., Podladchikov, Y.Y., 2014. Effects of
lithosphere buckling on subsidence and hydrocarbon maturation: a case-study from the ultra-
deep East Barents Sea basin. Earth and Planet. Sci. Lett. 407, 123-133.

Gac, S., Klitzke, P., Minakov, A., Faleide, J. I., & Scheck-Wenderoth, M. 2016. Lithospheric
strength and elastic thickness of the Barents Sea and Kara Sea region. Tectonophysics, 691,
120-132.

Gee, D. G., Bogolepova, O. K., & Lorenz, H. 2006. The Timanide, Caledonide and Uralide
orogens in the Eurasian high Arctic, and relationships to the palaeo-continents Laurentia,
Baltica and Siberia. Geological Society, London, Memoirs, 32(1), 507-520.

Gernigon, L., & Bronner, M. 2012. Late Palaeozoic architecture and evolution of the
southwestern Barents Sea: insights from a new generation of aeromagnetic data. Journal of
the Geological Society, 169(4), 449-459.

Gernigon, L., Bronner, M., Roberts, D., Olesen, O., Nasuti, A., & Yamasaki, T. 2014. Crustal
and basin evolution of the southwestern Barents Sea: from Caledonian orogeny to continental
breakup. Tectonics, 33(4), 347-373.

Glerstad-Clark, E. 2011: Basin analysis in western Barents Sea area: The interplay between
accomodation space and depositional system, PhD thesis, University of Oslo.

Glerstad-Clark, E., Faleide, J. 1., Lundschien, B. A. & Nystuen, J. P. 2010. Triassic seismic
sequence stratigraphy and paleogeography of the western Barents Sea area. Marine and
Petroleum Geology, 27(7), 1448-1475.

Green, P. F., & Duddy, I. R. 2010. Synchronous exhumation events around the Arctic
including examples from Barents Sea and Alaska North Slope. In Geological Society, London,
Petroleum Geology Conference series (Vol. 7, No. 1, pp. 633-644). Geological Society of
London.



681
682
683
684
685
686

687
688
689
690

691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728

Gudlaugsson, S. T., Faleide, J. 1., Johansen, S. E. & Breivik, A. J. 1998. Late Palacozoic
structural development of the south-western Barents Sea. Marine and Petroleum Geology,
15(1), 73-102.

Henk, A. 2006. Stress and strain during fault-controlled lithospheric extension—insights from
numerical experiments. Tectonophysics, 415(1), 39-55.

Huismans, R. S., & Beaumont, C. 2005. Effect of lithospheric stratification on extensional
styles and rift basin geometry. In: Post, P., Olson, D., Lyons, K., Palmes, S., Harrison, P. &
Rosen, N. (eds) Petroleum Systems of Divergent Margin Basins: Houston, Texas, 25th Gulf
Coast Section, Society Sedimentary Geology, Bob F. Perkins Research Conference (pp. 4-7).

Indrever, K., Gabrielsen, R.H. & Faleide, J.I., 2017. Early Cretaceous syn-rift uplift and
tectonic inversion in the Loppa High area, southwestern Barents Sea, Journal of the
Geological Society, in press. doi:10.1144/jgs2016-066

Jarvis, G. T., & McKenzie, D. P. 1980. Sedimentary basin formation with finite extension
rates. Earth and Planetary Science Letters, 48(1), 42-52.

Johansen, S. E., Gudlaugsson, S. T., Svéna, T. A., & Faleide, J. I. 1994. Late Paleozoic
evolution of the Loppa High, Barents Sea. Part of unpublished PhD thesis, University of Oslo,
Oslo, 25.

Kaus, B.J.P., Connolly, J.A.D., Podladchikov, Y.Y., Schmalholz, 2005. Effect of mineral
phase transitions on sedimentary basin subsidence and uplift. Earth Planet Sci. Lett. 233, 213-
228.

Klitzke, P., Faleide, J. I., Scheck-Wenderoth, M., & Sippel, J. 2015. A lithosphere-scale
structural model of the Barents Sea and Kara Sea region. Solid Earth, 6(1), 153.

Kooi, H., Cloetingh, S., & Burrus, J. 1992. Lithospheric necking and regional isostasy at
extensional basins 1. Subsidence and gravity modeling with an application to the Gulf of
Lions margin (SE France). Journal of Geophysical Research: Solid Earth, 97(B12), 17553-
17571.

Kusznir, N. J., & Ziegler, P. A. 1992. The mechanics of continental extension and
sedimentary basin formation: a simple-shear/pure-shear flexural cantilever model.
Tectonophysics, 215(1), 117-131.

Marello, L., Ebbing, J., & Gernigon, L. 2013. Basement inhomogeneities and crustal setting
in the Barents Sea from a combined 3D gravity and magnetic model. Geophysical Journal
International, ggt018.

McKenzie, D. 1978. Some remarks on the development of sedimentary basins. Earth and
Planetary science letters, 40(1), 25-32.

Nikishin, A. M., Ziegler, P. A., Stephenson, R. A., Cloetingh, S. A. P. L., Furne, A. V., Fokin,
P. A., Ershov, A.V., Bolotov, S.N., Korotaev, M.V:, Alekseev, A.S., Gorbachev, V. 1.,
Shipilov, E.V., Lankreijer, A., Bembinova, E.Y &Shalimov, [.V. 1996. Late Precambrian to



729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762

763
764
765

766
767
768
769
770
771
772
773
774
775
776
777
778
779

Triassic history of the East European Craton: dynamics of sedimentary basin evolution.
Tectonophysics, 268(1-4), 23-63.

Nyland, B., Jensen, L. N., Skagen, J., Skarpnes, O., & Vorren, T. 1992. Tertiary uplift and
erosion in the Barents Sea: magnitude, timing and consequences. Structural and tectonic

modelling and its application to petroleum geology, Norwegian Petroleum Society (NPF)
Special Publication, 1, 153-162.

Otto, S. C., & Bailey, R. J. 1995. Tectonic evolution of the northern Ural Orogen. Journal of
the Geological Society, 152(6), 903-906.

Puchkov, V.N., 1997. Structure and geodynamics of the Uralian orogeny. In: Burg, J.P., Ford,
M. (Eds.), Orogeny Through Time. Geological Society, London, pp. 201-236.

Puchkov, V.N., 2009. The evolution of the Uralian orogeny. In: Murphy, J.B., Keppie, J.D.,
Hynes, A.J. (Eds.), Ancient Orogens and Modern Analogues. Geological Society, London, pp.
161-195

Ranalli, G. 1995. Rheology of the Earth. Springer Science & Business Media.

Riis, F. 1996. Quantification of Cenozoic vertical movements of Scandinavia by correlation of
morphological surfaces with offshore data. Global and Planetary Change, 12(1), 331-357.

Riis, F., & Fjeldskaar, W. 1992. On the magnitude of the Late Tertiary and Quaternary
erosion and its significance for the uplift of Scandinavia and the Barents Sea. In: Larsen, R.M.

(Ed.). Structural and tectonic modelling and its application to petroleum geology (Vol. 1, pp.
163-185). Elsevier Amsterdam.

Riis, F., Vollset, J., & Sand, M. 1986. Tectonic development of the western margin of the
Barents Sea and adjacent areas. In: Halbouty, M.T. (Ed.), Future Petroleum Provinces of the
World, Am. Assoc. Petrol. Geol. Mem. No. 40 (1986), pp. 661-676

Ritzmann, O., & Faleide, J. I. 2007. Caledonian basement of the western Barents Sea.
Tectonics, 26(5).

Ritzmann, O., & Faleide, J. I. 2009. The crust and mantle lithosphere in the Barents Sea/Kara
Sea region. Tectonophysics,470(1), 89-104.

Roberts, A. M., & Yielding, G. 1991. Deformation around basin-margin faults in the North
Sea/mid-Norway rift. Geological Society, London, Special Publications, 56(1), 61-78.

Rudnick, R. L., & Fountain, D. M. 1995. Nature and composition of the continental crust: a
lower crustal perspective. Reviews of geophysics, 33(3), 267-309.

Ryseth, A., Augustson, J. H., Charnock, M., Haugerud, O., Knutsen, S. M., Midbge, P. S.,
Opsal, J.G. & Sundsbg, G. 2003. Cenozoic stratigraphy and evolution of the Servestsnaget

Basin, southwestern Barents Sea. Norwegian Journal of Geology/Norsk Geologisk Forening,
83(2).

Rennevik, H., Beskow, B. & Jacobsen, H. P. 1982. Structural and stratigraphic evolution of
the Barents Sea. Arctic Geology and Geophysics: Proceedings of the Third International



780
781
782
783
784
785
786
787
788
789
790
791

792
793
794

795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824

825
826

827
828

Symposium on Arctic Geology — Memoir 8, 1982. Pages 431-440, CSPG Special
Publications.

Semprich, J., Simon, N.S.C., Podladchikov, Y.Y., 2010. Density variation in the thickened
crust as a function of pressure, temperature, and composition. /nt. J. Earth. 99, 1487-1510.

Skilbrei, J. R., O. Kihle, O. Olesen, J. Gellein, A. Sindre, D. Solheim, and B. Nyland (2000),
Gravity anomaly map, Norway and adjacent areas, scale 1:3 million, map and digital data,
DRAGON Proj., Geol. Surv. of Norway, Trondheim, Norway.

Spear, F. S. 1995. Metamorphic phase equilibria and pressure-temperature-time paths (p.
799). Washington: Mineralogical Society of America.

Torsvik, T. H., & Andersen, T. B. 2002. The Taimyr fold belt, Arctic Siberia: timing of
prefold remagnetisation and regional tectonics. Tectonophysics, 352(3), 335-348.

Torsvik, T. H., & Cocks, L. R. M. 2017. Earth History and Palaeogeography. Cambridge
University Press.

van der Beek, P., Cloetingh, S., & Andriessen, P. 1994. Mechanisms of extensional basin
formation and vertical motions at rift flanks: Constraints from tectonic modelling and fission-
track thermochronology. Earth and Planetary Science Letters, 121(3-4), 417-433.

van der Beek, P., Andriessen, P., & Cloetingh, S. 1995. Morphotectonic evolution of rifted
continental margins: Inferences from a coupled tectonic-surface processes. Tectonics, 14(2),
406-421.

Vorren, T. O., Richardsen, G., Knutsen, S. M., & Henriksen, E. 1991. Cenozoic erosion and
sedimentation in the western Barents Sea. Marine and Petroleum Geology, 8(3), 317-340.

Wood, R. J., Edrich, S. P. & Hutchison, 1. 1989. Influence of North Atlantic tectonics on the
large-scale uplift of the Stappen High and Loppa High, western Barents Shelf. In Extensional
Tectonics and Stratigraphy of the North Atlantic Margins, Vol. 46, pp. 559-566. American
Association of Petroleum Geologists Memoir.

Worsley, D., Agdestein, T., Gjelberg, J., Kirkemo, K., Merk, A., Olaussen, S., Steel, R. J. &
Stemmerik, L. 2001. The geological evolution of Bjerneya, Arctic Norway: implications for
the Barents Shelf. Norsk Geologisk Tidsskrift, Vol 81 , 195-234

Ziegler, P. A. 1978. North-western Europe: tectonics and basin development. Geologie en
Mijnbouw, 57(4), 589-626.

Zonenshain, L.P., Kuzmin, M.I., Natapov, L.M., 1990. Geology of the USSR: a plate tectonic
synthesis. American Geophysical Union Geodynamics Series 21 (Washington DC).

Figure captions:

Figure 1: Overview of the study area showing the main structural elements in the study area.
Location of key seismic lines used in the paper is given in addition to the location of a zone of
thickening of upper Triassic strata and an early Cretaceous monocline (see legend for details).
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Colors show the magnetic anomaly pattern in the study area interpreted to reflect the presence
of a mafic body at the base of the Loppa High (modified from Ritzmann & Faleide 2007).
Note how the zone of thickening, the position and geometry of the monocline and the
southern and eastern extent of the magnetic anomaly overlaps. Structural element map
modified from Norwegian Petroleum Directorate (npd.no). FC, fault complex.

Figure 2: a) Interpreted seismic line running from the Bjarmeland Platform in the east, across
the Loppa High, the Ringvassey-Loppa Fault Complex and into the Tromse Basin (see Figure
1 for location). Note the distinct thickening of upper Triassic strata from the Bjarmeland
Platform and onto the Loppa High and the presence of an early Cretaceous monocline in the
same area. b) Interpreted seismic line running from the Hammerfest Basin, across the
Ringvassey-Loppa Fault Complex and into the Tromse Basin (see Figure 1 for location). Note
the westward thinning and subsequent thickening of the lower Barremian to lower Aptian
strata that is interpreted to be the result of a short-lived rift-flank uplift of the western margin
of the Hammerfest Basin in the early Barremian. One-arm arrows indicate onlaps.

Figure 3: Timeline summarizing tectonic events and their timing in relation to vertical
movements in the Loppa High area. The period of formation of the Selis Ridge is
characterised by regional extension in the western Barents Sea and contractional events (Polar
Urals) in the eastern Barents Sea. The late Triassic subsidence is coeval with the western
translation of Novaya Zemlya, while the early Cretaceous uplift correlates in time with
accelerated lithosphere thinning associated with the main phase of formation of the
neighboring Tromse and Bjerngya basins.

Figure 4: Schematic overview of the different modeling steps used in the present work. a) A
2D plan-view elastic model is computed to assess compressional stresses at mid-crustal level
as caused by the westward migration Novaya Zemlya. b) An early Cretaceous extension
phase and associated basin formation is simulated using the Tecmod2d thermo-kinematic
modeling tool. Parameters are calibrated to reproduce rift flank uplift as observed in along the
western margin of the Hammerfest Basin ¢) The output of expected pressures and
temperatures from a) and b) respectively, are used as input to a phase change model that gives
the density of rocks with a wet mafic composition as a function of pressure and temperature
(modified from Semprich et al. 2010). A 2D density-isostasy model calculates vertical
movements at the surface as an effect of phase changes in the mafic body at depth.

Figure 5: Model M1 - Plan-view model showing the mid-crustal lithospheric stress in the
Barents Sea as an effect of the up-thrusting of Novaya Zemlya in the late Triassic. a) Situation
prior to thrusting. b) Same model showing the increase in average horizontal lithosphere
stress in the Barents Sea after applying 100 km of shortening simulating the up-thrusting of
Novaya Zemlya. The modeled increase in horizontal stress in the Loppa High area is ~300
MPa.

Figure 6: Results of the 2D thermo-kinematic extension model (model M2) and the phase
change and 2D density-isostasy model (model M3) showing the effect of tectonic-induced
pressure and temperature changes to the Loppa High area in the late Triassic, early Cretaceous
and at Present. Note that each figure shows the modeled topography on the eastern half of the
models (from basin center to the east side of the model) as we are solely interested in the
geological evolution of the eastern margin of the Tromse Basin. a) Modeled early Cretaceous
rifting in the Tromse Basin caused a thermal rift flank uplift with an amplitude of ~200 m and
a wavelength of ~50 km. The effect is largely receded at present day. b) The late Triassic



879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903

904
905
906
907
908
909
910
911
912
913
914
915
916
917
918

compressional event as induced by the westward thrusting of Novaya Zemlya caused
according to the model a densification of the mafic body that resulted in ~200 m of
subsidence at the surface. Note that the width of the modeled basin corresponds to the width
of the mafic body at depth. Early Cretaceous heat- and fluid influx allowed for a reduction in
density in the mafic body. The eastern part of the Loppa High was uplifted back to the pre-
subsidence base level (due to the pressure reducing back to its lithostatic component. The
western part of the Loppa High saw additional phase change-driven uplift due to increased
heating. Note that a monocline has formed at the surface above the eastern limit of the mafic
body. As we assume that no further retrograde phase changes occurred, the effect of early
Cretaceous phase changes is preserved to present day in the mafic body. ¢) The combined
effect of thermal rift flank uplift and phase changes. At present, the effect of thermal rift flank
uplift has largely receded, and the remaining net uplift is mainly due to the preservation of a
lighter mineral assemblage in the mafic body.

Figure 7: Comparison of observed and modeled uplift wavelengths. a) The modeled effect of
rift flank uplift alone cannot reproduce the early Cretaceous uplift of the Loppa High with
respect to wavelength. It is only by adding the modeled effect of uplift caused by phase
changes in the mafic body that the geometry of the present day Loppa High is successfully
reproduced. Seismic profile is from Figure 2a. Note that the models have been stretched to
account for the orientation of the composite seismic profile. b) Wavelength of modeled
thermal rift flank uplift as a result of accelerated lithospheric thinning in the Tromse Basin.
Because the response of the western rim of the Hammerfest Basin has been used to calibrate
the thermal rift flank uplift model, the model result correlates well (profile from Figure 2b).
Amplitudes of modeled profiles are arbitrary.

Figure 8: Conceptual model of the late Palacozoic to present day evolution of the Loppa High
arca. I, II and III: From Late Carboniferous to middle Triassic, the southwestern Barents
Sea was subject to moderate extension and subsidence, rift flank uplift and rotation of the
Selis Ridge and early stages of formation of the Tromse and Bjerneya basins. IV and V: The
late Triassic ~100 km westward migration of Novaya Zemlya caused a build-up of
compressional stresses and subsequent phase changes in the mafic body below the Loppa
High. This again caused subsidence and the formation of a depocenter at the surface with
similar lateral extent as the mafic body at depth. VI: Heat from early Cretaceous accelerated
thinning of the lithosphere in the Tromse and Bjerneya basins caused thermal rift flank uplift
and uplift as a result of phase changes in the mafic body. This uplifted the late Triassic
depocenter to form the subaerially exposed Loppa High. A monocline formed along the
eastern and southern boundary of the Loppa High, coinciding with the eastern extent of the
mafic body at depth. VII, VIII and IX: Throughout Cretaceous until present, cooling caused
a partial, gentle subsidence of the Loppa High and sagging subsidence in the Tromse and
Bjerneya basins, interrupted by episodes of uplift in the Paleogene.



