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Abstract

New sedimentological data from the central part of Nordenskiold Land, Spitsbergen,
contributes to the understanding of the depositional processes and sandbody geometry of
the Battfjellet Formation (Eocene). A detailed study, with focus on internal facies distribution
and local parasequence stacking pattern, has been carried out in an approximately 70km?
study area. A total of twelve aggrading and forwards stepping parasequences of a fluvio-
wave dominated deltaic origin are recognized.

Local variations and complex geometry of the parasequences in the formation are best
explained by autogenic mechanisms and accompanied delta lobe switching, characteristic of
a delta with a fluvial dominated morphology (Helland-Hansen, 2010). In contrast, facies
analysis of the formation reveals a predominance of wave generated structures. However,
the parasequences locally show a characteristic development of alternating plane parallel
laminated sandstone units (5-30 cm set thickness) and symmetrical small scale ripples. These
units reflect deposition in front of, or close to, an active river mouth bar system, strongly
influenced by hyperpycnal flow processes during flood events and accompanying wave
reworking during waning flood and fair weather aggradation. The local variations of this
facies makes it possible to recognize and map the position of the most fluvial influenced
shoreface/delta front successions and their spatial distribution as a consequence of auto-
cyclic lobe change processes.

In contrast to the well studied western, more proximal positioned, reaches of the basin,
there are no developed clinothems or basin floor fan systems in the study area. This has
been interpreted to be a consequence of the progressive shallowing of the basin through
time.
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1. Introduction

1.1 Purpose of study

For the last few decades most of the work on the Battfjellet Formation in the Central Tertiary
Basin has been concentrated in the western part of the basin along the Van Keulenfjorden
where spectacular clinoforms and related basin floor fan deposits are exposed (Kellogg,
1975; Steel, 1977; Dalland, 1979; Helland-Hansen, 1985, 1990, 1992; Plink-Bjgrklund et al.,
2001; Mellere et al., 2002; Deibert et al., 2003; Plink-Bjgrklund and Steel, 2004; Crabaugh
and Seel, 2004; Johannesen and Steel, 2005; Lgseth et al., 2006; Petter and Steel, 2006; Clark
and Steel, 2006; Uroza and Steel, 2008; Helland-Hansen, 2010). The Battfjellet Formation in
the central part of the Nordenskidld Land, where sand prone clinoforms and basin floor fans
are not well developed, has not been that well studied. The purpose of this study is to,
through detailed sedimentological studies, facies analysis and sequence stratigraphic
concepts, to generate a model for the sand body geometries in the study area (70 square
km) in the Ringdalen - Medalen area in the central part of the basin. This model is further
applied to generate local and regional paleo-geomorphic models, and explain differences
between the central and western part of the basin with respect to clinoform and basin floor

fan development.

1.2 Previous work
The sandstone of the Battfjellet Formation forms a significant contrast to the underlying

shales of the Frysjaodden Formation and overlying mixed sandstone and fine grained
continental deposits of the Aspelintoppen Formation, as it is a cliff forming succession, easily
recognized in the field. For this reason it has been recognized as a stratigraphic unit since the
earliest geological work was carried out on the Cenozoic succession on Spitsbergen at the
beginning of the 20" century (Nathorst, 1910; Ljutkevic, 1937; Orvin, 1940). The Battfjellet
Formation was named after the mountain Battfjellet in central Nordenskiéld Land, and the
name was first used by Major and Nagy (1964). The current sratigraphic definition of the
Battfjellet Formation was established by the same authors in 1972. Initially, the bulk of the
geological field work carried out on Svalbard was devoted to units of economic interest;
hence the Battfjellet Formation was given little interest in that respect since it has no

commercial value.



Later regional stratigraphic and structural studies carried out in the Central Spitsbergen also
incorporated the Battfjellet Formation (Major and Nagy, 1964, 1972; Kellogg, 1975; Steel,
1977; Dalland, 1979). During the last decades the formation has been subject to thorough
sedimentological studies with particular focus on the clinoforms and associated basin floor
fan development. Through the extensive studies by Helland-Hansen (1985), a
paleogeographic and paleoenvironmental understanding of the Battfjellet Formation was
established. Several papers by Steel and coworkers presents the development of the
clinoforms in the Van Keulenfjorden area and the development of these with respect to
sediment by-pass across the shelf edge and development of shelf edge deltas (e.g. Steel,
1977; Plink-Bjgrklund and Steel, 2004; Crabaugh and Steel, 2004; Johannesen and Steel,
2005; Petter and Steel, 2006; Clark and Steel, 2006; Uroza and Steel, 2008). Because of the
excellent outcrops, the Battfjellet Formation represents an excellent opportunity to study
parasequence stacking patterns, as well as the transition from shallow to deep marine
deposits of a deltaic system. The exposures are of seismic scale and hence of interest to the
oil industry. This has motivated studies with focus on sequence stratigraphy, shoreline
trajectory development and sandbody geometries in the formation in recent years (Helland-
Hansen et al., 1994; Plink-Bjgrklund et al., 2001; Mellere et al., 2002; Deibert et al., 2003;
Plink-Bjgrklund and Steel, 2004; Crabaugh and Steel, 2004; Johannesen and Steel, 2005;
Lgseth et al., 2006; Petter and Steel, 2006; Clark and Steel, 2006; Uroza and Steel, 2008;
Olsen, 2008); Stene, 2009; Skarpeid, 2010; Helland-Hansen, 2010). No detailed
sedimentological work of the study area of this thesis has been carried out before, but
several studies of the formation in adjacent areas have been carried out (Helland-Hansen,
1985; Helland-Hansen, 1990; Plink-Bjorklund et al., 2001, Skarpeid, 2010; Helland-Hansen,
2010).
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Figure 1.1: Geological map of Svalbard indicating the position of the study area on
Nordenskiéld Land (modified from Dallmann et al., 1999)

1.3 Study area
The Central Tertiary Basin is located on the south-central parts of Spitsbergen, which is the

largest island of the Svalbard Archipelago of the north-western Barents Sea (Figure 1.1). The
study area is located in the north-central part of the basin, in the central part of the
Nordenskiéld Land. The field work was carried out over a five week period during the
summer 2009, and one week during the summer 2010. The field camp was located in the
eastern reaches of Colsedalen and 22 lithostratigraphic profiles were logged on the
surrounding mountains of Tillbergsfjellet, Ringdalsfjellet, Sandsteinsfjellet and Mefjellet
(Figure 1.2). Pictures of the four mountains in the study area are provided in Appendix 3. The

locations of the different profiles are scattered over an area covering 10 km in an N-S
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direction, and 7 km in a W-E direction. Most of the outcrops of the Battfjellet Formation in
the study area are located at various altitudes within the range of 450m and 750m. The only
way to get to the outcrops was by foot, and a more than three hour hike was necessary to

reach the most distant outcrops.

o 7 .
NERL. 71

,Spits:t{i"e_f'rgen .

v

Figure 1.2: Overview map of the study area marking the location of the different logged
sections on Sandsteinsfjellet, Mefjellet, Ringdalsfjellet and Tillbergsfjellet (map: Norsk
Polarinstitutt).

The names of the lithostratigraphic logs are based on the chronological order they were
logged, and the second letter in the annotation indicates the mountain it was logged (eg.

L1R1= Log 1, Ringdalsfjellet 1).
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2. Methods

2.1 Field work
The observations and results presented in this thesis are obtained from sedimentological

field work. The main method used in the field was lithostratigraphic logging, where features
like sedimentary structures, bed thickness, colour, boundary types, texture, and
mineralogical composition is observed and described. Large scale geometrical features of the
sandstone bodies were observed at a distance. Paleocurrent measurements were obtained
by the use of a geological compass. GPS and altimeters where used to record the altitude of
studied outcrops. These instruments are based on the atmospheric pressure, and daily
calibration to a point of known altitude was conducted. There are some uncertainties related
to the use of altimeters as it may be strongly biased by local variations in atmospheric
pressure. Other equipment used during field work include a geological hammer, grain size
identification sheet, measuring stick, hand lens, binoculars, camera and graph paper with all
necessary writing equipment. The sites of the logs in the study area were thoroughly picked
to reflect a representative section of the rock unit. The logs were conducted vertically along
the outcrop, but lateral shifts were sometimes necessary in order to include all of the

exposed beds. The logs performed in the field were in a 1:20 scale.

The means of transportation to the study area was by helicopter for the first field season

(summer 2009), and by hiking for the second season (summer 2010).

2.2 Post - field work
Post-field work processing of the data includes digital redrawing of the logs in a 1:50 scale by

the use of CorelDraw X4 software. Correlation of the logs along various 2D transects were
also conducted by the use of CorelDraw X4. Additionally, simplistic correlation of the sand
bodies in 3D was conducted by the use of Google SketchUp 7 (Figure 2.1) where a DEM
(digital elevation model) of the study area was extracted from Google Earth. Rose diagrams
of the paleocurrent data was created by the use of the software Rozeta 2.0, and later edited
in CorelDraw X3. Geostatistical analysis of the rose diagrams was carried out by the use of

the Microsoft Excel based software Ez-Rose 1.0 by Baas (2000).
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Sandsteinsfiellet

Figure 2.1: Snapshot from Google SketchUp 7 showing the correlation of P3 (Chapter 6) on
Sandsteinsfjellet.
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3. Geological framework

3.1Introduction

Svalbard is an archipelago situated in the north-western Barents Sea, and comprises the
islands located between the latitudes of 74° and 81° N and longitudes between 10° to 35° E.
The archipelago represents an uplifted part of the Barents Sea, and reveals a comprehensive
geological history as it contains a near complete stratigraphic succession ranging in age from
Precambrium to Oligocene. Since the initiation of systematic geological survey on Svalbard
by pioneers like A. E. Nordenskiold, A.G. Nathorst and G. de Geer at the end of the 19" and
the beginning of the 20" century (Dallman, 1999 and references therein), Svalbard has been
subject to extensive geological investigations. The stratigraphic record of Svalbard (Figure
3.1) is highly variable and comprises igneous, metamorphic and sedimentary rocks. The
sedimentary succession represents a large range of depositional environments from
different climatic conditions, reflecting the progressive northward movement of Svalbard
from an equatorial position in Carboniferous to the present day arctic position (Worsley,
2008; Worsley and Aga, 1986). Tectonic events of different ages have influenced the rocks
on Svalbard. Of those, the most significant tectonic events are the Grenvillian
(Precambrium), Caledonian (Ordovician-Silurian), and West Spitsbergen (Paleogene)
orogenies (Dallmann et al., 1999). N-S to NW-SE oriented structural lineaments dominates
the tectonic imprint on Svalbard and reflects inversion and reactivation during different
tectonic phases (Steel and Worsley, 1984). The most prominent of these lineaments are the
Billefjorden Fault Zone (BFZ) and the Lomfjorden/Agardhbukta Fault Zone (LFZ) (Figure 1.1).
This chapter gives an overview of the geological history of Svalbard with a brief introduction
to the Pre-Cenozoic (Chapter 3.2) and a more thorough description of the Cenozoic (Chapter

3.3).
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3.2 Pre-Cenozoic

3.2.1 Pre-Caledonian
The pre-Caledonian rocks on Svalbard, traditionally called the Hecla Hoek succession,

comprise rocks of different lithologies, spanning in age from Precambrium to Early Silrian.
Deformation from several orogenic events have influenced the pre-Caledonian rocks; in
addition to the two main tectonic phases of the Caledonian Orogeny (Finnmarkian and
Scandian), deformation from the Baikalian/Timanide orogeny (600-650Ma), and the
Grenvillian orogeny has been recorded in the pre-Caledonian succession on Svalbard
(Dallmann et al., 1999). The main Caledonian tectonic event on Svalbard, called the Ny
Friesland orogenic phase, is of Middle to Late Silurian age and is regarded as the equivalent
to the Scandian orogenic phase of the Caledonides on mainland Norway (Harland; 1997;
Dallmann et al., 1999). There are some disputes regarding the age of this orogenic phase;
e.g. a Late Ordovician/Early Silurian age was suggested by Birkenmajer (1975) and Worsley
(1986). The pre-Caledonian rocks are commonly sub-grouped into three different terranes;
a northwestern, southwestern and an eastern (Gee and Teben'kov, 2004; Harland, 1985).
The Hecla-Hoek succession contains metasedimentary, metamorphic and igneous rocks of
20 different lothostratigraphic groups with a combined maximum stratigraphic thickness of

approximately 20km (Worsley, 2008).

3.2.2 Devonian - old red
Late Silurian/Devonian deposits on Svalbard in large part represent post-orogenic molasse

deposit following the mid-Silurian Ny-Freisland Orogen. The bulk of these deposits are
located in a major down-faulted graben structure in Andrée Land in the northern part of
Svalbard. The lowermost part of the Devonian succession consists of the Red Bay Group
(earliest Devonian), constituting coarse grained clastic fluvial deposits above a prominent
angular unconformity. This succession is overlain by the Andrée Land Group which consists
of clastic fluvial red-beds with some coarse-grained (conglomeratic) intervals in the upper
part (Friend and Moody-Stuart 1972). A major unconformity separates the Andrée Land
Group from the overlying Billefjorden Group which spans the Devonian — Carboniferous
Boundary. This unconformity developed during the Svalbardian tectonic phase (Harland,

1997).
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3.2.3 Latest Devonian to middle Permian
Post Caledonian extension with the formation of half-grabens along the major N-S/NW-SE

verging lineament zones is the dominating tectonic setting during Carboniferous on
Svalbard. Two main stratigraphical groups were deposited during Carboniferous to middle
Permian on Svalbard; the Famennian to Visean Billefjorden Group, and the Bashkirian to

Sakmarian Gipsdalen Group (Steel and Worsley, 1984; Worsley, 2008).

3.2.3.1 Latest Devonian to middle Carboniferous
The Billefjorden Group consists of siliciclastic sediments of mainly delta plain, lacustrine and

fluvial origin (Worsley, 2008; Gjelberg and Steel, 1981).The sediment fill of the Billefjorden
Group was deposited in half grabens with differential subsidence (Ngttvedt et al., 1992).
Coal seams of economic quantities occur within the Billefjorden Group on Svalbard, and
have previously been mined at Pyramiden. The deposits of the Billefjorden Group represent
a humid and tropical continental depositional environment that occurred along the northern

margins of the supercontinent Pangea (Worsley, 2008; Worsley and Aga, 1984).

3.2.3.2 Middle Carboniferous-Middle Permian
The Gipsdalen Group consists of shallow marine/shelf carbonates and evaporites of a sabkha

environment and minor amounts of siliciclastic sediments. The transition of the Billefjorden
Group to the Gipsdalen Group is marked with the change from gray to red continental
siliciclastic beds (Worsley, 2008; Gjelberg and Steel, 1981). The continued transgression into
the marine carbonates that dominates the Gipsdalen Group is believed to reflect a long term
regional sea level rise (Gjelberg and Steel, 1981). The Gipsdalen Group comprises three syn-
rift half-graben restricted sub-groups and the overlying, post-rift Dickson Land subgroup
(Dallmann et al., 1999). The transition from tropical continental deposits of The Billefjorden
Group and arid deposits, indicated by the red beds and carbonate deposits, of the Gipsdalen
Group mark a change in climatic conditions between the two groups. The ongoing
northwards movement of Laurasia results in deposits influenced from climatic conditions of
gradually higher latitudes. The abrupt change in climate is believed to be the combined

effects of the northwards movement of the plate and the climatic effects of the convergence
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of Laurasia and Gondwanaland, with closure of the Hercynian Ocean, resulting in more arid

conditions.

3.2.4 Late Permian - Early Triassic
In Late Permian there was a significant change in lithofacies from evaporites and carbonates

of the upper part of the Gipsdalen Group to a cherty succession dominated by siliciclastic
sediments of the Tempelfjorden Group (Steel and Worsley, 1984). There is a significant
hiatus separating the two groups (Worsley, 2008). The Kapp Starostin Formation is the main
stratigraphic unit of the Tempelfjorden Group (Harland, 1997). The Kapp Starostin Formation
is a transgressive unit, evolving from shallow marine brachiopod rich deposits of the
Vgringen Member to spiculite rich deep marine shales of the Svenskeega and Hovtinden
Members (Dallmann et al.,, 1999). The cold-water spiculite rich deposits of the
Tempelfjorden Group markes a rapid climatic transition from the warm water carbonate
dominated deposits of the Gispdalen Group. This is believed to be the combined results of
the ongoing northwards movement of the Laurasian plate and the formation of the Uralides,

inhibiting the connection with the warm Tethys Ocean (Worsely, 2008).

The transition from the silica rich shales of the Late Permian succession to the Early Triassic
non-siliceous shales is an important unconformity (Worsley, 2008), and it also coincides with

the Late Permian mass extinction event.

The Early to Middle Triassic succession consist of siliciclastic dominated deposits of the
Sassendalen Group (Steel and Worsley, 1984). From a regional perspective, including the
entire Barents Sea, the most important sediment source area for the Sassendalen Group was
the hinterland created by the Uralides (Riis, 2008). Howerer, the source area for the Triassic
deposits on Spitsbergen up to the beginning of the Carnian stage was mainly to the west.
The Sassendalen Group consists of transgressive-regressive cycles of marine shales to
shoreface/delta front sandstones with rare carbonate intercalations (Steel and Worsley,
1984). Middle Triassic deep organic rich shales of the Bravaisberget (west Spitsbergen) and
Botneheia (east Spitsbergen) formations are potential hydrocarbon source rocks and are
roughly time-equivalent to the proven source rock of the Steinkobbe Formation of the

Barents Sea (Riis, 2008).
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Figure 3.2:

Figure from Riis
(2008) showing
the overall
westward
progradation of
the Triassic
deltaic system
from Anisian to
Carnian. Dark
blue colour
indicates the
position of the
HC-source rock of
the Steinkobbe
Formation.

3.2.5 Late Triassic - Middle Jurassic
The Storfjorden Subgroup of the Kapp Toscana Group of Late Triassic to Middle Jurassic age

is, as the underlying Sassendalen Group, an overall progradational siliciclastic deltaic system
and may be regarded as a natural continuation of the underlying group (Steel and Worsley,
1984; Riis, 2008). The westward progradational deltaic system, sourced by the Uralides,
formed a continuous paralic shelf environment over the Barents Sea and Svalbard in Carnian
(Riis, 2008). The De Geerdalen Formation of the eastern Spitsbergen is thus believed to be

the diachronous equivalent to the Snadd Formation of the Barents Sea (Riis, 2008).

3.2.6 Late Jurassic and Cretaceous
The strongly condensed Jurassic succession in the western part of Spitsbergen reflects

several episodes of erosion and non-deposition, probably in a shallow, sediment starved
shelf (Steel and Worsley, 1984). However, well defined coarsening upwards sequences that
developed within the eastern part of Spitsbergen indicate delta progradation from the east.

An important unconformity subdivides the Lower Jurassic from the Upper Jurassic. The
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Brentskarhaugen bed occurs immediately above this unconformity. During Late Jurassic
times thick homogeneous shale was deposited all over Spitsbergen, known as the
Agardhfjellet Formation. This succession was first defined as a member of the Janusfjellet
Formation (Parker, 1967) but is currently defined as a formation of the Janusfjellet Sub-
group (Dypvik et al., 1991). The lowermost Cretaceous succession consists of shales of the
Agardhfjellet Formation (Mgrk et al. 1982, Dypvik et al. 1991). A major sequence
stratigraphic boundary is present at the Hauterivian/Barremian boundary, overlain by the
overall transgressive Helvetiafjellet Formation (Parker, 1967; Gjelberg and Steel, 1995;
Midtkandal and Nystuen, 2009). The formation represents fluvial and deltaic deposits
overlain by shelfal sandstones and shales of the Carolinefjellet Formation. A significant
stratigraphic break separates the Cretaceous Succession from the Cenozoic succession. All of
the Upper Cretaceous is missing below this unconformity. The Cenozoic succession above

this unconformity starts with a basal conglomerate (the Grgnfjorden Bed).
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3.3 Cenozoic:

3.3.1 Introduction:
The dominating tectonic event during Cenozoic on Svalbard is the formation of the West

Spitsbergen Orogen as a result of transpression related to dextral shear along the De Geer
Fault Zone during the opening of the Norwegian-Greenland Sea (Figure 3.3). The Central
Tertiary basin is a foreland basin that developed adjacent to the West Spitsbergen Orogenic
Belt in Paleogene time. The sedimentary succession of the basin makes out the Van
Mijenfjorden Group, which is further subdivided into seven formations (Harland 1997;
Harland 1969). The basin consists of cyclic infills of mixed continental and marine sediments,
reflecting deposition during episodic transgressional and regressional cycles as well as
different tectonic regimes. The basin has a thickness of 1,5km in the northeast and 2.5km in
the southwest (Harland 1997). Post-orogenetic isostatic uplift resulted in erosion of 1,7 — 3
km of the succession. The youngest rocks exposed in the basin are of Late Eocene/Earliest
Oligocene age (Peach, 1999). This chapter describes the formation of the West Spitsbergen
Orogen (Chapter 3.3.2) and the formation of the Central Tertiary Basin (Chapter 3.3.3), as
well as the stratigraphy and basin fill of the Central Tertiary Basin (Chapter 3.3.4)

Figure 3.3: Platetectonic setting during the
opening of the Atlantic Ocean (Faleide, 2008).
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3.3.2 Tectonic history:
As previously mentioned, the West Spitsbergen Orogen formed as a result of dextral

transpression between Greenland and Svalbard during the opening of the Norwegian-
Greenland Sea in Late Cretaceous to Eocene times. The West Spitsbergen Orogen forms a
100-200km long prism that thins eastwards. The Orogen can be sub-divided into four main
strike parallel zones (Figure 3.5); a basement dominated hinterland, a western basement-
involved fold and thrust complex, a central fold and thrust belt, and an eastern foreland
zone (Bergh et al., 1997; Braathen et al., 1999). The three latter zones represents the fold

and thrust belt portion of the orogen.

The basement outcropping on the west coast of Spitsbergen represents the hinterland area
of the orogen. Indicative of the absence of cover strata, this zone has experienced the
deepest erosion along the transect, and represents the thickest portion of the accretionary
prism (Braathen et al.,, 1999). Post-orogenic extensional grabens, including the
Forlandsundet Graben (Harlan and Horsfield, 1974; Steel et al., 1985), are located in this

section of the orogen.

The western basement-involved zone is dominated by stacked thrusts and macro-scale
folding (chevron-style monoclines, synclines and anticlines) with a wave length of 5km
(Bergh et al., 1997, Braathen et al., 1999). A distinctive feature of this zone of the orogen is
the presence of basement rooted (thick skinned) thrusts (Bergh et al., 1997, Braathen et al.,

1999).

The central fold and thrust belt represents a thin-skinned thrust system with a regional
decollement in Permian evaporites of the Gipshuken Formation, with additional detachment
surfaces in shales of the Mid-Triassic Bravaisberget Formation and the Jurassic Janusfjellet
Subgroup (Bergh et al., 1997, Braathen et al.,, 1999). Thrust associated fault propagation
folds on a macro-scale are a common feature of this zone (Figure 3.4). The transition to the
eastern foreland province is marked with a major thrust ramp front (Braathen et al., 1999). A
notable feature of this zone is the presence of out of sequence thrusts that cuts through pre-

existing thrusts.

The eastern zone of the orogen is that of a foreland tectonic regime, represented with sub-

parallel cover strata with internal deformation in the form of fault propagation and fault
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bend folds associated with décollement rooted thrust faults (Bergh et al., 1997, Braathen et
al.,, 1999). Another feature of this zone is the presence of inversion structures related to
reactivation of pre-existing normal faults such as in the Billefjorden Faults Zone and the
Lomfjorden Fault zone (Braathen and Bergh, 1995, Braathen et al., 1999). Locally, out-of-

sequence thrusts can be observed (Braathen et al., 1999).

Figure 3.4: Stacked thrust nappes of the Permian and Triassic succession at Mediumfjellet
displaying large fault propagation folds.

Bergh et al. (1997) and Braathen et al. (1999) have applied a five-stage kinematic evolution
of the West Spitsbergen Orogen that encompasses the entire evolution from the initiation of
shortening in Late Cretaceous/Early Paleocene to the Late Eocene/Oligocene extensional
collapse of the orogen. Braathen et al. (1999) applied a critical taper model to explain the
tectonic evolution of the orogen in terms of wedge geometry of the accretionary prism. The
critical taper model is based on the assumption that the wedge geometry of the orogen
forms a subcritical, critical or supercritical taper angle that controls the structural evolution
of the orogen. The taper angle is the combined angle of the basal décollement angle and the
angle of the surface slope and is controlled by factors like the compression rate, basal
friction, rock strength, erosion rate at the surface and gravity (Braathen et al.,, 1999). A
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condition of a supercritical taper can result in hinterland extensional collapse, and foreland

propagation with out-of-sequence thrusting with a magnitude depending on degree of

supercritical taper angle. A summary of the five tectonic stages from Bergh et al. (1997) and

Braathen et al. (1999) is provided below:

Stage 1: NNE/SSW directed bedding parallel shortening. Folds and
detachment thrusts are of a pre-uplift stage. Observed structures of this stage
is limited to the basement-involved fold-thrust complex zone of the orogen.
The shortening of this stage is believed to represent the initiation of the West
Spitsbergen Orogen in Late Cretaceous/Early Eocene times.

Stage 2: ENE/WSW directed shortening. Formation of the Svartfjella-
Eidembukta-Daudmannsodden lineament (SEDL) in the western hinterland
zone. Thick skinned thrusting and rotation of pre-existing (stage 1) thrusts in
the basement-involved fold-thrust complex zone of the orogen. In-sequence
thin skinned piggy-back thrusting in the central fold-thrust belt zone, and
layer parallel shortening and décollement thrusting in the eastern foreland
province. The stage 2 deformation of the orogen is believed to be of Early- to
Middle Paleocene age.

Stage 3: Continued ENE/WSW shortening. Sinistral strike-slip overprint of the
SEDL in the western hinterland. Thick skinned thrusting and further rotation
of pre-existing faults (stage 1 and stage 2) in the basement-involved fold-
thrust complex zone. Continued in sequence thrusting in the central zone and
layer parallel shortening and décollement thrusting in the eastern foreland
province. During stage 2 and stage 3, the crustal thickening of the hinterland
is believed to have created an unstable supercritical wedge, resulting in
increased eastwards thrusting in the central zone to create a stable taper.
Stage 4: NE/SW shortening. Dextral strike-slip movement along SEDL in the
western hinterland. Conjugate strike slip faults with predominant dextral
movement in the basement involved fold-thrust belt zone. Out of sequence
thrusting with NE-directed truncation of pre-existing faults in the central
zone. In the eastern foreland province, pre-existing fault zones experienced

reverse reactivation with resulting overlying inversion structures
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(monoclines). Towards the end of stage 3 and during stage 4, the taper angle
is believed to have been adjusted to a critical angle, by the combined effects
of transcurrent faulting, erosion, and extensional faulting. The wedge is then
believed to have reached a new critical taper angle following renewed
shortening of the hinterland, with resulting out-of-sequence faulting in the
central fold-thrust zone.

e Srage 5: E-W to ENE-WSW extension. Local extension and graben formation in
the western hinterland. Continued out of sequence thrusting in the central
and eastern foreland province with truncation of inversion monoclines. With
the cessation of the shortening and the local extension of the hinterland, the
wedge reached a critical taper angle during stage 5 of the tectonic evolution

of the orogen.
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Figure 3.5: Cross section from Oscar Il Land, showing the different deformation zones of the
West Spitsbergen Orogen (redrawn from Braathen et al., 1999, geologic map modified from

Dallmann et al., 1999)
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3.3.3 The Central Tertiary Basin:
The Central Tertiary Basin has been classified as a foreland basin by Steel et al. (1985),

Helland-Hansen (1990) and Bruhn and Steel (2003). The main arguments for a foreland basin
setting as presented by Helland-Hansen (1990) is the adjacent location to a fold and thrust
belt, the asymmetric transverse profile of the basin with thicker successions closer to the
hinterland, and syn-depositional tilting and deformational incorporation of the deposits in
the proximal areas of the basin. However, applying typical foreland basin models for the
entire Paleogene basin succession is not straight forward. The sedimentary succession of the
basin does not show a consistent hinterland derived sediment input from the west
throughout the entire evolution of the basin; there is a significant shift in source area in Late
Paleocene/Eocene (Steel et al., 1985; Bruhn and Steel, 2003). In addition, the flanking fold
and thrust belt is, as previously mentioned, of transpressional origin rather than purely

compressional origin, which is an unusual setting for a foreland basin.

Two main models of the tectonic evolution of the Central Tertiary Basin exist to account for
the sediment infill evolution of the basin from Early Paleocene to Late Eocene/Early

Oligocene.

A two stage tectonic evolution was proposed by Steel et al. (1981) and Steel et al. (1985).
This interpretation states that the basin evolved over two main distinct tectonic settings;
from an extensional/transtensional setting, with a series of sub-basins, for the lower
succession of Early Paleocene to late Paleocene age, to a transpressive setting for the Late
Paleocene to Late Eocene/Oligocene deposits. The main arguments for this interpretation is
the contrast between the mainly easterly derived, mainly transgressive, Paleocene
succession, and the regressive, westerly derived, Eocene succession, as well as the presence
of minor E-W verging strike-slip faults, that might be indicative of an extensional setting
(Steel et al., 1985, Bruhn and Steel, 2003). In addition, the record of the sea-floor spreading
between Greenland and Eurasia at the time is not supportive of compression before the

Paleocene/Eocene transition (chron 24-25) (Bruhn and Steel, 2003).

The model proposed by Bruhn and Steel (2003) is that of a compressional (transpressional?)
flexural foreland basin throughout the entire tectonic evolutional history of the basin. The,
at least partially, eastern provenance of the Paleocene deposits of the Central Tertiary Basin
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is, in this model, explained to be derived from an eastwards migrating peripheral bulge. The
main arguments for this model is the better concordance with existing tectonic models of
the West Spitsbergen Orogen proposed by Bergh et al. (1997), Braathen et al. (1995), and
Braathen et al. (1999), an apparently better fitting model to the basin fill, as well as the lack

of evidence for an originally transtensional setting of the basin.

There is a broad consensus of a foreland basin setting associated with flexure as a result of
thrust nappes of the West Spitsbergen Orogen for the basin fill of the Late Paleocene to
Eocene/Early Oligocene deposits (Frysjaodden, Battfjellett, and Aspelintoppen formations).
This succession has a prominent provenance from a western hinterland. In addition, there is
an eastwards migration of the depocenter of the basin fill, which likely is coupled with the
eastwards growth of the fold and thrust belt (Helland-Hansen, 1990, Steel et al., 2003). The
drainage reversal to a western provenance and the texturally more immature sediments
with an increased content of metamorphic grains is argued to be the result of a major

change in the tectonic setting of the basin by Steel et al. (1985).

Nichols and Lithje (2008) proposed that the basin formed as a result of compressional
flexure rather than flexure as a result of loading related to thrust nappes. They argued that
long wavelength asymmetric folding of the crust, related to the Hornsund fault zone, could

create a similar basin setting.

A simple coupling of the basin fill and the tectonic model proposed by Bergh et al. (1997)
and Braathen et al. (1999), with a subdivision of the orogen into 4 distinct provinces and
with a five-stage tectonic evolution, was conducted in Braathen et al. (1999). In this model,
the Paleocene Firkanten, Basilika and Grumantbyen formations corresponds to tectonic
stage 2, with deposition in the eastern foreland and central fold and thrust belt provinces of
the orogen. The western shift of the source area is coupled with the main contractional
uplift of tectonic stage 3 with deposition of the Frysjaodden, Battfjellet, and Aspelintoppen
formations throughout stage 3 and 4 in the central fold and thurst belt and eastern foreland
provinces. At some time during stage 3 and 4, thin skinned thrust sheets emerged on the
eastern side of the basin, giving the basin the characteristics of a piggyback basin (Helland-

Hansen, 1990; Braathen et al., 1999).
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3.3.4 Van Mijenfjorden Group:
The Van Mijenfjorden Group consists of seven formations; the Firkanten, Basilika,

Grumantbyen, Frysjaodden, Hollenderdalen, Battfjellet and Aspelintoppen formations
(Figure 3.6). According to Steel et al. (1985), the deposits of the Van Mijenfjorden Group
include three main depositional cycles. The lower