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Abstract

The shallow marine sandstones of the Battfjellet &m part of a regressive mega-
sequence that represent the last stages of igfitihthe Paleogene Central Basin in
Spitsbergen.

The Battfjellet Fm is believed to be of Eocene agéd was deposited in a foreland basin
that developed in front of the West Spitsbergeng@no a fold-and-thrust belt that formed
along the western coast of Svalbard as a respansleet northward spreading of the
opening of the Atlantic Ocean. Thett§allet

Fm has been interpreted to represent wave-domimiéal deposits that built out into the
Central Basin in an easterly direction. The shoeshad a north-south orientation and
rivers delivered sediments into the basin from atem® source area. Sediments deposited
by turbidite currents were deposited on the slamek lzasin-floor in the western parts of
the basin. Hyperpycnal currents, possibly formedaasesult of floods have been
interpreted as important for the generation of itlite currents although other processes
such as storm-waves and tectonic movements alscagable of generating turbidity
currents.

The basin-floor topography is believed to have céé@ the distribution of the sands
deposited in this area. The sandy basin floor ditds were only deposited in the western
parts of the Central Basin where the basin has mterpreted to have been deeper. The
thicknesses of sediment also reflect this trendrevii@cker sediment packages are found
closer to the orogen. These observations point sgmmetric infilling of the basin.

The shallow marine deposits of the Battfjellet Hmow that wave-action was important
in the basin, and these deposits show a coarsamdgshallowing upwards trend with
mainly wave-generated deposits in the shorefaceire@miaent. These represent
parasequences and the sandy sequences are cappadsgyessive shales. The number
of parasequences varies over short lateral distamcéhe study area and this has been
interpreted to represent switching of delta lobes.
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1 Introduction

1.1 Purpose of study
Outcrops belonging to the Battfjellet Fm are préserthe Paleogene Central Basin of

Spitsbergen. In the past there have been extessinkes on the Battfjellet Fm in Van
Keulenfjorden and Reindalen (e.g. Dalland, 1979jand-Hansen, 1990, 1992; Steel et
al., 2000; Plink-Bjorklund et al., 2001; Mellere at, 2002; Deibert et al., 2003;
Crabaugh and Steel, 2004; Johannessen and Stéél, Réseth et al., 2006; Uroza and
Steel, 2008; Helland-Hansen, 2010) as well as soore recent studies on the Battfjellet
Fm on the southern side of Van Mijenfjorden (Ols20)8; Stene, 2008). The Rypefjellet
area, which has been the focus of this study,datéd in an area of the Central Basin
where no detailed study of the Battfjellet Fm ha®rb carried out before although the
stratigraphy of the Van Mijenfjorden Gp was studiedhe area west of Rypefjellet by
Croxton and Pickton (1976). Thus, the main purpafsthis study has been to present a
detailed paleoenvironmental and paleogeographicetmafdhe Battfjellet Fm in this area

based on detailed facies analysis and large-saalthedy geometry.

1.2 Short introduction to the Battfjellet Fm
The Battfjellet Fm was deposited in the CentraliBasa foreland basin to the West

Spitsbergen Orogen, which formed in Paleogene toeeto transpressional movements
as the opening of the Atlantic Ocean spread nomtisva he sediments in the Battfjellet

Fm are derived from this fold-and-thrust belt aravén been interpreted to form a
shallow-marine sequence deposited during a regeessage of basin-filling (Steel et al.,

1981).

1.3 Previous work on the Battfjellet Fm
Unlike some of the other formations in the CenBakin, the Battfjellet Fm does not

contain any economically significant deposits (f@ad hence the earliest studies on the
Paleogene succession in Spitsbergen only desdréo&dttfjellet Fm for stratigraphical
purposes (e.g. Kellogg, 1975; Croxton and Pickib®76; Steel et al., 1981). The
paleogeographical and paleoenvironmental framewofkthe Battfjellet Fm was
established by (Helland-Hansen, 1985) while (Steelal., 1985) synthesized the
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sedimentological descriptions of the deposits ie tBentral Basin with structural
investigations of the West Spitsbergen Orogen. @wetast decade much work has been
carried out on the Battfjellet Fm (e.g. Plink-Bjtirkd et al., 2001; Mellere et al., 2002;
Steel and Olsen, 2002; Deibert et al., 2003; Crglhaand Steel, 2004; Johannessen and
Steel, 2005; Lgseth et al., 2006; Uroza and S@&@&08; Helland-Hansen, 2010) the
majority of this in the Van Keulenfjorden and Reateh areas as both these areas exhibit

excellent exposures of Battfjellet Fm clinothems.

1.4 Outline of chapters
The chapters in this study are set up so that #ta dre gradually conveyed in a

constructional manner. Chapter 2 describes the adsthsed while doing the fieldwork
when collecting the data needed to convey the palegraphical and paleoenvironmental
models. Chapter 3 sums up the extensive regiorbgg of Svalbard, starting with the
pre-Devonian deposits and going up to the presamipter 4 gives detailed descriptions
of the interpreted facies while chapter 5 descrihess the facies are divided into
different facies associations. Chapter 6 describheslarge-scale sandbody geometry of
the Battfjellet Fm in the study area, while chaptegives a model for the depositional
environment and paleogeograpgy. The results aedpirgtations are discussed in chapter

8 before conclusions are given in chapter 9.
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2 Methods

During the summers of 2008 and 2009 the Battfjéilatin the Rypefjellet area north of
Van Mijenfjorden (Figure 2-1) was investigated éototal of approximately 6 weeks. 23
vertical profiles were measured and together wétaided sedimentological descriptions
and large-scale observations these vertical psofilem the basis for this thesis. The
features that were considered important were tleisges, grain size, colour, composition,

texture, boundary types, sedimentary structurespafebcurrent measurements.
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Figure 2-1 A) Map of Spitsbergen showing the locatin of the study area in the Central Basin and
locations of logs and camps in the study area.



Chapter 2 Methods

The outcrops were usually approached by foot andhnaf the time in the field was

spent walking between outcrops. The camp was Iddat¢he southern part of the study
area the first field season (C1, Figure 2-1) andnduthe second field season the camp
was located in the northern part of the study &3 Figure 2-1). This made it possible
to get a more thorough focus on one part of thdysuea each year. Access to a small
boat during the first field season also allowedtaking panorama photographs of parts
of the area and these have been important forlatime between sandbodies. Detailed

photographs of part of the study area were alsent&élom helicopter.
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3 Geologic Framework

3.1 Introduction
The Svalbard archipelago is located in the Bar8ets between 74 and Bl and 10 and

350E (Figure 3-1). Svalbard has an extensive postddaian geological record
including rocks ranging from all periods from theu@nian to the Paleogene. During this
time period Svalbard has also moved northwards faoposition near the equator to its
current position (Figure 3-2), and this movementeiiected in the characteristics of the
different deposits. Geologists have studied thé&gam Svalbard since the i @entury
(Steel and Worsley, 1984) where the purpose okttrkest expeditions was to establish

the stratigraphic framework and fossil flora andrfa of the islands. The first studies on

Figure 3-1 Map of Svalbard and surrounding areas

The Paleogene (Tertiary) successions in Spitsbengae focused on the lower, coal-
bearing strata (Steel et al., 1981) which have seenessfully mined in several locations

in Spitsbergen over the last century (Croxton aictten, 1976).

Geologically, Svalbard is an uplifted part of thar@nts Shelf, an area currently explored

for hydrocarbons. Onshore Svalbard there havelssa several drilling projects but no
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significant discoveries have been made, includiagegl non-commercial gas finds
(Dalland, 1979). A better understanding of the ggglof Svalbard can help to improve
the current models used for petroleum exploratiosimilar geological settings in the

Barents Sea as well as other areas of the worldmdonfirms that geological studies on

Svalbard are still relevant.
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Figure 3-2 Svalbard’s position through geologic tire (from Worsley and Aga, 1986)

3.2 Pre-Paleogene

The pre-Devonian rocks on Svalbard are collectivedyned Heckla-Hoek and they
appear to have undergone several deformationalephstsown through intense folding
and faulting. The Heckla Hoek consists of 20 lithasgraphic groups and has a
maximum aggregate thickness of 20 km (Worsley, 2008 middle-Paleozoic time

Spitsbergen, along with Europe and Greenland, \fastad by the Caledonian Orogeny

(Harland, 1969). This orogeny was the result obliston between the Laurentian and

6
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Fennoscandian plates and the main phase of deformet Spitsbergen, which took
place in Late Silurian time, has been named the=Ngsland Orogeny (Harland, 1969;
Friend et al., 1997).

In late Silurian to early Devonian time sedimentsreveroded from the newly formed
orogen and deposited as Old Red Sandstone (Waaslkt\Aga, 1986). The majority of
these deposits belong to the Wood Bay Fm and arBuwifal origin, deposited by

northward flowing streams in a graben in northepitsbergen (Friend, 1965; Harland,
1969; Worsley, 2008). Around the early to mid-Deaontransition there is a change in
colour in the sediments from red to grey which dadiés a shift in climatic zones from the

southern arid zone to the equatorial tropics (\Wy,s2008).

The Ny Friesland Orogeny was followed by two smaketonic episodes, the Haakanian
event in the Late Silurian and the Svalbardian ewerthe Late Devonian (Dallmann,
1999). The Svalbardian is considered the most itapbof these events and it was the
result of sinistral strike-slip movement betweent&ergen and Greenland (Harland,
1969). The Svalbardian phase marks the end of #tedGnian Orogeny in Spitsbergen
(Harland, 1969) although the post-Caledonian swiges shows evidence of

considerable tectonic movement (Steel and Wor4leg4)

Some readjustments after the Svalbardian event asalplift, subsidence and gravity
faulting were still taking place in the Early to ddile Carboniferous. This tectonic unrest
is also apparent from patchy deposits that areimedfto separate basins (Harland,
1969). The post-Devonian sediments on Svalbard wase affected by various fault

zones, usually directed either N-S or NW-SE, wltbeemost important of these were the
Lomfjorden/Agardbukta, Billefjorden and the Inneoddsund and Paleo-Hornsund Fault
Zones (Steel and Worsley, 1984, Figure 3-3). Theskes of the younger (Late
Carboniferous and Permian) deposits show conditmngicreasing tectonic stability

(Harland, 1969). By early Permian times most of tleethern areas of Svalbard had
relatively stable platform conditions and remairsedthrough the Mesozoic (Steel and
Worsley, 1984).
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The Carboniferous and Permian deposits in Spitglmeftave been divided into three

different depositional groups. The Billefjorden G the oldest of these and rests
unconformably on Heckla-Hoek and Old Red Sandsteposits. The sediments in the
Billefjorden Gp have been interpreted as swampgsslaand flood plain deposits that

were eroded from graben edges and transported tdograben by alluvial fans

(Gjelberg and Steel, 1981; Steel and Worsley, 1984)
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Figure 3-3 Structural lineaments in Svalbard. K: Kangsfjorden, R: Renarodden, @: @yrlandet, BFZ:
Billefjorden Fault Zone, LFZ: Lomfjorden/Agardbukta Fault Zone. These faults were active from

post-Devonian time and were reactivated in the Pabgene (from Steel et al, 1985).
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The Billefjorden Gp is overlain by the Gipsdalen.®fost of the Gipsdalen Gp consists
of carbonate deposits that formed in a sahbka emvient and these deposits reflect a
change in the depositional environment that carelaged to quieter tectonic conditions
and a warmer and more arid climate (Steel and Wprd1984; Worsley, 2008). The

youngest Paleozoic deposits belong the Tempelfjof@e and show a change to cooler-
and deeper water deposition which reflects theucko®f the seaway connection to the
warm Tethys Ocean and the development of the Umlntains (Worsley, 2008). The

Tempelfjorden Gp contains both clastic and carb®daposits.

Mesozoic

The tectonic stability that was established in Renmtimes remained through the

Mesozoic with the exception of some folding andltfag at the end of the Jurassic

period (Harland, 1969). At this time (Jurassic-@cebus boundary) there was significant
vertical movement along the Billefjorden Fault Zoared possibly also the Agardbukta
Lineament (Steel and Worsley, 1984). At this tiragional uplift in the northern parts of

Spitsbergen provided new source areas that gaw geelimentary input although the

sedimentation was outpaced by basinal subsidendeeastatic sea-level rise. These
mechanisms provide large-scale evidence of tectoniest at the end of the Mesozoic
period (Steel and Worsley, 1984)

Three depositional groups are assigned to the Més&za on Spitsbergen. The oldest
and lowermost of these is the Sassendalen Gp wdunkists of mainly marine shales
with some sand- and siltstones (Steel and Worsi®84). The deposits in the
Sassendalen Gp have been interpreted as barriems/sand delta environments, and
there is also evidence of tidal influence. In tbathern part of Spitsbergen the deposits
contain less sand which suggests a more open-mamwieonment. The slightly younger
Kapp Toscana Gp consists of deposits interpresetiva regressive sequences. These
deposits consist of sediments that vary from offglto continental origin, although the
majority are marine or deltaic. The nature of thepakits in the Kapp Toscana Gp

indicate that there was a transgression after ¢pesition of the Sassendalen Gp.

The uppermost of the Mesozoic groups is the Adwatd Gp which consists of the

open-marine Janusfjellet Fm, deltaic sandstonesngeig to the Helvetiafjellet Fm and

9
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mixed-marine sequences in the uppermost Carolifetffem (Steel and Worsley, 1984).

Uplift in the Late Cretaceous led to erosion ahd tplift is believed to be more

extensive in the north as the erosion into the [Geefellet Fm is deeper here (Steel and
Worsley, 1984).

3.3 Paleogene
The uplift in Late Cretaceous marked the onsethef tectonically active Paleogene

period in Spitsbergen and reflects the gradualmeatd movement of the opening of the
Atlantic Ocean (Figure 3-4). An important produdt tbe Atlantic opening was the

development of the West Spitsbergen Orogen, whiehiches 300 km along the western
coast of Svalbard from Brgggerhalvgya in the nddhSgrkapp in the south. The
orogenic belt has been studied extensively andeeci of deformation has been
collected both onshore and offshore. The sediméap®sited in the Central Basin are
also important for the understanding of the platgenic evolution along Spitsbergen’s

western margin.

Eldholm (1977) based their interpretations on affshinvestigations and concluded that
Greenland and Svalbard were separated by a tramdtult in early Paleocene time.
Another of the early investigations by Eldholm dt §1984) suggested that a
transpressional regime operated in the area fraty Baleocene to late Eocene time and
was followed by transtension in the Oligocene. Tla@stensional setting was probably
related to a reorganization of the plates furtlwartls and this led to the development of
the present margin off Spitsbergen (Myhre and Bidhd988). The fault zone that
developed off the western coast of Spitsbergerbbeaa named the Hornsund Fault Zone
(Myhre et al., 1982)

10
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3 k-] &
folding/thrusting [[] basalt fows (offshore) [ oceaniccrust 199k
I continental sliver [ volcanic rocks (onshore) B ©ligocene volcanics

Figure 3-4 The gradual northward opening of the Atantic Ocean (from Faleide et al., 2008).

Several models have been proposed to explain thte-f@ctonic evolution in the

Norwegian-Greenland Sea between Late Cretaceou®lggmtene time. Talwani and

The timing and nature of the events that led toofening of the Greenland-Svalbard Sea
and the development of the Spitsbergen fold-andsthyelt has been discussed by several
workers (e.g. Kellogg, 1975; Steel et al., 198keS$¢et al., 1985; Braathen and Bergh,
1995; Braathen et al., 1999; Bruhn and Steel, 2008}here is still no conclusion on the

11
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exact timing of the different events. There seembé general agreement though that a
transtensional regime operated in the Early Patem@nd was followed by the main
stage of deformation, the transpressional eveiaisl¢idl to development of the fold-and-
thrust belt in the period between mid/late Paleeceand Eocene time. This
transpressional regime continued into the Oligooghen sea floor first was generated
between Greenland and Spitsbergen. However, thegiwof the onset of the dextral,
transpressional strike-slip movement has later lpgestioned by Bruhn and Steel (2003)
who indicated that this may have been taking pksecarly as the Late Cretaceous.
Several previous workers (e.g. Kleinspehn et &#891 Braathen and Bergh, 1995;
Braathen et al., 1999) also indicated that thespeessional movement might have started
in the late Cretaceous. However, there seems to algeeement that the
transpressional/compressional setting continuedutiir the Eocene and that sea-floor

spreading between Svalbard and Greenland startée i@ligocene.

After the development of the fold-and-thrust beftitSbergen has been located on an
uplifted part of the Barents Shelf. After the CahtBasin was filled the erosion in
Spitsbergen has (see Aspelintoppen Fm descripgtmm) and the very similar summit
heights of the mountains present in Svalbard tadage Harland (1969) suggest there

had been erosion down to a peneplan some timethédold-and-thrust belt formed.

In the Pliocene and Pleistocene there has been golcemnic activity on Sverresfijellet, a
small conical volcano in the north-western partsSpitsbergen but today erosion by
glacial ice is the most important factor for shapiand carving the landscapes of
Spitsbergen. Approximately 60% of Svalbard (Worsleg Aga, 1986).

Paleogene outliers

At several locations near the Central Basin; Falsaimdet, Renarodden and @yrlandet
(Steel et al., 1981), there are small outliers wi¢iposits believed to be time-equivalent
with the oldest deposits in the Central Basin. Thus likely that the basin was larger
and extended both south and north of the presesindpaargin (Kellogg, 1975). The

Paleogene outliers are not discussed further snstiidy.

12
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3.3.1 The Central Basin

3.3.1.1Mechanics of the Central Basin
The Central Basin is located on the eastern sideeotWest Spitsbergen Orogen (Figure

3-5) and formed simultaneously with the orogenilt &ied also acted as a foreland basin
(e.g. Steel et al., 1985; Helland-Hansen, 199(kFjorklund et al., 2001; Mellere et
al., 2002; Bruhn and Steel, 2003). Bruhn and S@03) suggested that the basin first
formed as a flexural depression in front of thaishrwedge in Late Cretaceous or early
Paleocene time but, similar to the events concgrttia development of events related to
the opening of the Atlantic Ocean, the exact tinohgvents is not known. The majority

of the Paleogene deposits on Svalbard are confintee Central Basin.

Figure 3-5 Regional uplift in Paleogene time. Notthat the study area in Spitsbergen is located in a
basin while there is uplift to the west along the Wst Spitsbergen Orogen (from Worsley, 2008)

3.3.1.2Filling of the Central Basin
The Paleogene Central Basin in Spitsbergen edfilvith up to 2.4 km thick successions

of siliciclastic sediments that belong to the Varnjedfjorden Gp. (Figure 3-6). The
deposits in the Van Mijenfiorden Gp reflect the esiating transtensional and
transpressional conditions that occurred alondgditeand-thrust belt (Steel et al, 1985).
The most recent stratigraphic scheme divides thecession into seven different
formations (Dallmann, 1999) and this is the scheised in this study. In the past there
have been various names and schemes for classifyiagdeposits in the Van

Mijenfjorden Gp and these are shown in Figure 3-7.

13
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Vitrinite studies by Manum and Throndsen (1978)vetub that an additional 1.7 km of

Paleogene deposits have been eroded from the tbye éfspelintoppen Fm in the Central
basin. The ages of the different deposits in the Mgenfjorden Gp are not well known

but are assumed to be of Paleocene-Oligocene adealegposited contemporaneously
with the development of the West Spitsbergen Orageere most of the sediments were
deposited before sea-floor spreading started sdhea in Oligocene time (e.g. Eldholm
et al, 1984; Helland-Hansen, 1990). A dating by Marand Throndsen (1986) gave a

latest Paleocene age for the lower GilsonryggeroMhe Frysjaodden Fm.
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Central Tertiary Basin
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Figure 3-7 various nomenclatures used by differenauthors for the deposits in the Central Basin
(modified from Dallmann, 1999).

The sediments filling the Central Basin displaycwerall regressive depositional trend,
and show evidence of an eastward migrating depeceamd lithospheric shortening in
the West Spitsbergen Orogen (Bruhn and Steel, 2008 oldest deposits in the Van
Mijenfjorden Gp were deposited mainly by sedimdrs the eastern side of the basin,
interpreted by to be derived from a foreland bulgijle the younger sediments were
derived from the orogen located to the west oflihsin (Bruhn and Steel 2003). The
deposits in the Van Mijenfjorden Gp are mainly wagad tide-dominated (Steel et al,
1981).

Steel et al (1981) have divided the filling of Bentral Basin into three different stages:

 The first (transgressive) depositional cycle — Firenten and Basilika

formations

The lowermost of the Paleogene deposits in the Mgenfjorden Gp is the

Firkanten Fm, which forms an angular unconformitytte underlying Cretaceous
Carolinefjellet Fm. The Firkanten Fm is usuallysésan 200 m thick (Steel et al,
1981) and consists of three different members; Tlelalen, Endalen and
Kalthoffberget members respectively. The Todalen Ihis been interpreted to
consist of mainly delta plain deposits (Steel etl&81), and is known for its

economically important coal deposits. The soureasifor the Todalen Mb were
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located on the eastern and northern margins ob#sn. Tidal processes were
common on the delta-plain and abandoned delta-lsbhggest the delta had a
lobate shape (Steel et al, 1981).

The Endalen Mb has been interpreted as wave-doadind¢lta front deposits
(Steel et al, 1981; Steel and Worsley, 1984; Brahd Steel, 2003) while the
finer grained Kalthoffberget Mb, which only is pees in the southern and
western parts of the Central Basin, has been irgtg as lower delta-front
deposits (Steel et al, 1981).

The upward change from coal-bearing delta plairodip in the Todalen Mb into
shelf and shoreline deposits reflect a deepeningeaflevel and a transgressive

setting in the Firkanten Fm.

The Basilika Fm overlies the Firkanten Fm and shsigsificant thickening from
20 m in the north-eastern parts of the Central B&si300 m in the south and
southwest of the basin (Steel et al, 1981). Theosiep in the Basilika Fm are
mainly black shales that tend to get sandier atiérsin the north-eastern area of
the basin and towards the top of the formatioredBet al, 1981). Scattered, well-
rounded pebbles consisting of chert and quartates lbeen observed and were
interpreted by Dalland (1977) as ice-rafted matefibe deposits in the Basilika
Fm have been interpreted to be of prodelta ori§iled| et al, 1981) and because
these deposits are more distal than the Firkantertiieé Basilika Fm forms the

transgressive capping of the Firkanten-Basilikaansgguence (Steel et al, 1981).

» The second (regressive) cycle — Grumantbyen and Hehdardalen

formations

The Grumantbyen Fm forms the lowermost unit ingéeond phase of infilling in
the Central Basin and consists of greenish, hidtbgurbated sandstones that

have a thickness of 450 m in the northern areadbeofCentral Basin but thin out
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southwards (Steel et al, 1981). The Grumantbyenhias been interpreted as
offshore deposits, probably deposited in offsh@edomplexes (Dalland, 1977).

The Grumantbyen Fm is separated from the overlyofjendardalen Fm by

marine shales belonging to the MarstranderbreeMbe Frysjaodden Fm.

The Hollendardalen Fm consists of sandstones tieatia to 150 m thick in the
western part of the Central Basin, but pinch owtaals the centre of the basin
(Steel et al., 1981; Steel et al., 1985). The Holégdalen Fm has been interpreted
as an eastward prograding wave- and tide-domirde#d (Dalland, 1979). Coals
are also occasionally present. The western souezefar this formation has been
related to western uplift that occurred as earlytles late Paleocene, and this
establishes a close relationship between the Hidielalen Fm and the overlying

formations (Steel et al, 1981).

The transition from offshore sands in Grumantbyem t6 shallow-marine tidal
deltas in the Hollendardalen Fm indicate that #aeoad phase of infilling in the
Central Basin was regressive, but it is importanemember that the sands in this

cycle were derived from different basin margineébet al, 1981).

* The third (regressive) cycle — Gilsonryggen Mb, Bdfjellet and
Aspelintoppen formations

The third cycle of infilling of the Central Basia described in more detail as one
of the formations in this cycle, the Battfjellet Fra the main focus of this study.
The deposits below and above the Battfjellet Fnh aldlo be described in detail as

they are important for the understanding of the leld@positional system.
Gilsonryggen Mb of the Frysjaodden Fm

Marine silty shales of prodelta origin that belaogthe Gilsonryggen Mb of the
Frysjaodden Fm initiated the deposition of the dhaycle of infilling in the

Central Basin (Steel et al, 1981). The maximumkiness of the Gilsonryggen
Mb is 900 m in the western areas of the basinjtlibins out to around 300 m in

the east (Kellogg, 1975). In the western part & @entral Basin some thin
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sandstone wedges that thin out towards the east lteen interpreted as turbidite
deposits of the Boumayd; divisions (Steel et al., 1981; Steel et al., 198hese
deposits were named the Bjgrnsonfjellet Mb by Setehl (1981) and have a
thickness of up to 20 m. The Bjgrnsonfjellet Mb o&ifs deposits have a
predominantly massive or structureless texture,thack also appears to be some
deformation through slumping. This is significaist iiindicates that deposition
took place on a slope setting which suggests teaetwas Paleocene uplift along
the western margin of Spitsbergen (Steel et al11.98

The Bjgrnsonfjellet Mb may be of similar nature ttee basin-floor deposits
described by Steel et al (2000), Plink-Bjorklunche(2001), Mellere et al (2002),
Crabaugh and Steel (2004) at more distal locatianthe basin though these

deposits are not time equivalent to the Bjgrnsdefj®b.

In the upper parts of the Gilsonryggen Mb the semdtent gradually increases,
which leads to an upwards-coarsening trend. Thendemy between the
Gilsonryggen Mb and the overlying Battfjellet FmsHaeen set at the level where

shales become subordinate to sands (Helland-Hah888).

Battfjellet Fm

The main focus of this study is the Battfjellet Rhich represents an upwards-
coarsening, shallow-marine sequence (Steel efi@B]) that consists of mainly
very-fine and fine-grained sandstone. The contdnbrganic material in the
Battfjellet Fm is high (Croxton and Pickton, 197&)d the thickness of the
Battfjellet Fm varies from 60-200 m (Steel et 2D81).

A striking feature of the Battfjellet Fm is the argsation into one or more
superimposed, upwards-coarsening sandy sequeretearth separated by finer-
grained deposits (Helland-Hansen, 1990). These esegs are especially
prominent in the western part of the Central Baglrere they are connected to

continental deposits at the top and pinch out doavde/ into the marine shales of
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the Frysjaodden Fm (Kellogg, 1975; Steel et al,1)98hese sequences can be
termed clinothems (Rich, 1951) and reflect the deémm of sands in a slope
setting. The term “clinothem” represents the 3Dkramit while the term
“clinoform” represents the corresponding seawaaogislg surface (Rich, 1951).
The clinothems show a general dip-direction towdh@seast, which corresponds
to the inferred progradation direction of the shioee(Steel et al, 1981; Helland-
Hansen, 1990). Paleocurrent measurements from aflughannels in the
Aspelintoppen Fm and scour marks at the bases sé4fitav deposits also point
to an eastward migration shoreline, while waveisre$ wave ripples, which are
inferred to be parallel to the shoreline have atmsouth orientation (e.g.
Helland-Hansen, 1990). The clinothems disappeérdreastern part of the basin;
Helland-Hansen (1990) interpreted this as eviddocean eastward shallowing

the foreland basin.

The Battfjellet Fm has been interpreted as a pobggadeltaic and barrier
coastline with evidence of both wave and tidal peses (Steel, 1977). Wave-
generated structures dominate the lower parts efshallow-marine deposits in
the Battfjellet Fm while current generated struetuseem more important in the
upper parts of the succession (Helland-Hansen, )1980some areas in the
western part of the basin extensive bodies of seve been observed in front of
the clinothems and it is assumed that fluvial are/igy dispersal processes were
important processes for distributing these sandshenslope and basin-floor
(Helland-Hansen, 1985). Many of the recent publcet on the Battfjellet Fm
have been most concerned with describing how samelstransported to and
deposited on the shelf, slope and basin floor (8tgel et al., 2000; Plink-
Bjorklund et al., 2001; Mellere et al., 2002; Detibet al., 2003; Crabaugh and
Steel, 2004) as well as the sequence stratigraptamoretation of the Battfjellet
Fm (e.g. Bruhn and Steel, 2003; Uroza and Stedd8R0These publications
generally acknowledge that the basin-floor sandghi Battfjellet Fm were
deposited by turbidity currents. The turbidity @nts were probably steady or
quasi-steady and initiation by direct river efflterappears to be an important

generating mechanism (e.g. Plink-Bjoérklund et 2001; Mellere et al., 2002;
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Plink-Bjorklund and Steel, 2004). These rivers fechshelf-edge deltas (Mellere
et al, 2002) or shelf-deltas (Helland-Hansen, 2@i@) transported sediments that
accumulated on the slope and basin-floor (Steal, @000; Plink-Bjorklund et al,
2001; Mellere et al, 2002; Plink-Bjorklund and $te2004, Helland-Hansen,
2010). Estuaries and channel fills also show ewidesf tidal movements, such as
the presence of mud drapes and bi-directional otgrélink-Bjorklund, 2005;
Laseth et al, 2006; Uroza and Steel, 2008) butetlpecesses seem to be of

minor importance for shaping the shoreline.

The stacking pattern of the Battfjellet Fm is coexpland the highly variable
number of parasequences across the basin hasXygaimed as shifting of deltaic
lobes which produced a pattern of overlapping sad@s (Helland-Hansen,
2010). The domination of wave-generated structuréise Battfjellet Fm suggests
that waves dominated the depositional basin (Hé{ldansen 2010) However, the
large-scale geometry of the delta deposits witlatelsand bodies and shifting and
abandonment of lobes suggest a fluvially dominatestem. Hence, some of the
most recent works have classified the Battfjellet &s a fluvio-wave dominated
delta (Olsen, 2008; Helland-Hansen, 2010).

Aspelintoppen Fm

The uppermost deposits in the Van Mijenfjorden @fphbg to the Aspelintoppen
Fm, which has been interpreted as the continemahterpart of the underlying
Battfjellet Fm and Gilsonryggen Mb. The thickne$gshe Aspelintoppen Fm is
not known as it has been affected by at least IW06f erosion (Manum and
Throndsen, 1978). The Aspelintoppen Fm also mahles dulmination of the

infilling of the Central Basin.

The boundary between the Aspelintoppen Fm andrlenying Battfjellet Fm is

hard to determine precisely (Croxton and Pickt®Y,6) as it commonly is scree-
covered but observations from the southern sid€aof Mijenfjorden reveals an
abrupt and/or interfingering relationship betweeme t Aspelintoppen and

Battfjellet formations (Plink-Bjorklund, 2005). Thespelintoppen Fm consists of
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alternating sandstones, shales, siltstones and eda¢re plant debris, organic
matter and soft-sediment deformation structurescaremon (Steel et al., 1981;
Steel et al., 1985). Generally, the Aspelintoppenifas an aggradational nature
and is mud-prone with sand: shale ratio of abo2® QKellogg, 1975; Steel et al,
1981; Steel and Worsley, 1984; Steel et al, 198kMjorklund, 2005). The
sediments of the Aspelintoppen Fm have been irgtrgrto be deposited in the
Central Basin from a source area on the westergimand have been interpreted
to reflect fresh water shales that alternate with-marine and marine brackish
water sandstones, coals and siltstones (Steel et 1881). Hence, the
Aspelintoppen Fm has been interpreted as an emagoh consisting of low-
sinuosity streams that were flowing through a laaeient depositional plain
(Helland-Hansen, 1990).
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4 Facies Description and Interpretation

In order to make a contribution towards a bettataenstanding of the Battfjellet Fm, the
deposits have been divided into facies based opepties such as grain-size, colour,

sedimentary structures, texture, composition, lssid bedding as well as the predicted

depositional mechanism. The facies interpretatoshown in Table 4-1 below.

Facies Dominant  grain| Main depositional features Environment
size

A Clay Dark shales with lamination. Backgroundffshore
sedimentation.

Bl Very-fine Ungraded thick sandstones, interpreted | &fshore (basin-floor
Bouma T, fan)

B2 Very-fine Alternating structureless and laminated stra@ffshore (basin-floor
interpreted as Boumandc fan)

B3 Very-fine Upward fining turbidite deposits with limitedOffshore (basin-floor
lateral extent, interpreted as fan and slope)

C Silt — very-fine Upward coarsening sediments, dominated| @ffshore transition
storm-generated structures (HCS)

D Very-fine Symmetrical ripples and HCS, formed by fairLower shoreface
weather wave action

E Very-fine - fine Small, erosive channel, PPL and symmetrMiddle shoreface
ripple lamination. Bioturbation. Rapidly
shifting currents and wave action.

F1 Fine - medium Tabular  cross-stratification ~ from  dundJpper shoreface
migration. Upward coarsening trend continuedoreshore

F2 Fine Erosional base, cross-stratification, often abru@hannel eroding intg
change in colour or grain-size from underlyinghoreface
deposits.

G Silt - very-fine Organic rich deposits with roots, leaf-fossjl®elta plain
and influence from waves. Continental origin|

H Medium - coarse | Within delta-plain, contains cross-stratificatiprirluvial channel
and

Table 4-1 Sedimentary facies in the Rypefjellet age
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The division into facies allows for integration @épositional processes and the factors
that control the depositional processes. A factesulsl “ideally represent a distinctive
rock formed under certain conditions of sedimeatatind reflect a particular process, set
of conditions or environments” (Reading and Lev&B96). A facies may consist of a
single bed or a group of several beds, and theegirof facies is useful when correlating
between different units or predicting the preseoiceoal, oil or mineral ores (Reading
and Levell, 1996).

4.1 Facies A — prodelta deposits/offshore shales

This facies is present on the lower part of the maasides in the study area (Fig 4.1A)
and consists of mainly black to blue-grey colounednogenous silty shales. In the more
proximal reaches of this facies some yellow-coldwsands have also been observed. The
dark, shale-rich deposits usually have a flaky apgece and consist of loose fall-out
screes while the sandier parts seem more resigtaatosion (Figure 4-1 B and C).
Hence, lamination is also more common in the sarakposits. The blue-grey coloured
deposits appear more iron-rich than the black sedism Some siderite clasts have also
been observed within this facies. The thicknesthisf facies varies from 4 m to several

hundred meters in the study area.

The deposits in facies A usually surround deposé®nging to facies B where the
contacts between the facies mostly appear shampualh some interfingering has been
observed. The uppermost boundary of facies A isliystiowards facies C where the
contact has a gradual nature as more sand progesis introduced to the depositional
system. Facies A and facies C also have some conshamacteristics such as grain size
and plane-parallel lamination but are differentiate sand-content as well as the lack of

storm-generated structures in facies A.
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A

Figure 4-1 A) Dark shales cover the lower parts othe mountainsides at Kjuklingetoppane. B)
Laminated strata in the Gilsonryggen Mb near Camp 2 C) Detailed photo of the laminated parts of
the facies at same location as B). A5 notebook fscale in B) and C).

Interpretation:

The fine-grain size and monotonous appearanceeodéiposits in facies A together with
lack of evidence of subaerial exposure or strustfwemed by waves or tides implies that
deposition occurred in a low-energy environmenbwestorm-wave base and thus the
deposits in facies A are assigned to a prodeltinggfReading and Collinson, 1996)and
interpreted to belong to the Gilsonryggen Mb of Emgsjaodden Fm (Steel et al, 1981).
The Gilsonryggen Mb represent the lowest part efttiird depositional cycle of infilling
in the Central Basin (Kellogg, 1975; Steel et B981; Steel et al., 1985).

The fine-grained sediments in facies A are intdgoteto represent background
sedimentation in the offshore environment whileshads in the upper parts of the facies
reflect a more turbulent depositional environméiite large-scale depositional trend in
the uppermost depositional cycle in the CentralilBasregressive and thus the presence
of sands in the upper parts of facies A could iatlica nearness to storm-wave base.
Hence, the sands may be fallout deposits from steawe generated suspension
deposited below storm-wave base (Helland-Hanseh0)20Sands in the lower parts of
the offshore succession are more likely to haweladitic, low-density hyperpycnal flow
origin where the sediments are derived from riveml suspension or unusually
vigorous storms (Helland-Hansen, 2010). These ladscommonly ripple- or flat-

laminated (Uroza and Steel, 2008) and are intexdras turbidite-like “tempestites”.
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Both hyperpycnal flow and storm-wave dispersalliedy depositional processes for the
deposition of sands in facies A when looked atambination with the overlying facies

B and facies C (see descriptions below).

4.2 Facies B1 — sustained flow turbidites

The deposits assigned to facies Bl are usually plathe lowermost cliff-forming
sandstones present in the study area. Thesealdf$0-20 m thick and usually located 3-
400 m above sea level, where the altitude of theetmost deposits seems to increase
towards the northeast in the study area (see ah@pt@he deposits in facies B1 have a
limited lateral extent, estimated to reach a maxmmof approximately 1 km and an

overall lobe shaped sandbody geometry.

Facies B1 consists of mainly thick (usually 0.5-20) ungraded or normally graded
structureless or stratified (thick-laminated) b&dsere the grain size varies from very
fine to medium sand. Most of the beds are ungran@dnormal grading has been
observed. The different beds appear to be stackewm of one another (Figure 4-2 A
and B) and are usually separated by flat and saer@gamation surfaces although thin
layers of mud have been observed between the daedly in some locations. Siderite
clasts are common near the base of the beds (Fiy@reC) but have been observed
throughout the beds. Scour marks are presenteabdbes of some beds. The deposits
also contain much organic material and water escaipgctures and soft-sediment

deformation is also observed along with sparcejemtified burrows.

25



Chapter 4 Facies Description and Interpretation

Figure 4-2 A) Amalgamated Bouma T, deposits at Kjuklingetoppane B) Detail of stacked beds
at Nebben. C) Siderite clasts near bottom of flow at Kjuklingetoppane

Interpretation:

The position of facies B1 near or within the pradethales of facies A indicate
deposition in a marine environment. There is gdresgeeement among past works on the
Battfjellet Fm (e.g. Steel et al, 2000; Plink-Bjtinkd et al, 2001; Crabaugh and Steel,
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2004) that turbidite currents were an important ma@ism for dispersing sand on the
shelf and basin-floor of the Central Basin. A tditg# current is a mass-gravity driven

underwater current (Bouma, 1962). The thicknesthefdeposits in this facies suggests
that they are a result of a continuous and steagplg of sand over an extended period
of time which could indicate that the turbiditesrev@enerated by rivers as hyperpycnal
(Plink-Bjorklund and Steel, 2004). The presenceiwr-derived structures and deposits
in more proximal facies of the Battfjellet Fm (d&®ow) could indicate that the turbidite

flows were river derived, and the high content o&lcand organic debris is a sign of

river-derived flows. (Mellere et al, 2002).

The lack of internal structures and normal or udgdabeds indicate deposition from
suspension (Romans et al.,, 2009), and the thickoke$ise beds suggests fallout from
high density currents (Bouma, 1962; Lowe, 1982) @eposits in facies B1 have been
interpreted to belong to the Bouma ifiterval due to their structureless and ungraded o
normally graded appearance. The homogenous apjpeacdrihe deposits in this facies
suggest that sediment discharge was constant awextanded period of time, pointing to
deposition from steady to quasi-steady downslopeldeating turbidite currents (Plink-
Bjorklund et al., 2001). Soft-sediment deformatimdicates that sedimentation rates

were high (Jones and Omoto, 2000).

The lack of the upper four Bouma-intervals couldabvesult of erosion of the upper strata
before the overlying sediments were deposited at ¢hsecond turbidity current has
overtaken the front of a first current and they eveleposited on top of one another.
Amalgamation surfaces observed in this facies sboidence of several flows being
deposited on top of one another. The observed s@iuhe bases of some beds indicate

that the flow was eroding into underlying deposits.

These sands may be of a similar nature as thediticdsandstones of the Bjgrnsonfjellet
Mb of the Frysjaodden Fm located further west ia blasin (Steel et al, 1981) although
they are not time-equivalent. Similar to (Hellandf$en, 1985) the thick sands within

the prodelta succession have been interpreted pat®f the Battfjellet Fm in this study.
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4.3 Facies B2 — surge type turbidites
Facies B2 consists of fine-grained, 12-18 cm uctined beds interlayered with very

fine-grained ripple or plane-parallel laminated dstone beds of 2-12 cm thickness
(Figure 4-3A). The silt-content is higher in theniaated beds and these beds usually
contain more organic material than the unstructinests, although all the deposits in this
facies are rich in organic materials. Facies B®isd in the lowermost sandstone cliffs
in the study area where it usually has an inteéfingy relationship with the deposits in

facies B1 or a sharp contact with the prodeltaeshaf facies A.

The unstructured beds are brown to grey colouredsdens shaped geometry is apparent
in some of the beds. This suggests that the depbsivte a limited lateral extent,
estimated somewhere between 3 and 30 m (for eabh $eme of the unstructured beds

also have sole marks at the base (Figure 4-3B).

The laminated beds are white to grey coloured andain much transported organic
material (coal) with clasts up to 3 cm long. Similathe unstructured beds the laminated

beds also seem to pinch out and have a limitedalag&tent.

Soft sediment deformation, often in the form oflbahd pillow structures, is also
common in this facies and is present in stratapotai10 m thickness (Figure 4-3C).
Currents ripples are observed in some of the dep@Sigure 4-3D) as well as scattered

unidentified burrows (Figure 4-3E).

28



Chapter 4 Facies Description and Interpretation

Figure 4-3 A) Variations between laminated and mas$ge beds at Vengen (. B) Sole marks at the base
of flow at the Profeten . C) Soft-sediment deformabn at Rypefjellet . D) Current ripples at
Rypefjellet . E) Burrow at Rypefjellet .

Interpretation:
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The location of facies B2 within the marine shalesd the close relationship to facies B1
suggest a marine depositional environment and thaetidite currents also were
responsible for the deposition of facies B2. Therahtion between structureless and
laminated beds could suggest that intensity ofdéyeosition varied with time with the
laminated beds being deposited during times of tdieev intensity. The transition from
ungraded, fine-grained sands to laminated, very-firained sand may reflect variation in
the nature of the deposits such as surge-typeditebithat were short-lived and gradually
lost their capacity to carry sediments (Plink-Bjarid et al, 2001; Crabaugh and Steel,
2004). According to the model of Bouma (1962) thieker (10-20 cm) beds represent
suspension sedimentation from the high concentrabases of overall low-density
turbidity currents, interpreted as Bouma deposits, while the plane-parallel and ripple
laminated deposits can be interpreted as Bougnan@ Tc beds (Bouma, 1962). A set of
ungraded and laminated beds will thus representflone Lowe (1982) has interpreted
this massive these thicker beds to be the resuiuspension from high-density flows
while the other Bouma deposits were deposited lbydensity currents. The observed
lamination in the deposits may also reflect varyfajout rates where the ungraded
sediments were deposited during times of high dalleates while the laminated
sediments were laid down from flows with low faltaates and traction (Plink-Bjorklund
et al, 2001; Romans, 2009).

The high content of organic material suggests that sediments transported by the
turbidity currents were derived from land. The spabioturbation could suggest that
sedimentation rates were high, something which @&sconfirmed by the presence of

soft-sediment deformation (Jones and Omoto, 2000).

4.4 Facies B3 — turbidite channel deposits

This facies is usually found interlayered with ortop of facies B1 and B2 or surrounded
by shales at a level between the basin-floor fartsthe shoreface deposits. Facies B3
consists of deposits ranging from very fine to medicoarse grained sandstone (Figure
4-5). The thickness of the facies is usually betwg&el m although thicknesses up to 10
m have been observed. The deposits in facies B8hamacterized by short lateral extent

with a maximum of 50-60 m. There appears to be regverosion surfaces within the
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facies. An upward thinning of the beds has beermiesl and tabular cross-stratification

and structures formed by wave reworking are presetite upper parts of the deposits.

Siderite clasts are also common.

Figure 4-4 Medium and coarse grained deposits togetr with siderite clasts in facies B3

Interpretation:

The location of this facies above or interbeddethwurbidite facies, coupled with its
position below shoreface deposits suggests thattlis facies was deposited by turbidity
currents. The position above the other turbiditeiela as well as the wave-modified
structures could suggest deposition at a more pralxiocation than the underlying
turbidite facies, such as the slope. Erosion sadatabular cross-stratification and the
limited lateral extent of the deposits suggest that facies was confined to a channel.
The channel interpretation could suggest a closgioaship to a mouth bar system. It is
likely that these channels were distributing saondbe slope and basin floor. The coarser
grainsize observed in this facies compared to tigerdying facies B1 and B2 indicates
that the coarsest sediments were deposited onldpe shannels before the turbidite

currents reached the basin floor.

The erosion surfaces in this facies probably represeveral sedimentation units within
this facies and indicate that many flows were fpaned through this area (Romans et
al., 2009).
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4.5 Facies C — offshore transition

This facies is observed in several locations instiuely area and is found vertically higher
than facies A and B. Facies C usually constitukeslower parts of the second sand-
forming cliffs that are present on most mountaiasith the study area. Muds and silts are
the dominant grain sizes in the lower parts of fiwes but the sand content gradually
increases upwards and the upper parts of facie® Qaninated by very-fine sandstone.
Thus, an upwards-coarsening trend is appareneifaities. The thickness of the facies is

usually between 1 and 6 m.

The most common sedimentary structures are loweanglavy three-dimensional
structures that truncate each other (Figure 4-5hé B). Plane-parallel lamination, ball
and pillow structures and other soft-sediment de#diron structures are also present

(Figure 4-5 C). In a few places symmetrical ripptegp the truncated, wavy three-

dimensional structures. Some bioturbation has bésn observed, including the bow-
formed trace fossiBlyhipichnus (Figure 4.5D)(Goldring et al., 2002)

Figure 4-5 A) Typical appearance of the upper partof facies C with large-scale low-angle, wavy
three-dimensional truncating sand structures at Rypfjellet. B) Soft-sediment deformation at
Kjuklingetoppane. C and D) Detail of the low-anglewavy three-dimensional structures at locations
Above Nebben and Vengen.
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Interpretation

The downcutting, low-angle wavy three-dimensionadi$ are interpreted as hummocky
cross-stratification and swaley cross-stratificatioThe processes that form these
structures are not known but the general agreemehat storm waves are responsible
for their formation (e.g. Swift et al., 1983; Duke al., 1991). The dominance of these
structures suggests a depositional environmenteabtmrm wave base. The symmetrical
ripples that have been observed capping the humynoss-stratified deposits were
probably produced by oscillatory currents and nmaidate the waning stages of a storm
(Olsen, 2008).

The great proportion of silts and mud in the lopwart of the facies succession suggests
that background sedimentation was significant dutime early stages of deposition of
this facies while the gradual increase of sandsaugsvin the facies indicate a shallower
and more energetic depositional environment. Thonsistent with a regressive setting.
Thus the deposits in facies C are interpreted tonigeto the offshore transition zone
where the deposition of the sediments in this fati®k place between storm wave base
and fair-weather wave base (Reading and Collinsl#96) an environment with
alternations between high and low energy conditidings means that during fair-weather
sediments will settle from suspension while dursigrms the bottom is affected by
oscillatory and shoaling waves, supplemented bynstgenerated currents. The
dominance of storm-dominated structures presermetthis setting is explained by the
lower preservation potential of fair-weather mudi aiit deposits as opposed to the sandy

hummocky cross-stratification deposits from storms.

The dominance of storm-generated structures irati@ia show that storm-wave processes
were important for reworking and redistributiontbe sediments in the Battfjellet Fm.
The close relationship between facies A and faCiewith the gradual increase in sand-
content shows that the process was gradual anddrecshallower and more energetic

depositional environment. Helland-Hansen (2010)erprieted the soft-sediment
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deformation in the offshore transition zone to beesult of rapid deposition of storm-
generated sands.

Deposits with facies characteristics suggestingosigpn in facies C are also found
resting on top of turbidite deposits belonging &wiés B, and this suggest that the
turbidite depositional process may be closely eglato the storm-wave processes or

storm waves may have triggered turbiditie flows.

With evidence of both current derived sediments aade-reworked deposits in this
facies it is possible that both these processeg weportant for forming the offshore

transition zone deposits.

4.6 Facies D — lower shoreface
This facies consists of mainly very-fine and firaiged sandstones and the facies has a

thickness between 2 and 5 m in the study area.colwir of the deposits varies from
grey to brownish-yellow. Facies D is dominated flgne-parallel laminations and
symmetrical ripples (Figure 4-8A and C). The ripptests are oriented approximately
N-S in the study area. There are some low-angleetldimensional trough structures
similar to those observed in facies C but theselese frequent than in the offshore
transition zone. Water escape structures and atighbpples (Figure 4-8D) are observed
in facies D. Facies D appears to be laterally stest over large distances. Bioturbation
is present in the form of some unidentified burroas well as the trace fossil
Glyhipichnus have been observed in this facies. Soft-sedimeotmation in the form of
ball-and-pillow structures are important in the eppeaches of this facies where
deformed strata have a thickness up to 2 m (Figr8a).

Facies D is usually located on top of facies C whecontinues the coarsening upwards
trend seen from the previous facies. Facies C aadeldistinguished on the presence of
symmetrical rippled strata in facies D and that tineddy deposits are confined to the

offshore transition facies.
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A

Figure 4-6 A) vertical section of facies D at Venge B) Soft-sediment deformation at the location
Above Nebben (photo by E. Ellens). C) Symmetricalipples, Above Nebben. D) Climbing ripples,
Above Nebben.
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Interpretation

The trough shaped stratification and laminationhis facies are, similar to in Facies C,
interpreted to be hummocky and swaley cross-gtatibn and show that storm waves
played an important role in shaping this environtmelowever, smaller amount of storm-
wave generated structures present in this facidgadtes compared to the underlying
facies C indicates less energetic wave-action aieaD. Less influence from storm-
waves upwards in the succession is consistentauidtgressive depositional environment

where shallower the water depths are getting tgaseinced by storms.

The symmetric ripples present in facies D are pred to have been formed by fair-
weather waves and suggest a location above faitheesvave-base. Fair-weather wave
deposits were formed as a result of fair-weathegradntion (Helland-Hansen, 2010).
Plink-Bjorklund et al (2001) interpreted packagessisting of sandstones with wave-
ripples and plane-parallel lamination to be paetitiost proximal areas of the delta front.

Water escape structures indicate that sedimentatites were high, similar to those
observed in previous facies. Climbing asymmetrigples indicate deposition from
unidirectional currents, such as fluvial, which gests episodic deposition from river
floods in an environment that is otherwise domidatey storm-wave processes
(Hampson and Storms, 2003). It could be specul#itatl the hyperpycnal currents
discussed in facies B that may have been rivemddrialso are responsible for the

deposits of unidirectional current deposits foumthis facies too.

4.7 Facies E — middle shoreface
This facies consists of very-fine to fine grainatdstone with thicknesses between 1 and

10 m observed in the study area and with an aveaagend 3 m. Facies E is usually
located between facies D and F (Figure 4-7 A).

The most common sedimentary structures in facieseEsymmetrical ripples and small
downcutting channels filled with plane-parallel asyanmetric ripple-laminated deposits
(Figure 4-7 B). These channels are usually 10-50wéde and 5-40 cm deep. In the
uppermost reaches of the facies at the localitid§uklingetoppane there are some 40-
100 cm thick strata that display intense biotudrativith Ophiomorpha trace fossils
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(Figure 4-8 C and D). The bioturbated strata haliended lateral extent (maximum of
40 m).

Figure 4-7 A) Vertical stacking of shoreface depos at Kjuklingetoppane. B) Small, downcutting
channel at Kjuklingetoppane. C) and D)Ophiomorpha trace fossils in the middle shoreface deposits
at Kjuklingetoppane

Interpretation:

The presence of symmetrical ripples indicates fliatweather waves were important for
forming this facies while the lack of hummocky awdaley cross-stratification suggests a
more proximal depositional environment than thathef underlying facies, and hence it
is assumed that storm-waves were of little imparéafor generating structures, in fact
storms were probably eroding rather than depostigjland-Hansen, 2010). Facies E
continues the upward coarsening regressive tresdrebd in the previous facies. The
location above the lower shoreface may imply thasé deposits belong to the middle
shoreface. Helland-Hansen (2010) interpreted thadimishoreface to be influenced by

rapidly shifting fair-weather currents with scowgiand vertical infilling of structures.
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The presence ddphiomorpha fossils in facies E suggest a shallow marine dépaal
environment (Hampson and Howell, 2005; Maceaheral.e2005) although this fossil
can be present in different facies and hence cam@&ased to specify the depositional

environment in more detail.

4.8 Facies F1 — upper shoreface/foreshore
This facies consists of fine- to medium-graineddsémnes in 3-10 m thick packages.

Deposits belonging to facies F1 are usually locatealve facies E and/or below facies G

and usually form the top of the uppermost sandyeeces observed in the study area.

The most common sedimentary structures in faciesaf€lhorizontal and low-angle

lamination and tabular cross-stratification (Figdr8). The dip azimuths of the cross-
stratifications do not show any preferred directiomends. There are also some climbing
ripples present. Transported organic material (ctzts), leaf-fossils and petrified wood

are common in this facies. Some vertical burrowsltaso been observed.
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Figure 4-8 A and B) Plane-parallel and low-angle satification B) Tabular cross-stratification at
locations Above Vengen and at Above Pgnketoppen ¢lo2) C) Plane-parallel and low-angle
stratification at Kjuklingetoppane

Interpretation:

The coarsening upwards trend observed in the previous facies continues into facies
F1 and also indicates a continuation of the shallowing upwards trend interpreted
from the previous facies. This means that facies F1 was deposited in a shallower
environment than facies E which also is apparent from the stratigraphic position
just below the delta plain deposits of facies G. The leaf fossils and petrified wood
indicate a position near the shoreline, but the lack of subaerial exposure suggests
that the depositional environment was marine. The sparce bioturbation observed
may imply a turbulent depositional environment. The tabular cross-stratification
may represent migration of dunes where the highly variable orientations of the
foreset azimuths could be a result of unidirectional shifting currents in the upper
shoreface (Helland-Hansen, 2010), possibly from longshore currents which can
produce complex current patterns. Such complex patterns are particularly common
at dissipative shorelines (Orton and Reading, 1993). Longshore currents and wave-

action are processes that are important in the upper shorelface (Clifton, 2006).

4.9 Facies F2 — fluvially influenced channel in the sheface
This facies is in close contact with facies F1 isutlistinguished by the presence of an

underlying erosional base that cuts down into f&aé&ig, a limited lateral extent observed
to be up to 30 m in the study area, and the tiansinto this facies is also often
accompanied by an abrupt change in colour and/aingize (Figure 4-9 A and B).
Facies F2 consists of fine to medium grained sanést where the content of mud and
silt appears to be very low. The most common sedliang structure in facies F1 is
tabular cross-stratification. Siderite clasts hbgen observed within this facies as well as
some strata that contain symmetrical ripples aditgetional cross-stratification (Figure

4-9 C). Volumetrically this facies is of minor imp@ance compared to facies F1.
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Figure 4-9 A and B) Deposits in facies F2 with shang the limited lateral extent of the facies,
changes in colour from the underlying facies and faular cross-stratification C) Bi-directional cross-
stratification

Interpretation:

The erosional bases below this facies and the danlateral extent suggest that the
deposits in facies F2 were laid down in channelt #rode down into the wave-

dominated shoreface deposits. The cross-stratdicaind the generally clean appearance
of the sands in this facies suggest transport apdgition by rivers, where muds and silts

have been washed out and transported further sdawar

The bi-directional cross-stratification this faciesuld indicate that the deposits were

influenced by tidal currents while the symmetricalples suggest waves reworked the
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sediments. These structures and the processefothetd them are interpreted to be of
minor importance in the facies due to the smalur occupied by these structures.
Thus, fluvial processes are believed to have blenntost important for shaping this
facies and the deposits are interpreted as theewhod parts of a fluvial channel, and
facies F2 is closely related to the fluvial chaninelacies H. The sediments of facies F2
are important for the understanding of the depmsati processes within the Central Basin
as these channels probably supplied sedimentgtGehntral Basin. The presence of these
channels within the wave-dominated upper shoreftames F1) indicate a closeness to
the basin. Fluvial channels will often deposit themarsest bedload-transported sediment
where they enter the basin and form mouth-barshat goint of flow expansion
(Bhattacharya, 2006). Fluvial channels that sugplyiment to the basin can also be filled
with sediments, especially if the channel is abaedo(Bhattacharya, 2006). Estuarine
fills in fluvially incised valleys have been repedt in the Reindalen and Van
Keulenfjorden area (Mellere et al., 2002; Plink4Rjand, 2005; Lgseth et al., 2006;
Plink-Bjorklund and Steel, 2006) but this interptein requires both a drop in sea-level
and more evidence of tidal currents to be apple#blthis study and hence a tidal-fluvial
channel interpretation, as observed by Uroza aadl $2008) is probably more likely in

the Rypefjellet area.

4.10 Facies G — delta plain
Facies G consists of mainly silt although successiwith very-fine to fine sand are

common at some localities (Figure 4-10A). The faggefound on top of facies F and is
only present on the highest peaks in the study, aiaally located from around 700 m
above sea-level and higher. The change in grairieize facies F to G is drastic, still,
much scree-cover at the transition makes it hardind the exact location of the
boundary. The thickness of facies G is unknown ibubelieved to be extensive (see

chapter 3).

The colour of the deposits in facies G ranges fireioh to grey-black. Soft-sediment
deformation, leaf-fossils, root-traces and lamidasdrata are common sedimentary

structures (Figure 4-10 B and C). Strata of rigplminations have also been observed
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(Figure 4-10 D). The deposits also contain muchaoig material including coal-

laminations.

Figure 4-10 A) Typical exposure of the AspelintoppeFm at Kjuklingetoppane. B and C) Root traces
and leaf fossils at Above Vengen. D) Ripples in th&spelintoppen Fm at Above Pgnketoppen

Interpretation:

The presence of rooted horizons in this facies ssiggthat deposition took place above
sea-level. Coal-laminations are also consistenth wdieposition in a continental
environment and hence facies G has been interptetegresent delta plain deposits that
belong to the Aspelintoppen Fm, the uppermost phthe third depositional cycle of
infilling in the Central Basin (Steel et al, 198Dreyer and Helland-Hansen (1986)
suggested that the fine-grained sediments in thgelkéoppen Fm were deposited by
suspension from overbank flooding or crevassing dhistal bay or poorly drained area of
the floodplain which could explain the generatidrripples observed in this facies. The
high degree of soft-sediment deformation in thisida was interpreted by Steel et al
(1981) as earthquake shocking while Olsen (2008yessted that density inversion due to
the heterolithic nature of the deposits could heaugsed the deformation.
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4.11 Facies H — fluvial channel fill

This facies is found within the delta plain depesif facies G of the Aspelintoppen Fm
and in the study area it has only been observethermountain Pgnketoppen and on
Profeten. Facies H consists of mainly pebbles araise sands (Figure 4-11) that form
confined bodies that appear to cut down into faGBed he deposits in facies H show a
fining upwards trend and the thickness of the faaiethe study area was measured to be
from 2 - 6 m. There are also observations of sév¥eriag upwards units stacked on top

of each other. Sedimentary structures observedpkuee-parallel and tabular cross-

lamination and stratification and climbing ripples.

Figure 4-11 A and B) Coarse sediments and coal ctasn facies H at Above Pgnketoppen (log 8)

Interpretation:

The coarse grain-size of the deposits in facieaditate higher energy in this facies than
in the surrounding facies G. The limited lateratemt of the sands, erosive lower
boundary and the fining upwards trend with coameds in the base indicate that this
facies was deposited in a channel. The surroundimginental deposits make it likely

that the channel was fluvial. It is likely that tHeposits in facies H are closely related to
the underlying marine facies where the fluvial aela were feeding sediments to the
delta system that later were dispersed on the smpgebasin floor. Hence, it can be
assumed that the fluvial channels of this facidmmate in a mouth bar structure on the

delta-front although observations of this has regtrbmade in the study area.
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This facies has only been observed within the Asfmdpen Fm in one location in the
study area, and hence no trends in the transpedtoin can be suggested. Past workers
(e.g. Helland-Hansen, 1985, Olsen, 2008) have tepa generally eastward transport-

direction of the fluvial channels.

4.12 Transgressive deposits

These deposits consist of mainly of shales and haweh in common with facies A. The
transgressive deposits are located between samdsiposits that belong to different
facies and represent small-scale transgressiornbkeiroverall regressive setting in the
Battfjellet Fm.

44



Chapter 5 Facies Associations

5 Facies Associations

5.1 Introduction
From the previous chapter it is clear that theeaa@re not randomly stacked together.

The various facies have been grouped into faciemcéstions where each facies
association consists of several facies that areetgmfly related and have some

environmental significance (Walker, 1984).

The position of distal facies below proximal fagiessplayed by the coarsening and
shallowing upwards trends, reflects a seaward ridgraof the shoreline. This trend is
apparent in facies associations 2, 3 and 4. Tbatitsn of the offshore shales of the
Frysjaodden Fm underlying the Battfjellet Fm aneé ttontinental Aspelintoppen Fm
above also show the overall regressive depositisetiing in the Central Basin during
the deposition period. Despite the overall reguessnature of the Battfjellet Fm
transgressive events were common, reflected bydiagmed deposits capping the sandy
coarsening upward packages. However, these traassgee deposits, which were
discussed in chapter 4, are volumetrically ofdittthportance relative to the regressive

deposits.

Facies association Facies Environmental interpostat

FA1 B1, B2, B3 Basin-floor fans and slope-channel
turbidites

FA2 A Prodelta shales

FA3 C,D,E,F1 Wave-dominated regressive shorefage

FA4 F2,G,H Delta plain and proximal delta front
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5.2 Facies Association 1 (FAl) — basin-floor and slogarbidites

FA1 consists of facies B1, B2 and B3, and thisda@ssociation makes up the lowermost
sandstone cliff in the study area and also inclsdene scattered outcrops located
between the two main sandbodies. The deposits indfa over- and underlain by marine
shales belonging to facies A. The whole facies @asion is usually 30-50 m thick and
up to 1 km wide (Figure 5-1A). The facies assoorais usually present in the form of a
lense shaped cliff-forming sandstone body situdteldw and detached from the other

sandstone successions higher up in the Battfjettet

Facies Bl consists of structureless sandstone hbedspreted as turbidite deposits
belonging to the Bouma aTdivision (Bouma, 1962). These beds were most \ikel
deposited from quasi-steady to steady deceleratimgdity flows. Facies B2 consists of
alternating structureless and laminated beds aeddéposits in this facies have been
interpreted as turbidity deposits belonging to Bwma Tagc division (Bouma, 1962)
where the lamination is caused by a decrease indtieal flux of the depositing current
and accompanying traction deposition. Facies B3istsof sandstone beds identified by
an erosional base, cross-stratification and gelyeaalimited lateral extent. Facies B3 is
usually found in the uppermost parts of the samdstdiffs or scattered in the area
between the two sandstone bodies and has beeprett as slope channels filled with
turbiditic deposits.
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Figure 5-1A) Basin-floor fan deposits at the southa side of Vengen. B) Log-example from Vengen
showing both the position of FAL1 on the mountainsiel and a detailed log of FALl. C) Deposits
belonging to facies B1 on the basin-floor D) Depdsibelonging to facies B2 on the basin-floor E and
F) Deposits belonging to facies B3 in the proximareas on the basin-floor fan complex
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Hence, FALl consists of various deposits of turldddrigin. The strong evidence of
sediment gravity-flow processes, lack of wave-gatesl structures as well as the position
within the marine shales make it reasonable torpné¢ this facies association as a
turbidite lobe complex in the form of basin flo@ant and their distributary channels.
These sediments were all deposited in a prodeltinge(see below for delta
interpretation). Crabaugh and Steel (2004) indttakat basin-floor fans present in the
Battfjellet Fm usually were finger- to fan-shapé&thward thickening of beds have been
interpreted to show an increase in the proximittheosource area (Hampson and Storms,
2003). The scattered outcrops that are locateddsetwhe main lobe-complexes and the
overlying shoreface deposits are interpreted agesttiannel deposits and these were
responsible for transporting the sediments dowmaline slope and out on the basin-
floor.

5.3 Facies Association 2 (FA2) Prodelta shales
This facies association consists of facies A. FaBsually present on the lower slopes on

the mountainsides in the study area and have beerpieted as prodelta shales. This
facies association consists of only facies, A whiehs described, in more detail in

chapter 4.

5.4 Facies Association 3 (FA3) Wave-dominated shorefac
This facies association consists of facies C, Bn#& F1 where it is fully developed. The

base part of this facies association usually latqtst below the second cliff-forming
sandstone succession observed in the study aredharfacies association continued to
the top of the mountains (Figure 5-2). It is mainty this facies association that
interruptions in the stacking pattern of the Batl§t Fm in the form of marine shales is
apparent, where shales capping the sandstone tepae interpreted as small
transgressions. The deposits found on top of thesgressive successions are often

deposited in a more distal environment than thetewn
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The lowermost deposits in FA3 are deposits belungo the offshore transition zone,
facies C, which contains storm-generated structusash as hummocky cross-
stratification as well as finer-grained sedimemtterpreted to have been deposited by
background sedimentation. Above the offshore ttamsi zone shoreface deposits
belonging to facies D, E and F1 are present. Theedmost part of the shoreface is
dominated by storm-wave generated structures ssdhummocky- and swaley cross-
stratification. In the more proximal parts of theseface succession the storm-generated
structures are replaced by symmetrical ripples@ande-parallel lamination interpreted to
have formed through the action of fair-weather vgaviéhe transition from storm-wave
generated structures to fair-weather wave generatasctures reflect a gradually
shallower depositional environment being less grilted by storms. Some bioturbation
assigned to shallow marine environments is alsemks. In the most proximal parts of
the shoreface succession there are structuresitiiadl-scale troughs and channels and
thick units with planar- and trough cross-strasifion. The uppermost, cross-stratified
deposits are interpreted to be the product of rigraof sand-dunes. The sandy

shoreface successions are capped by delta plagsitie phat belong to facies G.

The facies succession in FA3 reflects a graduaflwards shallowing environment
dominated by wave-generated structures. The fatiesessions in environments where
the energy from waves and storms is high are ofeny distinctive (Hampson and
Storms, 2003). Hence, the deposits in FA3 have beerpreted as being deposited in a
wave-dominated shoreline based on the followingewte:

* The abundance of wave-generated structures couwptedhe lack of fluvial and
tidal derived structures show that the wave-enengthe basin must have been
high. The sediments were derived from the rivet thained the areas to the west
of the shoreline, but no evidence of offshore-dedaunidirectional currents are
present in this facies association, suggesting #flathe sediments have been
reworked by waves. Thus, it is likely that sedinsewere transported along the
shoreline by longshore currents and deposited theranvironments such as

barrier bars, spits, beach-ridges and strandplains
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Figure 5-2 Facies association 3 A) Log example anghoto of outcrops from Above Nebben. B)
Outcrop example of shoreface sequence at Kjuklingeppane. See Figure 5-1 for legend.
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« Modern wave-dominated deltas such as the Grandmeide-la-Balline in
Hudson Bay, northern Canada (Hill et al., 2003)pldig a similar facies
succession in the delta front environment as thaeoved in FA2.

» The vertical succession is similar to that of agpadling strandplain as described
by Olsen et al, (1999) in the Upper Cretaceoud Elifuse Fm in south-western
Colorado and by Hampson and Storms (2003) in thekBoliffs in Utah. A

sequence typical of a strandplain is shown in 8gbH3 below.

No direct river effluents have been observed in BA8 hence it can be questioned
whether the facies association represents a sti@ndmy a wave-dominated delta as
both these depositional environments produce coergeupwards sedimentary
successions (Bhattacharya and Giosan, 2003). Diistin between strandplains and
wave-dominated deltas are not straightforward, aseadominated shorelines are
complex and characterized by alongshore variahitithhe depositional environment.
However, the stacking pattern of the shallow masaedstones of the Battfjellet Fm
suggests a deltaic depositional environment whertelsing of delta lobes has been
important for the shaping of the Battfjellet Fm (lded-Hansen, 2010). The wave-
dominated delta interpretation of the Battfjelleh Ras also been reached by several
past workers (e.g. Steel et al, 1985, Steel e2@00, Deibert et al, 2003; Helland-
Hansen, 2010).

Figure 5-3 Typical vertical sequence of strandplain (redrawn after Coe, 2003)
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5.5 Facies association 4 (FA4) — delta-plain and proxiai delta front
This facies association consists of facies F2, @ Hnand is expressed by channels
cutting down into the uppermost shoreface dep@sits continues up in the continental

deposits of the Aspelintoppen Fm.

The volume of facies F2 present in the shorefagasignificant compared to facies F1
and facies G and H are only present on the higbesks in the area. Although the
volume of this facies association is small in thedg area as a whole it is important as
the delta deposits transport sediments from theceoarea to the shoreline, leading to

deposition of the sand and progradation of theedimar further into the basin.

Facies F2 and H can be regarded as different dagvexpressions of fluvial channels
where facies H is located within the delta plainle/tfiacies F2 is the seaward extent of
the channel as it erodes into the shoreface, ptplohisely related to the mouth-bar.

Thus, facies association 4 has been classifietheadluvially dominated portion of the
delta, comprising the delta plain and distributelmannels. Using the traditional Gilbert
delta classification this facies would be the togehe delta, while it is the “undaform”

portion of the delta when using the classificatdiRich (1951).
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Figure 5-4 Facies association 4 A) Channel incised the shoreface at Vengen B) Log examples of
facies association 4 from Vengen. See Figure 5-X fegend.
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6 Sandbody Geometry

6.1 Introduction
The aim of this chapter is to combine the data ftbelogged vertical sections (facies,

facies associations, elevations) with the largdéesolservations of the sandbody of the
Battfjellet Fm. All these data were brought togetinea 3D model made in the computer
programme Google SketchUp. Some snapshots fromntbidel are shown below in

Figure 6.1, showing lines along what is inferredbtostrike- and dip-parallel transects.
The model shows the distribution of the sands énBhttfjellet Fm and how they relate to
the over- and underlying formations. To make a sblmnodel of the sandbody it is also

important to include data of the paleodrainagedatines.

Correlation panels of the Battfjellet Fm have be®ade in the past along an east-west
stretch from the southern coast of Van Mijenfjord®tsen, 2008, Stene, 2009), and in a
southeast trending direction in Van Keulenfjordédtegl and Olsen, 2002). The
advantages of making a 3D model as opposed to &ré&i3ect are obvious, as a 3D
model can be used to show the spatial arrangenfiehé aeposits and it is also possible

to make 2D transects from the 3D model.
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S N

Figure 6-1 A) Part of model showing the north-southransect of Rypefjellet, showing a sloping trend
towards the north. B) Transect showning the basinkbor fans at Vengen without the elevation model.
C) Basin-floor fans at Vengen with topography
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6.2 Methods
For both the 3D model and the selected 2D sectlomyarious vertical logs were placed

with correct vertical and horizontal distance fr@ach other and sea-level. From the

observations in the study-area it is clear that $hady surfaces in the study area,

interpreted as clinothems (Rich, 1951), slope &odast-northeast (Figure 6-2).

Figure 6-2 Photo showing the dipping horizons of th sands in the Battfjellet Fm on the mountainside
of Rypefijellet.

6.2.1 Correlation principles

The study area has been cut by several glaciadysalind these give insight to the 3D
architecture of the Battfjellet Fm. When correlgtibetween the different sandbodies
these valleys, along with glacial cover, causedlpras when visually attempting to

connect the different sandbodies. Hence, variogsiesee stratigraphic concepts have
been used along with field observations and phuatosorrelate the sandbodies in the

Battfjellet Fm. These principles are:

» Sands of shallow marine and turbidite origin thirt towards the east/northeast
(Chapter 7)

* Thick sands extend further into the basin thanmirsands

* There is a continuous lateral transition from coeital through shallow-marine
into offshore deposits (Figure 6-3)

» Basin-floor fans are positioned as the stratigregdhy lowest sands of the
Battfjellet Fm deposits and are in most cases tethérom the shallow marine
deposits

* Individual facies gradually disappear in proximaldadistal directions and are
replaced by other facies as the water depths shalt@eepen

» The shallow-marine successions should be thinning fbottom-up” manner in
proximal areas and in a “top-down” manner in dist&@as (Fig 6-4)
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A X Y
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Figure 6-3 the figure shows possible scenarios fahe progradation of a regressive system. The
pinchout distance of the depositional system deterime the probability of observing continental

deposits between shallow marine systems. In the sy area it is rare that continental deposits are
present in-between the shallow marine deposits. Hea, it is likely that the progradational style of

this system resembles that of C in the figure (aftéDlsen, 2008, after Helland-Hansen, 1985).

I Delta plain

[——1 Upper shoreface
[ Middle shoreface
[ Lower shoreface
= Offshore transition

= ™~~~ Facies lines
T~ Time lines

Figure 6-4 A simplified model showing the expectedeometry and facies distribution of a shallow
marine sandstone unit of the Battfjellet Fm (redrawn after Olsen, 2008).

The upper surface of the clinoforms represents-tines that represent transgressions, as
the deposits were flooded. This allows for a chetragigraphic correlation (Figure 6-5;
Gani and Bhattacharya, 2005). When using this tyfpeorrelation it is clear that the
sediments were deposited on slopes that dippedwbasis. The top surfaces of the
clinoforms represent timelines where the endingestaf sand-deposition is marked by

capping from shale deposits.
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Figure 6-4 Lithostratigraphic versus chronostratigraphic correlation which shows how deposits on a
slope can be interpreted very differently based orthe correlation method used (from Gani and
Bhattacharya, (2005), after Ainsworth and Sanlun,1999) )

6.2.2 Observations and interpretation
From the 3D model it is clear that the sandstompmsiés of the Battfjellet Fm can be split

into two depositional groups. The uppermost of ¢hleas been interpreted to consist of
mainly shoreface deposits. When viewed from a degtgdhese sands appear to form one
continuous sandbody, but closer inspection reviasit often consists of several (2-3)
smaller, upwards coarsening sandstone tonguesthitknesses between 5 and 20 m.
The various numbers of sandstone tongues in tray sitea are shown in Figure 6-5

below.
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Figure 6-5 Number of shallow marine parasequencest aarious locations in the Rypefjellet study
area (Map: Van Mijenfjorden. Norwegian Polar Institute Institute, 2008)

The shallow-marine sandstone wedges appear to stepilike cliff geometries on the
mountainsides, a result of interfingering with theerlying offshore/prodelta deposits of
the Frysjaodden Fm which weather more easily tharsands. The shale deposits are the
product of transgressive events, flooding surfabasoccurred over short periods of time

and hence can be viewed as isochronous (see Fgtlie

From the observations of the sandbody of the Bdifj Fm it is clear that the number of
wave-dominated, shallow-marine sandy sequences waey short distances. These
sandstone wedges have been interpreted as vamaseguences and the parasequences
appear to have a limited lateral extent and seeletpartially overlapping, consistent

with observations made by Helland-Hansen, 2010.

The most important mechanisms that led to the ggsédron of sandstone wedges

(clinothems) in the Battfjellet Fm were identifibgt Helland-Hansen (2010) as:
» Eustatic rise of sea-level

* Tectonic subsidence
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» Delta-lobe switching

Where delta lobe switching was identified as thestmi&kely mechanism at work in
the Battfjellet Fm where migrating delta-lobes wiimited lateral extent were
deposited in the basin at different locations #edent times. This type of model can
explain the disparity in the number of parasequeratethe various localities. This
trend has also been observed at other locatiortseirCentral Basin, and these are

summarized in the figure below:
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Figure 6-6 Map showing number of upwards coarseningandstone sequences in Nordenskiold Land.
Data from the present study are marked in red (modied after Helland-Hansen, 2010).

Interfingering between the Battfjellet Fm and thspélintoppen Fm has not been n
observed in the study area. This could be becdgsadnsition is poorly exposed in the
study area or it could reflect the true naturehaf boundary between the Battfjellet and

Aspelintoppen formations.
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The 3D model also reveals that deposits interpriidee basin-floor fans are located in
front of and stratigraphically lower than the shioke deposits. In the study area the
basin-floor fans are found at progressively higelewations northwards. Thus, it seems
likely that the basin is getting shallower in thisection. Stene (2009) observed that the
distance between basin-floor fans and shorefacesitspdecreased when moving away
from the orogenic belt on the southern side of Wajenfjorden and this was interpreted

as a shallowing of the basin away from the orogbelt

A structure-contour map of the Top Hollendardalem EDalland, 1979) shows an

anticline, the Holmsenfjellet anticline, presenttire northeast of study area (Fig 6-7).
The Holmsenfjellet anticline has an elongate shape Dalland (1979) interpreted the
anticline to have formed as a result of compresdiming the development on the West
Spitsbergen Orogen. This is shown by the axes efattticline, which is inferred to be

parallel to the West Spitsbergen Orogen and alswstcains the development of the
anticline to the main phase of folding, indicatiag age not older than Late Eocene
(Dalland, 1979).

The presence of the Holmsenfjellet anticline in thidy area is important for
understanding the depositional trends of the sedlisnén the Battfjellet Fm. From
observations of the basin-floor fans in the studsaathese appear to be positioned at
gradually higher stratigraphic elevations at theenasinward locations. Thus, without
the knowledge of the presence of this anticline amght believe that the gradual
shallowing of the basin-depth could be related tehallowing of the sea level in the
basin. The presence of some wave reworking on pipermost sediments of the basin-
floor fans does indicate a lowering of sea leval, this is most likely due to a lowering

of storm-wave base during severe storms.

As the system builds out from the shoreline, depagsisands in the basin, occasional
pulses of sand will be deposited on the basin-float most of the time the deposition in
these areas is in the form of marine shales. Wihemnleposition of the basin-floor sands
ceases the deposits will be overlain by shale (Eig48). As the shoreline continues to
prograde and builds out further in the basin anofhdse of sand will eventually be

deposited out on the slope and basin-floor. Thegnaaational nature of the system
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makes the younger basin-floor fan deposit furth&é the basin than the older basin-floor
fans while the topography of the basin-floor léte tyounger fan deposit at a higher
vertical level than the older basin-floor fan.

D S B
| ‘n\ N3l : ’i’,zqf\_.?-’“ v

a 41

Figure 6-7 Presence of anticline on the Top Hollerzddalen Fm level in the study area (Modified
after Dalland, 1979 and map B10 Van Mijenfjorden, Nrsk Polarinstitutt, 2008)

—— e

Legend

- Basin floor

E] Background
sedimentation
- Basin floor fans

S Parasequence

Figure 6-8 Progradation on basin-floor with anticline gives progressively higher elevation of
the basin-floor fans. The arrow marks the progradation direction.
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6.2.3 Sources of error
There are several possible sources of error fraanctirrelation of the deposits in the

Rypefjellet area. The elevations of the differespaisits have been measured by using the
barometer function of a GPS and although it washikd at some occasions it is
sensitive to changes in air-pressure and hencentresurements will not be accurate.
Still, it can be argued that these uncertaintiessar small that they will not be important

on a large-scale description of the sandbody gagymet

The poor visibility of the large-scale geometry tbé sandbody due to the extensive
scree-cover and the glacial valleys cutting dowto ithe deposits makes it hard to
connect the outcrops on different sides of theeyall Still, sequence stratigraphic
principles have been used when doing the interioetaand correlations, and as long as

these are not violated the interpretation shoulddresidered valid.

On the whole it can be argued that small mistakehe interpretation are insignificant
when describing the sandbody as long as it is wailidin the sequence stratigraphic rules

outlined above.

63



Chapter 7 Paleogeography and Depositional Environment

7 Paleogeography and depositional environment

7.1 Introduction

In this chapter critical aspects of the paleogepgasetting of the Battfjellet Fm are
discussed based on the facies and environmentalpretations put forward in the
previous chapters. The aim of this chapter is taadeetter understanding of the evolution

of the Central Basin and the associated environsrarthe early Eocene.

7.2 Depositional environment

From the Frysjaodden Fm, which underlies the Bdlfi Fm, a thickening of the

deposits from 300 m in the east to 600 m in thetwéghe basin is observed (eg.
Kellogg, 1975; Helland-Hansen, 1990, Deibert et28l03) and this suggests that the
Central Basin was deeper in the west than in tlse @ast studies of the Battfjellet Fm
(e.g. Helland-Hansen, 1992; Steel et al, 2000) athbrst and Nordenskitld Land

identified many features that are similar throughtlie formation such as facies
characteristics, paleocurrent directions and thesgmce of clinoforms. From the
interpretations and observations of the Battfjéfet put forward in the previous chapters
it is clear that several of these characteristresadso present in the Rypefjellet study

area.

7.3 Delta classification and progradational style

The Battfijellet Fm has been interpreted as an eadtwprograding shoreline that
gradually built into the foreland basin that formed front of the West Spitsbergen
Orogen (Kellogg, 1975; Helland-Hansen, 1992). Eastwthinning and sloping
clinothems portray the depositional slope at vavitimes during deposition, and the
presence of one or more sandy, 10-30 m thick atimo$ separated by shales reflect the
changing conditions in the basin over time (Kello§75; Helland-Hansen, 1990, see
figure 6-6). The shales are interpreted as floodingaces (e.g.Helland-Hansen, 2010)
giving a complex sand geometry and stacking patiéthe Battfjellet Fm. However, the

clinothems are only present in the western pathefbasin and were formed by thick
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mass-gravity deposits that in some cases also dedemto basin-floor fans (Helland-
Hansen, 2010). The clinoforms reflect that depositook place on a slope that connects
the shelf and basin-floor and reflects the eastwaabradation of the delta along a
shoreline-to-shelf bathymetric profile (Helland-H4an, 1992). In the eastern part of the
basin the mass-gravity deposits are thinner orrdapsed the basin-floor deposits are
dominated by shales. This has led to the interpoetahat the basin was shallower
further away from the orogen as there was less danping, and also that the distal
eastern part of the basin was filled with shalesutaneously as the western areas were

filled with sandy sediments.

The latitude at the time of deposition of the Bal#t Fm was likely one where the

climate was temperate with seasonal variationsckelecthanges in the depositional trends
related to varying seasons were likely and wousd allow for periods where storms and
floods were present, while at other times of tharye conditions in the basin were

quieter.

The shoreface packages observed in the Battfféttett are clearly wave-influenced and
show that wave-processes were also important irCémdral Basin. A wave-dominated
delta will at most times produce a relatively gihdishoreline with barrier bars. The
presence of fluvial channel and tidal depositshi Battfjellet Fm shows that also these

processes were operating and were important fospa@ting sediments to the basin.

7.4 Delta size
From the observations put forward in the previobapters, as well as from previous

studies (e.g. Helland-Hansen, 2010) the latera@raaf the shallow marine sandbodies in
the Battfjellet Fm have been interpreted to halederal extent that range from a few and

up to 10 km.

A modern delta with a similar size-range is thellfih River delta in Canada. The delta
is 9x8 km (Smith et al., 2005) and has been stubiebboking at sediment samples and
radar stratigraphy. The William River delta is wal@minated and storm-wave action is

important for shaping the delta (Smith et al., 200%e delta appears to have a lobate
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shape and a thickness between 15 and 22 m (Snath 2005), which corresponds to the

inferred size of the delta lobes in the Battfjetetta.

7.5 Paleogeography

Paleocurrent data are summarized in Figure 7-lilsegk measurements have been used
to reconstruct the paleogeography of the Battljeen. The structures that were
measured were the dip-azimuth of current rippled @oss-stratification, orientation of
wave-ripple crests and the direction of solemaikse numbers of measurements are
limited due to poor quality outcrops in many looas. Still, the measurements included
in this study are expected to be of good qualitg Aence are believed to provide an

accurate representation of the paleo-basin.

Unfortunately, the presence of the Aspelintoppenig-hmited to the highest peaks in the
study area and only one fluvial channel within Aspelintoppen Fm has been observed
in this study. This channel does not provide sidfit data to give satisfactory
observations of the direction of fluvial channelst Iprevious studies (e.g. Dreyer and
Helland-Hansen, 1986; Helland-Hansen, 2010) recbate easterly direction of fluvial

channels, suggesting a shoreline oriented appra&lynaorth-south.

From the orientation of the wave-ripple crests, cihare inferred to be parallel to the
shoreline, it is apparent that the trend is appnaxely north-south. This is in accordance
with the inferred orientation of the orogen andadsnilar to results obtained in previous
studies at other locations in the basin (e.g. HdHHansen, 1985; Helland-Hansen, 1990;
Crabaugh and Steel, 2004; Stene, 2008).

The solemark measurements at the bases of tub&ktam to parallel the orogen, but the
number of measurements is very low (3) and hentemuzh weight should be put on
these measurements. However, Crabaugh and Sté#l)(&&ported that basin-floor fans
travelled in an along-strike direction in the lattages of basin-floor deposition on
Storvola in Van Keulenfjorden which was explaingdtlbe topography of the basin-floor
which was generated tectonically. The dip azimuathihe current ripples show a general
trend towards the east which is consistent witheastward migrating shoreline. The

cross-stratification, which has been interpretedhes migration of sand-dunes, shows
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highly variable directions. This is in accordancéhwearlier observations by Olsen
(2008), Helland-Hansen (2010) which shows that divections of cross-stratification

unfortunately does not give much information abibat paleocurrent directions although
it might reflect shifting currents in the depositéd environment. The paleocurrent
measurements carried out in this study can, bas¢kdeodata from wave-ripple crests and
dip-azimuths of current ripples, be confirmed aasistent with a north-south oriented

coast and an eastward migrating shoreline.

The small number of river distributaries observéoh@ the shoreline as well as the
interpretation put forward previously that the ddbuilt out into the basin in the form of

lobes that later were abandoned suggests that @fr&@es shoreline at times received little

sediment. Thus, the shoreline should be expectée fobate and show variations in the
directions of the wave-ripple crests. Still, botfistand previous studies (e.g. Helland-
Hansen, 1990) show very consistent that rippletsrese located in a north-south

direction. Thus, it has been suggested that eitierdeltas were fronted by coalescing
spits in a north-south direction, or that the shaihg of water in front of the deltas was

so rapid that the waves did not have enough tinteddjust their approach angle so that
it was directed parallel to the shoreline. A polesghoreline geometry of the Battfjellet

Fm at different times during the infilling of thee@tral Basin are shown below in Figure
7-2.
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Figure 7-1 Paleocurrent data from measurements inhie field are shown in the rose diagrams and the
location of the study area is highlighted. The wavepple crests which are interpreted to be parallel
to the shoreline show an N-S directed shoreline. Bhmeasurements of solemark directions of the
bottom of turbidite currents are few and hence shold not be put much weight on, but these show a
travel direction that appears parallel to the diredion of the paleoshoreline. The cross-stratificatio
from dunes in the upper shoreface does not show arigends. The dip azimuth of current ripples
appears to favour an eastward direction, consistenwith the anticipated shoreline migration
direction.
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Figure 7-2 the shoreline of the Battfjellet Fm at dferent times during deposition. It should be note
that these figures do not show the shoreline at anyarticular time but rather the aim is to display
what the depositional environment might have lookedike at different times during the depositional
process.

7.5.1 Basin formation

Thickness data from the Battfjellet, Frysjaoddenl &ollendardalen formations have
been used to create a thickness map shown in Figg@réelow. The top Battfjellet Fm
was used as the uppermost measured level, astthie uppermost formation boundary
exposed in the Central Basin. Where the thicknéseeoHollendardalen Fm is known
this has also been included because the Hollendardam is closely related to the
overlying formations and the was also depositechfeediment derived from the orogen

to the west of the basin.
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As the base of the Frysjaodden Fm not is exposethénRypefjellet study area the
structure-contour map of the top HollendardalerébBsysjaodden (Gilsonryggen Mb)
has been used as a reference horizon when detegrtime thicknesses. The elevation
measurements were made by using the altimeterituman a GPS. The GPS was
calibrated some times during the period in thedfielit requires a clear view to several

satellites so measurements have some uncertaassesiated with them.
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Figure 7-3 Thickness data of from the Hollendandakrysjaodden and Battfjellet formation&l {s data
from Croxton and Pickton, 1976, 37tbm Steel et al., 1981595 from Helland-Hansen, 1983 from

wells by Store Norske Spitsbergen Kullkompdaifrom Steel and Olsen, 2002, 450 from Olsen, 20GB a
645 from the present study). The arrows mark the appadip directions of clinoforms where they are
present in the Central Basin (modified after OIs2008).

The thickness measurements from the Rypefijelleta aappears to fit with the
interpretation that the basin gets deeper and hémeedeposits thicker closer to the
orogen. The thickness data have also been incdagubiisto an isopach map (Figure 7-4)
which shows the thickness distribution of the Hadlardalen, Frysjaodden and Battfjellet
formations. From this map the contours have anqabliangle to the West Spitsbergen
Orogenic Belt.
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Figure 7-4 Isopach map of the Hollendardalen, Frygjodden and Battfjellet formations in the Central
Basin (modified from Olsen, 2008 and Stene, 2009).

After the deposition of the Grumantbyen Fm the wateghe Central Basin was inferred

to be relatively shallow (Dalland, 1979). Hence make room for the several hundred
metres of sediments belonging to the Hollendardalerysjaodden and Battfjellet

formations new accommodation space would have tgelperated in the Central Basin.
An eustatic sea-level rise of approximately 100 md aompaction of sediments of the
Firkanten and Basilika formations would not haverb&arge enough to accommodate all
the overlying sediments (Helland-Hansen, 1990). sTranother model is needed to
explain the generation of accommodation spaceanCéntral Basin as well as the great
variations in the sediment thickness between tls¢esa and western part of the basin.
During the time of deposition the area was affedtgd transpressional tectonic regime
and hence thinning of the crust at this time careliminated (Helland-Hansen, 1990).

Lithospheric loading of the crust as a result atdaic thickening of the fold-and-thrust
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belt was put forward as a mechanism to explaingreeration of accommodation space
by Helland-Hansen (1990) and indeed, this model egrlain both the generation of
accommodation space in the basin and thicknesatiars of sediments. At the time the
Battfjellet Fm was the Central Basin acted as aléod basin to the fold-and-thrust belt.
A foreland basin is an elongate trough that formtsvieen a linear contractional belt and
a stable craton (e.g. DeCelles and Giles, 1996)saicti basins are generated as a result
of thrust-sheet loading in the orogenic belt. Feguf-5 displays a model of the
development of the Central Basin, initiated by #ting and uplift in the west.
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Figure 7-5 Development of the Central Basin with uplift and
thrusting to the west as interpreted by Steel et al (1985)
where lithospheric loading due to thickening of the crust in
the orogenic belt was the main mechanism for generating
accommodation space,
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8 Discussion

8.1 Introduction
The previous chapters have outlined the sedimegyadmd depositional environment of

the Battfijellet Fm in the Rypefjellet area with enpretations of facies, facies
associations, sandbody geometry, depositional emvient and paleogeography. This
chapter will look at the problems, challenges amateutainties associated with the

presented models and interpretations.

8.2 Delta type
From the interpreted shallow-marine deposits instiiely area it is clear that wave

processes played an important role in shapingtibeeine in the Central Basin during
the deposition of the Battfjellet Fm. The sedimeptaput has been interpreted to be
derived from small rivers that drained the landaaethe west of the basin, and as the
majority of the sediments were river-derived, thés led to the interpretation of a deltaic
shoreline (Bhattacharya and Giosan, 2003). Fronstilndy area it is clear that the
number of shallow marine parasequences variessbwet lateral distances which is
consistent with other observations from Nordensklédnd (Helland-Hansen, 2010) and
has been interpreted to be a result of switchin@debes. However, this interpretation
leads to a conflict between the internal and extigoroperties of the Battfjellet Fm as
switching of delta lobes usually are associateth flitvially dominated deltas. Thus, a

fluvio-wave interaction delta has been proposedterBattfjellet Fm.

Evidence of rapid sedimentation in the Rypefjedlieta has been observed from frequent
soft-sediment deformation and few intensely bictield strata. A high sedimentation
rate could suggest that sediments only were tratespa short distance from the source
area before they were deposited which led to pedingent sorting (Helland-Hansen,
2010) and could also explain why the fluvially iréhced stacking pattern with several
delta-lobes has been preserved, as new sedimergsiegosited before the basinal

processes such as longshore currents were aldentave the fluvial characteristics of the
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sediments. The presence of basinwards advanciaggrgrences also demonstrate the

progradational nature of the Battfjellet Fm delta.

A possible modern analogue for this successionbleas described by Marchesini et al
(2000) about 20 km south of the Po delta in theidtdr Sea where the basin is wave-
influenced but with immature sediments. Moreovée plan-view of the Po-delta is

typical of a wave-river interaction delta.

An asymmetric delta lobe would also allow for theegervation of fluvial and tidal
deposits located behind spits or barriers that Idpven the downdrift end of the delta,
which has been observed in several modern deltaatif@harya and Giosan, 2003) as
well as in an ancient example from the Aberdeenittine Balckhawk Fm of the Book
Cliffs, USA (Charvin et al., 2010). Fluvial and waprocesses are active in asymmetric
deltas (Charvin et al., 2010).The requirementsaymmetric deltas, as pointed out by
Bhattacharya and Giosan (2003) are strong longstiorents and high sediment input,
and these deposits are often found in microtidedsrNo evidence for asymmetric delta
lobes have been observed in the present studwiibtevidence of both wave and fluvial
processes as well as high sediment input and sedenee of tides the presence of
asymmetric delta lobes in the Battfjellet Fm cooédlikely.

8.3 Initiation and nature of turbidite currents
A large proportion of the sediments belonging ® Battfjellet Fm in the Rypefjellet area

have been interpreted as deposits from turbiditeents (Bouma, 1962). A turbidite
current is a mass-gravity driven underwater curréhé generation of a turbidite current
requires much suspended sediment, and the mechatiiabtan disperse such currents
have been identified by Piper and Normark (2009) as

» Discharge from rivers or subglacial meltwater witgh sediment concentration

» Slides and debris flows transformed by liquefacaod entrainment of water
(earthquakes, failure)

* Oceanographic processes such as storms, tidestanthal waves that lead to

suspension of sediments from the coast, shelf peuglope

74



Chapter 8 Discussion

Fresh, sediment-laden currents that enter a bodyaofling water will, when the density
of the flow is a certain order higher than the watethe basin, be able to produce a
hyperpycnal flow, a type of turbidity current (Meldand Syvitski, 1995). The density
difference between the fluvial and basinal watérsan lead to sediment bypass on the
shoreline or in a mouth bar which will lead to seeint deposition in the offshore setting
from underflows (Bhattacharya, 200&).hyperpycnal flow is generally develops more
easily in lacustrine, fresh-water basins than irrinea salt-water basins (Mulder and
Syvitski, 1995), but in the same study it was atmtified that hyperpycnal flows can be
triggered in small and medium sized rivers durilegds, which can occur several times
during the year. Several small channels that erodi@dn into the shoreface were
observed in the Rypefjellet study area and thisslikely that many small rivers supplied
sediment to the basin. The importance of floodsttiergeneration of hyperpycnal flows
were discussed by Mutti et al. (2003) where theodijn of such currents were
associated with abundant hummocky cross-stratificastructures. From the present
study there are observations of turbidite depoSitt are closely associated with
hummocky cross-stratified strata which could sugdlest floods played an important

role in the deposition of these sediments.

From the paleogeographic interpretation of theflgdigst Fm, the deposition in a
relatively small foreland basin suggest that théawim the basin could have been
brackish which would allow for a smaller densityeded to generate hyperpycnal flows.
(Kellogg, 1975) summed up the fauna of the Paleegimposits in the Central Basin
where there also appears to be some evidenceaKisinaconditions in the Battfjellet Fm
deposits. Plink-Bjorklund and Steel (2004) ideetifivarious factors that are used to
interpret hyperpycnal flow turbidites in ancienpdsits, and several of these factors have
been observed in the Rypefjellet area, includingiéll channels incised on the shoreface
which probably were connected to the slope charotedsrved at deeper locations in the
basin giving a connection between fluvial and tditiei deposits, presence of abundant
organic material within the basin-floor fans, amadbance of thick turbidite beds and the

sand-prone character of turbidite beds.
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Hyperpycnal flow turbidites have been observehmBattfjellet Fm at several locations
in the Central Basin (Steel et al., 2000; Plink+Rjénd et al., 2001; Mellere et al., 2002;
Plink-Bjorklund and Steel, 2004; Petter and St2@06), whereby Plink-Bjoérklund and
Steel (2004)concluded that direct river-effluentsyevthe most important processes for

generation of turbidites in the Central Basin.

Another possible mechanism for generating turbiditeents is failure on the slope
including slumps and debris flows. Processes sfkimd would probably require a
triggering mechanism such as a tectonic moveméeel 8t al (1981) suggested that
frequent earthquakes were responsible for the dpwent of soft-sediment deformation
in the Battfjellet and Aspelintoppen formationsgddhe setting of the Central Basin as a
foreland basin where the sediment source has bé=mieted as a newly uplifted orogen
shows that the basin was tectonically active. Hethoan be assumed that earthquake
shocks did occur. However, such catastrophic ewgeats probably not occurring
frequently enough to explain the large volume oidsadeposited by turbidite currents
foreland basins such as the Central Basin (Mu@®91 Mutti et al., 2003).

Tectonic events like these can be regarded astegibg and thus would probably not
occur very often. The general abundance and theskogthe turbidite derived deposits
within the study area suggest that deposition wksively continuous or took place at
regular intervals over an extended period of tinméctv would require many catastrophic

events.

Similarly, wave-action may also have triggered iditb currents, particularly during
storms. Prior et al. (1989) observed that storimggéred submarine landslides in the
Huanghe delta as the waves caused slope failurediaghse. It was also observed that
the areas which previously had experienced slopedavere more likely to experience

it again relative to areas which were undisturlbéehce, a continuous supply of sediment
from many failures in the same place could possjylain the continued supply of
sands. The many storm-generated deposits on thefabe shows that storms were
important during the depositional process. HoweNegems unlikely that basin-floor

fans should be generated in such large quantitiésalumes if triggered by storms.
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The hyperpycnal flow can be favoured as the deiposit mechanism from sustained
flow-type turbidites (e.g. Kneller, 1995) which ocdor longer than only a few hours as
direct input from a river is more likely to be theurce of such deposits than catastrophic
events or actions by waves or tides. The greaknless of some of the turbidite deposits
in the Rypefjellet area seem to require a sustaftfeed and hence hyperpycnal flows
have been interpreted to be the main mechanisnomedpe for generating turbidite
currents in this area. However, this does not mieanother mechanisms did not trigger
turbidite currents, and several processes may haga operating simultaneously which
has been observed in the Sepik River mouth in Pdpeia Guinea where there is
evidence of turbidite currents that are generatgdhpperpycnal flows and from
sediments that were stored temporarily on the shetf slope before they turbidite
current was triggered (Kineke et al., 2000).

8.4 Structural movements and effects on deposition

The sediments deposited in the Central Basin aiefaired to be of Paleogene age but
from studies on the geological history of Svalb@trhpter 3) it is clear that tectonic
movements took place up into Devonian/Carbonifetons, most of these related to the
Caledonian orogeny. In Middle Carboniferous timeréhwas extensive faulting in
Spitsbergen, and Dalland (1979) suggested thatahisng could have produced half-
grabens or grabens in the area beneath the CBatsal. Thus, these structures may
have been important for controlling the sedimeantapattern in the Central Basin but
will probably not be important for constratning ttheposits of the Battfjellet Fm as it is
one of the uppermost formations in the CentraifBasd the topographic relief in
marine basins will be reduced as the basin igifi{eg. Sutcliffe and Pickering, 2009).

The presence of clinoforms only in the western pathe basin has been described
earlier (e.g. Helland-Hansen, 1985) and interprétdak a result of shallowing of the
basin away from the north-south oriented orogemda foreland basin it can be
expected that the basin is deeper close to theearogeven partially beneath it (Jordan,

1995) because lithospheric loading is greategtigdrea.
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From the sandbody geometry in the study areeciesr that the basin-floor fans were
deposited at gradually shallower depths which is $tudy has been interpreted to be a
result of basin-floor topography with the preseananticline (Figure 6-8). Thus, it is
clear that the anticline developed either befordusing deposition of the basin-floor
fans. Dalland (1979) interpreted the anticline awdnformed during the main stage of
folding in the West Spitsbergen Orogen as the akése anticline is parallel to the

orogen.

Through lab-experiments, Alexander and Morris ()38monstrated that structures on
the basin-floor affect deposition, and when a witicurrent meets an obstacle the
velocity of the flow will decrease (Kneller, 1999his might lead to rapid deposition as
the slower moving flow is unable to keep the sameumnt of sediments in suspension. A
structure can also lead to deflection of the flantsgat it moves along a strike direction in
the basin, as has been observed by Crabaugh agld Z164) in the Van Keulenfjorden
area. The directional data from turbidite flowghe Rypefjellet area is sparce and hence
it cannot be determined if longitudinal currentg@vemoving on the basin-floor in this

area.

The exact timing of the different events that ledelopment of the fold-and-thrust belt
in Spitsbergen and deposition in the Central Besiot known, although they developed
at the same time. The Battfjellet Fm is one ofdppermost formations present in the
Central Basin it can be speculated that the tectmmmvements associated with the
development of the fold-and-thrust belt had wemirnas the the Battfjellet Fm was
depostied, but evidence of extensive erosion (MaanchThrondsen, 1986) in the order
of 1700 m in the Aspelintoppen Fm suggest thabd#ipn was still going on for a long
time after the Battfjellet Fm had been depositdte thickness of the eroded deposits

also suggest that accommodation space was genardteiCentral Basin

8.5 Future work
The study of the Rypefjellet area has added toktitmvledge of the Battfjellet Fm in

Central Basin, Spitsbergen as detailed facies amsafgr this area has been established
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along with observations of variable number of pagagnces over short lateral distances
which is consistent with the observations of thdtfigdlet Fm in other areas of the
Central Basin. The presence of an anticline withim study area has also been used to

explain the “climbing” geometry of the basin-flolans in the study area.

When the details of the geology of the Battfjelfeh has been documented over the
whole area, a synthesis combining the data fromwthele Central Basin would be an
obvious continuation of this study. The model oé tBattfjellet Fm made in Google
Sketchup is very simple model; to take this a stefver a better model, for instance with
the use of a proper digital elevation model. It \doaiso be possible to extend the model
to include a larger area, for instance the wholat@é Basin where the resulting model
probably will provide a better understanding of gleoreline trajectory of the entire
formation, and would also give a good visualizatdrthe basin fill, depositional system

and spatial and temporal development of the basin.
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9 Conclusions

The Battfjellet Fm in the Rypefjellet area portraga eastward prograding

shoreline in the Central Basin foreland basin.

The majority of the sedimentary structures show ifreadion by waves although
evidence of both tidally and fluvially derived antbdified sediments have been

observed.

Basin-floor fans make up a significant volume of 8ediments in the study area
and have been interpreted as turbiditic deposdttsrtiost likely were the result of
suspension-fallout from hyperpycnal currents algioufloods, waves and

earthquakes could have been important generatichanems.

Basin-floor topography appears to have been impbfta the development and

depositional trend of the basin-floor fan deposits

The internal and external properties of the dekpogdits are conflicting as the
former suggest a wave-dominated shoreline while I#teer have properties
consistent with a fluvially dominated delta. Hertbe Battfjellet Fm has been

interpreted as a fluvio-wave delta.

High organic content and immature sediments suggeshort distance to the

source area.

Soft-sediment deformation and few highly bioturldatieposits could indicate a

high sedimentation rate.
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