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Abstract

Although the Cretaceous period is known to have been dominated by greenhouse
conditions, the Early Cretaceous climatic conditions in Svalbard have been under some
debate. Both indicators of warm climate such as coal seams, Ornithopod tracks and warm-
water dinoflagellates, and indicators of cold climate such as arctic belemnites, glendonites
and ice rafted debris have been reported. This study characterises two palaeosols (Palaeosol
1 and 2) developed within the Lower Cretaceous Glitrefjellet Member of the Helvetiafjellet
Formation, and investigates their validity as palaeo-climatic proxies. This analysis is based on
observed features through the logging of two cores (DH-1 and DH-1A), petrographic analysis
of thin sections and XRD-analysis. The petrographic analysis revealed a high percentage of
quartz within both palaeosols. The combination of high quartz content and the observation
of kaolinite through XRD-analysis suggests highly leached conditions. The formation of
kaolinite is favoured by subhumid to perhumid climates. Both palaeosols were interpreted to
be composed of two main horizons. An upper horizon A, recognized by the accumulation of
organic content and a mineral fraction, and a lower horizon C, which was recognized by a
pale colour, high quartz content and relict primary structures, indicating modest alteration
due to soil forming processes. As a result, the two palaeosols were characterised as enitsols.
Such palaeosols are regarded as immature and are thus not indicative of specific climatic
conditions. The immaturity of the palaeosols was interpreted to be a consequence of several
factors, where (1) high quartz content, (2) palaeosol development within crevasse splay and
floodplain deposits and (3) unfavourable clastic sedimentary environment where time for

plant growth and accumulation was limited were regarded as the main contributing factors.

During thin section analysis, iron ooids were observed within the transgressive lag that
marks the top of the Helvetiafjellet Formation. Their formation was interpreted to be a
result of sediment starvation on a shallow-marine shelf that formed due to transgression
and flooding of the proximal coastal plain of the Helvetiafjellet Formation. Such deposits are
indicative of warm climates. Therefore, although palaeosols 1 and 2 could not be classified
with regards to specific climatic conditions, other observations such as high degree of

leaching, kaolinite content and iron ooids supports warm and humid climatic conditions.
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Preface

In relation to a CO; storage project (Braathen et al., 2012), seven fully cored wells were
drilled in the Adventpynten and Adventdalen area (DH-1, DH-1A, DH-3, DH-4, DH-5R, DH-6
and DH-7; Fig. 7). The primary targets were the Triassic to Middle Jurassic successions, but
the Lower Cretaceous succession was also penetrated. The wells DH-5R, DH-6 and DH-7
were the initially targeted wells for this thesis because they are known to contain well-
developed palaeosols. These cores were stored in Endalen outside Longyearbyen. However,
unfortunately parts of the road to the core storage facility collapsed prior to the data
collection, effectively hindering access to these cores. Therefore the cores DH-1 and DH-1A,
stored in container at UNIS, were examined and logged instead. The examination of these
cores offers a unique opportunity in describing features within the Helvetiafjellet Formation

at a level of detail not achievable in conventional outcrop studies.

Two students (Thea Engen and Ingrid Tennvassas) have been working together on the
logging aspect of this project. Although the logging was performed together, the two
students have different aims for their thesis. In Thesis 1 (Thea Engen), cores DH-1 and DH-1A
are used as a basis for a detailed facies analysis and sedimentological characterisation of the
Helvetiafjellet Formation and the Glitrefjellet Member in particular. In Thesis 2 (Ingrid
Tennvassas), the described cores are used as a basis for a petrographic characterisation of
palaeosols in the Glitrefjellet Member of the Helvetiafjellet Formation. The intention is to

evaluate the potential of the two palaeosols as palaeo-climatic proxies.

Due to the similarities of the projects, the chapters 2 and 3 were largely written as a
collaboration between the two students. From chapter 4 and onward, this thesis will focus

on the project objectives of Thesis 2.









1 Introduction

1.1 Background and motivation
During the Cretaceous period, the Earth was dominated by greenhouse conditions, thus

making it one of the warmest periods in the geological history (Nemec, 1992; Harland &
Kelly, 1997). Large scale magmatism has previously been linked to changes in global climatic
conditions (Senger et al., 2014). In Svalbard, the emplacement of the HALIP (High Arctic
Large Igneous Province) constitutes such large scale magmatism (Maher, 2001; Corfu et al.,
2013). Igneous intrusions occurring within both the Helvetiafjellet and the Rurikfjellet
formations were dated at approximately 124.5 Ma, through U-Pb isotope records by Corfu et
al., (2013). Thus, the emplacement of the intrusions correlates relatively well with the

known global anoxic event OAE1la, which is dated at 121 Ma (Corfu et al., 2013; Senger et al.,
2014; Midtkandal et al., 2016). This provides a potential link between the emplacement of

the HALIP and global anoxic conditions during the Cretaceous period.

The Svalbard archipelago, which was located at 63 to 66°N during the Cretaceous period,
had a relatively warm climate, with mean temperatures of 7-10°C (Hurum et al., 2016;
Hurum et al., 2016 A; Grundvag & Olaussen, 2017). The observation of coal seams and
seatearths, in combination with Ornithopod tracks within the Helvetiafjellet Formation
suggests a relatively humid climate with a rich plant life. This supported an “Arctic” dinosaur
population in the Early Cretaceous period (Steel & Worsley, 1984; Nemec, 1992; Harland et
al., 2007; Hurum et al., 2016). Dinoflagellates have also previously been observed
throughout the Lower Cretaceous succession (Arhus, 1992; Grgsfjeld, 1992). Dinoflagellates
are one-celled aquatic organisms that that typically occur in any oceanic conditions, except
within cold seas (Harland, 1994). The abovementioned findings within the Lower Cretaceous
succession all point towards an at least seasonably warm and humid climate. In this thesis,
the observation of iron ooids has also been documented within the Helvetiafjellet Formation
for the first time. Such deposits are interpreted as another indicator of warm climate

(Mutrux et al., 2008). Their formation is discussed further in chapter 5.5.

Arctic belemnites, which is an extinct order of cephalopods, have also been observed within
the Lower Cretaceous succession (Harland & Kelly, 1997; Price & Nunn, 2010). Their

occurrence within the succession has been related to the influence of cold water, with



temperatures of approximately 4-7°C. Although not as commonly occurring, glendonites
have also been observed within the succession (Maher et al., 2004; Price & Nunn, 2010).
Glendonite is a calcite pseudomorph of ikaite (CaCO3-6H,0), which is a hydrated form of
calcium carbonate (Suess et al., 1982). Glendonite most commonly occurs on cold water
shelves, and its formation is therefore largely linked to cool temperatures (Selleck et al.,
2007). The occurrence of glendonites in conjunction with ice rafter debris within the Lower
Cretaceous succession (Dalland, 1977; Pickton, 1981) thus suggests influx of cold polar
water, rather than solely warm climatic conditions (Price & Nunn, 2010; Hurum et al., 2016

A; Vickers et al., 2017; Grundvag & Olaussen, 2017).

Summarizing the abovementioned climatic indicators, it becomes apparent that there is no
consensus with regards to which climatic conditions dominated during the Cretaceous
period in Svalbard. Changes in climatic conditions, possibly due to the emplacement of the
HALIP, and the presence of indicators of both warm and cold palaeo-climatic conditions have
been observed. This suggest that the Early Cretaceous period in Svalbard may have been
influenced by fluctuating and possibly seasonal climatic changes. As the Svalbard archipelago
offers a near-complete Lower Cretaceous succession, it holds a great potential with regards

to palaeo-climate studies of higher latitude regions in the Mesozoic.

As the characteristics of palaeosols can reflect the climatic conditions under which they were
formed, they are potentially powerful palaeo-climatic proxies (Cecil & Dulong, 2003; Sheldon
& Tabor, 2009). The co-occurrence of coal-seams and palaeosols within the heterolithic
Glitrefjellet Member of the Helvetiafjellet Formation therefore potentially offers new means
of investigation with regards to the Early Cretaceous palaeo-climate in Svalbard. Climatic
indicators observed within the palaeosols could thus contribute to the ongoing debate with
regards to the Cretaceous climatic fluctuations, and the various interpretations provided by
different proxies. Due to the generally poor exposure quality and low accessibility in the
field, the palaeosols in the Glitrefjellet Formation have never previously been described in
detail. A noble exception is provided by Nemec, (1992), but this study was entirely based on
macro-scale outcrop investigations and focused on the sedimentological context of the
palaeosols. In his article, Nemec, (1992) stated that the overall conditions with regards to

both climate and the ground-water table favoured the formation and accumulation of



organic material. The general lack of thick coal seams within the Helvetiafjellet Formation
was therefore interpreted as a consequence of the large input of clastic sedimentary

deposits. This is discussed further in this thesis.

In this study, selected palaeosols within the Glitrefjellet Member are investigated by
combining core descriptions with petrographic analysis and X-ray diffraction data, thus

providing observations at a level of detail not achievable by outcrop studies alone.

1.2 Objectives
In this thesis, the described cores are used as a basis for a petrographic characterisation of

palaeosols within the Glitrefjellet Member of the Helvetiafjellet Formation. The purpose of
this study is to document and classify palaeosols within the formation and to combine core
descriptions with thin section and X-ray diffraction analysis in order to determine if the
observed palaeosols are eligible as palaeo-climatic proxies. Thin sections collected
throughout the Helvetiafjellet Formation are also used to highlight changes in mineralogical
composition in relation to interpreted facies associations. Based on the various

investigations of the two cores DH-1 and DH-1A, the specific aims of this thesis is to:

e Describe and physically characterise selected palaeosols in the Glitrefjellet Member.

e C(Classify the palaeosols and interpret in what depositional environments they possibly
formed.

e Highlight petrographic changes within the succession and highlight changes related
to pedogenic processes.

e Assess whether or not the palaeosols are valid palaeo-climatic indicators.

e Discuss the potential formations and climatic impact of iron ooids within the

Helvetiafjellet Formation.



2 Geological setting

The Svalbard archipelago represents the uplifted and exposed NW corner of the Barents
Shelf (Steel & Worsley, 1984; Worsley, 2008; Grundvag, et al., 2017). The archipelago
consists of several islands, where Spitsbergen is the largest. In the west, the area is bounded
by a sheared margin while in the north, it is bounded by a passive continental margin
(Faleide et al., 1984; Grogran et al., 1999). In the south and east the area is bounded by the
Baltic Shield and Novaya Zemlya, respectively (Steel & Worsley, 1984; Dallmann, 2015;
Grundvag et al., 2017). The timing and causes for uplift of the archipelago and the Barents
Shelf is debated, but has been suggested to be the result of tectonic and magmatic activity
during the Mesozoic and the Cenozoic (Maher, 2001).

Today, the different islands are situated between 74 to 81°N, and 10 to 35°E (Steel &
Worsley, 1984; Senger et al., 2014; Fig. 1). The sedimentary record in Svalbard contains
sediments ranging from Devonian to Eocene in age (Harland et al., 1976; Grogran et al.,

1999; Grundvag & Olaussen, 2017; Fig.1).

2.1 Introduction to the Mesozoic
The Mesozoic Era can be divided into the Triassic, Jurassic and Cretaceous periods, and

extends from 252 Ma—-66 Ma (Cohen et al., 2013; Fig. 5). This was an Era dominated globally
by both climatic and tectonic changes. During the Mesozoic, Svalbard was a part of an
intracratonic sag basin, which was covered by an epicontinental sea (Midtkandal et al., 2007;
Midtkandal & Nystuen, 2009; Hurum et al., 2016; Grundvag & Olaussen, 2017).
Epicontinental seas are often recognized as being relatively shallow, generally with a depth
of less than 200 m. Another characteristic feature is a gently dipping ramp shelf morphology,
typically lacking a pronounced shelf-break. The dip of these shelves can be as little as 0.001-
1°, often steepening slightly towards the central part of the basin (Midtkandal & Nystuen,
2009). The gentle gradient of the ramp shelf makes epicontinental seas very sensitive to sea-
level change (Midtkandal et al., 2008; Midtkandal & Nystuen, 2009). The exposure of the
Mesozoic deposits in Svalbard are illustrated in Fig. 1. These deposits are generally well

preserved.
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Figure 1: Geological map illustrating the distribution of sediments deposited during the various periods in Spitsbergen. The
red rectangle indicates the deposits of the Mesozoic Era (252.17-66 Ma). The deposits of the Triassic period are represented
by a purple colour, while the deposits of the Jurassic and Cretaceous periods are represented by a light blue colour. The red
circle indicates the approximate position of cores DH-1 and DH-1A. The figure is modified from Elvevold et al., (2007).

2.1.1 Triassic (252.17—201.3 Ma)
Triassic is the first period of the Mesozoic Era. It extends from 252.17—201.3 Ma (Cohen et

al., 2013; Fig. 5). The period can be further subdivided into the Early, Middle and Late
Triassic epochs. The Triassic period in Svalbard was characterised by stable shelf conditions
and a fluctuating sea-level (Buchan et al., 1965; Mgrk et al., 1982; Faleide et al., 1984; Mgrk
et al., 1999; Fig. 2). As a result, the Triassic succession largely consists of both marine and
non-marine shales, siltstones and sandstones (Buchan et al., 1965; Nakrem et al., 2008). The
Triassic deposits display a varying thickness, changing from a maximum thickness of
approximately 1000 m, to a minimum of around 200 m (Buchan et al., 1965). In Svalbard, the
Lower to Middle Triassic deposits are represented within the Sassendalen Group, while the

Upper Triassic succession belongs to the Kapp Toscana Group.
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Figure 2: Illustration of the fluctuating sea-level conditions throughout Early (A), Middle (B) and Late (C) Triassic in Svalbard.
The variations in depositional conditions throughout the Triassic period has resulted in a variety of deposits such as shales,
siltstone and sandstone. Palaeogeography during Late Triassic is illustrated in image D. The approximate position of
Svalbard is indicated with a red circle. The figure is not to scale, and is modified from Dallmann (2015).

2.1.2 Jurassic (201.3—145.0 Ma)
The Jurassic period is the middle period of the Mesozoic Era. The period extends from 201-

3—145.0 Ma, and can be further subdivided into the Early and Late Jurassic epochs (Cohen
et al., 2013; Fig. 5). The dissolution of the supercontinent Pangea began during Early Jurassic.
By the end of Late Jurassic, two continents were fully formed; Laurasia in the north, and
Gondwana in the south (Dallmann, 2015). This is illustrated in Fig. 3.

The Jurassic period as a whole was dominated by several cycles of eustatic sea-level rise and
subsequent fall. In the final stages of the Late Jurassic, the sea-level rose once more. This led
to the formation of an epicontinental sea in the Svalbard region. The seafloor topography of
an epicontinental sea is not ideal for ocean currents, and in combination with high CO;

levels, large amounts of organic matter were produced and stored (Dallmann, 2015). The



shales observed in the Upper Jurassic succession suggests anoxic shelf environments
(Smelror, 1994). Today, the Upper Jurassic succession has been proven as a valuable source

rock on the Barents Shelf (Steel & Worsley, 1984; Ramberg et al., 2013; Dallmann, 2015).

In the rock record in Svalbard, the Lower Jurassic succession is represented within the Kapp
Toscana Group, while the Upper Jurassic deposits can be seen within the Adventdalen
Group. For further discussion on the Adventdalen Group and the formations in which it

includes, please see chapter 2.3.

Jurassic

Shallow shelf

Coastal tidal flats
Estuaries

Alluvial plains

Temporarily transgressed
Periodically flooded land
Condensed units (increasingly
condensed westwards)

Epicontinental shallow sea
with anoxic sea bottom

Coastal tidal flats
Delta plain

Alluvial plains

Figure 3: Illustration of the development of Svalbard during the Jurassic period. Several cycles of eustatic sea-level rise and
subsequent fall have been documented throughout both the Early (A) and Late (B) Jurassic periods. The Jurassic period
culminated in a relative sea-level rise, which today can be observed as thick shale successions within the rock record. Global
palaeogeography during the Late Jurassic period is illustrated in image C. The approximate position of Svalbard is indicated

with a red circle. The figure is not to scale, and is modified from Dallmann, (2015).



2.1.3 Cretaceous (145—66 Ma)
The Cretaceous period is the final period of the Mesozoic Era. Deposits observed within the

rock record with an age ranging from 145 Ma to 66 Ma are considered to have been
deposited in the Cretaceous period. The period is subdivided into the Early Cretaceous (145
Ma—-100.5 Ma) and the Late Cretaceous epochs (100.5 Ma—66 Ma) (Cohen et al., 2013; Fig.
5). In Svalbard, regional uplift took place during the Late Cretaceous, thus effectively
removing the Upper Cretaceous strata (Harland, 1969; Faleide et al., 1984; Steel & Worsley,
1984). As a result, only the Lower Cretaceous succession is preserved in Svalbard. Therefore,

only the sediments deposited during the Early Cretaceous will be discussed further.

The opening of the Canada Basin, as well as the later parts of the Ameriasian Basin took
place during the Cretaceous period (Grantz et al., 2011). This led to volcanic activity and the
following emplacement of the High Arctic Large Igneous Province (HALIP) (Maher, 2001;
Mabher et al., 2004; Brekke & Olaussen, 2013; Senger et al., 2014). The HALIP activity caused
uplift of the strata, which has been interpreted as most severe in the NW area of the
Svalbard archipelago (Dorr et al., 2011; Fig. 4). As a result, the sedimentary package of the
Lower Cretaceous decreases in thickness towards the north (Parker, 1967; Nagy, 1970). A
change from a more than 1000 m thick sedimentary package in the south, to an approximate
thickness of 300 m in the north can be observed.

In Svalbard, the Lower Cretaceous succession is accompanied by the Upper Jurassic deposits
within the Adventdalen Group. For the lithostratigraphic features of the Adventdalen Group,

please see chapter 2.3.



Cretaceous

Volcanoes and lava
- Deep basin

[ ] outer shelf

:I Inner shelf

:‘ Delta front

[ ] Fluvial plain

:’ Periodically flooded area

:l Land area

Figure 4: Illustration of the dominating depositional environments of the Early Cretaceous period. Images A-C represent a
palaeogeographic reconstruction of the Rurikfjellet Formation (A), the Helvetiafjellet Formation (B), and the Carolinefjellet
Formation (C). A regional uplift occurred during the Late Cretaceous, which was caused by crustal doming and HALIP
activity. This is interpreted to have caused the removal of the Upper Cretaceous succession. Global palaeogeography during
Late Cretaceous is illustrated in image D. The approximate position of Svalbard is indicated by a red circle. The figure is not
to scale, and is modified from Dallmann (2015).
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2.2 Tectonic framework

2.2.1 Structural evolution
The collapse of the early Paleozoic orogen during Early Devonian marks the beginning of the

structural evolution that would later result in the uplift and exposure of the Svalbard
archipelago (Dallmann, 1999). After the collapse, several basins were formed due to
extensional rifting (Steel & Worsley, 1984; Grogran et al., 1999). With the onset of the
Svalbardian orogen in the Late Devonian, the rift basins that formed during the Early
Devonian were compressed. Although the area has been documented as more stable from
here on out, the Middle Carboniferous period (and locally throughout Permian) was
dominated by discrete regional extensional events (Ngttvedt et al., 1992; Grogran et al.,

1999).

Regional uplift in the Late Cretaceous and Tertiary periods also led to the reactivation of
older fault systems. These were primarily the Lomfjorden/Agardhbukta and Billefjorden
Fault Zones during the Cretaceous (Onderdonk & Midtkandal, 2010), and the Inner Hornsund
and the Palaeo-Hornsund Fault Zones during the Tertiary period (Steel & Worsley, 1984;
Grogran et al., 1999; Fig. 1). The uplift of Spitsbergen, which was caused by the reactivation

of the fault systems led to erosion during the Late Cretaceous (Dorr et al., 2011).

The most recent major tectonic event in the structural evolution in Svalbard is the
Paleogene development of the West Spitsbergen Fold Belt (WSFB) (Harland, 1969; Steel &
Worsley, 1984; Steel et al., 1985; Figs. 1 & 9). The WSFB is NNW-SSE trending, and extends
along the western coast of Svalbard for approximately 300 km. The belt is approximately 50
km wide (Steel & Worsley, 1984). The onset of the WSFB is interpreted to be related to the
opening of the Norwegian-Greenland Sea, seen as a major continental transform fault
(Harland, 1969; Steel & Worsley, 1984; Dorr et al., 2011). An associated basin, the Central
Tertiary Basin, consists of a relatively broad NNW-SSE trending syncline and formed as a
foreland basin of the West Spitsbergen Fold Belt (Miiller & Spielhagen, 1990; Dorr et al.,
2011). As a result, the Lower Cretaceous succession can be observed as relatively steeply
dipping to the east along the western coast of Spitsbergen, whereas to the east of

Spitsbergen (and in the rest of Svalbard), the strata is observed as relatively horizontal.
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2.2.2 HALIP (High Arctic Large Igneous Province) activity
In association with fast-moving sea-floor spreading and the opening of the Canada Basin, the

magmatic activity rose. As a result, the basaltic Alpha Ridge formed during Early Cretaceous
(Lane, 1997; Grogran et al., 1999; Maher, 2001). The High Arctic Large Igneous Province
(HALIP) was also emplaced during the Early Cretaceous (Maher, 2001; Corfu et al., 2013;
Senger et al., 2014). Such igneous provinces are generally characterised as very large,
predominantly mafic magmatic bodies (Coffin & Eldholm, 1994; Corfu et al., 2013). They can
be observed as both extrusive and intrusive units. In Svalbard, the HALIP can be observed as
predominantly sills, but also occasionally as dykes and as basalt flows in the east (Maher,
2001; Senger et al., 2014; Polteau et al., 2016; Fig. 4).

The extensive intrusion caused by the HALIP emplacement led to crustal updoming (Maher,
2001). Therefore, it is likely that tectonic activity was not the only cause for the uplift of
Svalbard and the northern margin of the Barents Shelf in the Early Cretaceous. The crustal
updoming due to HALIP activity is interpreted as the cause of the tectonically forced
regression that led to the formation of the Barremian subaerial unconformity at the
boundary between the Rurikfjellet and the Helvetiafjellet formations (Gjelberg & Steel,
1995; Maher, 2001).

2.3 Lithostratigraphy of the Adventdalen Group
The Adventdalen Group consists of four formations. These are the Agardhfjellet, the

Rurikfjellet, the Helvetiafjellet and the Carolinefjellet formations (Parker, 1967; Fig. 7). In this
section, the characteristics of these four formations will be highlighted. Special attention will
be given to the Helvetiafjellet Formation and its members, as they are the focus of this
study.

2.3.1 The Agardhfjellet Formation (Middle Jurassic to earliest Cretaceous)

The Agardhfjellet Formation is the oldest unit within the Adventdalen Group. The formation
is Middle Jurassic to earliest Cretaceous in age, and is commonly subdivided into four
members. The lowermost member is the Oppdalen Member, which is dominated by silty
sediments (Dypvik, et al., 1991; Koevoets et al., 2018). The overlying member is mainly
organic-rich sediments, known as the Lardyfjellet Member (Dypvik, et al., 1991; Koevoets et
al., 2018). The overlying member is the Oppdalssata Member, which primarily consist of

sandstone and siltstone (Koevoets et al., 2018). Similarly to the Lardyfjellet Member, the
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uppermost member of the formation is also dominated by organic-rich mudstone (Dypvik, et
al., 1991; Druckenmiller et al., 2012). This member is known as the Slottsmgya Member, and
is dated to be of Tithonian age (Harland & Kelly, 1997; Olaussen, 2015; Koevoets et al.,
2016).

The Agardhfjellet Formation varies in thickness throughout the Svalbard archipelago. This
can be observed as a decrease in thickness when moving in a W-E direction. Where the
formation is approximately 250 m thick in the central part of Spitsbergen in the west, it is
reduced to a unit that is less than 50 m thick on Kong Karls Land in the east. This change in
thickness is interpreted to have been caused by erosion prior to the deposition of the Early
Cretaceous Helvetiafjellet Formation (Collignon & Hammer, 2002; Olaussen, 2015).

Because the Agardhfjellet Formation contains large quantities of organic material, it has
proven to be an important source rock for hydrocarbon formation. An example hereis in the
time and lateral equivalent Hekkingen Formation, which is found within in several basins on

the SW Barents Shelf (Mgrk et al., 1999).

The boundary between the Agardhfjellet Formation and the overlying Rurikfjellet Formation
is generally recognized as a light coloured claystone bed, known as the Myklegardfjellet Bed
(Dypvik et al., 1991; Collignon & Hammer, 2002; Smelror & Dypvik, 2006). However, this bed
is can be poorly developed, thus making it difficult to distinguish the two formations from
one another. Where this is the case, the two formations are combined and referred to as the
Janusfjellet Subgroup (Parker, 1967; Dypvik et al., 1991; Grundvag et al., 2017).

2.3.2 The Rurikfjellet Formation (Valanginian to early Barremian)

The Rurikfjellet Formation is the second unit in the Adventdalen Group, and the lowermost
unit of the Lower Cretaceous succession. The formation is Valanginian to Barremian in age
(Gregsfjeld, 1992), and has a recorded maximum thickness of up to 400 m (Midtkandal &
Nystuen, 2009). The formation can also be referred to as a part of the Janusfjellet Subgroup
in areas where the Myklegardsfjellet Bed is not present and separation from the
Agardhfjellet Formation is problematic (Parker, 1967; Dypvik et al., 1991). The Rurikfjellet
Formation has two recognized members. The lowermost member is the shaley Wimanfjellet
Member (Dypvik et al., 1991). This is overlain by the Kikutodden Member, which is primarily

dominated by sandstone and siltstone (Midtkandal et al., 2008).
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2.3.3 The Helvetiafjellet Formation (Barremian to early Aptian)
The Helvetiafjellet Formation (Parker, 1967; Fig. 7) has two recognized members; the basal

Festningen Member and the overlying Glitrefjellet Member (Parker, 1967; Midtkandal et al.,
2007; Fig. 7). The formation primarily consists of coarse grained braidplain deposits in its
lowermost member, transitioning upwards into coastal plain and shallow marine facies in its
uppermost member (Steel & Worsley, 1984; Gjelberg & Steel, 1995; Nemec, 1992). There is
an abrupt erosional contact between the Rurikfjellet Formation and the overlying
Helvetiafjellet Formation, which can be seen as a change in lithologies from a marine to a
fluvial influenced environment (Birkenmajer, 1984; Grundvag et al., 2017). This boundary is
recognized as a Barremian subaerial unconformity (Parker, 1967; Nemec, 1992; Midtkandal
& Nystuen, 2009; Midtkandal et al., 2016; Fig. 7). This unconformity represents a sudden
drop in relative sea-level, interpreted to be a result of the tectonic uplift related to the HALIP
activity (Maher, 2001). The unconformity is regionally extensive and can be observed
throughout Svalbard (Nemec et al., 1988; Gjelberg & Steel, 1995; Maher, 2001; Midtkandal
& Nystuen, 2009; Grundvag & Olaussen, 2017). The architecture and facies stacking of the
formation reflects a long-term transgression (Nemec, 1992; Gjelberg & Steel, 1995;

Grundvag & Olaussen, 2017).

The Helvetiafjellet Formation has a varying thickness, from up to 150 m in S-SE Spitsbergen
to approximately 40 m in the NE (Gjelberg & Steel, 1995; Brekke & Olaussen, 2013). The
formation is diachronous and is observed as progressively younger towards the north (Steel
& Worsley, 1984; Gjelberg & Steel, 1995; Midtkandal & Nystuen, 2009).

2.3.3.1 The Festningen Member

The lowermost unit of the Helvetiafjellet Formation is the Festningen Member (Parker,
1967). The base of the member is defined by a Barremian subaerial unconformity which is
dated at 127 Ma (Parker, 1967; Edwards, 1976; Midtkandal & Nystuen, 2009). It is commonly
agreed upon that the deposits of the Festningen Member are primarily fluvial in origin (Steel,
1977; Nemec, 1992; Mgrk et al., 1999). The deposition of the Festningen Member is
interpreted to have commenced as a result of relative sea-level rise during Early Cretaceous
and the creation of continental accommodation space that followed (Midtkandal & Nystuen,
2009). Despite the clastic input being relatively high, the deposition took place in a
backstepping manner (Nemec, 1992; Gjelberg & Steel, 1995; Midtkandal & Nystuen, 2009).
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The large-scale tabular and trough cross-beds that are observed in the sandstone units
within the member are interpreted to owe their geometry to the migration of composite
sand and gravel bars in a fluvial braidplain setting (Birkenmajer, 1984; Nemec, 1992). The
fluvial facies may locally alternate or interfinger with floodplain, crevasse splay, bay head
delta deposits or fluvial mouth bars (Midtkandal et al., 2008). The Festningen Member
generally consist of medium to very coarse-grained sandstone and conglomerates. These
deposits are interpreted to have been deposited in a low-gradient braidplain setting (Nemec,
1992; Midtkandal et al., 2007; Midtkandal & Nystuen, 2009; Grundvag et al., 2017). The
lower units of the Festningen Member display a lateral variation in thickness, indicating that
the sediment deposition was controlled by an incised valley topography (Midtkandal &
Nystuen, 2009; Grundvag et al., 2017). The top of the Festningen Member is typically
recognized by a relatively thin, regionally extensive coal seam (Grundvag & Olaussen, 2017).
2.3.3.2 The Glitrefjellet Member

Overall, the Glitrefjellet Member primarily consists of interbedded silty shales with thin coal
seams, coarse-grained sandstone units with both tabular and trough cross-bedding and
ripple cross-lamination, an abundance of plant debris and subordinate conglomerates
(Parker, 1967; Birkenmajer, 1984). Within cores DH-1 and DH-1A, the sandstone units were
the most commonly observed deposits (Figs. 23 & 24). The sedimentary units of the
Glitrefjellet Member are interpreted to have been deposited as a part of a delta plain, under
overall transgressive conditions due to basinal subsidence, and a relative rise in sea-level
(Gjelberg & Steel, 1995; Midtkandal et al., 2008; Chap. 2.4). Therefore, the marine influence
generally increases upwards within the succession, towards the upper boundary to the
overlying Carolinefjellet Formation. At the boundary between the two formations, there is
an abrupt deepening across a regional marine flooding surface of early Aptian age
(Midtkandal et al., 2016; Grundvag et al., 2017).

2.3.4 The Carolinefjellet Formation (Aptian to Albian)

The Carolinefjellet Formation is the youngest formation of the Adventdalen Group. The
formation is Aptian to Albian in age, and has a maximum recorded thickness of 850 m (Nagy,
1970; Steel & Worsley, 1984; Dypvik et al., 2002). The formation consists of five units; the
Dalkjegla, the Innkjegla, the Langstakken, the Zillberget and the Schonrockfjellet members.

The members alternate between being dominated by sandstone and mudstone,
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respectively. The formation is interpreted to have been deposited in a more marine
influenced environment than the underlying Helvetiafjellet Formation (Nagy, 1970; Gjelberg
& Steel, 1995; Maher et al., 2004; Grundvag, 2015; Hurum et al., 2016 A). Traditionally, the
boundary between the Helvetiafjellet Formation and the base of the overlying Carolinefjellet
Formation has been described as gradational (e.g. Gjelberg & Steel, 1995; 2012). However, in
more recent studies a relatively thick (approx. 10—30 m) black shale unit of early Aptian age
has been suggested as the transition between the two formations (Midtkandal et al., 2016;
Grundvag et al., 2017). This unit has been recognized across the majority of the outcrop
window in Spitsbergen. The upper parts of the Carolinefjellet Formation is truncated by the
Palaeocene unconformity. This is interpreted as a consequence of uplift and erosion. The
truncation corresponds to a major hiatus in sedimentation, equivalent to the Late
Cretaceous to earliest Tertiary time interval. Therefore, no Upper Cretaceous strata is

present in Svalbard (Grundvag, 2015; Hurum et al., 2016 A; Smelror & Larssen, 2016).

2.4 Depositional architecture of the Helvetiafjellet Formation
The Helvetiafjellet Formation was first named by Parker, (1967) with its subdivision into the

Festningen Member and the overlying Glitrefjellet Member. Gjelberg and Steel, (1995) found
it difficult to use this subdivision of the formation in many of the locations in Spitsbergen
because the boundary between the two members was observed as being repeated,
interfingering and generally difficult to define. The Helvetiafjellet Formation records a
gradual facies change upwards, reflecting a transgressive setting (Gjelberg & Steel, 1995). As
a result, Mgrk et al., (1999) revoked the Festningen Members formal status as a member of
the Helvetiafjellet Formation. In their article, the unit is referred to as the informal
Festningen sandstone member. Midtkandal et al., (2008) re-established the Festningen

Member as the formal lower member of the Helvetiafjellet Formation.

Several authors have discussed the regional depositional system of the Helvetiafjellet
Formation. These are summarized in Fig. 6. The first depositional model was presented by
Parker, (1967) and later modified by Nagy, (1970). It is known as the layer-cake model. This
model suggests that the basal deposits of the Helvetiafjellet Formation were deposited with
a sheet-like geometry at a very low-angle shelf or platform. As Fig. 6 illustrates, the units are
interpreted to have covered large areas of Spitsbergen (Midtkandal & Nystuen, 2009).

However, the model did not take into account how the system developed outside of the
16



outcrop window. Several attempts have been made to illustrate this development, however
many problems with regards to stratigraphic correlation were encountered. This led to the

abandonment of this model.

A regressive-transgressive model (Steel & Worsley, 1984; Nemec, 1992; Fig. 6) explains how
the Rurikfjellet and Helvetiafjellet formations are stratigraphically linked by the transition
between braided stream and mouth bar deposition. This leads to an overall transgressive
development. Based on this, a more complex transgressive diachronous model was
suggested by Gjelberg & Steel, (1995; Fig. 6). This model is similar to the regressive-
transgressive model, but provides a better understanding of the backstepping trend with
inferred delta lobes pinching out within the outcrop window. This model contains a
shoreline a possible shelf-break and a maximum regression point just south of the present-
day coastline in Svalbard. The self-break model also suggests thick, sandy basin-floor fans

offshore (Steel et al., 2000).

Midtkandal & Nystuen, (2009) also argued for a model (Fig. 6). This model has many similar
characteristics to the previously described layer-cake model. The model illustrates large-
scale aggradation of facies belts, with a regression-transgression point that is interpreted to

be present somewhere out on the Barents Shelf.
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Layer-cake model R-T fluvio-deltaic model | Transgressive model Shelf-break model

Parker 1967
Stratigraphy N ot StwpL & Nomay 1054 Gjelberg & Steel 1995 Steel et al. 2000

NW 200 km
Carolinefjellet -—
Formation Open-marine shelf Storm-dominated, Storm-dominated, Storm-dominated,
(Aptian-Albian) open-marine shelf open-marine shelf open-marine shelf

Barrier

=
Helvetiafjellet :
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(Barremian-
Aptian)

& Fluvial incision
\ Shelf-edge

Rurikfjellet Prodelta

Forma_tlpn Prodelta slope Siope
(Valang}r!lan- Basin floor
Elediorivien) Open-marine shelf Open-marine shelf Open-marine shelf

NW Aggrading model (large-scale backstepping) - Midtkandal & Nystuen 2009 SE

Outcrop window - Svalbard Offshore - Barents Sea shelf
(200 km)

R-T turn-around

Subsiding depocentre

Figure 6: Simplified summary of the previous depositional models illustrating the development of the Helvetiafjellet
Formation. Modified from Nemec et al., (1988), Nemec, (1992), Gjelberg & Steel, (1995), Steel et al., (2000), Midtkandal &
Nystuen, (2009) and Grundvdg & Olaussen, (2017). Please see chapter 2.4 for further details.
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Figure 7: NW-SE trending cross-section illustrating the current lithostratigraphic understanding of the Rurikfjellet,
Helvetiafjellet and Carolinefjellet formations. Retrieved from Grundvdg & Olaussen, (2017).

2.5 Age of the Helvetiafjellet Formation
The age of the Lower Cretaceous succession in Svalbard has been a long-standing problem

with regards to geological age (Parker, 1967; Grgsfjeld, 1992; Hurum et.al, 2016; Midtkandal
et al., 2016). Biostratigraphy is regarded as the traditional way to date a sedimentary
succession. Within the Helvetiafjellet Formation however, macrofossils are scarce, thus
making the dating of the succession problematic. Therefore, it was until recently common
practice to use lithostratigraphy and relative ages as the primary tool for defining the age of
Helvetiafjellet Formation. Plant and microfossils and dinoflagellates were also used where
possible (Arhus, 1992; Grgsfjeld, 1992; Hurum et.al, 2016). The discovery of bentonite within
the Helvetiafjellet Formation offered a more precise way to determine the age of the

formation (Corfu et al., 2013; Midtkandal et al., 2016; Polteau et al., 2016; Vickers et al.,
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2017). In this section, the age of the Helvetiafjellet Formation will be discussed with

references to both biostratigraphy and bentonite dating.

Parker, (1967) was the first to mention the age of the Helvetiafjellet Formation. In the
article, the formation was assigned a Barremian age based on dating of ammonites and
bivalves within the over and underlying formations. Lower Cretaceous dinoflagellate
assemblages were detected in both the underlying Rurikfjellet Formation as well as within
the Helvetiafjellet Formation (Grgsfjeld, 1992). Though the dinoflagellate assemblage could
not be used to date the Helvetiafjellet Formation directly, it contributed to defining the age
of the underlying formation. The age of the Rurikfjellet Formation was determined to be
Valanginian and Valanginian to Hauterivian, as well as early Barremian in its uppermost parts
(Gregsfjeld, 1992; Midtkandal et al., 2008; Grundvag et al., 2017). Knowing that the overlying
Carolinefjellet Formation was Aptian in age, a Barremian age was suggested for the
Helvetiafjellet Formation (Grgsfjeld, 1992). Based on biostratigraphic data, the subaerial
unconformity that defines the boundary between the Rurikfjellet and the Helvetiafjellet
formations is interpreted to be earliest Barremian in age (Grgsfjeld, 1992; Grundvag et al.,

2017). It is therefore commonly referred to as a Barremian subaerial unconformity.

A bentonite layer was discovered in several of the onshore CO, wells in Svalbard (e.g. wells
DH-3 and DH-5R; Fig. 9) within the upper part of the Helvetiafjellet Formation, in close
proximity to the lithostratigraphical contact between the Helvetiafjellet and the
Carolinefjellet formations (Fig. 7). This provided a more reliable method of dating for the
formation. The bentonites found within the Helvetiafjellet Formation were dated to an age
of 123.3+/-0.2 Ma, indicating a Barremian age for the formation (Corfu et al., 2013;
Midtkandal et al., 2016; Polteau et al., 2016; Vickers et al., 2017). The boundary between the
Helvetiafjellet and the Carolinefjellet formations was not as easily dated, and therefore has a
broader age of Barremian-Aptian transition. This corresponds to an approximate age of 121-

122 Ma (Midtkandal et al., 2016).
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2.6 Palaeo-climatic indicators in the Lower Cretaceous succession
The Cretaceous period is known as one of the warmest periods recorded in Earth’s history

(Nemec, 1992; Harland & Kelly, 1997). This is interpreted to be related to overall greenhouse
conditions on Earth, which prevented permanent ice caps from forming in polar areas
(Nemec, 1992; Grundvag & Olaussen, 2017). Consequently, the eustatic sea-level rose. In the
Early Cretaceous period, the Svalbard archipelago was located at 63 to 66 °N (Torsvik et al.,
2012; Hurum et al., 2016). The area was dominated by a relatively warm climate when
considering its latitude at the time, with a mean temperature of 7-10°C (Hurum et al., 2016

A; Grundvag & Olaussen, 2017).

During the Barremian, the temperature gradients were low and the overall climate was
relatively humid. This is supported by observations of coal seams, seatearths and
transported tree remains, which also suggests abundant vegetation (Nemec, 1992; Harland
et.al., 2007). Traces from several different dinosaur species have also been observed within
the Lower Cretaceous succession (Heintz, 1962; Hurum et al., 2016). Examples here are
Ornithopod and Iguanodon traces, observed within the Festningen Member of the
Helvetiafjellet Formation. This furthermore supports the theory that the Early Cretaceous in
Svalbard was dominated by abundant vegetation, which was luxuriant enough to support a

herbivore dinosaur population (Heintz, 1962; Nemec, 1992; Hurum et al., 2016).

However, there has been some debate with regards to the climate in the Early Cretaceous in
Svalbard. Despite the abovementioned indicators of an at least seasonally warm climate,
observations that contradict this have also been made. Belemnites have been reported
within the Lower Cretaceous succession in Svalbard, and were identified as Arctic belemnites
(Harland & Kelly, 1997; Price & Nunn, 2010). Glendonites (CaCO3-6H,0), which are calcite
pseudomorphs of the mineral ikaite (Suess et al., 1982), alongside observations of potential
ice rafted debris are both indicative of cold, polar oceanic conditions (Harland & Kelly, 1997
Price & Nunn, 2010; Hurum et al., 2016 A). This suggests that the shelf area of Svalbard was
at least periodically influenced by polar water during the Early Cretaceous, rather than solely
being dominated by warm climatic conditions (Price & Nunn, 2010; Grundvag & Olaussen,

2017).
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In his article, Nemec, (1992) proposes three main factors that control vegetation growth in
an area. These are climate, ground-water conditions and clastic environment. Based on the
abovementioned observations, the climate appears to have been relatively favourable with
regards to plant growth. Because parts the Helvetiafjellet Formation are interpreted to have
been deposited in alluvial plain environments, it is fair to assume that the ground-water
levels were relatively high. A regional transgression, accompanied by a relative sea-level rise
also contributed to an interpreted high ground-water table. These factors also accommodate

plant growth.

However, although the climatic and ground-water conditions are interpreted to have been
favourable in the Early Cretaceous period in Svalbard, thick coal deposits are lacking within
the succession. This could potentially be caused by the third controlling factor on plant
growth; the rate of sediment supply in a clastic environment. In an alluvial plain environment
the sediment input can be very high, therefore inhibiting thick accumulations of organic
material. Changes in sea-level can also affect sediment deposition. Nemec, (1992) describes
the periods of time with less clastic sedimentary input as local “windows”. It is within these
windows of relatively low sedimentary input that organic material was allowed to

accumulate in larger quantities.

The accumulation of organic material is an important factor to consider when discussing
palaeo-climatic indicators. This is because the palaeosols that can develop in relation to this
accumulation are regarded as important indicators of past climates, because they can
preserve evidence of the climatic conditions under which they were formed (Bown & Kraus,
1987; Mack & James, 1994). As a detailed study of the palaeosols that occur within the
Glitrefjellet Member has never previously been conducted, the palaeosols potentially hold
new information with regards to the dominating palaeo-climatic conditions during the Early

Cretaceous period.
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2.7 Palaeosol theory
In this section, some general theory with regards to palaeosols and what their development

is dependent on will be covered.

2.7.1 The definition of a palaeosol
A palaeosol can be defined as a fossil soil, which was created by the soil forming processes

that occurred on an ancient surface (Mack et al., 1993; Kraus, 1999; Retallack, 2001; Sheldon
& Tabor, 2009). Palaeosols are most commonly observed in sedimentary rocks (Kraus, 1999),
but have also occasionally been observed in weathered basement rocks (Mohanty & Nanda,
2015). Palaeosols were first recognized in the Quaternary record (Kraus, 1999), but are now

observed in strata dating back to Precambrian (Gay & Grandstaff, 1980; Gall, 1992).

From the surface moving down into the subsurface, different factors such as sunlight, water
and bioturbation will influence the soil in varying degree. It is therefore common to see
layering within a soil profile. These are often referred to as soil horizons (Mack et al., 1993;
Retallack, 2001; Buol et al., 2011). Continuous deposition will over time bury the underlying
soil profiles. Burial of the soil profiles effectively inhibits further influence of soil forming
processes. The soil forming processes are thus terminated and a palaeosol is formed.
Because palaeosols form relatively quickly and their characteristics are largely dependent on
climatic factors, palaeosols are regarded as excellent palaeo-climatic indicators (Cecil &

Dulong, 2003; Sheldon & Tabor, 2009).

Although the definition of a palaeosol is relatively clear, there is however, some
disagreement as to what the definition of a soil is. The term soil is often used in day-to-day
speech. Consequently, the term has various definitions. In geology, a relatively wide
definition is often used. Retallack (2001) defines a soil as “material forming the surface of a
planet or similar body and altered in place from its parent material by physical, chemical and
biological processes”. This definition of a soil is wide enough to include almost all
landmasses. The exceptions here are river and lakes, as well as areas that recently have been
under the influence of erosion. For this thesis, the definition of a soil presented by Retallack,

(2001) will be used.
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2.7.2  Factors influencing soil formation
Many different factors can be influential when soils are forming. The maturity of a soil is a

measurement of the degree of alteration that the parent sediment or bedrock has
undergone (Mack et al., 1993; Kraus & Aslan, 1999). In the following sections, some of the
most important factors with regards to soil formation are described.

2.7.2.1 Water

Water is one of the most important factors with regards to soil formation. The amount of
water that is present within a specific environment is dependent on a number of factors. The
most significant are rainfall, ground-water level, soil-drainage and evaporation (Retallack,
2001). An overview of the relationship between the overall climate in an area and the
number of wet months was made by Cecil & Dulong, (2003). Here, a wet month is defined as
a month where rainfall exceeded evaporation. The authors defined the amount of rainfall
required in a month to be approximately 100 mm. Cecil et al., (2003) then developed an
overview of which soils are likely to form based on the number of wet months. By linking the
two models together, it is possible to predict which type of palaeosol is likely to form in an

area based on the dominating climatic conditions. The two models are presented in Fig. 8.

However, the two models presented in Fig. 8 have been interpreted as most representative
for tropical to subtropical areas. A requirement is that the area has to be free of frost the
majority of the year, with the exception of in mountainous areas. Because the Cretaceous
period is known as a greenhouse period, and Svalbard was located further south than it is
today, at 63-66 °N (Hurum et.al. 2016; Hurum et al., 2016 A; Grundvag & Olaussen, 2017), it
is fair to assume the principles presented in Fig. 8 are valid for palaeosols found in the

Cretaceous succession in Svalbard.

Model A (Fig. 8 A) provides an overview of the most common climates the Earth can be

subdivided into, with arid being the driest and perhumid being the wettest. Model B (Fig. 8
B) displays the different palaeosols that are expected to develop depending on the number
of wet months that occur in a year. Following the model, it becomes apparent that entisols
and inceptisols can develop almost regardless of number of wet months, while for instance

the development of an aridisol is dependent on few wet months.
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Figure 8: Model describing (A) different climatic conditions and (B) the expected palaeosols developed based on number of
wet months in an area. Retrieved from Cecil et al., (2003).

2.7.2.2 Temperature
The temperature of an area in which a soil is forming can have a drastic impact on the rate of

soil formation. For example, if the temperature of an area was raised by 10°C, the rate of the
chemical processes taking place would multiply (Retallack, 2001). Such a change in
temperature would thus significantly influence the rate of soil development and soil
maturity. This can also be seen in present time, where soils that are formed in warmer
climates near equator tend to be more developed than soils developing in colder regions
(Retallack, 2001).

2.7.2.3
The amount of time the soil forming processes are allowed to rework the parent material

Time

will also greatly influence the maturity of a soil. Different characteristics within a soil profile
develop in a varying time-span. For example, vertic fractures can be expected to form after
tens of years, while distinguishable horizons within the profile can take thousands of years
to develop (Wright, 1992). Generally speaking, the longer the soil forming processes are
allowed to rework the parent material, the more developed and mature the soil will become

(Bown & Kraus, 1987).
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2.7.3 Climatic influence on soil formation
Climate is typically defined as the average weather that occurred over a period of 30 years

(Retallack, 2001). While weather can change over a matter of hours, a change in climate can
take several thousand years to become apparent. Kottek et al., (2006) developed a system,
commonly referred to as the world classification of climate. This system is based on
temperatures and seasonality, and is a common way to classify the different climate zones
on Earth. As it is stated above, it becomes clear that several climatic factors, such as
precipitation and temperature, are significant in determining the rate of the soil forming
process that take place. Therefore, the dominating climate in an area will influence both the
rate of soil formation and the characteristics of the soil that is formed. Due to this close link,
palaeosols are considered as important sources of information in palaeo-climatic

reconstruction (Mack & James, 1994; Sheldon & Tabor, 2009).
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3 Methods

3.1 Study area
Seven wells were drilled in the Adventdalen area, in relatively close proximity to

Longyearbyen (Fig. 9). The wells were drilled in relation to the CO; sequestration and
capture project (Braathen et al., 2012). The main target of the wells was an inferred
reservoir consisting of Jurassic and Upper Triassic deposits. The Lower Cretaceous
succession, including the Helvetiafjellet Formation were cored as well. The location of the

different drill hole sites are indicated in Fig. 9 C.

Lower Cretaceous strata is generally well preserved, and is primarily exposed in the south
and west of Svalbard (Fig. 1). As a result of the West Spitsbergen Fold Belt (WSFB), the
exposed strata is observed dipping steeply on the western coast of Spitsbergen (Parker,
1967; Fig. 9 B). Despite the fact that the drill sites for DH-1 and DH-1A are located near the
WSFB, the Lower Cretaceous succession is still approximately horizontal. A semi-regional
detachment zone can be recognized at the bottom of the Lower Cretaceous strata in the

study area (Braathen et al., 2012). Based on previous palaeogeographic reconstructions of

the deposition the Helvetiafjellet Formation, the clastic source area has been interpreted to

have been located in the W-NW (Steel & Worsley, 1984; Worsley, 1986; Gjelberg & Steel,
2012). Therefore, the sediments within cores DH-1 and DH-1A are interpreted to represent

the proximal areas of the Helvetiafjellet Formation.
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Figure 9: A) Bathymetry map indication the location of the study area. The map is retrieved from IBCAO
(https.//www.ngdc.noaa.gov/mag/bathymetry/arctic/maps/version3 0/) B) Map of Svalbard, the location of the

investigated cores indicated with a red square. C) Topographic map that indicates the location of the drill hole sites drilled in
the Adventdalen area. In this thesis, cores DH-1 and DH-1A were used. The image is retrieved from

http://toposvalbard.npolar.no/.
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3.2 Data collection and analysis
For this thesis, cores DH-1 and DH-1A were logged from 216—144 meters and 214-142

meters below the present day surface, respectively. One sedimentary log (1:50 cm) was
produced for each of the cores. These logs illustrate the observed lithological changes,
sedimentary structures and facies variations occurring within the Helvetiafjellet Formation,

and are presented in their entirety in Appendix A.

The cores were stored in a container at UNIS in Longyearbyen, Spitsbergen. The logging took
place from September 24" to October 2™, with guidance from supervisor Assoc. Prof. Sten-
Andreas Grundvag (UiT) and co-supervisor Prof. Snorre Olaussen (UNIS). The equipment that
was used in the logging process was a tool for grain size measurement, a folding rule, graph
paper, a geological hammer, a hand lens and a camera.

The cores were logged in 1:50 cm scale. Grain size, primary and secondary sedimentary
structures, bed thickness, colours, boundaries, and degree of bioturbation were thoroughly
noted, thus forming the basis for the detailed facies analysis presented in Thesis 1 by Thea
Engen. In relation to Thesis 2, special attention was given to the identification of coal seams
and associated root structures, and from this identify potential palaeosols. Palaeosols were
described and classified according to the nomenclature and standards proposed by

Retallack, (1988).

For the thin section analysis in this study, twenty-four rock samples were collected by using
a hammer and a chisel. All samples were collected from core DH-1. In addition, four samples
were collected for XRD-analysis from one of the chosen palaeosols (PS 2) observed within
the core. Sixteen of the samples were taken in relatively even intervals throughout the
entire Helvetiafjellet Formation, or where significant lithological changes were observed.
Where the potential palaeosols occurred, the samples were taken at a closer sampling
interval for a more detailed analysis. Eight samples were taken in total for this purpose. The

stratigraphic levels from which the samples were taken are indicated in Figs. 23, 27 & 33.

The samples used for petrographic analysis were cut into smaller pieces using a rock saw,
and thin sections were produced at the laboratory at the Department of Geosciences at UiT,
The Arctic University of Norway. All thin sections were successfully produced, with the

exception of thin section 21, which was the uppermost sample collected from Palaeosol 2.
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The sample was prone to breaking due to internal pressure and as a result, it was not

possible to glue the sample on to a glass plate and further produce it into a thin section.

3.3 Post data collection work
One presentation log (1:200 cm; Figs. 23 & 24) for each of the cores was made based on the

observations noted in the original raw logs. Two of the potential palaeosols observed within
core DH-1 are presented in logs of a more detailed scale (1:10 cm; Figs. 27 & 33). All logs are
presented in the following chapters. CorelDraw was used in order to produce the best

visualization of all figures presented in this thesis.

3.3.1 Optical microscopy
The microscope used for the petrographic study was a Leica DMLP Polarizing Microscope.

Both plane and cross-polarized light was used to determine the mineralogical composition of
the thin sections. In the seven successfully produced thin sections from potential palaeosols,
special attention was also given to the identification of root structures, organic material and

minerals that could be telling with regards to climatic conditions at the time of deposition.

The microscope had a Leica DFC450 Digital Microscope Camera attached to it. This allowed
for detailed photomicrographs to be taken where interesting features were observed within
the thin sections. This was a valuable resource when describing and interpreting the
palaeosols found in core DH-1, as well as documenting the change in mineralogical
composition occurring throughout the core.

3.3.2 XRD-analysis

XRD is short for x-ray powder diffraction. The method was developed based on the
assumption that the reflection produced by an x-ray when it comes into contact with a
crystal surface will depend upon the crystalline structure. Therefore, different minerals will
produce different reflection patterns thus allowing us to distinguish individual minerals

within a sample (Cullity, 1978).

The XRD-analysis was performed by EARTHLAB at the University of Bergen. Prior to the
samples being sent to Bergen, they were crushed into a suitable grain size. Because the
samples were extracted from solid rock cores, the crushing process was divided into two
steps. First, the samples were crushed into relatively coarse grains and rock fragments. This

was executed using the Retsch Jaw Crusher. This machine has the ability to reduce material
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of up to 90 mm down to an individual grain size of around 3 mm.

For XRD-analysis however, a grain size of 5 um or less is desirable. Therefore, further
preparation was required. To achieve such a fine grain size the Retsch Planetary Ball Mill PM
100 was used. In this apparatus, one sample at a time was placed into a hollow cylindrical
container along with small steel balls. The number of balls is dependent on the volume of
the sample. The container was then secured onto the Planetary Ball Mill, and the machine
began to rotate. The rotating speed was set to 475 rounds per minute, and the duration
varied from fifteen to twenty-five minutes in order to obtain the desired grain size. The
cylinder was then thoroughly cleaned and the process was repeated for each of the four

samples.
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4 Results

4.1 General petrographic observations of the Helvetiafjellet Formation
In the following section, the various minerals and materials observed in the thin sections

collected from core DH-1 are accounted for. Because the drill sites for cores DH-1 and DH-1A
were only 20 m apart, it is fair to assume that the interpretations made with regards

mineralogical characteristics observed within cores DH-1 are also valid within core DH-1A.

4.1.1 Monocrystalline quartz
Description

Plane polarized light

The mineral is transparent in colour and has a low positive relief (Fig. 10 PPL). The mineral
grains vary in size within each investigated thin section throughout the core. Grain shape
also varies throughout the Helvetiafjellet Formation, where sub-angular to sub-rounded
grains are most frequently observed. An anhedral crystal shape is typically observed

regardless of the individual grain size. No apparent cleavage is observed.

Cross-polarized light

When observed through cross-polarized light, the mineral appears to be optically uniaxial.
The mineral also displays weak birefringence, changing from white to grey in colour (Fig. 10
XPL). For some grains, the colour-change is instantaneous for the entire grain. In other grains
however, the colour-change shifts as the grain is rotated. This results in different sections of
a single grain being blackish grey while the remainder of the grain is still white. Some
overlapping along the crystal margins is also observed where the crystals appear to be tightly
packed. This can be observed in both plane and cross-polarized light, but is more easily

detected in the latter of the two (Fig. 10 XPL).

Interpretation

Based on the observations made in both plane and cross-polarized light, this mineral fits well
with the characteristics of quartz, as they are presented by Nesse, (2012). Due to the fact
that the quartz occurs as single grains, it can be further classified as monocrystalline quartz.
In general, most sandstones are composed of around two-thirds quartz (Boggs, 2009). This is
largely due to the resistant nature of quartz. As other minerals are removed or altered due

to physical and chemical weathering, the quartz remains relatively unaltered (Boggs, 2009).
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This fits well with observations in DH-1 and DH-1A (Fig. 23 & 24), where quartz-rich
sandstones were abundant. The observation of quartz is also consistent with previous
studies of the formation (Edwards, 1979; Prestholm & Walderhaug, 2000; Maher et al.,
2004). The authors have all described quartz as the dominant detrial mineral within the
formation. In the units where the quartz content was estimated to be >95%, the rocks are
defined as quartz arenites. The gradual colour-change observed in some quartz grains when
viewed in cross-polarized light is interpreted as undulose extinction, as described by Maher

et al., (2004).

The overlapping observed along the margins of some quartz grains is interpreted as quartz
overgrowth, which is an effect of pressure solution and re-cementation (Waugh, 1970). The
compaction and increase in temperature that occurs with post-depositional burial can cause
the quartz grains to react with each other, thus precipitating quartz cement, which is also
referred to as quartz overgrowth. Compaction and overgrowth will typically lower the pore

space within a sedimentary rock (Waugh, 1970; Worden & Burley, 2003).

Previous studies have also observed the presence of quartz overgrowths within the
Helvetiafjellet Formation (Edwards, 1979; Prestholm & Walderhaug, 2000). Prestholm &
Walderhaug, (2000) described quartz overgrowths as the most commonly occurring
diagenetic phase within the formation. Where packing was tight and little matrix was
present, quartz overgrowth was more extensive. Examples of monocrystalline quartz and

guartz overgrowth, both in plane and cross-polarized light are presented in Fig. 10.
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Figure 10: Representative photomicrograph of the monocrystalline quartz observed in the Helvetiafjellet Formation. PPL
stands for plane polarized light and XPL stands for cross-polarized light. The red arrows point to some of the places where
quartz overgrowth occurs, as a result of diagenesis. The quartz overgrowth around an individual quartz grain is also
highlighted in the lower left-hand corner. The quartz in this photomicrograph was observed in thin section 10, and its
location within the Helvetiafjellet Formation can be seen in Fig. 23. The quartz present in this thin section was well
cemented, and little matrix was present. Throughout this thesis, all thin section images are oriented with the correct way up,
in accordance with the samples occurrence within the core DH-1.
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4.1.2 Polycrystalline quartz

Description

Plane polarized light

The crystal shape of the mineral is primarily anhedral. The mineral is mainly transparent, but
is occasionally observed with a very light brown colour. The grains have a low positive relief.
No apparent cleavage is observed. However, the mineral can commonly be recognized by a

distinct, grainy texture on the surface of the grains (Fig. 11 PPL).

Cross-polarized light

The mineral is optically uniaxial. The grains show weak birefringence. When the mineral is
rotated in cross-polarized light, different areas of the grain changes from white to grey at
different positions (Fig. 11 XPL). Its appearance is comparable to many small crystals
confined within a larger grain. As described for monocrystalline quartz, the outer perimeter
of some of the crystals are irregular in shape and can occasionally be observed overlapping

each other.
Interpretation

Overall, the mineral has many characteristics in common with monocrystalline quartz (Chap.
4.1.1), with the exception of its distinctive appearance when viewed in cross-polarized light,
and the grainy texture observed in plane polarized light. The mineral is therefore interpreted
as polycrystalline quartz. Polycrystalline quartz can be defined as quartz grains that are
composed of two or more quartz crystals. It can also be referred to as composite quartz
(Boggs, 2009). Similarly to monocrystalline quartz, polycrystalline quartz is a relatively
common mineral in sandstones, and was observed by both Edwards, (1979) and Prestholm &
Walderhaug, (2000) within the Helvetiafjellet Formation. Some quartz overgrowth as a result
of pressure solution and re-cementation was also observed in association with the
polycrystalline quartz. An example of both the observed polycrystalline quartz and quartz

overgrowth is presented in Fig. 11.
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Figure 11: The mineral in the centre of the photomicrograph is interpreted as polycrystalline quartz, which is recognized as
quartz grains that are composed of two or more crystals. In the figure, PPL stands for plane polarized light, and XPL stands
for cross-polarized light. Examples of quartz overgrowth are also highlighted. This quartz grain was observed in thin section
24, and its location within the Helvetiafjellet Formation is indicated in Fig. 23.
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4.1.3 Plagioclase feldspar

Description

Plane polarized light

The grains of the mineral are typically relatively small and an anhedral crystal shape is
typically observed. The mineral is transparent in colour and displays a low, positive relief
(Fig. 12 PPL). No cleavage is observed. When observing the mineral through plane polarized
light, it bares many similarities to the previously described monocrystalline quartz (Chap.

4.1.1).

Cross-polarized light
The grains of the mineral displays black and white parallel lineations as the thin section is
rotated. The lineations are very straight and parallel (Fig 12 XPL). The change in colour from

black to white is relatively abrupt.
Interpretation

The lineations observed within the mineral are interpreted as lamellar twinning. Due to the
very parallel nature of the observed twinning, the mineral is interpreted as plagioclase
feldspar (Nesse, 2012). Plagioclase feldspar is also an important component in many
sandstones (Boggs, 2009). This is consistent with the observation of previous studies, where
plagioclase feldspar was observed as the dominant feldspar within the Helvetiafjellet
Formation (Edwards, 1979; Prestholm & Walderhaug, 2000; Maher et al., 2004). Sandstone
with a strong plagioclase feldspar component has previously been observed within the
Helvetiafjellet Formation, and has been linked to the emplacement of the HALIP (Maher,

2001; Maher et al., 2004; Senger et al., 2014).
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Figure 12: Representative photomicrograph of plagioclase feldspar observed during thin section analysis. The mineral was
largely identified based on the presence of lamellar twinning. The plagioclase feldspar is indicated with a red arrow, but is
also enhanced in the upper right-hand corner. In the image, PPL stands for plane polarized light, and XPL stands for cross-
polarized light. This example of plagioclase feldspar was observed in thin section 2, and its location within the Helvetiafjellet
Formation is indicated in Fig. 23. The large white (PPL)/black (XPL) area seen on the right-hand side indicated the margin of
the thin section. This area is void of lithic material.
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4.1.4 Potassium feldspar

Description

Plane polarized light

The mineral is composed of irregular shaped grains and is typically observed with an
anhedral crystal shape. The mineral is transparent in colour and has a low positive relief (Fig.
13 PPL). No apparent cleavage is observed. Overall, this mineral is very similar to the
previously described monocrystalline quartz (Chap. 4.1.1) when viewed in plane polarized

light.

Cross-polarized light
When the thin sections is rotated under cross-polarized light, relatively thin lineations are
observed. The lineations form relatively parallel to each other, but are somewhat uneven in

shape. The lineations are spaced relatively close together (Fig. 13 XPL).
Interpretation

The relatively parallel lineations observed in cross-polarized light are interpreted as
examples of simple twinning. Based on the characteristics presented by Nesse (2012), the
mineral is interpreted as potassium feldspar (K-feldspar). This mineral group can also be
referred to as alkali feldspar (Boggs, 2009). Based on the relatively parallel nature of the
twinning, the K-feldspar presented in Fig. 13 is likely to be monoclinic. The most likely
minerals in this category are sanidine or orthoclase. Previous petrographic studies of the
Helvetiafjellet Formation have revealed the presence of small amounts of K-feldspar within

the formation (Edwards, 1979; Prestholm & Walderhaug, 2000).
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Figure 13: Representative photomicrograph of K-feldspar observed during thin section analysis. The K-feldspar is indicated
with a red arrow. PPL stands for plane polarized light, and XPL stands for cross-polarized light. This K-feldspar grain was
observed in thin section 18, and its location within the Helvetiafjellet Formation is indicated in Fig. 23. The K-feldspar grain is
also enlarged in the lower left-hand corner of the figure (XPL).
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4.1.5 Micas

Description

Plane polarized light

The observed mineral is typically transparent or light brown in colour. The crystal shape is
subhedral to euhedral. The mineral stands out when compared to most other minerals
within the thin section, which suggests a higher relief. The mineral can also be recognized by

a perfect cleavage in one direction (Fig. 14 PPL & 15 PPL).

Cross-polarized light

The mineral displays a strong birefringence. Throughout the thin sections, the mineral was
observed with blueish green to yellow colours (Fig 14 XPL.) while in other thin sections, it is
dominated by red, golden and orange colours (Fig 15 XPL). When referencing to the Michel-
Lévy Interference Color Chart (Appendix B), such colours are consistent with second-order

interference colours.
Interpretation

Based on the crystal shape, the perfect cleavage in one direction and strong birefringence,
this mineral is interpreted as mica. However, the colour of the mica is observed to vary
throughout the different thin sections. As a result, two different sub-categories of mica have
been identified within the Helvetiafjellet Formation. Pink, yellow and blue interference
colours are often seen in muscovite (Nesse, 2012; Fig. 14 XPL), while a red to orange colour

is more common for biotite (Nesse, 2012; Fig. 15 XPL).

Muscovite has previously been described as the most commonly occurring mica within the
Helvetiafjellet Formation, while biotite has been less frequently observed (Prestholm &
Walderhaug, 2000; Maher et al., 2004). This is consistent with the observed mineralogical
composition of cores DH-1 and DH-1A (Table 1). Mica is relatively common in sandstones,
especially if the sandstone is regarded as immature. When the occurrence of mica is
observed to be around 1%, as it generally was in the thin sections of the present study, the

mineral can be defined as an accessory mineral (Boggs, 2009).
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Figure 14: Representative photomicrograph of mica observed within the Helvetiafjellet Formation, indicated with a red
arrow. Based on its colour when viewed in cross-polarized light, the mineral was interpreted as muscovite. PPL stands for
plane polarized light, and XPL stands for cross-polarized light. This mineral was observed in thin section 11, and its location
within the formation can be seen in Fig. 23.
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Figure 15: Example of mica observed within the Helvetiafjellet Formation. Based on its colour when viewed in cross-polarized
light, the mineral is interpreted at biotite. PPL stands for plane polarized light, and XPL stands for cross-polarized light. The
biotite is indicated with a red arrow. This photomicrograph is taken from thin section 12, and its location within the
formation can be seen in Fig. 23.
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4.1.6 Kaolinite

Description

Plane polarized light

The mineral is observed as very small clasts and as a result, the crystal shape is difficult to
determine. The mineral is light brown in colour and has a low, positive relief (Fig. 16). In the
thin section, the mineral is observed enclosing the much larger monocrystalline quartz

grains, filling in the voids between the dominant mineral of the sample.

Cross-polarized light

When viewed in cross-polarized light, the colour of the mineral is relatively unaltered
compared to its appearance in plane polarized light (Fig. 16). This corresponds roughly to
first-order interference colours when referencing the Michel-Lévy Interference Color Chart
(Appendix B). Due to the very small grain size of the mineral, other optical characteristics are

difficult to distinguish.
Interpretation

Based on its petrographic characteristics, including crystal shape, size and colour, the
mineral fits well with the characteristics of clay minerals, as they are presented by Nesse,
(2012). As seen in Fig. 16, the interpreted clay appears to be filling up the voids between the
larger quartz grains. Authigenetic kaolinite has previously been described as an important
pore-filling clay within the Helvetiafjellet Formation (Edwards, 1979; Prestholm &
Walderhaug, 2000). Therefore, the pore-filling clays observed during thin section analysis are

interpreted as kaolinite.

Clay formation occurs when silicate rocks and water interact. Another condition for clay
formation are relatively low temperature gradients. Therefore, clays tend to form relatively
close to the sediment surface, where kaolinite is regarded as a product of the early stages of
diagenesis (Milliken, 2003; Nesse, 2012). As close proximity to the sediment surface is a
condition of formation, kaolinite is often associated with soil forming processes (Miranda-

Tervino & Coles, 2003).
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Figure 16: Photomicrograph of kaolinite observed within the Helvetiafjellet Formation. The kaolinite grains can be
recognized as being very small and brown in colour, and are indicated in the photomicrograph by a red arrow. PPL stands for
plane polarized light and XPL stands for cross-polarized light. This example of kaolinite was observed in thin section 4, and
its location within the Helvetiafjellet Formation is indicated in Fig. 23.
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4.1.7 Carbonate

Description

Plane polarized light

The mineral is transparent in colour and is dominated by an anhedral crystal shape. The
surface of the mineral is observed as relatively grainy, which indicates high relief. A

rhombohedral cleavage is observed (Fig. 17).

Cross-polarized light
The mineral displays relatively strong birefringence. The majority of the mineral is white, but
where colour is present, it is pearlescent (Fig. 17 XPL). According to the Michel-Lévy

Interference Color Chart (Appendix B), this suggests very high interference colours.
Interpretation

Based on the observations made through both plane and cross-polarized light, the mineral is
interpreted to be a carbonate. This interpretation is based on the minerals high relief, its
pearlescent colour in cross-polarized light and its cleavage, which are all consistent with the
expected characteristics of carbonate, as presented by Nesse, (2012). Calcite has in previous
studies been described as the primary carbonate cement observed within the Helvetiafjellet
Formation (Edwards, 1979; Prestholm & Walderhaug, 2000). It is therefore likely that the
observed carbonate in this study is also calcite, but this is difficult to determine with

confidence without further analysis.
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Figure 17: The carbonate mineral seen in thin section 14 is indicated with a red arrow. High interference colours and a
rhombohedral cleavage can be observed. PPL stands for plane polarized light, and XPL stands for cross-polarized light.
Where thin section 14 was extracted from within the Helvetiafjellet Formation can be seen in Fig. 23. Please also note the
quartz cement present in the photomicrograph which can be seen in the lower right hand corner of the figure, indicated with
a red square.
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4.1.8 Non-crystalline minerals — Organic components

Description

Plane polarized light

The clast size of this amorphous mineral varies greatly throughout the observed thin
sections, ranging from very small fragments, to elongated ribbons (Fig. 19), to relatively large
and irregular clasts (Fig. 18). The material is deep red to orange in colour, but black patches
also occasionally occur. The relief appears to be relatively high. No apparent cleavage is

observed. Occasionally, a fibrous to cellular texture is observed (Fig. 19).

Cross-polarized light
No birefringence is observed in the material when the thin section is rotated under cross-
polarized light. The colour of the amorphous mineral is typically consistent when viewed in

both plane and cross-polarized light (Figs. 18 & 19).
Interpretation

Based on the colour and fibrous texture observed during petrographic analysis, this
component is interpreted to be coalified organic material. The small quantities, shape and
distribution of the organic material suggests that it represents transported material, rather

than in-situ coal. The exception is in the horizons where rootlets are present.

Both fragments of coalified plant fragments and rootles have been described in previous
studies of the Helvetiafjellet Formation (Edwards, 1979; Nemec, 1992). Examples of the
organic material observed throughout the thin sections of the Helvetiafjellet Formation are

presented in Figs. 18 & 19.

48



C o - ~ o

§PPL & 5 Organic
& . 2 material

Organic

material

Figure 18: Photomicrograph of coalified organic material observed within the Helvetiafjellet Formation. The colour of the
organic matter remains a vibrant red colour in both plane polarized light (PPL) and cross-polarized light (XPL). The bands of a
black amorphous mineral are also interpreted as coalified organic matter. The organic matter in this photomicrograph was
observed in thin section 24. Its location within the Helvetiafjellet Formation is indicated in Fig. 23.
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Figure 19: Another example of organic material observed within the Helvetiafjellet Formation. The organic matter is
indicated in the figure with a red arrow, and can be recognized by its vibrant red colour in both plane polarized light (PPL)
and cross-polarized light (XPL). In this photomicrograph, the fibrous texture of the organic material is highlighted. This
example of organic material was observed in thin section 6, and its location within the Helvetiafjellet Formation is indicated
in Fig. 23.
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4.1.9 Carbonate clasts —iron ooids

Description

Plane polarized light

The mineral appears to be composed of several subspherical grains (Fig. 20). The grains
appear to be composed of a transparent or brown coloured nucleus, surrounded by
concentric laminae (Fig. 21). The laminae is typically brown in colour. The pore space

between the subspherical grains appears to be infilled by a colourless mineral (Fig. 21 PPL).

Cross-polarized light

The internal structure of the subspherical grains is more distinct in cross-polarized light. The
laminae displays a variety of colours, from dark grey, to black, to redish brown, to dark
green. The nucleus is generally brown or dark grey in colour (Fig. 20). The inclusions display a
weak birefringence. The mineral that surround the subspherical grains also displays a weak
birefringence, changing from white to grey. This mineral has a much more distinctive
appearance in cross-polarized light compared to when viewed in plane polarized light. The
grains of the mineral are too small to be seen, but a fibrous texture can be observed (Fig 21

XPL).
Interpretation

Based on the characteristics of the subspherical grains described above, they are interpreted
as ooids. Internally, ooids are composed of a nucleus which is surrounded by a cortex of
laminae through precipitation (Simone, 1981; Young & Taylor, 1989; Collin et al., 2005). The
nucleus of an ooid can have varying lithological characteristics, such as mud clasts, quartz
grains and fragments of organic material (Simone, 1981). The nucleus of the ooids observed
in this study are interpreted to predominantly consist of quartz and mud clasts. Broken
fragments of other ooids can also function as a nucleus, which suggests several growth
cycles (Mutrux et al., 2008). The ooids observed within the thin section share many of the
characteristics of the iron ooids described by Mutrux et al., (2008). These iron ooid were
observed within the overlying Carolinefjellet Formation. Therefore, the ooids within the thin
section are interpreted as iron ooids. Based on the colour of the cement in both plane and
cross-polarized light, the weak birefringence and fibrous texture in cross-polarized light, it is
interpreted as chalcedony. Chalcedony can be recognized as fibrous quartz crystals of
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microscopic to submicroscopic size (Allaby, 2013). Similarly to the nucleus material, the
general shape of an ooid can vary greatly. Both primary shapes, where the shape of the ooid
reflects the shape of the nucleus (Collin et al., 2005) and more irregular shapes due to
deformation (Mutrux et al., 2008) are commonly observed. The ooids presented in Fig. 20
are interpreted to primarily reflect primary shapes. Iron ooids have previously been
observed within the overlying Carolinefjellet Formation (Mutrux et al., 2008), but never

before within the Helvetiafjellet Formation.
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Figure 20: Photomicrograph of the iron ooids observed within thin section 16. A nucleus surrounded by concentric laminae is
observed. The iron ooids were observed on the transition between the Helvetiafjellet and the Carolinefjellet formations (Fig.
23). PPL stands for plane polarized light, and XPL stands for cross-polarized light.
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Figure 21: A closer look at one of the iron ooids observed within the Helvetiafjellet Formation. In this photomicrograph, the
concentric rings of the ooid are easily distinguished from the surrounding cement. Within the thin section, the shape of the
laminae typically reflects the shape of the nucleus. Please also note the fibrous texture of the cement, which is interpreted as
chalcedony. PPL stands for plane polarized light, and XPL stands for cross-polarized light.

53



4.1.10 Lithic clasts — Biogenic chert

Description

Plane polarized light

The mineral is observed within a relatively well-rounded clast. The mineral is brown in colour
in plane polarized light, with light brown to transparent inclusions occurring throughout the
clast (Fig. 22 PPL). The individual grain size appears to be very small, and it is therefore
difficult to distinguish crystal shapes through thin section analysis. The inclusions vary in
shape from relatively spherical to more needle shaped (Fig. 22 PPL). A relatively low, positive

relief is observed.

Cross-polarized light

The white inclusions display a low birefringence, changing from white to grey in colour. The
brown mineral surrounding the white inclusions appear to have a slightly higher
birefringence, displaying white, light brown and grey colours (Fig. 22 XPL). According to the
Michel-Lévy Interference Color Chart (Appendix B) this is consistent with first-order

interference colours.
Interpretation

Although the dominant brown mineral within the clast is much more fine-grained than
previously seen, it is otherwise consistent with many of the characteristics previously
described for quartz (Chap. 4.1.1). This includes the low positive relief and weak
birefringence. Based on the indistinguishable grains of the mineral, the clast is interpreted as
a chert, which is a mineral predominantly composed of microcrystalline quartz (Nesse,
2012). The occurrence of chert within the Helvetiafjellet Formation is consistent with
previous studies of the formation (Edwards, 1979; Prestholm & Walderhaug, 2000; Maher et
al., 2004).

Based on their shape, the white inclusions are interpreted as spicules. Their difference in
shape can be due to the angle in which they were cut when the thin section was produced.
The largest spicules appear to be infilled with silica, giving them their transparent
appearance in plane polarized light. When a mineral is composed largely of such spicules, it
is commonly referred to as a spiculite (Maher et al., 2004; Allaby, 2013). On Spitsbergen, the

Upper Permian Kapp Starostin Formation is known to contain spiculite (Ezaki et al., 1994). As
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this clast was found within the conglomerate in the transition between the Helvetiafjellet
and the Carolinefjellet formations, it is possible that it originated within the significantly
older Upper Permian Kapp Starostin Formation. Spiculite is a very hard sedimentary rock,
thus suggesting that the observed degree of rounding is indicative of prolonged

transportation and abrasion.
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Figure 22: The spiculite clast observed within the conglomerate on the transition between the Helvetiafjellet and the
Carolinefjellet formations can be seen in the centre of the photomicrograph, indicated with a red arrow. The degree of
rounding suggests prolonged transportation. PPL stands for plane polarized light, and XPL stands for cross-polarized light.
The clast was observed in thin section 16, and its location within the logged section is indicated in Fig. 23.
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4.1.11 Overview of the mineralogical composition of the Helvetiafjellet Formation
A summary of the mineralogical composition of thin sections 1-24 is presented in Table 1.

This provides an overview of the mineralogical changes that occur throughout the
Helvetiafjellet Formation within cores DH-1 and DH-1A. As it can be seen from the table,
guartz, both as lithic grains and cement overgrowth, was the most commonly occurring
mineral within the formation. Where the quartz grains were tightly packed and little matrix
was present, quartz overgrowths were more commonly observed. Quartz was the
dominating mineral in most thin sections, with the exception of thin section 5 and 15. Their

location within core DH-1 is indicated in the presentation log (Fig. 23).

K-feldspar, plagioclase feldspar and variations of mica were all relatively common as
accessory minerals, though they were never observed in large quantities within the thin
sections. The clay content was according to observations relatively low. Carbonate cement
was observed in relatively small amounts, often as infill between quartz grains. Organic
matter was present in several thin sections, presenting itself either as dispersed clasts or

root structures. The spiculite clast and the iron ooids were only present in thin section 16.
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Table 1: Table presenting the mineralogical composition of thin sections (TS) 1 to 24. M.qrtz = monocrystalline quartz.
Qrz.cem = quartz cement. P.qrtz = polycrystalline quartz. K-fls = K-feldspar. Pla.fls = plagioclase feldspar. Kaol. = Kaolinite.
Org.mat = organic matter. |.ooids = iron ooids. Spic. = Biogenic chert. In the thin sections where quartz cement is indicated
by an (X), there were only small amounts of quartz cement observed. Larger amounts of quartz cement was typically related
to tightly packed quartz grains. As thin section 21 was not successfully produced, no mineralogical composition is available.

TS M.grtz | Qrz.cem | P.grtz K-fls | Pla.fls | Mica Kaol. Carb. | Org.mat | l.ooids | Spic.
TS1 X X X X
TS 2 X (X) X X X X
TS3 X (X) X X X X
TS 4 X X X
TS5 X X X X
TS6 X X X X X
TS 7 X (X) X X X
TS 8 X X X X
TS9 X X X
TS 10 X X X X X X
TS 11 X X X X
TS 12 X (X) X X X X
TS 13 X X X X X X
TS 14 X X X X X X
TS 15 X X
TS 16 X X X X X X
TS 17 X X X X
TS 18 X (X) X X X X
TS 19 X X X X X
TS 20 X X X X X X
TS 21 - - - - - - - - - - -
TS 22 X X X X X X
TS 23 X X X X X X
TS 24 X X X X
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4.2 Sedimentary logs from the Helvetiafjellet Formation
As it can be observed in Figs. 23 & 24, there are many similarities in the characteristics of

cores DH-1 and DH-1A. This is not surprising as the cores were drilled only 20 meters apart
(Fig. 9). Two lithologies are predominantly observed in both core DH-1 and DH-1A; very fine
to coarse-grained sandstone and shale. Some sections also contain coaly shale and thin coal

seams.

The dominating primary structures within core DH-1 and DH-1A are observed as both
dipping and cross-cutting units of varying magnitude. Where the units are less than 1 cm in
thickness, they are referred to as laminae. Where laminae is observed cross-cutting each
other, they are interpreted as the internal structure of ripples. Within the cores, these
structures are observed as being asymmetrical, and is therefore interpreted as current ripple
cross-lamination (Reineck & Singh, 1980; Tucker, 2011). When cross-cutting is observed in
units thicker than 1 cm, this is interpreted as trough cross-bedding. Based on the size of the
sets, these trough cross-bedded units are interpreted to be the result of migrating three
dimensional dunes (Collinson et al., 2006). Sub-parallel dipping beds of varying thickness are
also observed throughout both core DH-1 and DH-1A. These are interpreted as tabular cross-
beds, which are common internal structures within two dimensional dunes (Collinson et al.,

2006).

Throughout the Helvetiafjellet Formation, foremost within the Glitrefjellet Member,
abundant bioturbation is observed. The bioturbation is interpreted to be largely the result of
root structures displacing the loose sediments (Nemec, 1992). Root traces and fossilised
roots, which are both present throughout the formation, are clear indicators of subaerial
exposure and soil formation (Retallack, 1988; Buol et al., 2011). The two palaeosols chosen
for this thesis are discussed further in chapter 4.3. The placement of the palaeosols within

core DH-1 is indicated in Fig. 23.

The lower boundary of the Helvetiafjellet Formation, which is defined by a Barremian
subaerial unconformity, is present within both core DH-1 and DH-1A. This contact can be
observed as an abrupt transition from a dark coloured very fine-grained sandstone, to a
relatively coarse-grained conglomerate. The Festningen Member, which is the lowermost

member within the Helvetiafjellet Formation, is observed to be approximately 12 and 16
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meters thick in cores DH-1 and DH-1A, respectively. In both cores, the transition from the
basal Festningen Member to the overlying Glitrefjellet Member is indicated by a dark-
coloured shale unit. The upper boundary of the Helvetiafjellet Formation is defined by a
lower Aptian flooding surface (Midtkandal et al., 2016; Grundvag et al., 2017). This is

observed in both cores as a conglomerate, overlain by a thick black shale unit.

A series of samples intended for thin section analysis were collected from core DH-1 during
the logging process. Where the samples were collected from within the core is indicated in
Fig. 23. The mineralogical composition of the different samples was presented in Table 1,
and gives an overview of the mineralogical changes that occur throughout the Helvetiafjellet

Formation.
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Figure 23: Presentation log based on the logged section of core DH-1. Scale is set to 1:200 cm. The natural gagmma
measurements indicates the radioactivity of the deposits in the logged section. The upper and lower boundaries of the
Helvetiafjellet Formation, a lower Aptian flooding surface and a Barremian subaerial unconformity, respectively, are
indicated in the figure. The samples collected for thin section analysis are indicated in the figure, and named sample 1 to 16.
The palaeosols which are presented in chapter 4.3 are indicated in the figure. The facies associations defined in Thesis 1 are
also indicated in the figure. Their characteristics are presented in Table 2.
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Figure 24: Presentation log based on the logged section of core DH-1A. Scale is set to 1:200 cm. The natural ggmma
measurements indicates the radioactivity of the deposits of the logged section. The upper and lower boundaries of the
Helvetiafjellet Formation, a lower Aptian flooding surface and a Barremian subaerial unconformity, respectively, are
indicated within the figure. The interpreted facies association, defined in Thesis 1 are also indicated in the figure. Their
characteristics are presented in Table 2.
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4.2.1 Thin section characteristics in relation to interpreted facies associations
In Table 2, the facies associations and their general characteristics, as defined by Thea Engen

in Thesis 1, are presented. In the following subchapters, thin section characteristics are
compared to the expected characteristics of the deposits within each facies association,
observed through logging. No thin section represents the deposits of the Rurikfjellet
Formation (FA 1) as the deposits of the Helvetiafjellet Formation are the focus of this thesis.
The different facies associations and their corresponding thin sections are presented in Table
2 below. The occurrence of the facies associations within the Helvetiafjellet Formation zre

indicated in Figs. 23 & 24.

Table 2: The facies associations and their interpreted characteristics based upon logged sections of the Helvetiafjellet
Formation. The occurrence of the different facies associations is indicated in the presentation logs in Figs. 23 & 24. As the
uppermost section of the Rurikfjellet Formation and the lowermost section of the Carolinefjellet Formation were included
when logging, these are represented by facies associations 1 and 9, respectively. Several thin sections were collected from
the varying facies associations. These are also presented in the table.

Facies association (FA) FA characteristics Thin sections (TS)

FA 1 (Prodelta deposits) Grain size varies from siltstone to -
coarse-grained sandstone. The
deposits are relatively well-sorted.
Units are <1 m. Observed features
are tabular cross-beds, ripple cross-
lamination and structureless units.
Roots, bioturbation and coal clasts
are occasionally observed.

FA 2 (Fluvial braidplain Grain size varies from siltstone to 1,2
coarse-grained sandstone. Where
conglomerate is present, pebbles

are observed. The deposits are
generally well-sorted, with the

exception of conglomerate deposits.

Units are <80 cm. Observed features

are tabular cross-beds, ripple cross-
lamination and structureless units.

Some bioturbation is also present.

FA 3 (Floodplain deposits) Grain size is typically claystone to 6

siltstone. The deposits are overall
well-sorted. The units are generally
<50 cm. The deposits are
homogeneous to weakly laminated.
A shiny texture and high organic
content is observed in some
deposits.

deposits)
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Grain size varies from claystone to 3,10
coarse-grained sandstone. The
deposits are homogeneous to
weakly laminated. Ripple cross-
lamination is also observed. The
deposits are relatively well-sorted.
Some coalified organic material is

FA 4 (Crevasse splay deposits)

observed.
FA 5 (Fluvial distributary Grain size varies from claystone to 4,5,7,8,9,11,
-grai . Pebbl
channel deposits) coarse-grained sandgo_ne ebbles 12,13
are present within the

conglomerate. The deposits are
relatively well-sorted, with the
exception of the conglomerate
deposits. Roots and coal clasts are
present. Other observed features
are structureless units, trough cross-
beds, tabular cross-beds and ripple
cross-lamination.
Grain size varies from claystone to 14
coarse-grained sandstone. The
deposits are relatively well-sorted.
High organic content and
bioturbation is occasionally
observed. Other observed features
are tabular cross-beds, heterolithic
beds and homogeneous to weakly
laminated units.
FA 7 (Delta front deposits) Grain size is typically claystone to 15
siltstone. Units are <50 cm. The
deposits are well-sorted. The
organic content is interpreted as
relatively high. The deposits are
typically homogeneous to weakly
laminated.
FA 8 (Wave-reworked delta Conglomerate consisting of fine- 16
. grained sandstone to gravel sized
deposits) o .
clasts. The unit is typically <20cm.
The deposits are chaotic to poorly
sorted.
FA 9 (Offshore transition Grain size is typically equivalent to
, claystone or siltstone. The unit is <1
deposits) . . .
m. High organic content is observed.
The deposits are homogeneous to
weakly laminated.

FA 6 (Delta plain deposits)

16
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As seen in Table 2, the majority of the thin sections were collected from facies association 5
(FA 5; fluvial distributary channel deposits). This is likely because FA 5 has been interpreted
as the most frequently occurring facies association within the Helvetiafjellet Formation (Figs.
23 & 24).

4.2.1.1  Facies association 2 (FA 2) — Fluvial braidplain deposits

Macro-scale observations

The deposits of FA 2 are dominated by grain sizes varying from siltstone to coarse-grained
sandstone. Conglomerate is also observed within the facies association. Where a
conglomerate is present, gravel sized clasts are also observed. With the exception of
conglomerates, the deposits are relatively well-sorted. Commonly observed primary
structures are tabular cross-bedding, ripple cross-lamination and structureless units. Some

bioturbation is also present (Fig. 25 A).

Micro-scale observations

Thin sections collected from FA 2 deposits are primarily quartz dominated. The grain size is
generally equivalent to very fine to medium-grained sandstone. The matrix content is
varying. When the quartz grains are packed tight, the matrix content is low and when the
packing is not as tight, more matrix is present. Coalified organic material observed as plant
debris and potential root structures is also observed (Fig. 26 A). The grain size within the

individual thin sections is relatively uniform (Fig. 26 A).

Interpretation

Based on the grain size, organic content and degree of sorting observed in both macro and
micro-scale observations and the presence of both tabular cross-bedding and ripple cross-
lamination in macro-scale observations, FA 2 is interpreted as fluvial braidplain deposits
(Jones & Hartley, 1993; Table 2; Figs. 23 & 24). Units consistent with the characteristics of
fluvial braidplain deposits have previously been described within the Helvetiafjellet
Formation (Steel et al., 1978; Nemec, 1992; Midtkandal et al., 2007; Midtkandal & Nystuen,
2009).
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4.2.1.2  Facies association 3 (FA 3) — Floodplain deposits
Macro-scale observations

The deposits of FA 3 are dominated by grain sizes equivalent to claystone and siltstone (Fig.
25 B). The deposits are typically well-sorted. A dark colour and high organic content is
commonly observed. The deposits are typically homogeneous (Fig. 25 B), or weakly

laminated.

Micro-scale observations

The thin section collected from facies association 3 is dominated by quartz grains equivalent
to siltstone to very fine-grained sandstone, that are enclosed by large quantities of muddy
matrix (Fig. 26 B). The grain size throughout the thin section is relatively uniform. Fragments

of coalified plant debris are also observed (Fig. 26 B).

Interpretation

Based on the large fraction of fine-grained sediments observed through both macro and
micro-scale observations, the occasional lamination and the presence of organic material, FA
3 is interpreted as floodplain deposits (Berner et al., 2011; Table 2; Figs. 23 & 24). Deposits
that are consistent with the characteristics of floodplain deposits have previously been
documented within the Helvetiafjellet Formation (Steel et al., 1978; Midtkandal et al., 2007).
4.2.1.3  Facies association 4 (FA 4) — Crevasse splay deposits

Macro-scale observations

The deposits of FA 4 are dominated by grain sizes varying from claystone to coarse-grained
sandstone. The sediments are typically relatively well-sorted (Fig. 25 C). Throughout the
logged sections, varying characteristics are observed. Examples are both interlaminated and
interbedded sandstones, ripple cross-lamination and homogeneous (Fig. 25 C) to weakly

laminated units. The organic content varies.

Micro-scale observations

Thin sections collected from FA 4 are generally rich in quartz (Fig. 26 C). Where the quartz
grains are larger (fine-grained sandstone), the grains are packed tighter, and the matrix
content is lower (Fig. 26 C). The opposite is true when the quartz grains are smaller

(siltstone). Fragments of coalified organic material are also observed (Fig. 26 C).
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Interpretation

Based on the varying grain size observed in both macro and micro-scale observations, the
presence of ripple cross-lamination and the observation of coalified plant debris, FA 4 is
interpreted as crevasse splay deposits (Mjgs et al., 1993; Table 2; Figs. 23 & 24). Deposits
that are consistent with the expected characteristics of crevasse splay deposits have
previously been documented within the Helvetiafjellet Formation (Steel et al., 1978;
Gjelberg & Steel, 1995; Midtkandal et al., 2007).

4.2.1.4  Facies association 5 (FA 5) — Fluvial distributary channel deposits

FA 5 is the most frequently occurring facies association within the logged sections of the

Helvetiafjellet Formation.

Macro-scale observations

The grain size of the deposits typically varies from claystone to coarse-grained sandstone.
Conglomerate deposits are also observed within the facies association. In such deposits,
pebble to gravel-sized clasts are also observed. With the exception of the conglomerate, the
deposits are relatively well-sorted (Fig. 25 D). Roots and coal clasts are also present. The
units are often characterised by trough cross-bedding, tabular cross-bedding (Fig. 25 D),

ripple cross-lamination or a structureless appearance.

Micro-scale observations

The thin sections collected from FA 5 are predominantly quartz dominated (Fig. 26 D).
However, relatively large quantities of muddy matrix is also observed. Root structures and
coalified organic material is also observed within several thin sections (Fig. 26 D). The grain

size within each individual thin section is relatively uniform.

Interpretation

Quartz grains and muddy matrix dominates the deposits of FA 5. Root structures and
coalified organic material is documented through both macro and micro-scale observations.
Trough cross-bedding, tabular cross-bedding and ripple cross-lamination is observed through
macro-scale observations. Based on these observations, the deposits of FA 5 are interpreted
as fluvial distributary channel deposits. Deposits with similar characteristics have previously
been documented within the Helvetiafjellet Formation (Steel et al., 1978; Gjelberg & Steel,
1995; Midtkandal et al., 2007; Table 2; Figs 23 & 24).
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4.2.1.5 Facies association 6 (FA 6) — Delta plain deposits
Macro-scale observations

The deposits of FA 6 are dominated by grain sizes ranging from claystone to coarse-grained
sandstone. The deposits are typically observed in units of <50 cm. In some deposits,
bioturbation (Fig. 25 E) and high organic content is observed. The units are typically
dominated by tabular cross-bedding or heterolithic bedding (Fig. 25 E). Homogeneous to

weakly laminated units are also observed.

Micro-scale observations

The thin section collected from FA 6 deposits is predominantly composed of quartz grains,
with an overall grain size that is equivalent to fine to medium-grained sandstone (Fig. 26 E).
Significant amounts of muddy matrix fills up the voids between the quartz grains (Fig. 26 E).

Some fragments of coalified plant debris are also observed.

Interpretation

Based on the presence of both quartz grains and large amounts of muddy matrix, the
occasionally high organic content and the presence of both homogeneous units as well as
tabular cross-bedding, the deposits of FA 6 are interpreted as delta plain deposits (Coleman,
1976; Coleman & Prior, 1981; Table 2; Figs. 23 & 24). Deposits that are consistent with the
characteristics of delta plain deposits have previously been documented within the
Helvetiafjellet Formation (Steel et al., 1978; Nemec, 1992; Gjelberg & Steel, 1995).

4.2.1.6  Facies association 7 (FA 7) — Delta front deposits

Macro-scale observations

The deposits of FA 7 are dominated by grain sizes equivalent to claystone and siltstone (Fig.
25 F). The deposits are generally very well-sorted, and can be observed in units <50 cm thick.
The colour of the deposits is typically dark, and the organic content is often observed as
relatively high (Fig. 25 F). The deposits are generally homogeneous (Fig. 25 F) to weakly

laminated, and can be relatively fissile.
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Micro-scale observations

The thin section collected from FA 7 is almost exclusively dominated by dark coloured, very
fine-grained minerals, with a grain size equivalent to claystone and siltstone (Fig. 26 F). Due
to the size of the grains, lithologies are difficult to determine through petrographic analysis.

However, some of the larger silt-sized grains are interpreted as quartz (Fig. 26 F).

Interpretation

Based on the large fraction of fine-grained material observed through both macro and
micro-scale observations, the observation of homogeneous to weakly laminated units and
the relatively high organic content, the deposits of FA 7 are interpreted as delta front
deposits. Deposits with similar characteristics have previously been documented within the
Helvetiafjellet Formation (Steel et al., 1978; Nemec, 1992; Gjelberg & Steel, 1995; Table 2;
Figs. 23 & 24).

4.2.1.7  Facies association 8 (FA 8) — Wave-reworked delta deposits

Macro-scale observations

The deposits of FA 8 consist of conglomerate deposits, composed of a muddy matrix and
clasts with a grain size that ranges from fine-grained sandstone to gravel (Fig. 25 G). The
clasts appear to be sub-angular to sub-rounded (Fig. 25 G). The unit is generally <20 cm. The

deposits are typically chaotic and poorly sorted (Fig. 25 G).

Micro-scale observations

The clasts of the conglomerate are composed of varying lithologies, where quartz is the most
commonly occurring mineral (Fig. 26 G). Spiculite clasts and iron ooids are also observed
within the conglomerate. The clasts vary greatly in size, and are enclosed by a muddy matrix

(Fig. 26 G).

Interpretation

Based on the characteristics of the clasts within the conglomerate and the poor sorting of
the conglomerate itself, the deposits of FA 8 are interpreted as wave-reworked delta
deposits. Such deposits can form as waves rework the delta front, and barrier bars are
formed. Similar deposits have previously been described within the Helvetiafjellet Formation

(Nemec et al., 1988; Table 2; Figs. 23 & 24).
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4.2.1.8 Facies association 9 (FA 9) — Offshore transition deposits
Macro-scale observations

The deposits of FA 9 are typically composed of sediments with a grain size that is equivalent
to claystone and siltstone (Fig. 25 H). The deposits are very well-sorted, and appear in units
that are <1 m thick. The deposits are typically black in colour and as a result, the deposits

appear homogeneous to weakly laminated (Fig. 25 H).

Micro-scale observations

The thin section collected from FA 9 is dominated by dark coloured sediments, with a grain
size that is equivalent to claystone and siltstone (Fig. 26 H). As a result, mineralogical
composition of the sediments and primary structures are difficult to distinguish through

petrographic analysis.

Interpretation

Based on the grain size, dark colour and fissile nature of the sediments, the deposits of FA 9
are interpreted as offshore transition deposits. Such fine-grained sediments are typically
transported for an extended period of time, and deposited when entering a low-energy
settings (Berner et al., 2011). Deposits with similar characteristics have previously been
described within the Carolinefjellet Formation (Nemec, 1992; Midtkandal et al., 2007; Table
2; Figs. 23 & 24).

Figure 25: Representative images of some of the macro-scale characteristics of the various facies associations (FA)
interpreted for the Helvetiafjellet Formation. The occurrence of the samples (S) within the formation is indicated in the log in
the right-hand side of the figure. The placement of the samples (S) is roughly equivalent to where the samples for thin
section (TS) analysis were collected from, and should therefore represent the characteristics observed during micro-scale
observations relatively well. Within the figure, FA 2 is characterised by fine to medium-grained sandstone, relatively
horizontal bedding and some bioturbation. FA 3 is characterised by claystone to siltstone and a homogeneous appearance.
The sample is also well-sorted. FA 4 is characterised by relatively homogeneous, well-sorted siltstone. The organic content is
interpreted to be high. FA 5 consists of medium-grained sandstone. Tabular cross-bedding is present. FA 6 is composed of
fine-grained sandstone to siltstone. Heterolithic bedding and bioturbation is observed. FA 7 is characterised by
homogeneous claystone to siltstone. The organic content is interpreted to be high. FA 8 is interpreted as a chaotic
conglomerate, with clasts ranging from fine-grained sandstone to gravel. FA 9 is characterised by homogeneous to weakly
laminated claystone to siltstone. The organic content is interpreted to be high.
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Figure 26: Overview of the mineralogical characteristics of facies associations (FA) 2-9. Within the figure, each facies
association is represented by one thin section (TS) photomicrograph. The placement of the various thin sections within the
Helvetiafjellet Formation is indicated in Fig. 23. FA 2 has been interpreted as fluvial braidplain deposits. Image A (TS 2)
represents the more fine-grained fraction of the FA. Potential root structures can also be observed. FA 3 has been
interpreted as floodplain deposits. Image B (TS 6) displays a large fraction of muddy matrix and quartz grains with a grain
size equivalent to siltstone. Some coalified organic material is also present. FA 4 has been interpreted as crevasse splay
deposits. Image C (TS 3) illustrates the large quantities of quartz present, as well as a grain size equivalent to very fine-
grained sandstone. Some organic material is also present. FA 5 has been interpreted as fluvial distributary channel deposits.
Image D (TS 7) displays quartz grains equivalent to fine to medium-grained sandstone. The thin section is well sorted. Clasts
of coalified organic material is present. FA 6 has been interpreted as delta plain deposits. Image E (TS 14) illustrates a
relatively coarse-grained version of the deposits. Some muddy matrix and organic content is present. FA 7 has been
interpreted as delta front deposits. Image F (TS 15) displays grains with a grain size equivalent to siltstone and claystone. FA
8 has been interpreted as wave-reworked delta deposits. Image G (TS 16) is composed of a relatively coarse-grained
conglomerate. FA 9 has been interpreted as offshore transition deposits. Image H (TS 16) displays deposits with a grain size
equivalent to siltstone or claystone. The sample is very well sorted and the organic content is high.
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4.3 Palaeosols within the Helvetiafjellet Formation
Palaeosols have previously been documented within the Helvetiafjellet Formation (Nemec,

1992). For this project, two palaeosols were selected for a more in-depth description:
Palaeosol 1 and Palaeosol 2 herein. Two detailed logs were produced (Figs. 27 & 33), one for
each palaeosol. Both the described palaeosols are located in core DH-1. Their stratigraphic

position within the Helvetiafjellet Formation is indicated in Fig. 23.

Four thin sections from each palaeosol were also produced and investigated. Their
stratigraphic position within the palaeosols is indicated in both detail logs (Fig. 27 & 33).
However, as sample 21 was not successfully produced into a thin section, only three samples
are indicated for Palaeosol 2. In addition, four samples were extracted from Palaeosol 2 for

XRD-analysis. These are also indicated in Fig. 33.

In this section, the palaeosols will be classified according to the classifications of the US Soil
Taxonomy (Soil Survey Staff, 1999). This will be done based on the observations that were
made during logging of the cores, and the information gained from petrographic analysis.

For Palaeosol 2, the XRD-analysis will also give an indication with regards to clay content.

4.3.1 Palaeosol 1 (PS1)
4.3.1.1 Macro-scale observations
Palaeosol 1 has an approximate thickness of 2.05 meters, with its upper and lower

boundaries at 180.1 m and 182.15 m below present day surface, respectively. A detailed
1:10 cm log of the palaeosol is presented in Fig. 27. Descriptive nomenclature for the

palaeosols follows Retallack, (1988; 2001).
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Figure 27: 1:10 cm detail log of Palaeosol 1. The palaeosol was observed in core DH-1, from 180.1 to 182.15 meters depth.

To the very left of the figure, comparative images of the logged section can be seen. Sandstone to mudstone ratio is also

added to illustrate the general composition of the palaeosol. The horizons on the right-hand side of the figure are
interpretations based on the scheme presented by Retallack, (2001). For further details, please see Appendix C.
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43.1.1.1 UnitPS1.1—Horizon A
The sediments in which unit PS 1.1 is composed of have been interpreted as floodplain

deposits (Fig. 23; Table 2; FA 3).
Description

Unit PS 1.1 represents the upper 70 cm of Palaeosol 1, and can be recognized by grain sizes
varying from very fine-grained sandstone to claystone and an overall dark colour (Fig. 28 A &
28 B). In hand samples, the sediments have a very brittle texture and are prone to breaking.
The top of the unit is determined by a very sharp contact (Fig. 28 A). Within the upper 45 cm
of this unit, three 8—10 cm thick beds are observed. These three beds stand out compared
to the remaining part of the unit due to a slight increase in grain size (very fine-grained
sandstone) and a brown colour (Fig. 28 B). Three thin beds with an estimated thickness of
approximately 2 cm are also observed. These are recognized by their extremely fine grain
size (claystone), black colour and shiny texture (Fig. 28 B). Small fragments with similar
characteristics are also observed throughout the unit. The remaining part of the unit can be
recognized by a grain size equivalent to a claystone and siltstone, and a dark grey colour (Fig.

28 C). The unit appears to be relatively homogeneous.
Interpretation

The overall dark colour of the unit is interpreted as an indication of high organic content
(Stow, 2006). A sharp upper contact, such as the one described for this unit, is a typical
feature of a palaeosol (Retallack, 1988; 2001). The three 8 — 10 cm thick beds are interpreted
to stand out compared to the rest of the unit due a slight increase in grain size, but could
also be an indication of leaching (Kraus, 1999). The brown colour could also suggest a high
organic content. Based on these descriptions, the three 8-10 cm thick beds are interpreted
as very-fine sandstones with a high organic content. The other three 2 cm thick beds, are
based on their grain size, black colour and shiny texture, interpreted as thin coal seams. One
of these beds is presented in Fig. 28 B. Their placement within Palaeosol 1 is indicated in Fig.
27. The small fragments observed within the unit with similar characteristics are defined as
fragments of coalified organic material. Their occurrence has been noted in Fig. 27 as well.
Based on the grain size and colour of the remaining portion of the unit, it has been defined

as coaly shale.
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The macro-scale characteristics of unit PS 1.1, such as being very fine-grained, well-sorted,
rich in organic matter and the occasionally observed shiny texture, are consistent with the
observed characteristics of floodplain deposits (Table 2; FA 3). Based on the high organic
content of the unit in combination with the observed mineral fraction, unit PS 1.1 of
Palaeosol 1 fits well with horizon A of Retallack, (2001; Appendix C). According to the author,
horizon A is characterised by an accumulation of organic matter in conjunction with a
mineral fraction. Horizon A can often be observed as the uppermost horizon of a palaeosal,
as it has been interpreted for Palaeosol 1.

43.1.1.2 UnitPS1.2—-HorizonC

The deposits in which unit PS 1.2 is composed of are interpreted as crevasse splay deposits

(Table 2; FA 4).
Description

Unit PS 1.2 is the lowermost unit of Palaeosol 1, and has an approximate thickness of 115
cm. Its boundaries have been placed at 181 m and 182.15 m below present day surface,
respectively (Fig. 27 & 28). Unit PS 1.2 is predominantly composed of pale, quartz-rich
sandstone (Fig. 28 E & 28 F). The grain size is equivalent to fine to medium-grained
sandstone. Due to the high percentage of quartz, sections within the horizon can appear
relatively massive (Fig. 28 E). In areas where the sandstone is influenced by thin laminae of a

darker and more fine-grained mineral, cross-lamination is observed (Fig. 28 F).

The contact between unit PS 1.1 and unit PS 1.2 is a diffuse contact, with a thickness of
approximately 20 cm. This transition zone reflects characteristics of both horizons. The
qguartz-rich sandstone beds of unit PS 1.2 are herein separated by laminae of the coaly shale
of unit PS 1.1. The laminae was also noted as appearing discontinuous and disturbed (Fig. 28
D). The units within the transition zone appear to be dipping. This can be observed as
relatively steeply dipping beds in the uppermost section of the transition and much more

gently dipping, sub-horizontal beds at its base (Fig. 28 C).

Elongated lineations and fragments of a third amorphous mineral are also observed within
the unit (Fig. 28 D & 28 E). In the logged section, these can be recognized by a black colour, a
grain size equivalent to claystone and a shiny texture. The elongated lineations are uneven in

shape and size, and appear to radiate downwards within the core (Fig. 28 D).
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Interpretation

A gradual transition, such as the one observed between units PS 1.1 and PS 1.2 is common
between two horizons within a palaeosol (Retallack, 1988; 2001). A possible explanation for
the light colour that is observed within the quartz-rich sandstone is that the horizon has
been a zone of leaching within the palaeosol. Leaching is the removal of soluble minerals
through dissolution (Buol et al., 2011). A removing agent, typically rainwater or ground-
water percolates through the sediments. This dissolves non-resistant minerals, leaving the
sediments relatively enriched by resistant minerals, such as quartz (Lehmann & Schroth,
2003; Sheldon & Tabor, 2009; Buol et al., 2011). The lack of structures described when the
guartz content was very high can indicate that the unit is too well-cemented for structures

to become apparent.

The elongated lineations (Fig. 28 D & 28 E) are interpreted as root structures. Where the
roots are described as black and shiny in texture, they are interpreted to contain coalified
organic material. This interpretation is also valid for the fragments with similar
characteristics that are observed throughout the unit. As mentioned previously, root traces
are burrows created in the sediments as the roots grew. They are regarded as the best
indicator of palaeosols in the rock record because regardless of how developed the soil
profile is, plants once grew in these sediments, thus defining it as a soil (Retallack, 1988;
Buol et al., 2011). Burrowing of roots is also interpreted as the reason why the laminae in
the transition zone between the two units appears to be discontinuous and disturbed. As the
roots penetrate the sediments, their original position is shifted, thus causing a disturbance in
the layering (Fig. 28 E). In Fig. 28 F, the cross-cutting laminae observed within the unit is
displayed. Based on the set size and asymmetric appearance of the cross-cutting units, they

are interpreted as current ripple cross-laminations.

Based on the grain size, large quantities of quartz and the observed current ripple cross-
lamination, the deposits of unit PS 1.2 are consistent with the expected characteristics of
crevasse splay deposits (Table 2; FA 4). The characteristics of the deposits are also consistent
with the characteristics of horizon C, of Retallack, (2001; Appendix C). This horizon is
characterised by a low degree of alteration due to soil forming activities and the presence of

relict structures. In unit PS 1.2, such relict structures are the previously described current
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ripple cross-laminations. If it was not for the root structures and the potential leaching

observed within the unit, this horizon can often be mistaken for parent material.
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Figure 28: Representative core images of Palaeosol 1. Their placement within the palaeosol is indicated with the letters A to
F on the left-hand side of the figure. Image A displays the very sharp upper contact described in unit PS 1.1, as well as a thin
coal seam. In image B, a thin coal seam can be observed between the two brown organic-rich sandstone beds, as described
within unit PS 1.1. Image C and D represent the transition between unit PS 1.1 and PS 1.2. In this section, characteristics of
both units can be observed. Disturbances in the laminae due to root structures is best seen in image D. Image E and F both
display the characteristics of unit PS 1.2. They are both light in colour, suggesting leaching and a high quartz content. Root
structures and fragments of coalified organic material is seen in image E. Current ripple cross-lamination is illustrated in
image F. Horizons A and C are interpreted according to nomenclature of Retallack, (2001; Appendix C).
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4.3.1.2  Micro-scale observations
Four thin sections were produced from the deposits Palaeosol 1 is composed of. Their

stratigraphic position within the perimeters of Palaeosol 1 is indicated in Fig. 27. In the
following section, representative images of the thin sections will be presented. The
mineralogical content of the thin sections is described and interpreted in order to compare
the results with the observations made during macro-scale observations.

4.3.1.2.1 Thin section 17

Thin section 17 was collected from units PS 1.1, which is the more organic rich unit of
Palaeosol 1, indicated in Fig. 29. The characteristics observed through petrographic analysis
are presented in images A to C within the same figure. Based on the macro-scale
observations of the palaeosol, the unit was interpreted as horizon A. This horizon is generally
recognized by high organic content in conjunction with a mineral fraction (Retallack, 2001;
Appendix C). The deposits that unit PS 1.1 is composed of were also interpreted as floodplain

deposits (Table 2; FA 3).
Description

The thin section is largely dominated by a very fine-grained, dark coloured matrix. The other
dominating feature of the sample is a mineral consisting of very small grains with an
anhedral crystal shape (Fig. 29). Based on the appearance of the mineral, it fits well with the

characteristics of monocrystalline quartz, presented in chapter 4.1.1.

Several elongated lineations in varying shapes and sizes are also observed in thin section 17
(Fig. 29 A & 29 B). Occasionally, the lineations are observed branching out into several
smaller lineations (Fig. 29 B). The majority of the lineations contain a red to golden coloured
amorphous mineral, which remains unchanged in both plane and cross-polarized light,
whereas other lineations appear to be transparent. Small fragments with similar
characteristics are also observed throughout the thin section (Fig. 29 C). This amorphous

mineral fits well with the characteristics of organic material, presented in chapter 4.1.8.
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Interpretation

The large fraction of matrix observed within the thin section is a possible theory as to why
hand samples were described as brittle and dark in colour. Based on the elongated shape
and observed branching of the organic material observed within the thin section, these are
interpreted as root structures. Although root structures were not observed during macro-
scale observations, their presence within thin section 17 strengthens the theory that this
unit has been influenced by soil forming processes, and is therefore a part of a palaeosol.
The transparent lineations are interpreted as being void of material. This could be because
they are root structures where the organic material was removed, or because they are
cracks created during soil formation. Cracks are often associated with the processes that

occur during soil formation (Kraus, 1999; Retallack, 2001; Buol et al., 2011).

During macro-scale observations, the deposits of unit PS 1.1 were interpreted as floodplain
deposits. Through micro-scale observations, an overall fine grain size, large quantities of
muddy matrix and organic content is observed. This is consistent with the expected

characteristics of floodplain deposits, as they were presented in Table 2; FA 3.

Based on the observations presented above, the material observed within thin section 17 is
consistent with the expected characteristics of deposits collected from horizon A of a

palaeosol. Both the organic material and the mineral fraction described by Retallack, (2001)
are present in the thin section. The presence of root structures is also a strong indication of

soil forming activities (Buol et al., 2011; Fig. 29 B).
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Figure 29: Representative photomicrographs of the mineralogical composition of thin section 17. Its location within

Palaeosol 1 is indicated in the core image on the left

-hand side of the figure. Images A to C all display the large quantities of

fine-grained matrix present within the sample. The small quartz grains can also be observed in all images. Root traces

and/or cracks can be seen in image A and B. Fragments of organic material are best represented in image A and C. All

photomicrographs in the figure are taken in plane polarized light (PPL).
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4.3.1.2.2 Thin section 18
Thin section 18 was collected stratigraphically below thin section 17. The thin section was

collected from what is interpreted as the gradational transition zone between the overlying
horizon A (unit PS 1.1) and the underlying horizon C (unit PS 1.2). Three photomicrographs

representing the observed characteristics of thin section 18 are presented in Fig. 30.
Description

Thin section 18 predominantly consists of one mineral. The grain size is somewhat varying,
but is overall equivalent to fine-grained sandstone. The crystal shape is typically anhedral,
and the mineral is typically transparent. The characteristics of the mineral are consistent
with the characteristics of monocrystalline quartz, presented in chapter 4.1.1. The quartz is
enclosed by a darker coloured matrix, with a grain size that is too small to distinguish

through optical microscopy (Fig. 30 A). The matrix content within the sample is significant.

Black to redish coloured lineations are also observed throughout the sample (30 B and 30 C).
These lineations commonly move around the grains of the dominant mineral, rather than cut
through them (Fig. 30 C). The characteristics of this amorphous mineral are consistent with

those of organic material, presented in chapter 4.1.8.
Interpretation

Based on the elongated shape of the organic material in conjunction with its observed
branch-like shape, these have been interpreted as roots structures (Figs. 30 B & 30 C). This

suggests that the transition zone has been influenced by soil forming processes as well.

In macro-scale observations (Chap. 4.3.1.1), horizon A was described as organic rich and
fine-grained. Within horizon C on the other hand, the grain size was larger, and the organic
content was significantly lower. In thin section 18, the quartz grains are significantly larger
than those observed within thin section 17, but the overall matrix content is less than what
was observed in thin section 17. The organic content is interpreted as being relatively high.
Therefore, the characteristics of both horizon A (unit PS 1.1) and horizon C (unit PS 1.2) are
present within thin section 18. This supports the theory that the thin section was collected
from the transition zone between the two horizons. A relatively wide, diffuse transition zone

between horizons within a palaeosol is relatively common (Retallack, 1988).
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Figure 30: Representative photomicrographs of the mineralogical composition of thin section 18. The location of thin
section 18 within Palaeosol 1 is indicated in the core image on the left-hand side of the figure. This area is interpreted as the
transition between horizons A and C. Therefore, areas of the thin section had a high matrix content (image A), while other
areas were more quartz dominated (image B and C). Root structures and clasts of organic material were also observed
within the sample. These are best seen in image B and C. All photomicrographs are taken in plane polarized light (PPL).
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4.3.1.2.3 Thin section 19
The origin of thin section 19 is indicated in Fig. 31, along three photomicrographs that

represent the general characteristics of the thin section. During macro-scale description of
the palaeosol, unit PS 1.2 was interpreted as horizon C of Retallack, (2001; Appendix C). The

deposits of the unit were also interpreted as crevasse splay deposits (Table 2; FA 4).

Description

Thin section 19 is observed as predominantly consisting of a single mineral. This mineral is
present in all images of Fig. 31, but is the main feature in Fig. 31 A. An anhedral crystal shape
is observed, accompanied by a weak relief. The other characteristics of the mineral are
consistent with those described for monocrystalline quartz, presented in chapter 4.1.1. Very
tight packing of the quartz grains is observed, as there are only very small amounts of matrix

present between the grains, if present at all (Fig. 31 A).

Although far less abundant, the other dominating feature of the thin section are elongated
lineations, containing a dark, amorphous mineral (Figs. 31 B & 31 C), similar to those
observed in thin section 18. The lineations branch out and appear to trace around the quartz
grains, rather than cut through them. The characteristics of amorphous mineral within the
elongated lineations are consistent with those described for organic material, presented in

chapter 4.1.8.

Interpretation

Based on the observed branching of the elongated lineations, these are interpreted as root
structures. This interpretation is strengthened by the observation of root structures during
macro-scale observations as well. Root structures are the premier diagnostic feature of soil
forming processes (Retallack, 2001; Buol et al., 2011), confirming that the thin section was

sampled from palaeosol.

During macro-scale observations, unit PS 1.2 was described as a pale and relatively
structureless sandstone. The tight packing of the quartz grains within thin section 19 offers a
possible explanation to the lack of observed structures. Such tight packing can lead to
cementation of the quartz grains, which can be observed as quartz overgrowth. Cementation
of deposits can make primary structures difficult to observe. The large quantities of pale
guartz observed in both macro and micro-scale observations could also be an indication of
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leaching. Leaching occurs when soluble or non-resistant minerals are removed from the
sedimentary package through dissolution (Lehmann & Schroth, 2003; Buol et al., 2011).The
removing agent is typically either rain or ground-water. The deposits then become relatively
enriched by more resistant minerals, such as quartz. Well-drained palaeosols are typically
more heavily influenced by leaching, as the drainage promotes the movement of water

through the palaeosol (Bown & Kraus, 1987; Cecil & Dulong, 2003).

Also during macro-scale observations, the deposits of units PS 1.2 were interpreted as
crevasse splay deposits (Table 2; FA 4). Through micro-scale observations, large quantities of
guartz, low matrix content and the presence of root structures and coalified plant debris is
observed. Such observations are consistent with the expected characteristics of crevasse

splay deposits, as they were presented in Table 2; FA 4.
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Figure 31: Representative photomicrographs of the mineralogical composition of thin section 19. The location of the sample
within Palaeosol 1 is indicated in the core image on the left-hand side of the figure. Image A displays the tight packing of the
quartz grains within the thin section. In image B and C, elongated lineations of varying shapes and sizes are presented.
These are interpreted as root structures. All photomicrographs are taken in plane polarized light (PPL).

86



4.3.1.2.4 Thin section 20
Where thin section 20 was collected from within Palaeosol 1 is indicated in Fig. 32. Similarly

to thin section 19, thin section 20 was also collected from unit PS 1.2, which was interpreted
as horizon C during macro-scale observations of the palaeosol (Chap. 4.3.1.1.2). The deposits
were interpreted as crevasse splay deposits (Table 2; FA 4). Two photomicrographs
representing the characteristics of thin section 20 can be seen in Fig. 32, and will be

discussed further below.
Description

Thin section 20 is dominated by a mineral whose general characteristics observed through
optical microscopy are consistent with those described for monocrystalline quartz (Chap.
4.1.1; Fig. 32). The grain size of the quartz is varying within the thin section, but is typically
observed as very fine to medium-grained sandstone. The matrix content varies throughout
thin section 20, but the thin section is overall observed as being relatively enriched in matrix

compared to thin section 19 (Fig. 32 B).

Elongated lineations with similar characteristics as described within thin section 18 and 19
are observed. These are irregular in shape and size, black to golden in colour and are
observed tracing the quartz grains within the thin section rather than cutting through them
(Fig 32 A). The amorphous mineral within the lineations is consistent with the expected

characteristics of organic material, presented in chapter 4.1.8.
Interpretation

The larger quantities of matrix (Fig. 32 A) that are observed within thin section 20 compared
to thin section 19 is a possible factor in the presence of current ripple cross-lamination
within unit PS 1.2. As this section of unit PS 1.2 is not as tightly packed as it was observed to
be in thin section 19, such structures are easier to observe. Based on the characteristics of
the elongated lineations and the amorphous mineral they contain, they are interpreted as

root structures containing coalified organic material.

As thin section 20 is interpreted to have been collected from the same pale and quartz-rich
sandstone unit as thin section 19, the same potential effects of leaching are observed within

the thin section. The relative abundance of quartz grains can indicate that other less-
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resistant minerals potentially have been removed through dissolution (Sheldon & Tabor,

2009; Buol et al., 2011).

There are many shared characteristics with regards to mineralogical composition when
comparing thin sections 19 and 20. Therefore, it is interpreted that the deposits that the thin
sections are composed of were formed under similar conditions. This increases the
probability of both thin sections originating within horizon C (Retallack, 2001; Appendix C).
Both thin sections were dominated by abundant quartz, a lack of other minerals and a low
organic content, which is consistent with the characteristics of horizon C. Similarly, as a
result of the shared characteristics of thin sections 19 and 20, thin section 20 is also

interpreted to have been collected from crevasse splay deposits (Table 2; FA 4).
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Figure 32: Representative photomicrographs of the mineralogical composition of thin section 20. The origin of the sample
within Palaeosol 1 is indicated in the core image on the left-hand side of the figure. Both image A and B display that the thin
section was dominated by quartz, with some matrix separating the quartz grains. Image B illustrates the variation in grain
size seen within the thin section. Coalified organic material and root structures is best seen in image A. Both
photomicrographs are taken in plane polarized light (PPL).
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4.3.1.3  Classification of Palaeosol 1
Based on the characteristics of Palaeosol 1, observed through both micro and macro-scale

observations, the palaeosol is interpreted to be composed of horizons A (unit PS 1.1) and C
(unit PS 1.2). Horizon A is interpreted as being composed of floodplain deposits, whereas
horizon Cis interpreted as being composed of crevasse splay deposits (Table 2; FA 3 & FA 4).
The boundaries of the horizons are indicated in Figs. 27. Current ripple cross-lamination was
described within horizon C (Fig. 28 F). Such relict structures within a horizon generally
suggest a low degree of alteration due to soil forming processes (Kraus, 1999; Retallack,
2001). Based on the weak development of the observed soil horizons, Palaeosol 1 fits well
with the characteristics of an entisol (Wilding et al., 1984 A; Bown & Kraus, 1987; Kraus,
1999; Cecil & Dulong, 2003).

Entisols are immature palaeosols where the degree of alteration due to soil forming
processes is minor (Wilding et al., 1984 A; Cecil & Dulong, 2003). In some cases, the only
evidence of soil forming activities is the presence of root structures (Retallack, 1988; 2001,).
The sediments that the palaeosol is composed of can be otherwise unaltered. As a result,
original features, in this case sedimentary structures, of the parent material can still be
present within the palaeosol. This was observed within Palaeosol 1 as current ripple cross-

lamination.

There are several different reasons as to why a palaeosol can lack alteration due to soil
forming processes. Examples here are that the conditions under which the soil was formed
were unfavourable, or that the parent material is very resistant to weathering (Kraus, 1999).
As seen in Table 2, the deposits that Palaeosol 1 has developed within are interpreted as a
combination of floodplain deposits and crevasse splay deposits. Where relatively rapid and
continuous deposition occurs, palaeosols will become buried relatively quickly by these
sediments, thus disabling further reworking by the soil forming processes (Nemec, 1992;
Kraus, 1999; Kraus & Aslan, 1999). For a more in-depth discussion on the topic, please see
chapter 5.3.1. As established through both macro and micro-scale observations, quartz is an

abundant mineral in Palaeosol 1. This is a potential result of leaching.
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As discussed in chapter 2.7, the development of an entisol is not dependent on specific
climatic conditions (Fig. 8). This suggests that Palaeosol 1 is not a useful proxy with regards

to palaeo-climate. For further discussion on the topic, please see chapter 5.2 & 5.3.

4.3.2 Palaeosol 2 (PS 2)
4.3.2.1 Macro-scale observations
Palaeosol 2 is located stratigraphically below Palaeosol 1 in the logged section of DH-1,

separated by a relatively thin unit of parent material. The palaeosol is approximately 155 cm
in thickness, and its boundaries have been set at 182.65 m and 184.1 m below present day
surface. A detailed (1:10 cm) log of the palaeosol is presented in Fig. 33. Palaeosol 2 is
interpreted as being composed solely of crevasse splay deposits (Table 2; FA 4). In the
following section, Palaeosol 2 will be described based on macro-scale observations noted

from the logging process of core DH-1.
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Figure 33: A 1:10 cm detailed log illustrating the characteristics of Palaeosol 2. The palaeosol was observed in core DH-1,
from 182.65 to 184.1 meters depth. To the very left of the figure, the palaeosol as it was observed within core DH-1 is
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presented. Sandstone to shale ratio is included to illustrate the general composition of the deposits. The samples indicated in
the figure were removed for both thin section (TS) and XRD-analysis (XRD). The horizons on the right-hand side of the figure

are interpretations based on the scheme presented by Retallack, (2001; Appendix C).
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43.2.1.1 UnitPS2.1—Horizon A

Description

Unit PS 2.1 consists of the upper 85 cm of Palaeosol 2. The unit is dominated primarily by
dark grey coloured deposits, with an overall grain size that is equivalent to siltstone (Figs. 34
A & 34 B). The unit was observed to be relatively brittle. The between the top of Palaeosol 2
and the overlying parent material is not as abrupt as the one observed in Palaeosol 1. The
unit appears to be relatively massive, with some exceptions. The upper 60 cm of unit PS 2.1
contains a higher percentage of coarser-grained material, compared to the lowermost 25 cm
of the unit. This can be seen as white minerals with grains equivalent to fine-grained
sandstone (Fig. 34 A). At depths of approximately 182.8 m, 183.05 m and 183.2 m, the
coarser grains are more concentrated. This can be observed as lighter coloured beds with an
approximate thickness of 4 cm (Fig. 34 A) that are enclosed by the dominating dark grey
mineral. Some disturbances are also observed in the otherwise relatively massive unit. These
can be recognized as dark coloured lineations, and small circular marks (Fig. 34 A). These are
most prominent in the sections of the unit where the concentration of coarser grains is

greater.
Interpretation

The dark colour described for the dominating mineral in the unit is regarded as an indicator
of high organic content (Vodyanitskii & Savichev, 2017). Therefore, based on the grain size,
the dark colour and brittle texture of the deposits, the dominating lithology of the unit is

interpreted as coaly shale.

As stated above, the light coloured, coarser-grained minerals were concentrated into thin

beds within the unit (Fig. 34 A). This can have occurred as a result of compaction post-burial,
due to the weight of the overlying sediments (Fisher et al., 1999). The disturbance within the
unit, observed as lineations and circular marks are interpreted as bioturbation by roots. As it
has been stated previously, root traces are the premier indicator of soil formation in the rock

record (Retallack, 2001; Buol et al., 2011).

Based on the high organic content of the unit in conjunction with the observed fraction of
lithic grains, this unit fits well with the characteristics of horizon A of Retallack, (2001;

Appendix C). The grain size, homogeneous appearance and high degree of sorting observed
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within the deposits is also consistent with the characteristics of crevasse splay deposits
(Table 2; FA 4).

4.3.2.1.2 UnitPS 2.2 —Horizon C

Description

The lowermost unit (PS 2.2) of Palaeosol 2 is approximately 60 cm in thickness. Its
boundaries have been placed at 183.45 m and 184.1 m. The transition zone between the
two main units of the palaeosol is diffuse and approximately 10 cm thick (Fig 34 B). A
transitional contact between two units within a palaeosol relatively common (Retallack,
1988). Unit PS 2.2 can be recognized as very pale and quartz-rich, with an overall grain size
equivalent to fine-grained sandstone. Approximately 1 cm thick, subparallel and gently

dipping beds can be recognized within the unit due to a slight colour-change (Fig. 34 D).

Black coloured clasts and fragments can be seen throughout the unit (Fig. 34 C). These can
be recognized by a shiny texture. Elongated lineations also disturb the bedding within the
unit. The lineations are uneven in size and shape, and are occasionally observed to be

branching out (Figs. 34 B, 34 C & 34 D).
Interpretation

The pale colour of the sandstone observed within the unit is a possible indication of
leaching. As it was described for Palaeosol 1, leaching is the removal of minerals or nutrients,
most commonly by dissolution (Lehmann & Schroth, 2003; Sheldon & Tabor, 2009). Both
ground-water and rain can function as the removing agent (Buol et al., 2011). As a result,
the unit becomes enriched by resilient minerals, such as quartz. Based on the morphology of
the dipping beds observed within the unit, these are defined as tabular cross-beds. The
tabular cross-beds are interpreted to be observable within the unit due to either a slight
change in mineralogical composition, or a slight difference in grain size. Grains of similar size
can concentrate into beds when the unit undergoes compaction, which is a possible
consequence of burial (Fisher et al., 1999). Based on the shape and observed branching of
the elongated lineations, these are interpreted as root traces. The black colour and shiny
texture observed within some of the root traces is interpreted as coalified organic material.

This interpretation is also valid for clasts and fragments with similar characteristics.
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Based on the descriptions above, this unit fits well with the characteristics of horizon C of
Retallack, (2001; Appendix C). The horizon is generally recognized by the presence of relict
structures. Within unit PS 2.2, these structures are observed as tabular cross-beds. The
presence of such structures within a palaeosol is typically indicative of only minor alterations
due to soil forming processes. If not for the observed root traces within the unit, this horizon

can easily be mistaken for parent material.

The grain size and high quartz content observed within the deposits of unit PS 2.2, in
combination with the observation of organic material is consistent with the characteristics of
crevasse splay deposits (Table 2; FA 4). Therefore, unit PS 2.2 is interpreted as being

composed of crevasse splay deposits.
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Figure 34: Representative images of the observations made during the logging of Palaeosol 2. The different segments of the
core are marked with the letters A to D, and their occurrence within the palaeosol is indicated on the left-hand side of the
figure. Both unit PS 2.1 and PS 2.2 are also indicated in the figure. In image A, the more coarse-grained beds of unit PS 2.1
can be seen, alongside the otherwise dark coaly shale. In image B, the transitional contact between unit PS 2.1 and unit PS
2.2 can be seen. Image C displays the pale quartz penetrated by root traces and fragments of coalified organic material. In
image D, the tabular cross-beds observed within the palaeosol can be observed. The units have been interpreted as horizons
A and C according to the nomenclature of Retallack, (2001; Appendix C).
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4.3.2.2  Micro-scale observations
Three thin sections were produced from samples collected from Palaeosol 2. Their

occurrence within Palaeosol 2 is indicated in Fig. 33. In the following section, representative

images of all three thin sections will be presented and discussed.

As the fourth thin section (thin section 21) was not produced successfully, there is no
mineralogical representation of unit PS 2.1 of Palaeosol 2 available. Therefore, all three thin
sections from Palaeosol 2 represent the lowermost unit PS 2.2. This unit was interpreted as
horizon C of Retallack, (2001; Appendix C) during macro-scale observation. The palaeosol is
interpreted to have developed within crevasse splay deposits (Table 2; FA 4).

4.3.2.2.1 Thin section 22

The location of thin section 22 within Palaeosol 2 is indicated in Fig. 35. Three representative
photomicrographs of the thin section are presented in the same figure, and will be discussed

further below.

Description

One mineral dominates thin section 22 (Fig. 35 A). The crystal shape of the mineral is
anhedral, and the grains are observed as being transparent in plane polarized light. The
general characteristics of the mineral are consistent with those described for
monocrystalline quartz in chapter 4.1.1. The quartz grains are typically very tightly packed,
thus allowing for only minimal pore space. Where some available pore space is present, it is
generally void of material (Fig. 35 A). Therefore, there is very little matrix present within the

thin section.

Elongated lineations are observed within the thin section (Fig. 35 B). They vary in both shape
and size, and can often be observed with a black or a golden orange colour in both plane and
cross-polarized light. Such characteristics are consistent with those previously described for

organic material in chapter 4.1.8.

The last mineral observed in thin section 22 occurs only in very small quantities (Fig. 35 C).
When viewed in cross-polarized light, the mineral appears pearlescent. A rhombohedral
cleavage is also observed. This is consistent with the characteristics of carbonate, described

in chapter 4.1.7.
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Interpretation

Based on the shape and colour of the elongated lineations described in the thin section, they
are interpreted as fossil root structures. Such features are the most definitive indication of
soil forming activities (Retallack, 2001; Buol et al., 2011). In macro-scale observations, unit
PS 2.2 was described as a pale, quartz-rich sandstone. This is reflected by the mineralogical
composition of thin section 22 (Fig. 35), where quartz is far more abundant than the other

observed minerals.

The relative abundance and pale colour of the observed quartz is a possible result of
leaching. As previously discussed, leaching is the removal of soluble minerals, thus leaving
the sediments relatively enriched in more resistant minerals (Lehmann & Schroth, 2003;
Sheldon & Tabor, 2009).The removing agent is typically rainwater percolating through the
sediments, or ground-water influence caused by fluctuations in the ground-water table.
Leaching is often observed in palaeosols. Typically, well-drained palaeosols experience more

extensive leaching (Bown & Kraus, 1987; Kraus, 1999; Buol et al., 2011).

The carbonate observed within thin section 22 occurs in very small quantities. If leaching
occurred due to influence of the ground-water table, this carbonate could be interpreted as
precipitated caliche (Wright & Tucker, 1991). However, as Palaeosol 2 is interpreted of have
been developed within crevasse splay deposits, extensive influence of the ground-water
table is unlikely. Caliche can also form close to the sediment surface under dry climatic
conditions (Wright & Tucker, 1991). But as seen through XRD-analysis (Chap. 4.3.2.3),
Palaeosol 2 contains kaolinite, thus indicating a humid climate. The carbonate is therefore
unlikely to be caliche. It is more likely to be a calcite, as previous studies have defined it as
the most commonly occurring carbonate cement within the Helvetiafjellet Formation

(Edwards, 1979; Prestholm & Walderhaug, 2000).
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Figure 35: Representative photomicrographs of the mineralogical composition of thin section 22. Where the sample for thin
section 22 was collected from within Palaeosol 2 is indicated in the figure. Image A illustrates the variation in grain size and
the abundance of quartz observed in the thin section. Image B displays an example of the root structures also observed in
the thin section. Image C displays an example of the carbonate observed within the thin section. All photomicrographs are
taken in plane polarized light.
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4.3.2.2.2 Thin section 23
Where thin section 23 was collected from within Palaeosol 2 is highlighted in Fig. 36. Four

photomicrographs that represent the main features of the thin section are also presented in

the same figure, and will be discussed further below.
Description

The dominating mineral of thin section 23 is best seen in Fig. 36 A. It consists of relatively
small, anhedral grains, and is consistent with the characteristics of monocrystalline quartz,
as presented in chapter 4.1.1. The quartz grains are packed relatively tight, but some matrix
is still present within the thin section (Fig. 36 A). The second observed feature of thin section
23 occurs in much smaller quantities. The amorphous mineral can be seen as redish brown
fragments throughout the thin section (Fig. 36 B). The clasts are consistent with the
characteristics of organic material, presented in chapter 4.1.8.The last mineral observed
within thin section 23 is presented in Fig. 36 C. The mineral has the rhombohedral cleavage
and the pearlescent colour in cross-polarized light that is characteristic of a carbonate

mineral (Chap. 4.1.7).
Interpretation

Tabular cross-bedding was observed within unit PS 2.2 during macro-scale observations.
Such relict structures are interpreted to be observable due to the presence of muddy matrix
around the dominating quartz grains. If quartz-rich sandstones become too well-cemented,

such structures can be difficult to observe.

Both thin section 22 and 23 were collected from the same pale, quartz-rich sandstone unit
(unit PS 2.2). It is therefore suggested that thin section 23 also displays the effects of
leaching, as it was interpreted for thin section 22. Similarly, a carbonate mineral was
observed within both thin sections. As the thin sections were collected from the same
horizon, it is unlikely that the climatic or stratigraphic conditions differ enough throughout
the unit to allow for caliche precipitation within thin section 23. Therefore, the carbonate
observed within thin section 23 is interpreted as calcite, as it is the most commonly
occurring carbonate cement in the Helvetiafjellet Formation (Edwards, 1979; Prestholm &

Walderhaug, 2000).
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Figure 36: Representative photomicrographs of the mineralogical composition of thin section 23. Where sample 23 was
collected from within the palaeosol is indicated in the figure. Image A shows the general composition of the thin section
with predominantly quartz, coalified clasts of organic material and some matrix. In image B, the fragments of coalified
organic material can be observed. In image C i and C ii, an example of the carbonate observed within the thin section is
presented, in both plane (PPL) and cross-polarized light (XPL).
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4.3.2.2.3 Thin section 24
Where thin section 24 was collected from within Palaeosol 2 is highlighted in Fig 37. Three

photomicrographs are selected to represent the mineralogical composition of thin section

24. These are also presented Fig. 37, and will be discussed further below.
Description

Thin section 24 is predominantly composed of a single mineral (Fig. 37 A). Its mineralogical
characteristics are consistent with those described for monocrystalline quartz, presented in
chapter 4.1.1. The quartz grains are packed extremely close together, resulting in little to no
matrix being present (Fig. 37 A & 37 C). The available pore space is also considered to be

insignificant.

One amorphous mineral can be observed within thin section 24 (Figs. 37 B & 37 C). It is
observed as both elongated lineations (Fig 37 C) and irregularly shaped clasts (Fig 37 B), and
can be recognized by a redish black colour. The observed colour and other general
characteristics are consistent with the expected characteristics of organic material, as

presented in chapter 4.1.8.
Interpretation

Based on the varying shape of the organic material present in the thin section, the clasts are
interpreted as clasts of coalified organic material, while the elongated lineations are
interpreted as fossil root structures. The presence of root structures indicates that the thin

section was collected from the horizon of a palaeosol (Retallack, 2001).

Thin sections 22, 23 and 24 were all collected from unit PS 2.2. Therefore, the abundance of
guartz observed within thin section 24 is interpreted as a result of leaching, as it was for
both thin section 22 and 23. Leaching was explained more in-depth previously (Chaps.
4.3.1.2.2 & 4.3.2.2.2).

As mentioned in the introductory segment for micro-scale observations of Palaeosol 2 (Chap.
4.3.2.2), all three samples were collected from horizon C within the palaeosol. The high
guartz content and the relatively low content of organic material observed through thin
section analysis is consistent with the characteristics of horizon C of Retallack, (2001;

Appendix C). All three thin sections share enough characteristics that it can be argued that
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they were collected from the same unit. It is therefore interpreted that thin sections 22 — 24

were all collected from horizon C.

The deposits of Palaeosol 2 were interpreted as crevasse splay deposits (Table 2; FA 4; Fig.
23) during macro-scale observations. The observed characteristics of all thin sections, such
as high quartz content, domination of fine to medium-grained sandstone and observed
organic content are consistent with the expected characteristics of crevasse splay deposits
(Table 2; FA 4). It is therefore interpreted that all thin sections collected from Palaeosol 2

represent crevasse splay deposits.
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Figure 37: Representative photomicrographs of the mineralogical composition of thin section 24. Where the sample for thin
section 24 was extracted from within the palaeosol is indicated within the figure. Image A illustrates the abundance of
quartz and the very tight packing that was observed. Image B and C present the different variations of organic matter
observed within the thin section. Image B is an example of a fragment of coalified organic material, while image C shows a
fossilised root structure. All photomicrographs are taken in plane polarized light (PPL).
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4.3.2.3  XRD-analysis
The XRD-analysis was performed by EARTHLAB at the University of Bergen, and the results

are presented in Fig. 38. Where samples 25 to 28 were collected from within the Palaeosol 2
is also indicated in the figure. Prior to analysis, the samples underwent thorough
preparation. All results were also corrected for baseline drift. These are small variations

caused by fluctuations in temperature during the analysis.

As an x-ray comes into contact with a crystal surface, specific patterns are created based in
the crystalline structure of the sample. Therefore, different minerals can be distinguished
within a sample, based on the reflection patterns they produce (Cullity, 1978). For this
thesis, the analysis was primarily preformed with the intention to identify clay minerals
within the palaeosol. The term clay mineral generally refers to very fine-grained (<0.002
mm) sheet silicate minerals (Nesse, 2012). Due to this fine grain size, XRD-analysis is often
required to identify clay minerals in a sample. In all graphs in Fig. 38, a black line can be
seen. This represents the results of X-ray powder diffraction prior to heating. A ethylene
glycol solvent is then added, which enables the swelling of certain clays, such as smectite
(Nesse, 2012). The samples are then heated up to 500°C and the analysis is repeated. The
results can be observed as a blue line in samples 25, 27 and 28, and as a red line in sample

26 (Fig. 38).

Based on the reflections presented in the graphs in Fig. 38, there are three main groups of
minerals that stand out. Illite (A) is observed as a peak at around 8.8°, both before and after
heating. lllite forms as a result of dewatering of smectite. This is a diagenetic process which
occurs at temperatures ranging from 55°C to 200°C, which suggests low-grade diagenesis

(Boggs, 2009).

Kaolinite (B) is interpreted as representing the second peak in the graphs (Fig. 38). Its
reflection can be observed at approximately 12.5° prior to heating, but is suppressed after
the heating process. Within palaeosols, kaolinite is typically indicative of humid climate,
dominated by rainfall and fluctuating temperatures. Such conditions will typically lead to the
leaching of sediments. Therefore, the presence of kaolinite is indicative of leaching
conditions (Singer, 1980; Pal et al., 1989; Cecil & Dulong, 2003; Deepthy & Balakrishnan,
2005).
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Sample 25 was extracted from unit PS 2.1. No thin section was successfully produced from
deposits from this unit. Therefore, no mineralogical characteristics are available from micro-
scale observations. The observation of minerals that are typical characteristics of some
palaeosols, such as kaolinite within sample 25 thus indicates that unit PS 2.1 is indeed a part
of a palaeosol. Furthermore, sample 25 indicates the presence of large quantities of quartz,
and a relatively low content of other minerals. This is consistent with both macro and micro-
scale observations previously made of Palaeosol 2. Therefore, it is reasonable to assume that

sample 25, and therefore unit PS 2.1, is a part of Palaeosol 2.

The third, and final mineral is interpreted as quartz (C), and can be seen as peaks in the
interval 18.5-27.5°. As mentioned previously, quartz is the most abundant mineral in most
sandstones (Boggs, 2009), which is reflected in the graphs (Fig. 38). A high quartz content
within cores DH-1 and DH-1A is consistent with previous observations made through both

macro and micro-scale observations.

Based on the observed reflection patterns, all three mineral groups are present in all
samples, with the exception of sample 28 (Fig. 38). During the XRD-analysis, no clay
reflection peaks were observed within this sample. The lack of clay minerals within the
lowermost section of Palaeosol 2 raises the question if this is a part of the palaeosol, or if the
sample represents parent material. If this lowermost sample was collected from Palaeosol 2,
the lack of kaolinite would suggest suggests less influence of leaching in this section of the

palaeosol (Cecil & Dulong, 2003).
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Figure 38: XRD-analysis of samples 25 to 28. The occurrence of the samples within Palaeosol 2 is indicated in the image on
the left-hand side. In each graph, the different reflection peaks represent different mineral groups. These are A: illite, B:
kaolinite and C: quartz. All mineral groups were present in all four samples, with the exception of sample 28. Within samples
28, only quartz is registered. In all graphs, a black line can be seen. This represents analysis prior to heating. The blue and
red (sample 26) line also seen in the graphs, represent analysis post-heating. All results are corrected for baseline drift.
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4.3.2.4  Classification of Palaeosol 2
The characteristics of Palaeosol 2 were identified through both macro and micro-scale

observations, as well as the XRD-analysis (Chaps. 4.3.2.1—4.3.2.3). Based on these
observations, the palaeosol is interpreted to be composed of the horizons A and C of
Retallack, (2001; Appendix C). Horizon A was described as having a relatively high organic
content, alongside a mineral fraction (Fig. 33). The underlying horizon C was described as
being pale in colour and rich in quartz (Fig. 33). The potential effects of leaching were also
highlighted. In the lower half of horizon C, tabular cross-beds were observed (Fig. 34 D).
When such relict structures are present within a palaeosol, it generally suggest that the
alteration due to soil forming processes was minor. Palaeosols where the alteration due to
soil forming processes is modest are commonly referred to as entisols (Wilding et al., 1984
A; Bown & Kraus, 1987; Kraus, 1999; Cecil & Dulong, 2003). In some entisols, the only
indicator of soil forming activities observable is the presence of root structures or fossil roots
(Retallack, 2001). This observation alone is enough to define the deposits as a palaeosol
(Retallack, 1988). The sediments within the palaeosol can remain otherwise unaltered, thus
preserving the primary structures of the sediments (Retallack, 2001; Buol et al., 2011). A lack
of alteration can be caused by unfavourable conditions during the development of the soil
profile. As presented in Table 2, Palaeosol 2 is interpreted to have developed in crevasse
splay deposits. In crevasse splay deposits, sediment influx can be relatively high and as a
result, the palaeosol can be buried relatively quickly, thus terminating the soil forming
processes (Wilding et al., 1984 A; Kraus, 1999; Kraus & Aslan, 1999). Another contributing
factor to the underdevelopment of palaeosols is the mineralogical composition of the
palaeosol. As seen through micro-scale observations, quartz is an abundant mineral in
Palaeosol 2 (e.g. Fig. 37). Parent material that is very resistant to weathering, such as quartz,
can cause the alterations made due to soil forming processes to be minimal (Wilding et al.,
1984 A). The mineralogical composition of the palaeosol, in conjunction with the interpreted
depositional environment that Palaeosol 2 was formed in fits well with the conditions
required for an entisol to form. Therefore, Palaeosol 2 is hereby defined as an entisol. As
seen in chapter 2.7, entisols can form regardless of the dominating climatic conditions (Fig.
8). This indicates that Palaeosol 2 is not a useful proxy with regards to palaeo-climate. For

further discussion on the topic, please see chapter 5.2.
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5 Discussion

5.1 Mineral assemblages and their origin
Previous studies of the mineralogical composition of the sandstone beds of the

Helvetiafjellet Formation have revealed two main groups of sandstones (Worsley, 1986;
Maher et al., 2004). These are quartz arenites with minor basement components and
sublithic to lithic arenites with a considerable plagioclase component (Edwards, 1979; Maher
et al., 2004). The plagioclase-rich sandstones also contain larger quantities of basement-

derived sediments than the quartz arenites (Worsley, 1986; Maher et al., 2004).

The observed variation in sandstone characteristics has previously been linked to influx of
plagioclase-rich source material as a result of the emplacement of mafic HALIP extrusives in
the eastern regions of Svalbard (Kong Karls Land and Frantz Josef Land) (Worsley, 1986;
Maher et al., 2004). The formation of plagioclase-rich sands is more common with andesitic
volcanism (Pettijohn et al., 1987). However, Maher et al., (2004) has indicated that the
occurrence of plagioclase within the mafic HALIP deposits can potentially be explained by
the weathering of basaltic glass that contains plagioclase phenocrysts. Such deposits have

been observed on Franz Josef Land in previous studies (Dibner, 1998).

Not only are the HALIP deposits interpreted as the source of plagioclase-rich deposits, the
emplacement of the HALIP is also suggested to have caused the uplift of the strata, which in
turn enabled the erosion of the basement (Maher, 2001; Senger et al., 2014). Therefore, the
increased quantities of plagioclase and basement components within the sublithic to lithic
arenites is largely associated with HALIP activity (Maher et al., 2004). The sublithic to lithic
arenites are typically observed in the upper part of the Helvetiafjellet Formation, within the
Glitrefjellet Member, particularly in the NE and along the E coast of Spitsbergen (Maher et
al., 2004).

The investigated sandstone beds of cores DH-1 and DH-1A have in this study been defined
largely as quartz arenites. Where other accessory minerals, such as mica and various
feldspars were present (Table 1), these were only observed in very small amounts. Although
the mineralogical characteristics of cores DH-1 and DH-1A are relatively consistent with the
characteristics of the interpreted facies associations (Chap. 4.2.1; Table 2), the sublithic to

lithic arenites with a strong plagioclase component described in other works (Worsley, 1986;
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Mabher et al., 2004) appear to be absent. Therefore, it becomes apparent that although the
emplacement of the HALIP is known to have influenced the development of the
Helvetiafjellet Formation, this is not reflected in the mineralogical composition of the
deposits in cores DH-1 and DH-1A. As presented in Fig. 9, cores DH-1 and DH-1A were
collected from the Adventdalen area in Svalbard. Therefore, a potential theory as to why the
deposits of cores DH-1 and DH-1A do not contain minerals that reflect the HALIP activity, is
their close proximity to the sedimentary source area. Previous studies have indicated that
the source area for the Helvetiafjellet Formation was located in the W-NW (Parker, 1967
Nagy, 1970; Dorr et al., 2011), which is in close proximity to the Adventdalen area. This is
largely supported by palaeo-current measurements (Gjelberg & Steel, 1995; Midtkandal et
al., 2007). The analysis of U/Pb data collected from both the Wandel Sea Basin in North
Greenland and the Helvetiafjellet Formation in Svalbard indicates a similar sedimentary
source area for both successions (Rghr et al., 2008). Based on the shared characteristics of
the two successions as well as palaeo-current measurements, the sedimentary source area
for the Helvetiafjellet Formation could be composed of basement-derived sediments

originating in, or in close proximity to NE Greenland (Rghr et al., 2008).

Sediments deposited near the sedimentary source area are heavily influenced by the source
area, and are thus likely to reflect its mineralogical characteristics. It is therefore possible
that the sedimentary input from the source area in the W-NW was too high for potential
input from a volcanic source area in the E-NE to be reflected in the deposits of cores DH-1
and DH-1A. Potentially, increased influence from the volcanic source area can be observed
within the deposits of the Helvetiafjellet Formation with relative distance to the clastic
source area in the W-NW. If this is the case, sublithic to lithic arenites with a strong
plagioclase component should be observed in the more distal areas of the Helvetiafjellet
Formation. This is consistent with the change in sandstone characteristics throughout the

Helvetiafjellet Formation observed by Edwards, (1979).
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5.2 Palaeosols of the Helvetiafjellet Formation as climatic proxies
The climate in Svalbard during the Cretaceous period has been interpreted as relatively

warm, with mean temperatures of 7—10 °C (Hurum et al., 2016; Hurum et al., 2016 A;
Grundvag & Olaussen, 2017). The observation of coal seams, seatearths, Ornithopod tracks
and warm-water dinoflagellates are all indicative of a relatively warm and humid climate
(Steel & Worsley, 1984; Arhus, 1992; Grgsfjeld, 1992; Nemec, 1992; Harland et al., 2007;
Hurum et al., 2016). However, arctic belemnites, glendonites and ice rafted debris has also
been observed within the Lower Cretaceous strata (Dalland, 1977; Pickton, 1981; Harland &
Kelly, 1997; Maher et al., 2004; Price & Nunn, 2010). Such observations are regarded as

indicators of cooler, perhaps polar conditions.

Because soils are formed as a result of subaerial exposure, they are directly influenced by
the dominating climatic conditions at the time of their formation. If these climatic conditions
are recorded within a palaeosol that is preserved in the rock record, they may function as

powerful climatic proxies (Mack & James, 1994; Kraus, 1999; Sheldon & Tabor, 2009).

Despite the apparent fluctuations in climatic conditions during the Barremian-Aptian, these
are not reflected in the characteristics of Palaeosol 1 and 2. Both palaeosols investigated in
this study were identified as enitsols (Chaps. 4.3.1.3 and 4.3.2.4). Such palaeosols are not
limited to specific climatic conditions (Cecil & Dulong, 2003; Cecil, et al., 2003; Fig. 8), and
are thus regarded as poor indicators of the climatic conditions under which they were
formed. There are several different factors that can influence which type of palaeosol is

formed other than the climatic conditions. These are discussed below.

5.3 Processes influencing palaeosol development and maturity
Typically, underdeveloped and immature palaeosols are less likely to reflect the climatic

conditions under which they were formed (Mack & James, 1994). How mature and well-
developed a palaeosol becomes is largely dependent on the rate of sedimentation compared
to the rate of pedogenesis, depositional environment, climate, the sea-level and its impact
on the ground-water table and the mineralogical composition of the sediments in which the

soil is forming ( (Wilding et al., 1984 A; Kraus, 1999; Kraus & Aslan, 1999).
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If the sediment deposition is rapid and unsteady, compound palaeosols are formed (Kraus,
1999; Kraus & Aslan, 1999; Fig. 39 A). These soil profiles are typically vertically stacked and
weakly developed. If the rate of sedimentation is exceeded by the rate of pedogenesis,
composite palaeosols will develop (Kraus, 1999; Kraus & Aslan, 1999; Fig. 39 B). The
boundary between each individual palaeosol is typically less abrupt within composite
palaeosols compared to the compound palaeosols. If the sedimentary input is relatively
continuous, cumulative palaeosols typically form (Fig. 39 C). These are generally much
thicker than the compound palaeosol as a result of prolonged deposition (Kraus, 1999; Kraus
& Aslan, 1999). If the deposition occurs at a relatively slow rate, these palaeosols can
typically become more mature and well-developed than the compound and composite

palaeosols.

If deposition has been negligible or interrupted by erosion, this is typically recognized by
truncation within sets of palaeosols. This can occur in compound, composite and cumulative
palaeosol sets alike (Kraus, 1999; Kraus & Aslan, 1999).
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Figure 39: lllustration of (A) compound, (B) composite and (C) cumulative palaeosols. Compound palaeosols represent non-
steady sediment deposition and accumulation, whereas cumulative palaeosols represent steady deposition and
accumulation. As a result, cumulative palaeosols are generally more mature than compound palaeosols. Composite
palaeosols are typically also relatively immature, but have less abrupt boundaries between the vertically stacked palaeosols
compared to compound palaeosols. This figure is not to scale, and is modified from Kraus, (1999).
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The characteristics of the palaeosols examined in this thesis are consistent with the general
characteristics of compound palaeosols. Palaeosols 1 and 2 were vertically stacked and
separated by a thin unit of relatively unaltered sandstone (Figs. 23, 27 & 33). Both palaeosols
were largely composed of fine to medium-grained sandstone. Some ripple cross-lamination
and tabular cross-bedding was preserved in both palaeosols (Figs. 28 F & 34 D). The
recognition of primary structures suggests only slight alteration due to soil forming

processes, thus indicating that the palaeosols are immature.

5.3.1 Depositional environment — proximity to fluvial channels
In previous studies of the Lower Eocene Willwood Formation of the Bighorn Basin, NW

Wyoming, weakly developed palaeosols were observed in sediments deposited in close
proximity to a channel (Bown & Kraus, 1987). As the distance to the channel increased, the
observed palaeosols were described as being progressively better developed (Bown & Kraus,
1987). This is illustrated in Fig. 40, with compound palaeosols developing proximal to the

channel and cumulative palaeosols located more distally.
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Figure 40: lIllustration of the change in palaeosol composition relative to the proximity to an active channel. Palaeocantena
refers to a sequence of soil profiles that are developing simultaneously on a slope. The change in grain size and topography
influences the characteristics of the palaeosols. Proximal to the channel, the sedimentary influx is relatively high. Moving
away from the channel, the sediment deposition decreases, but the accumulation is more continuous. This leads to
immature, composite palaeosols observed in proximal areas and more mature, cumulative palaeosols developing in distal
areas. Several compound palaeosols are formed in the same time-span as one cumulative palaeosols is formed. The

approximate position of palaeosols 1 and 2 is indicated in the figure. This figure is not to scale and is modified from Kraus,
(1999).
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As Fig. 40 indicates, significant differences in palaeosol characteristics can occur over a
relatively short geographical distance. Proximal to the channel, the sedimentary input is
relatively high, thus causing the thickness of the deposits to be greatest close to the channel.
This can cause levees to form. Because the largest grain size fraction is deposited first as the
energy of the transporting medium decreases, the grain size will be largest proximally and

decrease distally (Berner, et al., 2011).

Rapid deposition proximally to the channel causes this area to become elevated relative to
the distal areas. This difference in elevation causes the distal palaeosols to become more
prone to influence from the ground-water table. In the proximal areas, the larger grain size
promotes more permeable deposits, while the elevation relative to the surroundings causes
the water to move faster through the sediments. This generally allows more water to
percolate through the sediments over a given period of time, thus leading to better drainage

in the proximal areas (Bown & Kraus, 1987; Kraus, 1999).

In the proximal areas, the sedimentary input is frequent and rapid (Fig. 40). Therefore, the
palaeosols found in this area are typically weakly developed, compound or composite
palaeosols (Wilding et al., 1984; Kraus, 1999). The effective drainage system of compound
palaeosols can lead to oxidized conditions, often seen as a brown A horizon and low
guantities of organic material (Kraus, 1999). Palaeosols fitting these characteristics are often
found on levees or in crevasse splay deposits (Wilding et al., 1984; Kraus, 1999; Buol et al.,

2011).

Nemec, (1992) described similar conditions for the deposits of the Helvetiafjellet Formation.
The dominating depositional environments interpreted for the Helvetiafjellet Formation are
braidplain and delta plain environments (Steel & Worsley, 1984; Nemec, 1992; Gjelberg &
Steel, 1995). Within such environments, the sedimentary influx can be relatively high. The
formation was therefore described as a highly dynamic system where changes occurred
quickly. Indicators of the occurrence of an overall transgression during the deposition of the
Helvetiafjellet Formation have also been documented (Nemec, 1992; Gjelberg & Steel, 1995;
Grundvag & Olaussen, 2017). As a consequence of the dominating depositional
environments and the overall relative sea-level rise, the channels that formed within the

deposits of the Helvetiafjellet Formation were described as being highly avulsive.
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Nemec, (1992) also described the occurrence of depositional “windows” within the
Helvetiafjellet Formation. These are short windows of time, occurring only on a local scale,
where deposition of clastic sediments was low, thus allowing plant growth and the
accumulation of organic material to occur. Such windows could for instance form due to a
shift in depositional area as a result of avulsion. Therefore, these depositional “windows”
played a critical role in when accumulation of organic material could occur and thus when
palaeosols could develop. Due to the short-lived nature of these breaks in deposition, the
time in which plants were allowed to grow and organic material allowed to accumulate was
limited. Such conditions are interpreted to favour the development of immature, compound

soils.

Further away from an active channel, the conditions typically change. In the more distal
areas, both the grain size and rate of sedimentary influx decreases (Fig. 40). The slower
sedimentation rate offers more time for palaeosols to develop, which leads to more mature,
cumulative palaeosols developing in the distal areas (Kraus, 1999). However, the
combination of the lower elevation relative to the more proximal palaeosols and the overall
finer grain size can lead to relatively poor drainage. Because of the lower topographic
position of the palaeosols, these are generally more heavily influenced by the ground water
table. This can lead to reducing conditions (Kraus, 1999), which favours the accumulation

and preservation of organic material. This promotes the formation of coal.

When comparing Palaeosol 1 and 2 with the observations of the palaeosols within the Lower
Eocene Willwood Formation, it becomes apparent that palaeosols 1 and 2 contain many of
the characteristics that are expected with a palaeosol that formed in close proximity to an
active channel. They are both quartz dominated, light in colour and contain small amounts of
organic material, which could suggest oxidizing conditions. Palaeosol 1 also displays some
brown sections in horizon A, which is another possible consequence of oxidization, as it was
described by Kraus, (1999; Figs. 27 & 28 B). Primary structures were also observed, such as
ripple cross-lamination and tabular cross-bedding. This suggests limited influence of soil
forming processes. The immaturity of the palaeosols could potentially be due to rapid
deposition and burial, which is consistent with the previous observations of the depositional

environment, as presented by Nemec, (1992).
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According to the facies associations interpreted for cores DH-1 and DH-1A (Table 2),
Palaeosol 1 has mixed composition of FA 3 and FA 4, which are floodplain deposits and
crevasse splay deposits, respectively. The variation in facies association within a single
palaeosol is possible due to the lateral migration of an active channel across a floodplain.
Palaeosol 2 on the other hand, has been interpreted to be composed of only crevasse splay
deposits (FA 4). These are deposits that can occur in close proximity to an active channel,
thus promoting rapid deposition and limited time for palaeosol development. If palaeosols
developed within deposits of either of these facies associations, it is not unlikely that they

would contain many of the characteristics observed in both Palaeosol 1 and 2.

Based on the abovementioned factors, it becomes apparent that palaeosols within a small
geographical area can display a vast variety of characteristics with regards to palaeosol
maturity. As a result, palaeosols developed within a small geographical area can indicate
very different climatic conditions, as immature palaeosols typically do not develop strong
palaeo-climatic indicators. It has also been highlighted how different depositional
environments generally favour different palaeosols with regards to maturity. Based on the
interpreted depositional environment of the Helvetiafjellet Formation as it was presented by
Nemec, (1992), it is possible that the overall depositional conditions of the formation favours
the formation of immature compound and composite palaeosols, rather than mature

cumulative palaeosols.

However, it is not only the relative proximity to an active channel or overall depositional
environment that is influential with regards to the maturity of a palaeosol and how well-
developed the climatic characteristics within a palaeosol are. Mack & James, (1994) found
that the climatic signature of a palaeosol can become masked by other factors, such as
landscape position and time of development. In such scenarios, leaching, grain size and
depositional rate can make the observation of palaeo-climatic indicators problematic, even if
they originally were present within the palaeosol. As the observed effects of landscape
position and time of development were discussed in the previous subchapter, other factors
such as the effects of climate and relative sea-level, leaching, grain size and mineralogical

composition will be discussed further in the following subchapters.
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5.3.2 Climate and sea-level
Both overall the climatic conditions and the relative sea-level can influence the rate of soil

development and the characteristics that form within a soil profile. The climatic conditions at
the time of soil development does not only influence the characteristics of the soil horizons,
it also has major influence on the rate of soil development (Retallack, 2001). Tropical to
subtropical climates promote rapid plant growth and as a result, palaeosols that formed in

warm climates are generally more developed (Retallack, 2001).

Based on the topography of an area, a rise in relative sea-level will generally lead to a rise of
the ground-water table (Kraus, 1999). An increase in the position of the ground-water table
can also be caused by heavy rainfall and therefore, the position of the ground-water table is
to some extent also controlled by the dominating climatic conditions (Wu et al., 1996). In
areas where the ground-water table is high, plant growth is promoted (Nemec, 1992).
Within a soil profile, a high-standing ground-water table will typically lead to poor drainage,
which can lead to reducing conditions (Kraus, 1999; Kraus & Aslan, 1999). This can typically
be seen as gleying, which is the reduction and mobilization of primarily iron and manganese
(Duchaufour, 1982; Kraus & Aslan, 1999). Gleying also produces grey horizons and mottles
within the soil profile (Duchaufour, 1982; Kraus & Aslan, 1999).

Nemec, (1992) interpreted the climate during Early Cretaceous as relatively mild. This is
consistent with other studies of the Helvetiafjellet Formation where mean temperatures of
7-10°C has been suggested (Hurum et al., 2016; Hurum et al., 2016 A; Grundvag & Olaussen,
2017). Due to the interpreted large-scale transgression during the Early Cretaceous period
(Nemec, 1992; Gjelberg & Steel, 1995; Midtkandal et al., 2008), the ground-water table is
interpreted to have been relatively high. Nemec, (1992) also interpreted the ground-water
to be of very low salinity, thus facilitating plant growth. Based on these favourable
conditions, mature palaeosols should be expected to develop within the deposits of the

Helvetiafjellet Formation.

However, the observed effects of the interpreted temperate climate and relatively high
ground-water table are limited within palaeosols 1 and 2. Both palaeosols were interpreted
as entisols, which is a type of palaeosol not indicative of specific climatic conditions. Based

on the relict structures present within horizon C of both palaeosols, the lack of climatic

118



characteristics could potentially be due to a limited amount of time where the soil forming
processes were allowed to rework the parent material, and for soil characteristics to
develop. No indications of reducing conditions have been observed within the palaeosols,
which potentially indicates less influence from the ground-water table than originally

implied by Nemec, (1992).

5.3.3 Mineralogical composition
5.3.3.1 The significance of quartz content
Through both macro and micro-scale observations, the lower horizons of palaeosols 1 and 2

were characterised as very quartz-rich (Figs. 27 & 33). This is often regarded as a result of
the relative stability of quartz (Rimstidt, 1997; Martin-Garcia et al., 2015). Quartz is often
abundant in palaeosols, primarily due to the physical weathering of parent material, but also
as a product of diagenetic processes (Wilding et al., 1984; Martin-Garcia et al., 2015).
Palaeosols can also become relatively enriched by quartz due to the removal of more soluble
minerals through leaching (Wilding et al., 1984 A; Lehmann & Schroth, 2003; Buol et al.,
2011). As quartz is very stable and not easily removed, the deposits become enriched with
guartz. Within Palaeosol 1 and 2, the inferred proximity of the investigated succession to the
clastic sedimentary source area in the W-NW is interpreted at the dominating factor for the

observed high quartz content.

The mineralogical composition of a palaeosol can greatly affect the development of soil
characteristics (Wilding et al., 1984 A). Parent material that is very resistant to alteration,
such as quartz, can inhibit the development of strong soil characteristics. Quartz-rich
deposits can also be relatively poor in nutrients and as a result, only a limited selection of
plants will grow in such sediments (Agren et al., 2012). This can result in the observation of
immature, underdeveloped palaeosols within quartz-rich deposits. Therefore, it is possible
that regardless of how accommodating the other conditions of soil growth and development
are, mature palaeosols are not able to form due to the mineralogical composition of the
parent material. Based on the abovementioned factors, the high quartz content observed in
Palaeosol 1 and 2 is a possible contributor to their underdevelopment. It is therefore
possible that the proximal area of the Helvetiafjellet Formation, represented through cores
DH-1 and DH-1A, is too rich in quartz to allow mature and well-developed palaeosols to
form.
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However, the Glitrefjellet Member has in other locations been described as mudstone
dominated (Parker, 1967; Birkenmajer, 1984). Therefore, the development of more mature
palaeosols could occur in other, perhaps more distal areas of the Helvetiafjellet Formation
where the overall conditions were more favourable.

5.3.3.2  The significance of kaolinite content

Nemec, (1992) states that due to the relative sea-level rise and the relatively low topography
of alluvial plain environments, the ground-water table has been interpreted as relatively high
during the Early Cretaceous in Svalbard, thus promoting reducing conditions within a soil
profile. However, as seen through both macro and micro-scale observations of Palaeosol 1
and 2, such signs of reducing conditions are not present. Kaolinite was observed within
Palaeosol 2 through XRD-analysis (Chap. 4.3.2.3; Fig. 38). The formation of kaolinite is
typically linked with significant leaching and oxidizing conditions (Cecil & Dulong, 2003),
rather than reducing conditions. As subhumid to perhumid climates favour leaching, the
presence of kaolinite is regarded as a palaeo-climatic indicator for humid climates,
characterised by frequent rainfall and fluctuations in temperature (Murali et al., 1978;

Singer, 1980; Pal et al., 1989; Cecil & Dulong, 2003).

The observation of oxidizing conditions rather than reducing conditions indicates less
influence of the ground-water table than previously suggested by Nemec, (1992). This could
be due to an overall lower ground-water table in Svalbard than first interpreted by Nemec,
(1992), or that the topography of the levee in which palaeosols 1 and 2 are interpreted to
have formed on was elevated high enough to not be influenced by the fluctuations of the
ground-water table. As palaeosols 1 and 2 developed within the proximal area of the
Helvetiafjellet Formation, is it also possible that the effects of the relative sea-level rise was

less noticeable within these deposits.

Although kaolinite is regarded as a palaeo-climatic indicator of humid climates, one pitfall is
presented by Singer, (1980). The author presents a scenario where the climate is humid,
causing kaolinite to form. If the climate is to change to drier conditions, the kaolinite is
stable enough to remain unaltered within the sediments. Therefore, the indicators of a
previously humid climate is represented within the rock record despite a later change in

climatic conditions. However, if the climatic conditions initially are predominantly dry, other
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clay minerals, such as smectite will typically form (Singer, 1984). A shift in climatic conditions
will thus cause it to become predominantly humid. The likelihood of a clay mineral deposited
under dry climatic conditions becoming unstable when exposed to humid climatic conditions
is significant. The unstable clay is then likely to alter into kaolinite, because it is stable in
humid conditions. Singer, (1980) therefore concludes that the ancient sedimentary deposits
indicative of humid climates are overrepresented within the rock record, and are perhaps

not accurate.

However, based on the many other previously described climatic indicators suggesting a
humid climate during the Early Cretaceous in Svalbard, such as coal seams, seatearths,
dinosaur tracks and warm-water dinoflagellates (Steel & Worsley, 1984; Nemec, 1992;
Arhus, 1992; Grgsfjeld, 1992; Harland et al., 2007; Hurum et al., 2016; Grundvag & Olaussen,
2017), it is likely that the observed kaolinite reflects actual humid conditions during the

development of Palaeosol 2.

5.4 Regional correlation of palaeosols within the Helvetiafjellet Formation
Theoretically, palaeosols are relatively easy to recognize within the rock record. Most

palaeosols form almost instantaneously (2000-30 000 years), and are generally
morphologically distinctive and regionally extensive. This makes them excellent tools for

correlation, both on a local and a regional scale (Kraus, 1999).

As it has been highlighted in this thesis, palaeosol characteristics typically vary with the
proximity to an active channel (Fig. 40). Palaeosols located in close proximity to a channel
experience rapid deposition, which disables the soil forming processes relatively quickly. In
the more distal areas, the deposition is not as rapid, thus allowing the parent material to be
reworked for an extended period of time. As discussed above, the influence of the ground-
water table also affects soil characteristics. Therefore, palaeosol maturity has been
interpreted to decrease with the proximity to the channel (Bown & Kraus, 1987). With this
knowledge as a foundation, regional correlation based on palaeosol characteristics and
maturity is possible. Due to rapid sedimentation in proximal areas, several immature,
stacked palaeosols will form in the same time span as a single, more mature palaeosol in
distal areas. This must be accounted for in order to achieve accurate correlation (Bown &

Kraus, 1987).
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For the deposits of the Helvetiafjellet Formation, the principle described above should be
valid. If a sediment horizon is geographically extensive and possible to trace, the maturity of
a palaeosol should indicate where the sediments were deposited in a regional context, and
in such enable regional correlation. However, as described by Gjelberg & Steel, (1995), the
deposits of the Helvetiafjellet Formation are very lenticular and thus difficult to correlate,
even over short distances. If the deposits themselves are difficult to correlate, then the
palaeosols that occur within the deposits can also prove to be problematic to correlate, at

the very least in the field.

Coal seams have previously been observed in conjunction with the palaeosols of the
Glitrefjellet Member (Nemec, 1992). Coal seams are also regarded as deposits that are
eligible as tools for regional correlation. However, Nemec, (1992) described the coal seams
of the Helvetiafjellet Formation as occurring primarily on a very local scale. Therefore, the
coal seams and their associated palaeosols are generally difficult to trace within the

formation, and are thus perhaps not suitable for correlation.

Although both the climatic and ground-water conditions appear to have been favourable
with regards to the development of strong soil characteristics, the disadvantage created by
the clastic environment is interpreted as being too strong and therefore preventing long-
term development of palaeosols within the Helvetiafjellet Formation. If proven to be true,
the occurrence of mature palaeosols within the Helvetiafjellet Formation is unlikely, thus
making palaeosols relatively poor candidates as climatic proxies for the formation. This also
relates to the potential regional correlation of palaeosols within the Helvetiafjellet
Formation. If mature palaeosols are lacking within the formation, regional correlation can
prove to be challenging, as the development of palaeosol characteristics according to their

geographical placement in a regional context is unlikely to occur.
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5.5 Depositional environments of iron ooids and their climatic implication
As stated in chapter 4.1.9, iron ooids were observed within thin section 16 (Fig. 20) which

was collected at the boundary between the Helvetiafjellet and the Carolinefjellet formations.
The iron ooids were observed within the conglomerate that marks the very top of the
Helvetiafjellet Formation. Within the Lower Cretaceous succession in Svalbard, iron ooids
have previously only been observed within the lowermost sandstone beds of the Dalkjegla
Member of the Carolinefjellet Formation (Mutrux et al., 2008). For the Helvetiafjellet
Formation however, the existence of iron ooids has not previously been documented. This is
an interesting finding, as iron ooids are known palaeo-climatic indicators of greenhouse

conditions and warm climatic conditions (Mutrux et al., 2008).

For the precipitation of iron ooids to occur, the deposition of clastic sediments must be low,
the depositional environment must be relatively calm and a source of iron must be present
(Collin et al., 2005; Mutrux et al., 2008). There are several different situations that enable
the precipitation of iron ooids, which are briefly touched upon by Mutrux et al., (2008) and
Siehl & Thein, (1989). In this section, three possible scenarios for iron ooid formation within

the Helvetiafjellet Formation are discussed.

5.5.1 Formation of iron ooids from colloidal riverine iron in a saltwater-freshwater mixing
environment
A possible theory to explain the occurrence of iron ooids within the Helvetiafjellet Formation

is similar to the theory proposed for the Carolinefjellet Formation by Mutrux et al., (2008).
Gjelberg & Steel, (1995) describes the Helvetiafjellet Formation as being dominated by an
overall transgression, with fluvial deposits (the Festningen Member) at its base transitioning
into coastal and deltaic deposits (the Glitrefjellet Member) in its upper units. In addition,
Nemec et al., (1988) reported the observation barrier deposits in the uppermost Glitrefjellet

Member in the Kvalvagen area in eastern Spitsbergen.

The iron required for the formation of the ooids to occur can have been supplied as colloidal
iron through channels occurring in the proximal area of the Glitrefjellet Member (Fig. 41).
The restricted conditions required for ooid formation to occur can have been caused by the
formation of barrier bars, which have been observed on the distal areas of the Glitrefjellet
Member (Nemec et al., 1988; Gjelberg & Steel, 1995). Such barrier bars can limit seaward

influence, thus creating lagoonal conditions in landward direction. Within the coastal
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lagoons, iron-rich freshwater and saltwater was allowed to mix, thus promoting the
formation of iron ooids (Mutrux et al., 2008; Fig. 41). The conglomerate observed in the
uppermost unit of the Glitrefjellet Member is interpreted to have been created by the

reworking of waves.

NW SE
Adventdalen DH-1/DH-1A Kvalvagen
Influx of

colloidal iron Lagoonal conditions promoting

» iron ooid formation

Glitrefjellet Member

Festningen Member

Key

| Fluvial braidplain deposits (FA 2) @ Iron ooid
| Delta plain deposits (FA 3, FA 4, FA5, FA 6, FA 7, FA 8) Channel bodie
B Lagoonal deposits &=~ Conglomerate

M Barrier bar

Figure 41: Colloidal iron is supplied through channels. Due to waves reworking the delta front, barrier bars are formed. This
creates protected, lagoonal conditions in landwards direction. Such environments allow the mixing of fresh- and saltwater to
occur, thus promoting the formation of iron ooids. The facies associations (FA) represented by deposits within the figure are
indicated. The characteristics of the facies associations are presented in Table 2. This figures also illustrates the approximate
position of cores DH-1 and DH-1A. This transect is not to scale, and is modified form Mutrux et al., (2008).

5.5.2 Formation of iron ooids in sediment starved shallow-marine conditions
Sediment starved conditions can occur in shallow-marine areas as a result of overall

transgression (Taylor et al., 2002; Mutrux et al., 2008). As a relative rise of the sea-level
occurs, large amounts of the sediments transported by channels are deposited in river
mouths and valleys, rather than being transported and deposited further seaward (Taylor et
al., 2002). This promotes the formation sediment starved conditions in the distal areas of the
Glitrefjellet Member (Taylor et al., 2002). As less sediments are deposited on the distal delta,
waves will begin to rework the delta front, eventually creating barrier bars (Fig. 42 A). Due to
continuous sea-level rise, the barrier bars will being to migrate proximally (Fig. 42 B).
Sediment starvation and the episodic storm reworking of the deposits causes the shallow-
marine areas to become relatively enriched with iron (Taylor et al., 2002; Fig. 42 B). The low
sedimentation rates and relative enrichment in iron promotes the formation of iron ooids

(Taylor et al., 2002; Mutrux et al., 2008; Fig. 42 B).
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At some point during the relative sea-level rise, the rate of the transgression will exceed the
rate of the retreat of the barrier bar complex. As a result, water will flood the barrier bar and
effectively inhibit any further migration (Cattaneo & Steel, 2003; Fig. 42 B). As the
transgression progresses further, the more proximal areas, such as the coastal plain will also
become flooded (Fig. 42 B). This relative rise in sea-level induces reworking of the barrier
bars through wave erosion. Continuous erosion will remove the fine-grained fraction of the
deposits, leaving only a coarse-grained conglomerate, also referred to as a transgressive lag
(Posarnentier & Allen, 1999; Cattaneo & Steel, 2003; Fig. 42 B). A conglomerate was
observed in cores DH-1 and DH-1A, in the uppermost unit of the Helvetiafjellet Formation
(Fig. 23 & 24). Barrier bar deposits have been described in the distal units of the Glitrefjellet
Member in previous works (Nemec et al., 1988; Gjelberg & Steel, 1995). Therefore, as cores
DH-1 and DH-1A were drilled in the interpreted proximal area of the Helvetiafjellet
Formation, it is possible that the conglomerate represents a transgressive lag, formed due to
the flooding and subsequent wave reworking of the barrier bar complex and the coastal

plain.

Iron ooids typically measure <2 mm (Simone, 1981), which is roughly equivalent to very
coarse sandstone. Therefore, it is possible that iron ooids that formed during the
transgression will not be removed due to wave erosion, and can therefore be observed
within the transgressive lag (Fig. 42 B & 42 C). As a result of sudden increase in water depth,
the formation of iron ooids is no longer possible. Rather, the deposition of a transgressive
mud blanket occurs (Fig. 42 C). Within cores DH-1 and DH-1A, this abrupt deepening is
represented by a black shale, herein referred to as the lower Aptian flooding surface

(Grundvag et al., 2017).
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Figure 42: A: The relative sea-level rise causes deposition to occur in proximal areas, thus creating sediment starved
conditions distally. Due to the lack of sediment input, waves begin to rework the distal delta, thus creating barrier bars. Such
barrier bars have previously been observed within the Helvetiafjellet Formation by Nemec, (1992). Continuous sea-level rise
promotes the proximal migration of the barrier bars. B: Further sea-level rise causes drowning of the barrier bars, thus
inhibiting further migration. More proximal areas are also flooded. The lack of sediment deposition and the episodic
reworking of the sediments causes relative enrichment of iron in the shallow-marine area. This promotes the formation of
iron ooids. The flooding of the barrier bars promotes influence of wave erosion. After prolonged erosion, the fine-grained
fraction of the sediments are removed, thus leaving only a transgressive lag. As iron ooids typically are equivalent to very
coarse sandstone, these are not likely to have been removed during wave erosion, and can therefore be observed within the
transgressive lag. C: A sudden increase in water depth inhibits further erosion or iron ooid formation and instead promotes
the deposition of a transgressive mud blanket. Within cores DH-1 and DH-1A, this is seen as a black shale, and marks the
lower Aptian flooding surface. The approximate position of cores DH-1 and DH-1A is indicated within the transect. This
transect is conceptual, and is therefore not to scale. Based on the illustrations of Mutrux et al., (2008).
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5.5.3 Formation of iron ooids in a terrestrial setting
A terrestrial origin for the iron ooids within the Helvetiafjellet Formation was also

considered. In this model, iron ooids are formed as a result of pedogenic processes (Siehl &
Thein, 1989) in terrestrial conditions. When such iron ooids are observed within shallow
marine strata, it is interpreted as a result of erosion, transportation and subsequent

deposition (Taylor, 1996).

The formation of iron ooids within a palaeosol is most commonly observed in tropical to
subtropical environments, within iron-rich soil profiles (Siehl & Thein, 1989). Due to changes
between dry and humid seasons, the ground-water table generally fluctuates (Siehl & Thein,
1989). When the ground-water table is high, reducing conditions dominate. This typically
leads to the mobilization of primarily manganese and iron (Duchaufour, 1982; Kraus & Aslan,
1999). As the ground-water table lowers, oxidizing conditions will generally be favoured
(Kraus, 1999). Water percolating through the soil profile promotes leaching and subsequent
precipitation of iron hydroxide. Continued leaching and precipitation leads to the formation
of ferruginous nodules, also referred to as iron ooids, within the soil profile (Siehl & Thein,

1989).

Continental deposits have been observed within the Helvetiafjellet Formation (Steel, 1977;
Nemec, 1992; Mgrk et al., 1999), thus potentially enabling the formation of terrestrial iron
ooids. However, evidence of the iron-rich palaeosols and the tropical to subtropical climate
required for the formation of iron ooids to occur is not observed within the Helvetiafjellet
Formation. The deposits of the formation rather suggests a temperate climate (Arhus, 1992;
Grgsfjeld, 1992; Hurum et al., 2016; Hurum et al., 2016 A; Grundvag & Olaussen, 2017).
Therefore, a terrestrial origin for the iron ooids within the Helvetiafjellet Formation is

rejected.
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Both depositional models presented in chapters 5.5.1 and 5.5.2 can potentially be the cause
of iron ooid precipitation within the Helvetiafjellet Formation. The fluvial channels could
have supplied a lagoonal area of the Glitrefjellet Member with the iron required for the
formation of iron ooids to occur. The known transgression during the Early Cretaceous could
have caused shallow-marine and sediment starved conditions, which can have led to

precipitation of iron ooids.

However, the iron ooids were observed within the conglomerate in the uppermost unit of
the Helvetiafjellet Formation. This conglomerate has previously been interpreted as a
transgressive lag which represents the remainders of a barrier bar complex, migrating from
the distal areas of the Glitrefjellet Member (Grundvag et al., 2017). These are conditions
similar to what was described in Chap. 5.5.2. Therefore, based on previous descriptions of
barrier bars within the Glitrefjellet Member (Nemec et al., 1988; Gjelberg & Steel, 1995), the
known transgression occuring during the Cretaceous period in Svalbard and the observations
of a conglomerate capping the Helvetiafjellet Formation within cores DH-1 and DH-1A,
precipitation of iron ooids in sediment starved shallow-marine conditions (Chap. 5.5.2) is
interpreted as the most likely cause for iron ooid formation within the Helvetiafjellet

Formation.
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5.6 Palaeoclimatic implications
Based on the observations made through both macro and micro-scale observations of the

Helvetiafjellet Formation as a whole, as well as within palaeosols 1 and 2, it becomes
apparent that even though the observed palaeosols themselves were not indicative of
specific climatic conditions, other observed climatic indicators suggest a warm and humid
climate during the Barremian to Aptian in Svalbard. These indicators are kaolinite observed
within Palaeosol 2 through XRD-analysis, and the iron ooids observed in the uppermost part

of the Helvatiafjellet Formation through thin section analysis.

The presence of kaolinite is indicative of highly leached conditions, which is favoured by
subhumid to perhumid climates. The occurrence of iron ooids has previously been linked to
greenhouse conditions and warm climates (Mutrux et al., 2008). The presence of iron ooids
within the Helvetiafjellet Formation is therefore indicative of warm climatic conditions at the

time of deposition.

Therefore, the palaeo-climatic indicators presented in this thesis support a relatively warm
and humid climate in the Early Cretaceous in Svalbard. As iron ooids have never been
observed within the Helvetiafjellet Formation previously, their discovery could add to the

ongoing debate surrounding the climatic conditions during the Cretaceous period.
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6 Conclusion
In this thesis, cores DH-1 and DH-1A extracted from the Adventdalen area have formed the

foundation for petrographic analysis of the Helvetiafjellet Formation. Based on observations
made through logging and thin section analysis, the mineralogical composition of the
formation in relation to the interpreted facies associations has been assessed. The study has
also incorporated both macro and micro-scale observations, as well as XRD-analysis in the
description and classification of two palaeosols observed within the Helvetiafjellet

Formation. Based on the work presented in this thesis, the following conclusions are drawn:

e The mineralogical changes that are observed within cores DH-1 and DH-1A are in
agreeance with the interpreted facies associations, as they were presented by Thea
Engen in Thesis 1. The regional shift in sandstone characteristics and influx of volcanic
derived sediments observed in other areas of the Helvetiafjellet Formation is not
observed within the cores. This has been interpreted as a consequence of their close
proximity to the clastic sedimentary source area.

e The two palaeosols analysed for this project have been classified as enitsols, which
are regarded as immature palaeosols. The immaturity of the palaeosols has largely
been linked to rapid deposition, the high quartz content of the sediments hosting the
palaeosols and their interpreted close proximity to an active channel.

e The quartz content observed within cores DH-1 and DH-1A was perhaps too high to
allow for the development of mature palaeosols to occur. Resistant parent material
can inhibit the development of strong soil characteristics. The high quartz content
was interpreted as a consequence of the inferred proximity of the cores DH-1 and
DH-1A to the clastic sedimentary source area.

e Due to the low maturity of the palaeosols, the palaeosols as a whole are not eligible
as palaeo-climatic proxies. However, the occurrence of kaolinite within Palaeosol 2
suggests significant leaching, which is favoured by subhumid to perhumid climates.

e The observation of iron ooids within the Helvetiafjellet Formation points to a warm
climate at the time of deposition. The iron ooids are regarded as new potential
palaeo-climatic indicators for the formation. The formation of the iron ooids is
associated with transgressive conditions, which established sediment starved

shallow-marine conditions across the study area.
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Appendix C

Category

New term

Description

Old term

Master horizons

Gradations
between
master horizons

Subordinate

;’

R

n<~s<~uﬂﬁ“°=5r_rw-°n°’ﬂ

Surface accumulation of organic matter (peat, lignite, coal) overlying clayey or
sandy part of soil

Accumulation of humified organic matter mixed with mineral fraction. Occurs at
the surface or below an O horizon

Underlies an O or A horizon and is characterized by less organic matter, less
sesquioxides (Fe,0, and Al,0,), or less clay than the underlying horizon. This
horizon is usually light colored as a result of abundant quartz

Underlies an O, A or E horizon and shows discernible enrichment in clay,
carbonate, sesquioxides (Fe,0, and Al,0,) or organic matter

Subsurface horizon so impregnated with carbonate that it forms a massive layer

Subsurface horizon more weathered than bedrock but lacking degree of
weathering of A, E.BandK horizons

Consolidated and unweathered bedrock

Horizon with some characteristics of A and of B, but with A characteristics
dominant

Asabove, but with B characteristics dominant

A horizon predominantly like B horizon but with tongues of E horizon

Highly decomposed organic matter

Buried soil horizon (usually redundant for sequences of paleosols)
Concretions or nodules

Organic matter intermediate in decomposition (between a and i)
Frozen soil, with ice wedges or other evidence

Evidence of strong gleying. such as pyrite

[luvial accumulation of organic matter

Slightly decomposed organic matter

Accumulation of carbonates less than for K

Evidence of cementation, such as root deflection

Accumulation of sodium, halite, columnar peds

Residual accumulation of sesquioxides

Plowing or other comparable human disturbance
Accumulation of silica

Weathered or soft bedrock

lluvial accumulation of sesquioxides

Accumulation of clay

Plinthite

Colored or structural B

Fragipan character (cemented with clay and silica and avoided by roots)
Accumulation of gypsum or crystal casts

Accumulation of other salts or crystal casts

o

Tw -

Source: Adapted for paleosols from Soll Survey Staff (1975, 1998).
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