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Abstract

Glendonites are authigenic carbonate minerals formed after diagenetic transformation of
the metastable hydrated carbonate mineral ikaite (CaCO3 ¢ 6H,0). Since ikaite is only stable at low
temperatures, glendonites are being used as proxies for cold climate conditions. Paradoxically,
glendonites have been found in hothouse periods, such as the Eocene, Paleocene, Cretaceous, and
Jurassic. In addition to low temperatures, other conditions are likely also important in driving
ikaite precipitation and glendonite transformation, including elevated concentrations of P and Mg,
and sulphate reduction coupled to methane oxidation. Here, we further examine the processes
leading to ikaite transformation based on combined microscopic and organic geochemical analyses
of glendonites from a drill core spanning the Paleocene Basilika Formation on Svalbard. Thin
section analyses showed multiple growth generations of calcium carbonate in the glendonites,
referred to as Type 1a, Type 1b, and Type 2. Biomarker analyses showed a strong presence of oil in
both glendonites and surrounding sediments. Fluid inclusions mainly characterise carbonate
generations Type 1a and 1b and can be shown to contain droplets of oil. Raman spectroscopy
showed the principal calcium carbonate phase of glendonites to be calcite. In this work the
presence of inclusions containing oil is used to evaluate ikaite-glendonite transformation
mechanisms. Two new transformation mechanisms are proposed for the formation of the
inclusion-rich type 1 generations. One mechanism involves calcium carbonate crystal nucleation on
oil-water interfaces, the other involves interface-coupled dissolution-precipitation of ikaite to
glendonite. Further research is warranted to determine the role of fluid inclusions in widespread
ikaite formation.

Introduction

Glendonites are formed from the diagenesis of the metastable carbonate mineral ikaite
(CaCOs » 6H,0) (Suess et al., 1982; Swainson & Hammond, 2001). Ikaite can transform into the
pseudomorph glendonite when temperatures reach above 5 to 15 degrees Celsius in the natural
environment (Pauly, 1963; Bischoff et al., 1993; Larsen, 1994; Stockmann et al., 2018), but can also
remain stable until higher temperatures when the pressure is higher (Marland, 1975). While low
temperature conditions are favourable for ikaite crystallization, glendonites have been found in
periods thought to have been hothouses, such as the Eocene (e.g. Qu et al., 2017), Paleocene (e.g.
den Boer, 2019), Cretaceous (e.g. Morales et al., 2017; Vickers et al., 2018; den Boer, 2019), and
Jurassic (e.g. Teichert & Luppold, 2013; Morales et al., 2017). This hints that additional processes
effect ikaite formation. Seawater is normally undersaturated with respect to ikaite, but increases in
saturation with lower temperatures (Bischoff et al., 1993). Once supersaturated, ikaite precipitation
is favoured when other forms of calcium carbonate such as calcite and aragonite are inhibited. An



increase in phosphate and magnesium concentration can serve as inhibiting effects on calcite and
aragonite crystallization (Bischoff et al., 1993). Sulphate acts as an inhibitor for calcite and high-Mg
calcite and will favour aragonite precipitation (Savard et al., 1996). However, when seawater is
supersaturated with respect to ikaite, an increase in sulphate will lead to an increase in ikaite
precipitation (Bischoff et al., 1993). Increasing the pH also favours ikaite precipitation (Tollefsen et
al., 2018). When the geochemical conditions in the water change from favouring ikaite deposition to
favouring the deposition of other forms of calcium carbonate ikaite can transform into glendonite
(Greinert & Derkachev, 2004). During the transformation, ikaite loses the water in its crystal
structure, which makes up 68.6% of the total volume (Shearman & Smith, 1985). Synthetic ikaite is
shown to have a euhedral texture, sometimes with cavities, while synthetic glendonite is shown to
be porous with a fibrous texture, sometimes with large cavities (Tollefsen et al., 2020). While many
studies successfully recreated ikaite in the laboratory at specific conditions (e.g. Bischoff et al., 1993;
Tang et al., 2009; Sanchez-Pastor et al., 2016; Tollefsen et al., 2020), little is known about how ikaite
is formed in the natural environment. Furthermore, the transformation mechanism from ikaite to
glendonite in the natural environment is also still unresolved.

Previous work analysed the 623C signal of bulk glendonites to identify the carbon source of
the glendonites in order to investigate the environmental conditions in which these, and its
precursor, were formed (Greinert & Derkachev, 2004; Selleck et al., 2007; Spielhagen & Tripati, 2009;
Teichert & Luppold, 2013; Morales et al., 2017; Vickers et al., 2018; Vickers et al., 2020). These
authors found values ranging from -45%. to 0%o, encompassing the biogenic and thermogenic regime
of methane §3C and even the area of (an)aerobic oxidation of organic matter (Whiticar, 1999). Since
there is almost no fractionation between ikaite and glendonite (Greinert & Derkachev, 2004), the
813C of glendonites will be similar to that of ikaites. Ikaite is thought to have only a minor
fractionation upon crystallization from water (about 5%, Lu et al., 2012), so the carbon source of
ikaite can be determined from §3C values of glendonites. The formation depth of marine
sedimentary ikaite has been inferred to be in alkaline settings (Suess et al., 1982), and in the
sulphate-methane transition zone (Zabel & Schulz, 2001; Greinert & Derkachev, 2004; Lu et al., 2012;
Teichert & Luppold, 2013) using porewater Ca, DIC content, alkalinity, and 8'3C concentrations. They
showed that Ca, DIC content, and alkalinity were all enriched during ikaite deposition. It is uncertain
whether the carbon source for ikaites is solely methane or (an)aerobic oxidation of organic matter,
due to the broad range found in §'3C values. Many studies interpreted this broad range to reflect
multiple carbon sources for ikaite (e.g. Greinert & Derkachev, 2004; Selleck et al., 2007; Teichert &
Luppold, 2013; Morales et al., 2017; Qu et al., 2017; Vickers et al., 2020).

Biomarkers in glendonites have been studied (e.g. Qu et al., 2017; den Boer, 2019; Vickers et
al., 2020) to identify potential microbial communities associated with ikaite formation. This
information can be used to reconstruct the geochemical environment in which the ikaite was formed
or was transformed into glendonite and to find out whether methane was involved in this process or
not. Evidence for sulphate reduction has been found by analysis of biomarkers in glendonites (Qu et
al., 2017; den Boer, 2019; Vickers et al., 2020), but evidence of anaerobic methane oxidation (AOM)
is more obscure as it has only been found in biomarkers obtained from glendonites of den Boer
(2019). From the polar fraction a high amount of GDGTs (Glycerol Dialkyl Glycerol Tetraethers) 1 to 3
can be related to anaerobic methane oxidation associated with methane hydrates (Pancost et al.,
2001; Blumenberg et al., 2004; Pi et al., 2009). Archaeol and bacterial dialkyl glycerol diethers (DGDs)
can also serve as biomarkers for AOM, however, DGDs can also have other sources (Aquilina et al.,
2010). Other prominent biomarkers indicating anaerobic methane oxidation are crocetane (Elvert et
al., 2000; Bian et al., 2001) and PMI (Pentamethylicosane, Aquilina et al., 2010). The hopanes 28,30-
bisnorphane and 25,28,30-trisnorphane found by den Boer (2019) serve as evidence for anoxic
conditions (Mello et al., 1989) and have often been found in oily sediments (Rullkétter & Wendisch,



1982; Noble et al., 1984).

To understand the process of the transformation from ikaite to glendonite various studies
have looked at the petrology of marine glendonites in thin sections and have found multiple
diagenetic growth generations in the structure (Larsen, 1994; Huggett et al., 2005; Teichert &
Luppold, 2013; Morales et al., 2017; Vickers et al, 2018; Bloem, 2019; Vickers et al., 2020). However,
there is much uncertainty regarding the origin of these generations and various models have been
proposed to explain the transformation from ikaite to glendonite (e.g. Larsen, 1994; Greinert &
Derkachev, 2004; Huggett et al., 2005; Teichert & Luppold, 2013; Vickers et al., 2018; Bloem, 2019;
Vickers et al., 2020). Some studies have reported inclusions in some of the glendonite generations
(e.g. Larsen, 1994; Huggett et al., 2005; Morales et al., 2017; Vickers et al., 2018; den Boer, 2019,
Bloem, 2019), but it is poorly understood what is inside these inclusions and how they are formed. It
is likely that these inclusions were formed during transformation from ikaite to glendonite as
glendonites are more porous than ikaite (Tollefsen et al., 2020). Morales et al. (2017) and den Boer
(2019) looked at the gas composition of these inclusions and found methane (C;) as well as heavier
hydrocarbon gases up to pentane (Cs). C; to C3 hydrocarbons were also found in inclusions in
methane seep carbonates (Blumenberg et al., 2018). This suggests that methane is related to
glendonite transformation and/or ikaite formation. An alternative hypothesis on the transformation
of ikaite to glendonite is that they are formed in the sulphate reduction zone without the
involvement of methane (Qu et al., 2017; Vickers et al., 2018). Glendonites in the natural
environment have largely been found in the form of calcite (e.g Larsen, 1994; Greinert & Derkachev,
2004; Huggett et al., 2005; Selleck et al., 2007; Teichert & Luppold, 2013). However, Ito et al. (1999)
also found vaterite and monohydrocalcite derived from ikaite in calcareous sediment in Shiowakka,
Japan. Laboratory studies have also found that vaterite grows as an intermediate product in the
transformation from ikaite to calcite (Bischoff et al., 1993; Tang et al., 2009; Sdnchez-Pastor et al.,
2016).

Understanding the formation of ikaite and its better preserved pseudomorph glendonite is
important if those minerals serve as proxies for paleoclimate reconstructions. Stockmann et al.
(2018) studied the possibility of using ikaite as mineral for carbon storage. They hypothesized that
because ikaite precipitation is most favourable in colder waters, it does not require external heating
to activate, which makes it profitable from an energy and resource perspective. Mangin et al. (2009)
found that in a solution where all species are supersaturated precipitation of the metastable phases
are generally favoured. Following this for calcium carbonate, ikaite is always metastable (Marland,
1975) and is thus favoured. Furthermore, Stockmann et al. (2018) discovered that carbon is not lost
when ikaite chemically alters into glendonite. They therefore argue that ikaite can be a useful carbon
sink in low temperature waters. Unfortunately, it is still uncertain what conditions are necessary for
ikaite and glendonites to form. In this study Paleocene glendonites from a core of the Basilika
formation in Svalbard’s largest island Spitsbergen were studied for their petrology and biomarker
content to gain insights in the geochemical environment in which ikaite is formed and the
transformation mechanism of ikaite into glendonite.

Geological Setting

Most of the Paleocene strata in Spitsbergen are found in the Central Tertiary Basin (CTB) in
the southern half of Spitsbergen (Dallmann, 1999). The CTB consists of the Van Mijenfjorden Group,
which is a clastic sedimentary sequence lying unconformably on Lower Cretaceous sandstones
(Dallmann, 1999). The Basilika Formation is part of the Van Mijenfjorden Group and is bound below
by the Firkanten Formation and above by the Grumantbyen Formation (Fig. 1, Dallmann, 1999). The
Firkanten formation is predominantly made up of marine shales and sandstones deposited in a delta
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and under the Basilika formation in the
Eocene Aspelintoppen Fm, the Paleocene Firkanten Fm, and the Lower Cretaceous Helvetiajellet Fm.
Potential source rocks for petroleum are situated in Paleozoic and Mesozoic sequences, in (dark)
shales, siltstones, and micritic carbonaceous beds (Major & Nagy, 1972). Potential cap rocks for the
petroleum are found in the Triassic, Jurassic, and Cretaceous as shales, but also in the Tertiary as
plastic clay beds (Major & Nagy, 1972).

During the Early Cretaceous Spitsbergen experienced intrusive and extrusive magmatism
contemporaneously with widespread volcanism throughout a large part of the Arctic related to the
formation of the High Arctic Large Igneous Province (HALIP), which persisted from the Cretaceous to
the Paleocene (Maher, 2001; Tegner et al., 2011). In the Late-Cretaceous and Paleocene the HALIP
extruded an alkaline suite through continental rifting (Tegner et al., 2011). Volcanism ceased in the
Paleocene when rifting was replaced by compression (Tegner et al., 2011). Elling et al. (2016) found
that the bentonites in the Firkanten and Basilika formations originate from alkaline continental-rift
magmatism and were deposited with a dominant sediment supply from the east. From radiometric
ages, biostratigraphy, and lithostratigraphic correlations of, and around, the Basilika formation, Elling
et al. (2016) estimated an age between 62-58 Ma for the deposition of this formation, placing it
between the Late Danian and Early Thanetian.



Figure 2. Shapes of a few glendonite samples and type of surrounding sediment. Glendonite found nearby a bentonite layer
(A), 2 to about 8 cm glendonite samples with rosette shape (A-E). Shell fragment nearby glendonite (C).



Methods
Thin section analysis

A drilling core (BH1-2004, Fig. 2) was taken across the whole Basilika formation nearby
Sveagruva on Spitsbergen (Fig. 3). This formation spanned 133 m in core length and contained
glendonites. Sampling of this core was done from old to young, i.e. sample BH2 is located near the
Firkanten-Basilika transition and BH40 is located near the Basilika-Grumantbyen transition. Thin-
sections were made from 16 glendonite samples throughout this core and subsequently analysed for
their petrography using a Leica DM 2500 LED microscope with plane-polarized light at 200x
magnification and 1000x magnification. For the 1000x magnification immersion oil was used to
obtain a sharper image of the thin section. Macrostructures have been largely ignored, as the
samples show little of those, instead the focus was on the microstructures. Previous studies have
described the petrography of glendonites and found multiple types of carbonates reflecting different
generations of their formation (e.g. Larsen, 1994; Greinert & Derkachev, 2004; Huggett et al., 2005;
Teichert & Luppold, 2013; Morales et al., 2017; Qu et al., 2017; Vickers et al, 2018; Bloem, 2019;
Vickers et al., 2020). Most of these authors distinguished three carbonate generations and dubbed
these as type 1, type 2, and type 3.
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Figure 3. Map of Svalbard showing the location of the drilling core BH1-2004 (Modified from the Norwegian Polar
Institute, 2022).

Type 1 has been found in all of the previously mentioned petrographic studies and often
consists of white or transparent calcite crystals, oval or irregular in shape. This generation typically
shows little twinning, and is often inclusion-rich . Other names given to this generation are primary
calcite (Greinert & Derkachev, 2004), rosettes (Morales et al., 2017; Bloem, 2019), and replacive
calcite (Teichert & Luppold, 2013; Qu et al., 2017). Bloem, 2019 has also identified a type 1b, which
he dubbed the Rov phase. He describes this generation as fibrous calcite overgrowing the type 1
generation.

Type 2 calcite is also occurring in all glendonites from previous mentioned petrographic
studies. This generation is described as fibrous and spherulitic (Huggett et al., 2005), isopachous
(Teichert & Luppold, 2013), botryoidal (Vickers et al., 2018), or fibrous to botryoidal (Morales et al.,



2017) calcite rim cement, in some studies yellow to brown-coloured (e.g. Huggett et al., 2005;
Morales et al., 2017; Vickers et al., 2018). In Bloem (2019) this generation is named the Bot phase.

Type 3 is identified as a sparry calcite (Larsen, 1994; Huggett et al., 2005; Vickers et al.,
2018), yellow to brown or transparent (Morales et al. 2017; Vickers et al., 2018), which acts as a
cement to fill in pore spaces (Huggett et al., 2005; Teichert & Luppold, 2013). This generation is
found to be a clear (Huggett et al., 2005) or anhedral (Morales et al., 2017) spar. Bloem (2019) found
white coloured calcite for this generation and dubbed this calcite cement. Bloem (2019) also
identified a yellow calcite generation similar to the type 3 of Morales et al. (2017).

In this study the classifications for glendonite generations will be evaluated for the
glendonite thin sections from the Paleocene of Spitsbergen and a classification that best fits the
results of this study will be chosen or made.

High-resolution composition analysis

Two thin sections were analysed using Raman spectroscopy to determine the phases and
potential composition of the inclusions within the glendonites. This technique uses the inelastic
scattering of photons, caused by the interaction with atoms of a material (Wolverson, 2008). Some of
these inelastically scattered photons promote or supress vibrations of the atoms, where the resulting
energy of the photon is directly related to the energy required for the vibration transition
(Wolverson, 2008). The range of vibrational modes is unique for different materials and the energy of
these modes reflects the material’s chemistry. Therefore, the Raman shift of the scattered photons
can be related to the chemical structure of the analysed material. The laser emitting the photons
used in this study was a He-Ne laser with a wavelength of 785 nm. To correct for the spectral drift in
the machine a silicon standard was used. The Raman spectrometer was connected to a Raman
microscope and the charge coupled device camera used to capture the photons was cooled to -60°C.
This study focused on investigating the inclusion content and the calcium carbonate phase of the
type 1 generation of the glendonite. For this purpose a 100x objective on the microscope was used to
select a line across inclusions and the type 1 generation to analyse with the Raman technique. To find
inclusions a 3D view was obtained by scanning multiple lines over a depth transect of 10 um. An
overview image of the studied section was obtained by using transmitted plane-polarized light in the
microscope.

Biomarker analysis

To find further clues about ikaite formation and its transformation to glendonite, the organic
molecular composition of both the glendonites as well as the sediments around them were analysed.
Core samples of glendonites with sediment were crushed and separated in two steps. In the first step
the core sample was crushed into pieces of cm-scale and subsequently picked by hand to separate
the glendonite from the sediment. The smaller pieces were checked with the assistance of a
stereomicroscope to see if errors were made in separating. The pieces that were not separated
correctly were split again by crushing and separated by hand in the second step. Both sediment and
glendonite samples were ground as fine as possible with an agate pestle and mortar. The weights
were aimed to be in between 20 to 35 g for both sediment and glendonite samples, but for some
samples this could not be reached. For two glendonite samples (sample codes BH15Cg and BH18Cg)
the amounts were below 10 grams, so these were combined together for biomarker analysis. The
glendonites used for biomarkers spanned 13 meters of core depth in between 39 and 52 m from the
bottom of the Basilika formation, while the sediment samples came from throughout the core. Once
the sediment was ground, the biomarkers were extracted from the grains through Soxhlet extraction,
using DCM:MeOH (dichloromethane:methanol) 7.5:1 as solvent for 24 hours. Boiling stones were
used to speed up the process. The solvent was then evaporated through a BUCHI Rotavapor R-114 in



water of around 40°C leaving the biomarkers behind in the flask. A new solvent DCM:MeOH 9:1 was
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Figure 4. Macrostructure of glendonites. These samples are amongst the ones used for biomarker analysis. From left to
right: BH19B; BH16B; BH14B.

used in small amounts to dissolve the biomarkers. The samples had their remaining water removed
by pipetting the dissolved biomarkers through a Na,SO. column into 4 mL vials. The solvent was
subsequently evaporated using a nitrogen blaster at about 30°C heating leaving only the total lipid
extract (TLE) behind in the vials. For successful splitting of the polar and apolar fractions, a 4 cm
aluminium oxide column with a maximum of 5 mg TLE had to be used. In the cases where the total
lipid extract was greater than 5 mg it was split using a known amount of DCM:MeOH 9:1 to dissolve
the TLE and then pipetting an amount which would have less than 5 mg of TLE in it. This was then
dried again by the nitrogen blaster before further extraction. The dry TLE was then split into the polar
and apolar fractions, with the apolar fraction being the first to be extracted through the aluminium
oxide column into 4 mL vials. A Hexane:DCM 9:1 solvent was used to dissolve the apolar fraction.
After the apolar fraction was extracted, a DCM:MeOH 1:1 solvent was used to extract the polar
fraction. Both fractions were then dried again using the nitrogen blaster. The apolar fraction was
then dissolved in a known amount of hexane and measured in a gas chromatograph. The polar
fraction was treated for liquid chromatography to see if there are any GDGTs inside. This was done
by dissolving it in a known amount of Hexane:Isopropanol 99:1 solvent and adding a GDGT standard
to the sample. The GDGT standard is necessary to be able to quantify the GDGTs if there are any
present. As the liquid chromatograph used in this study is tuned for GDGT analysis, the non-GDGT
fraction cannot be determined. Therefore, a focus is laid on the apolar fraction in this study. Next to
the core samples in this study, a sample (SVEA-1) sampled in a previous study by den Boer, 2019 was
also analysed for biomarker content. This sample comes from a mud volcano on Spitsbergen of
Paleocene age, also from the Basilika formation.

Results
Structure

The glendonites present in the drill core were about 2 to 8 cm in diameter, usually with a rosette
shape (Fig. 2). The glendonites were found to be surrounded by clay-rich sediment and sometimes in
the presence of a nearby bentonite (Fig. 2A) or fossil (Fig. 2C). The thin sections show little
mentionable in the macrostructure of glendonites (Fig 4). The glendonites are usually orange-yellow
to white coloured, while the sediment is black to gray in colour.
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Figure 5. Microstructures of glendonites at 200x magnification. Sediment around glendonite containing pyrite (Py), quartz
(Qz), and orange to gray clay (Cy) (A); Boundary between glendonite and sediment (B-C); Yellow and white glendonite with a
high amount of inclusions (Type 1a, (D)); White glendonite crystal with a moderate amount of inclusions (Type 1b)
surrounded by a sparry yellow glendonite crystal with few inclusions (Type 2, (E)); Yellow to white glendonite crystals with
fibrous texture (Type 2, (F)); Type 1b with botryoidal or spherulitic shape rimming a yellow or white/gray type 1a (G-1); White
euhedral to anhedral calcite infilling (IF, H-1).

Microscopic observations confirm that the sediment consists mainly of quartz crystals, blocky
pyrite crystals, and a gray and yellow to orange mass of clay crystals (Fig. 5A). The boundary between
the glendonite and sediment is sometimes made up of a fibrous white rim around part of the border
of the glendonite (Fig. 5B), but usually lacks the rim and instead the border of the glendonite with the
sediment often consists of a yellow-coloured sparry calcite (Fig. 5C). There are also cases where this
border consists of a white calcite containing inclusions, or a gray calcite full of inclusions, albeit these
appearances are less ubiquitous. In general, three main types or generations of glendonite crystals
can be identified (Fig. 5D-F). The first type is a yellow or gray to white glendonite crystal very rich in
inclusions and without a clear crystal texture (Fig. 5D). This type is referred to as type 1a in this study.
The second type, called type 1b in this study, is a glendonite crystal with a moderate to low amount
of inclusions which shows more of the glendonite crystal than type 1a (Fig. 5E). This generation
usually has white glendonite crystals (Fig. 5E), but sometimes also occurs as yellow crystals (Fig. 6B).
The crystals of this type are found as solitary pieces (Fig. 5E) or as rims around type 1a (Fig. 5G-I, 6A).
When this generation occurs as rims it often has a spherulitic (Fig. 5G, 51) or botryoidal shape (Fig.
5H). In Fig. 6A-D the inclusions in the type 1b generation appear to have an orientation in the same
direction as the crystal orientation, in a fibrous manner. The crystal of type 1b itself sometimes has a
clear fibrous texture with little to no inclusions (Fig. 6A). The third glendonite generation, named
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Figure 6. Microstructures of glendonites at 200x magnification. Fibrous type 1b with little to no inclusions and type 1b with
a moderate amount of inclusions (A); Yellow and white type 1b with an orientation of the inclusions in a fibrous manner (B);
Type 1b with little inclusions together with type 1b with a moderate amount of inclusions (C); Type 1b crystal with type 2
inside and outside (D); Fibrous yellow type 2 and white infilling (E); White type 1a and type 2 (F); Orange sediment in cracks
between crystals (G); Diagenetically altered type 2 with clear fibrous twinning (H).

type 2 in this study, is made up of a sparry carbonate with little to no inclusions, often yellow of
colour (Fig. 5F), but also occurring with a whiter colour (Fig. 6F, 6H). This generation often shows a
fibrous texture (Fig. 6E, 6H), but this is not always recognizable. This generation is usually the most
abundant one in the glendonite samples. In Fig. 6D a type 2 generation is seen within and outside of
a type 1b generation where the type 1b seems to gradually decrease in inclusions and white colour
towards the type 2 within. In some glendonites there is another carbonate type present appearing as
euhedral or anhedral angular white crystals without the fibrous texture and inclusions, referred to as
carbonate infilling or IF (Fig. 5H, 6E, 6G). The glendonite samples in this study are sometimes
fractured or cracked. These openings are often filled with sediment, at times orange of colour (Fig.
6G) similar to the orange clay. Diagenetic twinning happens in the shape of the fibrous texture (Fig.
6H). The 1000x magnification on the three growth generations show changes in the inclusions



depending on the focus and zoom of the microscope (Fig. 7). The blue hue is probably due to the oil
used on the thin-sections. From an out-of-focus zoomed-out position the inclusions are brown-
coloured and round (Fig. 7A). This roundness is related to the low focus. In a high focus and greater
zoom the inclusions are black of colour and less rounded (Fig. 7B). When zoomed in further the
inside of inclusions is shown to be transparent, with a black outer edge (Fig. 7C). There is a small
white rim around the inclusions.

Figure 7. 1000x magnification of type 1a, type 1b, and type 2 generations at various zoom and focus levels. White squares
highlight specific inclusions, changing in appearance through the different zoom and focus levels. In (A) the inclusions are
brown-coloured, in (B) they are black coloured, and in (C), when zoomed in further, they are transparent with a black outline.

Chemical composition

The overview images of the glendonite (Fig. 8A) show that the line analysed with Raman
spectroscopy for chemical composition was drawn over the type 1la generation with at places more
calcium carbonate visible, identified by the white colour, and at other places less, represented by the
darker colour (Fig. 8A). This image only shows the glendonite at the surface, so underneath the
composition could be different and inclusions can be found (Fig. 8B). In all intensity maps on the line
there is a peak at around Raman shift 1086 cm™ (e.g. Fig. 8C-E), consistent with the symmetrical
stretching found within calcite (DeCarlo, 2018, Fig. 9). It is expected that the white calcium carbonate
in type 1a contains calcite while the inclusions are expected to lack calcite. Therefore, the Raman
spectra have been filtered on the calcite band to produce an intensity map where the lighter colours
indicate the presence of calcite and the darker colours the absence of calcite, which can be used to
identify the inclusions (Fig. 8B). Two locations have been selected in the glendonite, one at the
surface in the white calcium carbonate (Fig. 8B1), the other at an inclusion deeper into the
glendonite (Fig. 8B2). From the Raman spectra of both these locations a huge background signal is
found to overprint most of the vibrational modes (Fig. 8C). Removing the background showed that
there is a clear peak at around Raman shift 1086 cm™ and a very broad envelope containing multiple
bands in between Raman shifts 1200 and 1500 cm™ (Fig. 8D). The peak at 1086 cm™ is clearly seen in
the zoomed-in raw Raman spectrum (Fig. 8E). In the Raman spectrum of the white carbonate there is
also a peak identifiable at around a Raman shift of 282 cm™ (Fig. 8D1), also related to calcite
(DeCarlo, 2018). Vaterite has a doublet at 1080 and 1090 cm?, rather than a singlet at 1086 cm
(Wehrmeister et al., 2009, Fig. 9). As all the spectra showed a single band at 1086 cm™, no vaterite
was detected in these samples. Type 2 and type 1b generations were also analysed and similar peaks
with high background were found (Appendix Al-2 respectively). Due to the high background these
spectra show very little information on the presence of other compounds. As there was a high
background, only two glendonite samples were analysed.
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Figure 8. Raman spectrum of the white calcium carbonate of the type 1a generation (1) and of a suspected inclusion
(2). Type 1a as viewed under the microscope with transmitted plane-polarized light (A). The red line is the transect over
which Raman spectra have been made, the green crosshair shows the position on the line at which the analysed white
calcium carbonate is found. Intensity map of the materials highlighted by the blue area over the transect of the red line
(B). High amount of counts of this material are shown by a lighter colour, low amount of counts of this material are
shown by a darker colour. Complete Raman spectrum at the position of the green crosshair (C). Raman spectrum with
subtracted background (D). Peak in the raw Raman spectrum at the highlighted blue area (E). The black line is there to
clearly separate the two Raman spectra

Organic Geochemistry

The apolar fractions of the glendonites and sediments look very similar with the most
important peaks being present in both types of sample from the Paleocene drilling core (Fig. 10-11).
These chromatograms show a clear n-alkane distribution with unsaturated hydrocarbons present in
lower amounts. The spectrum of mass 183 is shown in the subplot of Fig. 10A and corresponds to
pristane, which is found in all glendonite and sediment samples. Phytane is also found in all
glendonite and sediment samples but in lesser amounts than pristane. In the subplot of m/z 192 it is
seen that the second peak in the mass spectrogram corresponds to the red peak in the
chromatograms of the samples. This peak represents methylphenanthrene (Huang et al., 2016). The
peak of methylphenanthrene is missing in the glendonite sample from the mudvolcano (Fig. 12).
Squalene is found in most samples, both sediment and glendonite, from the drilling core as well as
from the mud volcano, in abundances ranging from very high (Fig. 10), to low (Fig 12), to absent (Fig
11). Squalene is produced by plants and animals as precursor for sterols (Micera et al., 2020). This
peak in squalene could be explained by squalene derived from human skin (Micera et al., 2020)
contaminating the samples, probably during the separation of the sediments from the glendonites.
No other significant contaminants have been found in the chromatographs. There is no clear
difference in biomarkers between glendonites and their surrounding sediment (Fig. 10B-C) or
between sediments from the glendonite horizon and sediments below or above this horizon (Fig. 10-
11). The molecular composition of the bentonite is unlike that of the glendonites or sediments from
the same core (Fig. 13). The distribution of saturated hydrocarbons in the bentonite is very different
compared to the sediment or glendonite distribution, and some expected hydrocarbons are even
missing. From the bentonite biomarkers a large peak representing methylphenanthrene is seen.
Furthermore, there is a huge unresolved complex mixture (UCM) present in this sample which makes
determining the molecular content of this sample difficult. The retention times of specific molecules
in the chromatograms of Fig. 10 and Fig. 12 are different compared to the chromatograms in Fig. 11
and Fig. 13 because a different gas chromatograph was used to measure the samples from Fig. 11
and Fig. 13 than the samples in
Fig. 10 and Fig. 12. Other
glendonite and sediment
chromatograms from this study
are found in Appendix B. The
polar fraction of the glendonites
and sediments showed no

900

CCD cts
81I 0

GDGTs and in some cases a

720

Figure 9. Synthesized Calcite (red) and
synthesized vaterite (blue) Raman
spectra. The calcite peak is at Raman
shift 1087 cm™L, the two vaterite peaks

) are at around Raman shifts 1080 and

1050 1080 1070 1080 1090 1100 1110 1090 cmL.
rel. 1/cm

830




90 —

H
g

| M/Z 183 M/Z 192

80—

T0

ﬁ‘etaﬁvﬂfpundam
B & &g

85 9 85 .
Retention Time {min

60—
[ 7 15
Ratontion Time (min)

50 —

Relative Abundance

40

30
c18 20

90 —
80—
70—
60 —

50 —

Relative Abundance

40
30

C18 gy 20

co
Pr
Alk
cz Ph A

20—

Ak cay ca2
| cz3 c2a €25

90

80—

60—
c19 co
a7

Relative Abundance

40 c23

C24
25

30

20 l

19 o €2
23
20 - o Ant c24 s
s " Alk Ak c26 c27
./‘. |II
10— b
s

€29

BH15Cg + BH18Cg AP

| —— onher peaks
n-alkanes
——— Pristane | Phytane
Methylphenanthrene
Alkenes

Sauakens

G0
€2 3 g
WH__AL_.____,
T | + 1 4 { 4 + .
30 35 40
BH198Bg AP
G0 @1 G 3 e
o [
30 35 40
BH19Bs AP

0 L L L s L L L L L L L
5 10 15 20 25

Retention Time (min)

l 26 27

| 29

I c30

-y ca
1 a2
0 @,

Ay
N | ' L L ' L L ' | ' ' L ' ' L L
30 35 40

Figure 10. Gas chromatograms for two glendonite samples (A-B) and one sediment sample cut out from around the
glendonite BH19Bg (C) from the Paleocene drilling core. The apolar fraction was analyzed for all these samples. Pr =
pristane, Ph = phytane, Ant = methylphenanthrene, Alk = alkenes, Sq = squalene, and C17-C34 correspond to n-alkanes with

their respective carbon atom number.




small peak in crenarchaeol (results not shown).
The abundance of pristane and phytane from the same samples can be used to calculate the
pristane to phytane ratio (Table 1). This ratio can be used to reconstruct paleoenvironmental
conditions (Peters et al., 2004). The average Pr/Ph ratio for the sediment and glendonite samples of
the drill core are 3.62 and 3.23 respectively. The value for the SVEA-1 sample is 1.82, which is much
lower than any of the samples from the drilling core. From the n-alkane distribution the carbon
preference index (CPI) can be calculated. This index is used to find the biological origin of the n-
alkanes, the maturity of oils or source rock extracts, and/or to reconstruct paleoenvironmental
conditions (Herrera-Herrera et al., 2020). The CPI was first introduced by Bray and Evans (1961) but
was revised by various authors such as Marzi et al. (1993) to give better results. In this study | use the

generalized formula of the CPI by Marzi et al. (1993):

_ i Car)+ETS
2:(X2

CPI

i=n+

1 C2i+1)

m+1
=n+1

C2i)

(1)

Where n = starting n-alkane divided by 2, m = ending alkane divided by 2, and i = index. The n-alkanes
between carbon number 17 and 34 are present in all glendonite and sediment samples (e.g. Fig. 10-
12), with the exception of the 28-alkane which is masked by the squalene peak in some samples (Fig.
10-12). For the samples with a masked 28-alkane a value will be given in the middle between the
value of the 27-alkane and 29-alkane as this estimation would follow the general trend of the n-
alkane distribution this way (Fig. 10-12). The CPI in this study will use n = 8 and m = 15 to span the
range of C17 to C33 and the following equation will then be obtained:

CPI

Table 1. CPI and Pr/Ph ratios.

_ (€17 + C19+ €21+ €23 + €25 + €27 + €29 + €31) + (C19 + C21 + €23 + C25 + €27 + €29 + €31 + (33)

2-(C18+C20 + C22 + C24 + C26 + C28 + C30 + C32)

. . Estimated
Sample code  Material Pr/Ph ratio CPI
28-alkane*
BH2-2 AP Sediment 2.59 0.98 no
BH11 AP Sediment 3.62 0.98 no
BH14 AP Sediment 5.08 0.97 no
BH14Bg AP Glendonite 3.05 0.88 yes
BH15Cs-2 AP Sediment 2.88 1.05 no
BH16Bs-2 AP Sediment 3.45 1.06 no
BH16Bg AP Glendonite 2.91 0.85 yes
BH18Cs-2 AP Sediment 3.27 1.07 no
BH15Cg + .
. Glendonite 3.61 0.85 yes

BH18Cg AP
BH19Bs AP Sediment 2.59 0.91 yes
BH19Bg AP Glendonite 3.37 0.81 yes
BH28-2 AP Sediment 3.26 1.01 no
BHA0D AP Sediment 5.82 0.97 no
SVEA-1 AP Glendonite 1.82 1.06 no
Average BH ¢ fiment 3.62 1.00 X
sediment
Average BH .

. Glendonite 3.23 0.85 yes
glendonite

*This column is to indicate if the 28-alkane was estimated for calculation of the CPI

*This is a mixed sample containing glendonite material from sample BH15Cg and

sample BH18Cg

The average CPI values for the
sediment and glendonite samples
from the drilling core are 1.00 and
0.85 respectively (Table 1). Since
the area of the 28-alkane had to
be estimated for one sediment
sample and all glendonite samples,
the CPI calculated is an
approximation of its true value.
Nevertheless, the error on the CPI
due to estimation of the 28-alkane
is not expected to be great. The
SVEA-1 sample has a CPI of 1.06,
similar to that of the drilling core
samples (Table 1).

Discussion

Oil migration in the Basilika
Formation

The CPI for the sediment and
glendonite samples are around the
1 or even slightly below, indicative

(2)



of crude oil (Bray & Evans, 1961). This relation with oil is strengthened by the presence of both
pristane and phytane, which are generally linked to oil, coal, and sediments that can act as a source
rock for petroleum (e.g. Johns et al., 1966; Brooks et al, 1969; Powell & McKirdy, 1973). Pristane and
phytane are isoprenoid hydrocarbons which are mainly formed from the phytyl side chain of
chlorophyll (Brooks et al., 1969), but other sources are also possible (e.g. Blumer et al., 1963;
Nissenbaum et al., 1972). During diagenesis, the phytyl side chain is cleaved to form phytol (Brooks
et al., 1969). When this happens during anoxic or reducing conditions the phytol is reduced to
dihydrophytol which is then reduced to phytane (Peters et al., 2004). During oxic conditions the
phytol is oxidized to phytanic acid which subsequently undergoes decarboxylation to form pristane
(Peters et al., 2004). Brooks et al. (1969), therefore, suggested that the ratio of pristane over phytane
can be used as proxy for oxygen content of the sediment environment during diagenesis. However,
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Figure 11. Gas chromatograms of sediment samples below (A) and above (B) the glendonite horizon of the Paleocene
drilling core. The apolar fraction is shown. Pr = pristane, Ph = phytane, Ant = methylphenanthrene, Alk = alkenes, and C17-
C34 correspond to n-alkanes with their respective carbon atom number.



the direct use of this ratio to reconstruct paleoenvironmental conditions is limited by several factors
as described by Peters et al. (2004). This includes a variable source input, analytical uncertainties,
and different rates of formation of phytane and pristane in low maturity as opposed to high maturity
oils, as well as in extracts from source-rocks. Thus, the pristane/phytane ratio is not only affected by
oxygen conditions. Peters et al. (2004) recommends the use of the pristane/phytane ratio for
paleoenvironmental reconstruction only for values <0.8 to indicate saline to hypersaline conditions
related to carbonates and evaporites, and values >3.0 to indicate oxic to suboxic conditions and
terrigenous plant input. The drilling core sediment and glendonite samples have Pr/Ph ratios mostly
between 2.5 and 3.5, with few samples having significant higher Pr/Ph ratios. The average Pr/Ph ratio
for all the sediment and glendonite samples of the drilling core is greater than 3.0, making the use of
this ratio for paleoenvironmental reconstruction more robust. This ratio suggests that the samples
from the drilling core were deposited during oxic to suboxic conditions with terrigenous plant input.
This is nonconform to the idea of a periodically anoxic environment from Miiller & Spielhagen (1990).
An oxic depositional environment also contradicts the hypothesis that ikaite is mainly driven by
anaerobic oxidation of carbon species (e.g. Teichert & Luppold, 2013; Morales et al., 2017; Qu et al.,
2017; Vickers et al., 2018; Bloem, 2019). The presence of black shales and high abundances of pyrite
in the sediment also point toward anoxic conditions (Steel et al., 1981; Miiller & Spielhagen, 1990).
With this in mind and also the fact that the average Pr/Ph ratio is close to 3 and thus potentially
unreliable (Peters et al., 2004), the conditions for formation were likely not oxic but rather suboxic to
anoxic.

Most remarkable from the biomarker data is the presence of the polycyclic aromatic
hydrocarbon (PAH) methylphenanthrene found in all the drilling core samples (Fig. 10-11, 13). PAHs
are produced through four generalized pathways: diagenetic alteration of organic matter, formation
of petroleum and coal, pyrolysis of biomass, and biosynthesis by plants and animals (Boehm, 2005).
PAHs, when formed as a diagenetic product of microorganisms or when biosynthesized by plants or
animals, have a simple composition (i.e. low amount of variation in aromatic rings in the structure)
with only few PAH species (Boehm, 2005). PAHs originating from the formation of petroleum and
coal are called petrogenic PAHs and form at moderate temperatures (100-300°C) and elevated
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Figure 12. Gas chromatogram of a glendonite sample from the mud volcano of Paleocene age. Pr = pristane, Ph =
phytane, Alk = alkenes, Sq = squalene, and C16-C34 correspond to n-alkanes with their respective carbon atom number.
Data from den Boer (2019).
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Figure 13. Gas chromatogram of a bentonite sample from the Paleocene drilling core.

pressure (Boehm, 2005). Petrogenic or pyrogenic PAHs contain an assemblage of multiple complex
(i.e. high amount of variation in aromatic rings in the structure) PAH species (Boehm, 2005). Crude
oils and coals have a similar composition of PAHs but differ from each other in the amount of PAHs:
PAHs only make up a small fraction (0.2-7%) of a typical crude oil, while in typical coals this is some
fractions smaller (<0.02%, Boehm, 2005). Petrogenic PAHs have a higher relative abundance of
alkylated PAHs compared to parent PAHs, as opposed to pyrogenic PAHs, which have a higher
abundance of parent PAHs relative to alkylated PAHs (Boehm, 2005). Methylphenanthrene is an
alkylated PAH and is more abundant than the lacking parent molecule, phenanthrene, suggesting a
petrogenic source. However, methylphenanthrene can come from both the diagenetic pathway as
well as the petrogenic pathway (Boehm, 2005). Methylphenanthrene produced through the
diagenetic pathway is only formed in trace amounts (Boehm, 2005), making the petrogenic pathway
the most plausible source for this compound in this study.

The most likely origin of methylphenanthrene in this study is the coal deposit in the Firkanten
formation or the source rock in the Cretaceous, which can contain crude oil (Major & Nagy, 1972).
The cap rock in the Cretaceous (Major & Nagy, 1972) would prevent oil from reaching higher
sediment layers, thus making it unlikely for the oil in the Basilika formation to be sourced from
sediments below the cap rock. Coals have the potential to generate both oil and low molecular
weight volatile hydrocarbons, but will yield more hydrocarbons than oil (Tissot & Welte, 1978).
Nevertheless, oil produced from coal has the potential to migrate through sediment into porous
reservoir rocks (Tissot & Welte, 1978). Since coal is solid and does not migrate, the
methylphenanthrene has to come from the oil originating from the coal. The presence of
hydrocarbons such as methane in the Basilika formation was also found by Hryniewicz et al. (2016).
This suggests that methane and oil were both freely available during ikaite formation. For ikaite to
have formed the methane could have then be used as carbon source through anaerobic oxidation of
methane into CO, and conversion to carbonate (Teichert & Luppold, 2013; Morales et al., 2017).

Petrology and previous ikaite to glendonite transformation mechanisms

In this study a new classification of glendonites was made including three growth
generations. The reason why a new classification is made is because type 1a and type 1b look very
similar and primarily differ in the amount of inclusions they contain, and have thus been collectively



grouped under ‘type 1’, while the type 2 generation is different in its occurrence, appearance, and
size. The classifications of the different glendonite generations used in this study and other studies
are summarized in Table 2 based on their characteristics. Type 1a contains a large abundance of
inclusions and does not properly show a texture because it is masked by the inclusions. Type 1b
shows more of the crystal texture and contains inclusions in a fibrous appearance (Fig. 5E, 5H, 6A-C).
The fibrous texture of this generation is sometimes also found with less or no inclusions (Fig. 6A).
Type 1a, 1b are also seen in other petrographic studies, respectively grouped as type 1, type 2
(Huggett et al., 2005; Vickers et al., 2018). Type 2 in this study also has a fibrous texture but differs
from type 1 in that it has little to no inclusions. The few inclusions that are visible in this generation
are likely part of the overlying type 1 generations, which were cut out when the thin sections were
made. This means that the type 2 generation is most likely absent of inclusions. In most of the
glendonite samples type 2 is the most ubiquitous generation and often has the largest crystals (e.g.
Fig. 5F). The type 2 generation is similar to the yellow calcite and Arc generations seen by Bloem
(2019) and genetic phase 3 seen by Morales et al. (2017). Type 2 in this study is often yellow in
colour, but, can also occur as white (Fig. 5F). The yellow colour is not unique to the type 2 generation
as it has also been identified in the type 1 generations (Fig. 5D, 6B), albeit less often. The studies in
Table 2 found different colours for all growth generations, suggesting that the colour of growth
generations is likely related to environmental conditions and is thus not a good parameter to define a
growth generation. Nevertheless, the colour can be a helpful property to distinguish different growth
generations. In Figure 4C of Tollefsen et al. (2020) the glendonite shows a clearly visible fibrous
texture with a high porosity. This corresponds best with growth generation type 1b, suggesting this
generation is formed during transformation of ikaite to glendonite. Next to the supposed type 1b

Table 2. Summary of glendonite generation classifications

Description Classification Authaors
White or transparent Type 1 Huggett et al.. (2005), Vickers et al. (2018),
calcite CWSTEI'S, P8 1 | N VICkerSETaI{zDzD) ______________________
orirregular in shape. | _Primary calcite Greinert & Derkachev (2004) .
Typically shows little Ros (rosettes) Morales et al. (2017), Bloem (2019)
twinning and is often | replacive calcite  Teichert & Luppold (2013), Qu et al. (2017)
inclusion-rich. Type 1a This study
Fibrous, spherulitic, Type 2 Huggett et al.. (2005), Vickers et al. (2018},
isopachous, RS 4.2.3.0. -2 7<) I
botryoidal, or fibrous Rim cement Greinert & Derkachev (2004), Teichert &
to botryoidal calcite | . Luppold(2013) Quetal (2017)
rim cement,
) . Rov, Bot Morales et al. (2017), Bloem (2019)
sometimes containing
inclusions Type 1b This study
Fibrous or anhedral | vellow calcite/Arc Bloem (2019)
sparry calcite devoid genetic phase 3 Morales et al. (2017)
of inclusions Type 2 This study
Type 3 Huggett et al. (2005), Vickers et al. (2018),
Clear to anhedral o Vickersetal. (2020)
calcite cement acting calcite cement Bloem (2019)
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generation, small calcite crystals are also formed in the experiment of Tollefsen et al. (2020). A third
type of glendonite appearance was not found in the experiment, suggesting it is either only produced
in the natural environment, or in a different way, possibly at a later stage. Since the study of
Tollefsen et al. (2020) used a laboratory setup it has to be questioned how representative this result
is for a naturally transforming ikaite. Nevertheless, since the process of natural ikaite formation is not
completely understood and little is known about the transformation to glendonite, the laboratory
evidence is important to give an idea about how these processes work. If microscopic imagery of
natural ikaite can be obtained the differences between this and synthetic ikaite can be researched.

The Raman spectra (Fig. 8-9) showed that the primary mineral in the glendonites was calcite.
No signs of vaterite were found, however, as the background in the Raman spectra was high not
many samples were analysed for vaterite, meaning it could have been missed. The lack of vaterite in
naturally produced glendonite is supported by all but Ito et al. (1999). In Ito (1998) it is suggested
that the vaterite would have been precipitated due to a lack of magnesium in the environment.
Magnesium-rich bentonites and clays surround the glendonites in this study. During burial these
materials may have exchanged ions such as magnesium with the surrounding water and sediment
(Elling et al., 2016), resulting in conditions unfavourable for vaterite formation (Ito, 1998) and thus
potentially explaining the lack of vaterite in these glendonites. The broad envelope containing
multiple bands in between 1200 and 1500 cm™ is found in all glendonite phases and likely represents
organic compounds (Tobotfa & Botor, 2020). This band was not found in Raman spectra of synthetic
glendonite (Sanchez-Pastor et al., 2016). It is unknown what these compounds are and if this signal is
trustworthy due to the high background. The high background could have been produced by the oil
within the inclusions which could have generated a high amount of fluorescence interfering with the
laser. More Raman spectroscopy is warranted on natural glendonites to elucidate the meaning of the
broad envelope with multiple bands and also to find if there are other less abundant compounds
present in glendonites.

Low temperatures, high phosphate, calcite, and magnesium concentrations, elevated DIC
and alkalinity are all factors that contribute to both natural and synthetic ikaite formation (Bischoff et
al., 1993; Zabel & Schulz, 2001; Lu et al., 2012; Qu et al., 2017). lkaite transformation to glendonite is
thought to occur in the sulphate-methane transition zone (SMTZ) with a relation to methane (e.g.
Zabel & Schulz, 2001; Greinert & Derkachev, 2004; Selleck et al., 2007; Lu et al., 2012; Teichert &
Luppold, 2013; Morales et al., 2017) and/or outside this zone without involving methane (e.g. Qu et
al., 2017; Vickers et al., 2018). The hypothesis of ikaite to glendonite transformation in the SMTZ is
largely based on carbon isotope data, sulphide isotope data, and biomarker data. With this in mind
and considering the petrology of glendonites, different transformation mechanisms have been
proposed to describe the change from ikaite to glendonite.

The model from Greinert & Derkachev (2004) describes the change from ikaite to glendonite
to be induced by the movement of the SMTZ to the seafloor surface, which would cause leaking of
sulphate into the water and thus less sulphate reduction in the sediment. A decrease in sulphate
reduction leads to a decrease in the organic matter decomposition rate, which would decrease the
release of phosphate and HCOs™ in the sediment. Since phosphate inhibits the formation of other
calcium carbonate phases than ikaite (Bischoff et al., 1993), a decrease in the phosphate
concentration will lead to less ikaite being deposited and more other calcium carbonate phases, thus
destabilizing ikaite. The decrease in alkalinity also results in less calcium carbonate being
precipitated, further reducing ikaite formation. According to Greinert & Derkachev (2004) the
destabilization of ikaite triggers the transformation of ikaite to calcite, or glendonite. They propose
that two forms of calcite forms in this transformation mechanism. The first form is pseudomorph
calcite which replaced the original ikaite crystal. The second form is high-Mg calcite which is
precipitated in the pore spaces of the glendonite, which are formed during transformation from



ikaite to glendonite at the places where water was previously located. The Mg-calcite is also thought
to have been precipitated in the sediment. The Mg-calcite from Greinert & Derkachev (2004) is
described as euhedral, which could be related to either type 1b without inclusions (Fig. 6A) or type 2
(Fig. 6C) from this study, both without the fibrous character. The Raman shift of calcite increases
linearly with increasing substitution of calcite ions by magnesium ions (Borromeo et al., 2017). The
glendonite generations in this study showed a Raman shift close to 1086 cm™, suggesting that it is
calcite with little magnesium incorporated in its structure (Borromeo et al., 2017). Therefore, the
presence of high-Mg calcite was not found in this study. This model further proposes that high
sulphate reduction rates at the SMTZ can induce in-situ pyrite deposition and enhances pyrite
deposition at the iron-sulphate transition zone through increased migration of H,S, produced at the
SMTZ. The first scenario can occur when iron is available in the SMTZ in close proximity to AOM and
sulphate reduction, which can then reduce to pyrite (Peckmann & Thiel, 2004). The second scenario
is the effect of AOM coupled to sulphate reduction when the sediment is porous enough for fluid
migration to occur. This model would explain the high amount of pyrite as seen in this study (Fig. 5A).
In this model it is not explained why the glendonite generations have a certain morphology. In
conclusion, with different morphologies found by Greinert & Derkachev (2004) compared to this
study, different calcite types found, and the lack of explanation on the morphologies, this
transformation model is difficult to apply to the glendonites in this study.

Vickers et al. (2018) created two models of ikaite transformation to glendonite, mainly
differing from each other in the speed of transformation and the degree of textural zoning. The first
of their models describes a rapid breakdown of ikaite into unzoned glendonite where type 1a zoned
grains containing inclusions are formed by solid-state transformation of ikaite to vaterite, which
quickly reprecipitates as calcite. In this model they assume that vaterite is formed as intermediate
phase (e.g. Ito, 1998; Tang et al. 2009). Type 1b in this model is seen as an overgrowth of type 1a
precipitated from porewaters coming from the sediments and from conversion of the rest of the
ikaite crystal to calcite. The overgrowth of type 1b is also seen in this study in Fig. 5G-I and Fig. 6A.
They consider the growth of both these generations to happen inside the sulphate reduction zone
until the glendonite moves out of this zone. Outside the sulphate reduction zone calcite precipitation
is thought to become unfavourable as seen by etched boundaries on their type 2. These etched
boundaries are not found on type 1b in this study. The type 2 calcite in this study is thought to have
formed at a later point in time. In this study later infilling of voids in the glendonite has also been
identified, but here they are indicated as IF (infilling) and found in little amounts (e.g. Fig. 5H-I, 6E,
6G). The infilling found in this study is not similar to that of what Vickers et al. (2018) considers
infilling in their type 3 but is similar to the calcite cement of Bloem (2019). Other studies identified
carbonate infilling as type 2 (e.g. Huggett et al., 2005; Teichert & Luppold, 2013). In these studies the
term ‘infilling’ is treated as an observation, while the type 2 in this study is not observed as simple
infilling. The observed infilling in this study is thus not called type 2, but instead called ‘IF’. Other than
the difference in interpretation of type 2 being infilling, the type 2 of this study and type 3 of Huggett
et al. (2005) and Vickers et al. (2018) are very similar. In this study the type 2 generation is rarely
observed as having been diagenetically altered after formation, but when found, it is observed as
twinned crystals in the shape of the fibrous texture (Fig. 5Q). Type 2 often makes up the outer
generation of the glendonite bordering the sediment around (Fig. 5B-C). This is in line with the rapid
destabilisation model of Vickers et al. (2018), which suggest that this generation is mainly found at
the outside of the crystals. The second model describes a slow, progressive breakdown of ikaite to
macro-zoned glendonite. This model regards this breakdown as happening from the outside of the
ikaite crystal towards the inside. They hypothesize that these ikaites oscillate around the ikaite
stability field, destabilizing the outer edge of the ikaite crystal and in a slow rate also the inner part of
the crystal. Tollefsen et al. (2020) found the slow breakdown model of Vickers et al. (2018) to



correspond to most of their results, but also found the rapid breakdown fitting for some results.
Teichert & Luppold (2013) also concluded from their results that the inner crystal of the ikaite
remains stable for a longer time, as opposed to the margins. The petrology of the Basilika Formation
glendonites seems to be more in line with that of the rapid destabilisation model of Vickers et al.
(2018) as the glendonites do not seem to show signs of macro-zoning. These models do not go in
depth about how these inclusions were formed. In the following section this is incorporated.

Formation of inclusions and implications for transformation mechanisms

From the inclusion images (Fig. 7) the black and brown colours in Fig. 7A-B suggest the
presence of a fluid inside these inclusions. These inclusions are viewed as oval bubbles or droplets,
where the black colour are likely caused by Becke lines, which are bright or dark lines created by
diffraction and/or refraction of light, and which form at the boundary between different media with
different optical path lengths (Davidson & Florida State University, 2015). The Becke lines change
with the focus of the microscope (Davidson & Florida State University, 2015). When viewed out-of-
focus (Fig. 7A), the brown colour appearing is very reminiscent of oil. This suggests that the insides of
the inclusions may contain fluids such as oil and water and are thus not empty. The oil would have
come from the coal layers in the Firkanten formation and migrated into the Basilika formation. The
oil and water could have been accompanied by impurities such as methane. When zoomed-in, the
inside of this bubble or droplet becomes transparent and only the edges are black (Fig. 7C). This is
probably the effect of the Becke lines brightening the colours inside and darkening the colours on the
edges, thus shading the brown colour. That inclusions are filled has been proposed before by
Morales et al. (2017) and den Boer (2019) who measured hydrocarbon gases such as methane from
glendonite inclusions. They also found the methane to be of thermogenic origin, where den Boer
(2019) specifically interpreted it as coming from the thermogenic cracking of oil. Methane could have
travelled together with oil for the glendonites in this study, although there was no observation of
methane in the Raman or biomarker data. As ikaite is often euhedral without cavities and glendonite
is porous (Tollefsen et al., 2020), the inclusions are likely only present in the glendonites and not in
the ikaite. This is supported by Kodina et al., (2003) who found small white inclusions in ikaite crystals
formed during ikaite transformation to glendonite. The oil migrating through the sediment probably
filled these inclusions during ikaite transformation to glendonite, leading to the brown colours. A
possible mechanism for this is that during ikaite transformation the water released from the
structure contained oil bubbles or droplets on which glendonite precipitated. Calcium carbonate
nucleation can occur at the surfaces of microbubbles (Fatemi et al., 2019), and is enhanced at water
droplets containing impurities (Zhang et al., 2020). If no solid-state transformation from ikaite to
glendonite is assumed, the glendonites will precipitate from water containing impurities such as oil.
The (micro)bubbles or droplets of oil can then act as surfaces for glendonite precipitation. This is
supported by Tzachristas et al. (2021) who found calcium carbonate nucleation to be enhanced at
oil/water interfaces. The oil could have intruded from outside the ikaite during release of water from
the ikaite structure during transformation, resulting in bubbles or droplets, or it could have been
incorporated in the ikaite structure from the start as impurity and then released together with the
water (Fig. 14). It is unknown which of the two is the case and this could possibly be elucidated by
analysing the composition of natural ikaite grown in a depositional environment where oil migration
occurs. In this mechanism the ikaite crystals are assumed to have been largely dissolved to allow
fluids with different quantities of microbubbles to enter before reprecipitating as glendonite around
these bubbles. The type 1a generation contains more inclusions than the type 1b generation. Type 1a
is then expected to have had more oil/water interfaces than type 1b. With more oil/water interfaces



A)

Figure 14. Schematic figure of the mechanism of crystal nucleation at oil/water-interfaces mediated by the water
released from the ikaite structure. The ikaite crystal (A) destabilises and the water from the ikaite structure becomes freely
available (B). This water contains oil bubbles (brown circles) which were stuck as impurities in the ikaite and were released
along with the water. The ikaite largely dissolves and reprecipitates around the oil bubbles where the type 1a generation
(orange colour) is precipitated around clusters of bubbles, and the type 1b generation (green colour) is precipitated at places
of low bubble density (C). Once all ikaite has been reprecipitated no more type 1a and type 1b will be formed (D).

the calcium carbonate nucleation will be accelerated but the individual crystal growth rate will be
decreased (Tzachristas et al., 2021). This suggests that type 1a was precipitated at a faster pace than
type 1b, but once precipitated, the individual crystals grew at a slower rate for type 1a than for type
1b. If both generations grew for the same period of time, type 1a with more inclusions will show less
crystal texture than type 1b, which has a lower amount of inclusions. Since the type 1a in this study
has a smaller amount of crystal texture and is more filled with inclusions, the growth time of type 1a
and type 1b is expected to be similar, or type 1b grew for longer than type 1a. However, growth rate
of these generations has not been measured in this study or previously in the literature, so this
statement has to be considered very carefully. The lack of inclusions in the type 2 generation
suggests that this was not formed through calcium carbonate nucleation around bubbles/droplets. If
the type 2 generation is simply calcium carbonate precipitated from solution due to oversaturation
of calcium carbonate, then this would have been deposited after the type 1 generations, as calcium
carbonate nucleation is faster at oil/water interfaces and around microbubbles (Fatemi et al., 2019,
Zhang et al., 2020, Tzachristas et al., 2021). Supporting this is that type 1a and type 1b generations
are often surrounded by the type 2 generation (Fig. 5E, 5G-I, 6C, 6F) and type 2 is often forming the
outside generation of the glendonites (Fig. 5B-C, 6H). The white rim around the inclusions (Fig. 7) is
slightly distinguishable in the Raman spectra as a yellow-white band around the inclusions (Fig. 8B),
indicating it contains some calcite. It is unclear what these white rims exactly are, how they are
formed, or why they are present around inclusions. Further research on inclusions in glendonites is
necessary to find out if there is a relation with the composition of inclusions and glendonite
formation and why these inclusions have this particular morphology.

The transformation mechanism of Greinert & Derkachev (2004) does not discuss inclusions,
while the rapid destabilisation model from Vickers et al. (2018) only noted their presence. In the
rapid destabilisation model the inclusions are thought to have formed during ikaite transformation to
glendonite. This is in line with the interpretation from this study. In Vickers et al. (2018) vaterite is
thought to have formed by solid-state transformation of ikaite during ikaite destabilisation. The



vaterite would then quickly dissolve in the water and reprecipitate as calcite to form the type 1a
generation. They suggest that the type 1b generation is precipitated as calcite over the type 1a
generation. They interpreted the type 2 generation as having been deposited at a later point in time
as diagenetic sparry calcite to fill the remaining voids in the glendonite. Because of the similarity in
looks and the presence of inclusions in the type 1a and type 1b generations, the difference between
the two generations could merely be the amount of inclusions, and do not have to require a different
fluid source. No vaterite was found in glendonites and no natural vaterite in ikaite has been found in
magnesium-rich environments to date, leaving only lab results of vaterite derived from synthetic
ikaite to serve as evidence for vaterite to be formed as an intermediate product in these
environments. It is not known whether the lab evidence is representative or not. Furthermore, the
type 1la generation is inclusion-rich while dissolution-recrystallization of vaterite into calcite is shown
to form a dense calcite structure with no voids (Cherkas et al., 2018). Neither is it expected for
inclusions to form during a solid-state transformation from ikaite to vaterite as solid-state
transformations preserve the morphology and crystallographic relationships between the parent
phase and product (Ruiz-Agudo et al., 2014). Since ikaite is thought to be euhedral without pores
(Tollefsen et al., 2020), vaterite would then show a similar appearance. If vaterite is not considered
as an intermediate product, these generations are probably both formed as a mix of water from the
ikaite structure and calcium carbonate from dissolved ikaite, through a normal dissolution-
reprecipitation mechanism.

An alternative mechanism for the formation of inclusions could involve coupled dissolution
and precipitation at mineral-fluid interfaces between ikaite and the fluid released during
destabilisation (Ruiz-Agudo et al., 2014). In this mechanism some dissolution at the interface of ikaite
crystals is induced by an aqueous fluid, interpreted to be the water extruded from the ikaite
structure during destabilisation of the ikaite mineral. This leads to a supersaturated boundary layer
with respect to one or more phases of calcium carbonate. One of the stable calcium carbonate
phases will then reprecipitate on the ikaite phase as a porous phase. This porosity allows the inner
crystal to remain in contact with the water, allowing the same reaction to occur (Fig. 15). This

a) b) c) d)

Figure 15. Schematic figure of the mineral-interface coupled dissolution-precipitation mechanism from the outside
propagating inward (a-d) . The green colour represents the type 1b calcite with few inclusions, the blue colour represents
the type 1a colour and contains many inclusions, and the pink colour represents the original ikaite. This process is
incomplete as there is some type 1b present in (d). Modified from Ruiz-Agudo et al., 2014.

reaction happens at a very fast rate (Ruiz-Agudo et al., 2014). In this mechanism vaterite could
possibly be considered as an intermediate, but the rate of vaterite dissolution and reprecipitation is
much slower than is proposed for this mechanism (Cherkas et al., 2018). If this mechanism occurs
from the outside of a mineral towards the inside, the inner parts of the mineral could be less porous
if the mechanism is incomplete (Fig. 15d). This could explain the formation of type 1a, a generation
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Figure 16. Schematic figure of the mineral-interface coupled dissolution-precipitation mechanism from inside
propagating outward. The stabile ikaite (A) becomes unstable and releases the water in its crystal structure (blue colour)
starting from the inside (B), propagating outward. The water will cause dissolution of the ikaite and precipitation of porous
calcite, initially with few inclusions (type 1b, green colour), but rapidly forming many inclusions (type 1a, orange colour)
from the outside of an ikaite fragment towards the inside. The whole ikaite becomes unstable and water leaves the crystal
(D). During this step more type 1a and type 1b generations are formed. The water is quickly replaced by pore waters from
the sediment, depositing the type 2 generation (brown colour, E). Inclusions are not drawn in this figure.

with many inclusions, and type 1b, a generation with fewer inclusions. Tollefsen et al. (2020) found
that synthetic ikaite is replaced both from inside outward and outside inward. If the water released
from the ikaite structure during destabilisation of the mineral induces mineral-fluid interface
dissolution-precipitation, then dissolution and precipitation could occur throughout the whole ikaite
as long as there is a mineral-fluid interface present. If this mechanism works from inside outward and
is not completed, the inside would consist of many inclusions, while the outside would contain fewer
inclusions. Since type 1b is usually surrounding type 1a it means that the inner generation is usually
more porous than the outside. Therefore, it would make more sense for the mineral-interface
coupled dissolution-precipitation to start from inside the ikaite crystal and work towards the outside
and then stop before the outside part of the crystal is as porous as the inside (Fig. 16). Furthermore,
the Fig. 15 model where dissolution-precipitation occurs from the outside inward also lacks the
occurrence of water leaving the ikaite structure and the precipitation of type 2 calcite. This suggests
that the mechanism as described in Fig. 15 is unlikely. In the scenario where dissolution-precipitation
happens from the inside out the mediating fluid would have to be the water from the ikaite
structure. Nothing points to the requirement of oil for this mechanism to take place, but there could
have been oil impurities inside the ikaite structure which would have entered the inclusions during
dissolution and precipitation.

The difference between the mineral-interface coupled dissolution-precipitation mechanism
and the mechanism of crystal nucleation at oil/water-interfaces is that the former considers the
ikaite to be destabilised from the inside outward, where the mediating fluid is the water from the
ikaite structure, while in the latter it is not clear if the mediating fluid is the water from inside the
ikaite structure or pore water from the sediments. In the mechanism of crystal nucleation at
oil/water-interfaces the occurrence of type 2 is not explained, but if the mechanism uses the water
from the ikaite structure to form the type 1 generations, the type 2 generation could have been
produced by intruding fluids from the sediment, as is proposed for the mineral-interface coupled
dissolution-precipitation mechanism. To find which mechanism is more likely to occur nano-imaging
methods can be performed on synthetic ikaites to observe the dissolution and precipitation
mechanism when transforming into glendonite.



Conclusion

Glendonites and surrounding sediments from the Basilika Formation of Spitsbergen show
signs of containing oil. In the glendonites this oil is likely present in the inclusions, mixed with water
and potentially hydrocarbon gases. Raman spectroscopy shows that the calcium carbonate phase of
glendonites is calcite and shows no sign of vaterite. From the petrology it can be seen that the
growth generations type 1a and type 1b look very similar and it is hypothesized in this study that
these generations are both produced by a mix of ikaite calcium carbonate and water containing oil
and hydrocarbon gases inside the ikaite structure. The type 2 generation shows little to no inclusions
and is interpreted to have been formed in a different manner than the type 1 generations. Two fluid
mediated crystal nucleation mechanisms producing inclusion-bearing glendonite generations have
been proposed, one where these generations are formed through crystal nucleation on oil bubbles or
droplets, and one where the generations are formed through coupled dissolution and precipitation
at ikaite-water interfaces. The former mechanism suggests that the presence of oil facilitates
glendonite formation, while the latter does not seem to have a relationship with oil. More research
on inclusions in glendonites is necessary to confirm the relationship between oil and glendonite
formation.
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Fig. A2: Raman spectrum of the
white calcium carbonate of the
type 1b generation. Type 1b as
viewed under the microscope with
transmitted plane-polarized light
(A). The red line is the transect
over which Raman spectra have
been made, the green crosshair
shows the position on the line at
which the analysed white calcium
carbonate is found. Intensity map
of the materials highlighted by the
blue area over the transect of the
red line (B). High amount of counts
of this material are shown by a
lighter colour, low amount of
counts of this material are shown
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Raman spectrum at the position of
the green crosshair (C). Raman

spectrum with subtracted background (D). Peak in the Raman spectrum at the highlighted blue area (E).
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Fig. B1: Gas chromatograms of the apolar fraction of glendonite and sediment samples. BH14Bg AP is a glendonite sample while the rest are sediment samples.
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Fig. B2: Gas chromatograms of the apolar fraction of glendonite and sediment samples. BH16Bg AP is a glendonite sample while the rest are sediment samples.
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