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Abstract

The organic geochemistry and coal petrology of Palacogene coals from northeast Greenland (Thyra @ Island and Kro-
nprins Christian Land) and central Spitsbergen (Longyearbyen and Grumantbyen) were studied using Rock—Eval and gas
chromatography—mass spectrometry, as well as microphotometry and maceral group analyses. Bulk data and biomarker
distributions of the coals demonstrate a low coal rank for both, but a lower coalification degree of coals from Greenland
(0.49-0.55% VRr) compared to those from Svalbard (0.68-0.75% VRr). Maceral group analyses revealed relatively simi-
lar distributions with a strong predominance of vitrinite. The generally high abundance of hopanoids (hopanes/hopenes
and hopanoic acids) implies a strong bacterial reworking of the organic matter, whereas sulphur occurrences indicate a
marine influence after organic matter deposition. A great variety of higher plant biomarkers was detected in all coals.
Distinctive compounds recorded in the coals are aliphatic and aromatic diterpenoids as well as partly hydrogenated
picenes, suggesting strong input of conifers and angiosperms. Pristane/phytane ratios indicate that the organic matter in
the ancient swamps was deposited in an oxic, fluvio-deltaic setting at both sites. This study provides a detailed geochemi-
cal investigation of understudied coals from northeast Greenland. Moreover, it enhances our understanding of probably
interrelated Palaeogene depositional settings from Greenland and Spitsbergen in terms of their palaeoecology, primary
input into coal swamps, and individual thermal history.
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Introduction documents the occurrence of different higher plants at high
northern latitudes (Dolezych et al. 2019). In the palaeo-

On the early Paleogene Earth, warm greenhouse condi-  arctic environments that once existed in Greenland and

tions prevailed and rainforests reached as far north as the
Arctic Circle (Greenwood et al. 2010; Myhre and Eld-
holm 1988; Ruddiman 2014; Weijers et al. 2007; West
et al. 2015). With average air temperatures on land of
about 17 °C (Weijers et al. 2007), these conditions were
ideal for the formation of coal swamps (Greenwood et al.
2010; Sluijs et al. 2006). A wide range of macrofossils
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Spitsbergen (main island of the Svalbard Archipelago), a
mosaic of landscapes existed, with rich deciduous coni-
fers growing in lowland swamps and poorly drained basins
of floodplains, and various angiosperms at drier sites
(Schlanser et al. 2020 and references therein). The warm
and wet climate supported high productivity (Boyd 1990;
Dolezych et al. 2019) while the conditions during the win-
ter were still bearable for the plants to survive the lack of
light (Schweitzer 1980). Metasequoia occidentalis is one
of the most abundant conifers (Schweitzer 1980) while
typical vegetation also includes Cunninghamia, Glyptos-
trobus, Dennstaedtia, Ginkgo, other Metasequoia species,
Cercidiphyllum and Platanus (Boyd 1990; Dolezych et al.
2019).

At the beginning of the Palacogene, Greenland and
Spitsbergen were part of the Laurasian continental platform
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(Blythe and Kleinspehn 1998; Faleide et al. 1993; Lawver
et al. 1990; Fig. 1a). At this time, plate tectonic processes
led to the final opening of the North Atlantic and its connec-
tion with the Arctic Ocean (Dallmann 2015; Piepjohn et al.
2016; Tessensohn and Piepjohn 2000). South of Greenland,
rift branches initially caused transpressive forces between
northeast Greenland and Spitsbergen (Eurekan deformation,
e.g., Piepjohn et al. 2016; Tessensohn and Piepjohn 2000;
Fig. 1b). Later, directional changes of Greenland led to
changing stress regimes and caused the separation of Green-
land and Spitsbergen by the formation of the Greenland-
Norwegian Seas via a transform and/or strike-slip move-
ments (Blythe and Kleinspehn 1998; Lawver et al. 1990;
Piepjohn et al. 2016).

In this context, sedimentary basins formed, which were
situated at similar latitudes as today, namely the Wandel Sea
Basin in north-eastern Greenland and the Central Tertiary
Basin (CTB) in central Spitsbergen (Bruhn and Steel 2003;
Lyck and Stemmerik 2000; Fig. 1b and Fig. 2a).

In Greenland, the coal-bearing Wandel Sea Basin
existed from the Carboniferous to the Tertiary. It crops
out in modern north-eastern Greenland (Lyck and Stem-
merik 2000). The youngest preserved sediments are dated

as Palacogene deposits (late Palacocene to possibly early
Eocene) and contain the coal seams investigated in this
study (Stemmerik et al. 1998). These sediments of the
Thyra @ Formation are mostly rarely affected by defor-
mation and are generally characterised by flat-lying strata
(Paech and Estrada 2019, Fig. 2b). The base of the Thyra
@ Formation is unknown. The formation is uncomform-
ably underlying Quaternary marine deposits and is gener-
ally poorly exposed at the surface; most information is
derived from isolated outcrops. The fine-grained sand-
stones, organic-poor siltstones and coals of the Thyra @
Formation have an estimated composite thickness of 50 m
(Hakansson et al. 1991; Lyck and Stemmerik 2000). On
Prinsesse Thyra @ Island, coal seams have a thickness
of less than 30 cm (Paech and Estrada 2019). Recently,
Piasecki et al. (2018) identified Lower to Middle Eocene
marginal marine deposits on Kap Rigsdagen unconform-
ably overlying Barremian sandstones there.

On the Spitsbergen side, the Palaecogene deposits of the
CTB, collectively called the Van Mijenfjorden Group, range
from the early Palacocene probably up into the Oligocene,
based on palynological data and other macrofossils (Blythe
and Kleinspehn 1998 and references therein) as well as on
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Fig. 1 Palacogeographic overview. a Palaecogeographic reconstruc-
tion of the northern hemisphere at 50 Ma (map created with ODSN
2022). Black lines on the continents represent plate boundaries; red
square marks the area of the map shown in b; b Outline of the main
tectonic structures and movements during the Early Eocene in the
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area between North-eastern Greenland and Svalbard (after Blumen-
berg et al. 2019 and Blythe and Kleinspehn 1998). LR Lomonosov
Ridge, WF Wegener Fault, DGFZ De Geer Fracture Zone, CTB Cen-
tral Tertiary Basin
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Fig.2 Maps and photos of the study sites in Greenland and Spits-
bergen. a Map of the present position of Greenland and Spitsbergen
with rectangles indicating the sampling areas in Greenland (1) and
Spitsbergen (2), respectively. Inset 1 illustrates the positions of out-
crops Fiskehalen and Prinsesse Thyra @ Island. Inset 2 illustrates the
positions of the outcrop at Grumantbyen and at coal mine Gruve 7
on Svalbard. Map after Blumenberg et al. 2019. b Photo of the out-
crop Fiskehalen, view to the~northeast. The yellow line marks a

U-Pb dating of zircons derived from volcanic ash layers
preserved as bentonites (Charles et al. 2011; Elling et al.
2016; Jochmann et al. 2020; Jones et al. 2016, 2017). The
sediments exceed 1900 m in thickness and consist mainly
of sandstones, conglomerates, siltstones, claystones and

prominent sandstone at the base of the outcrop, overlain by the sam-
pled coal seam. The red circle marks the sampling position of sam-
ple Greenl. The outcrop length is approximately 40 m. ¢ Photo of the
outcrop near Grumantbyen, situated directly at the coastline where
sample Spits2 was taken from the prominent coal seam. The orange
line marks a normal fault. The red lines enhance the visibility of
the coal seam, which has been offset by the normal fault (person for
scale). The maps were created with esri ArcGis (NOAA 2019)

coals (Cmiel and Fabiariska 2004; Elling et al. 2016 and
references therein). Close to the unconformity separating the
Van Mijenfjorden Group from underlying Cretaceous strata,
three to five coal seams occur in the Firkanten Formation
with thicknesses ranging from 0.5 to 5 m (Elling et al.
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2016; Orheim et al. 2007; Fig. 2c). Based on recent age
determinations of zircon grains preserved in bentonite layers
of the Firkanten Fm., Jones et al. (2016, 2017) suggested that
sedimentation in the eastern CTB began at about 61.8 Ma,
i.e. at the Danian/Selandian boundary. The coal samples
investigated here were collected from the lowermost coal
seam located just above the unconformity (see Fig. 2c, for
further stratigraphical description and information see Cmiel
and Fabiariska 2004, Elling et al. 2016, Jochmann et al. 2020
and Marshall et al. 2015b).

A more detailed correlation of the stratigraphy between
Greenland and Spitsbergen is not possible so far, as probable
volcanic ash layers in the Palaeogene sediments from Green-
land have been identified only recently (Paech and Estrada
2019). Hence, the chronology of the Thyra @ Formation
is entirely based on sedimentological interpretations and
biostratigraphy (Lyck and Stemmerik 2000; Piasecki et al.
2018) which can, however, only give a general time frame
of the deposition from Palaeocene to Late Palaeocene or
possibly early Eocene to Middle Eocene. Moreover, it is
not clear whether the same depositional facies developed
in Greenland and Spitsbergen during the exact same time
periods.

Palaeocene coals from Spitsbergen have already been
investigated in detail (Blumenberg et al. 2019, Cmiel and
Fabianiska 2004; Marshall et al. 2015b; BGR Arctic Viewer
2021), but age-equivalent coals from Greenland are under-
studied with respect to their organic geochemistry, palaeo-
ecology, primary input, and individual coalification. In this
study, we use biomarkers and coal petrographic parameters
for comparison and reconstruction of palaeo-settings and
coalification. Biomarkers are molecular remnants of lipids
found in sedimentary environments (Peters et al. 2005).
These compounds were derived from e.g. leaf surface lipids,
cell membranes, and other natural products, and are ulti-
mately transformed to hydrocarbons which can endure for
millions and even billions of years. Their carbon skeletons
often still mirror the original lipids from their biological
precursors (Peters et al. 2005). Our study thus provides new
insights into the environmental conditions that once pre-
vailed in these likely connected arctic settings of the Pal-
aeogene greenhouse world.

Materials and methods

Sampling

Three samples from central Spitsbergen were collected
from natural outcrops located on the southern margin of the
Isfjorden during BGR expedition CASE 17-2 in August/

September 2015 (sample prefix “Spits”) and during a visit
in the Gruve 7 coal mine. Another three samples from NE
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Greenland (sample prefix “Green’’) were taken from natural
outcrops at Fiskehalen on Kronprins Christian Land and at
Prinsesse Thyra @ Island during BGR expedition CASE-20
in July 2018 (Fig. 2a). Exact coordinates (acquired by hand-
held GPS, error+5 m) are given in Table 1.

The Greenland coals were collected from seams within
the Palacogene (Late Palacocene to Early Eocene) Thyra @
Formation (Lyck and Stemmerik 2000). The coal of Fiske-
halen (Greenl) was sampled in a river valley from a natural
steep outcrop of approximately 30 m in height. Figure 2b
gives an overview of this outcrop. Within alternating lay-
ers of sand and six coal seams, the investigated coal was
sampled from the lowermost coal seam overlying a promi-
nent sandstone unit at the base of the outcrop. Coals from
Prinsesse Thyra @ (Green2a and Green2b) were sampled
along a natural outcrop along the outside bank of a small
river; Green2a is located more inland, about 700 m east of
Green2b. The shallow inclination of the bedding is in an
eastward direction, indicating a somewhat younger age for
Green2a.

All samples from Spitsbergen belong to the Firkanten
Formation, the stratigraphically oldest unit of Van Mijenf-
jorden Group that further comprises the Basilika/Grumant-
byen/Frysjaodden/Battfjellet/Aspelintoppen Formations
within the CTB. In the active coal mine Gruve 7 near Long-
yearbyen, two coal samples were taken in a mine section
from the top (Spitsla) and the bottom (Spits1b) of the seam.
A third sample was obtained at the abandoned coal mine of
Grumantbyen from the lowermost coal seam cropping out
at a 20 m high section along the shoreline (Spits2, Fig. 2c).

Bulk geochemistry

Aliquots of dried (40 °C for 24 h) coal samples were ground
and used for bulk analyses. Total organic carbon (TOC)
and carbonate carbon (Ccarb) as well as sulphur concentra-
tions were analysed using a LECO CS-230 analyser (Leco
Instrumente, Germany). TOC was determined on decalcified
(10% HCI at 80 C; dried at 40 °C for 18 h) sample aliquots
(10-40 mg) and Ccarb was calculated from the difference
between the data for TOC and total carbon. The instrument
was calibrated using LECO standards and the reproducibil-
ity of the measurements was +0.02%. Rock—Eval pyrolysis
was performed on a Rock—Eval 6 analyser using a standard
programme (Espitalié et al. 1977; Lafargue et al. 1998). The
reproducibility of the hydrocarbons and CO, determination
was better than 5%.

Coal petrology
The samples were dried in a nitrogen-flushed oven at a

temperature of 25 °C and subsequently crushed to obtain
the < 1 mm fraction for coal petrographic analysis. Coal
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Table 1 Sample codes and locations

Sample code Greenl Green2a Green2b Spitsla Spits1b Spits2

Age Late Palacocene® Late Palacocene® Late Palacocene® Palaeocene® Palacocene® Palaeocene™*

Outcrop/region  Riverbed, Fiskehalen = Riverbed, Thyra @ Riverbed, Thyra@ Mine Gruve 7, Mine Gruve 7,  Coast, Grumantbyen
Longyearbyen = Longyearbyen

Longitude® —16.94542 —19.08771 —19.12953 16.0273 16.0273 15.08836

Latitude® 81.42347 81.87534 81.87253 78.1577 78.1577 78.17167

#Ages from Elling et al. (2016), Jones et al. (2016, 2017)

®Ages fromLyck and Stemmerik (2000)

‘Lat/Lon WGS84

*Spits2 is likely Danian/Selandian

pellets were prepared following a dry grinding and polishing  Biomarker analysis

technique developed by Bertrand Ligouis, LAOP, Tiibingen,
Germany (see Gorbanenko 2017 and ISO 7404-2 2009 for
details; the final polishing was performed with abrasive of
maximum size at 0.05 um). Random vitrinite reflectance
measurements were conducted on a Leica DMRX incident
light microscope with MPV-Combi Photomultiplier System
under the following conditions: non-drying oil immersion
Ne(s46 nmy = 1-918, wavelength of 546 nm, and temperature of
23 +1 C in accordance to ISO 7404-3 (2009) and methods
described in Taylor et al. (1998). The size of the measur-
ing diaphragm is 2 X 2 pm. The random vitrinite reflectance
was performed in accordance with DIN 22020-5 (2005),
analogous to standard ISO 7404-5 (2009). Detailed mac-
eral group analysis was conducted in accordance with DIN
22020-3 (1998), analogous to standard ISO 7404-3 (2009)
and methods described in Taylor et al. (1998). The identifi-
cation and characterization of the coaly matter followed the
ICCP nomenclature (ICCP 1998, 2001; Pickel et al. 2017).

The Tissue Preservation Index (TPI) and Gelification
Index (GI) follow the formula suggested by Kalaitzidis et al.
(2000):

TIP = Humotelinite + Corhuminite + Fusinite + Semifusinite
Attrinite + Densinite 4+ Gelinite + Inertodetrinite

GI = Ulminite + Geloguminite + Densinite

Textinite + Atrinite + Inertinite

The TPI vs. GI diagram allows us to provide information
on the palaeoenvironmental conditions during peat forma-
tion. TPI is defined as a ratio of tissue-derived structure to
structureless macerals and a measure of the humification
grade of the initial organic matter (Kus et al. 2020). On the
other hand, the Gelification Index (GI) is the calculated ratio
of the gelified to the non-gelified macerals and a measure
of moisture conditions on the palacomire surface (Kus et al.
2020).

Pre-heated sea sand was used as a preparation blank to
keep track of contamination throughout the entire analyti-
cal process. The samples (0.5 g) were crushed into pow-
der, extracted with 5 ml dichloromethane (DCM)/methanol
(MeOH) (3:1, v:v) under ultrasonication (30 min, 40 °C),
and centrifuged. Extraction was repeated with 5 ml DCM
and 5 ml of n-hexane. The extracts were combined, and the
resulting total organic extract (TOE) was blown to near-
dryness with nitrogen at 40 C.

For the separation of maltene and asphaltene fractions,
a large surplus of cold n-pentane (_10 ml, 6 ‘C) was added
to the TOEs (dissolved in 1.5 mL DCM) which were then
centrifuged (2000 rpm, 15 min). To enhance the visibility
of the n-pentane/DCM phase separation, one to two drops
of highly pure and deionised water (“Milipore-grade”) were
added. The n-pentane phase containing the maltene fractions
was reduced to ca. 3 ml (N,, 40 °C), and HCl-activated cop-
per was added for desulphurisation (24 h). Aliquots (50%)
of the maltenes were fractionated into aliphatic and aromatic
hydrocarbons using column chromatography (15 mm i.d.,
30 cm length). The samples were dried onto 0.5 g of silica
gel and placed on top of the column filled with 7 g Merck
silica gel 60. The following sequence of organic solvents
were used for elution; 27 ml n-hexane for aliphatic hydro-
carbons (fraction 1, F1); 32 ml n-hexane:DCM (1:1, v:v) for
aromatic hydrocarbons (F2); 40 ml DCM:MeOH (1:1, v:v)
for the polar fraction (F3). F1 and F2 were analysed by gas
chromatography-mass spectrometry (GC-MS; for GC-MS
parameters see Supplementary Table 1). Carboxylic acids
contained in the F3 fractions were esterified using trimeth-
ylchlorosilane (TMCS)/MeOH (1:9, v:v; 90 min, 80 C).
After cooling, the resulting methyl esters were extracted
from the reaction mixture three times with 0.5 ml portions
of n-hexane. The combined extracts were dried (N,, 40 °C)
and analysed with GC-MS (parameter details can be found
in Supplementary Table 1). Appropriate internal standards
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were used for quantification (F1, n-icosane D,,; F2, Ehren-
storf PAH mix Iso 17,034; F3, n-nonadecanoic acid methyl
ester).

Results
Coal petrology and bulk organic matter

All studied coals showed TOC contents > 65 wt. % and vary-
ing sulphur contents ranging from 0.5 to 2.2 wt. % (Table 2).
Rock-Eval analyses demonstrated lower T, ,, values for Pal-
aeogene coals from NE Greenland (411-425 °C) than for
Palaeocene coals from Svalbard (436-441 °C). Hydrogen
indices (HI) were relatively high and vice versa oxygen indi-
ces were low for all studied coals.

The mean random VRr values of vitrinite in polished coal
pellets from NE Greenland ranged from 0.49 and 0.59%
(Table 2). All vitrinites showed a high qualifier advocating
high reliability of the reflectance measurements. This is fur-
ther supported by the low standard deviation. Coal samples
from Spitsbergen revealed greater random vitrinite reflec-
tance values ranging between 0.69 and 0.75% VRr and were
likewise associated with a high qualifier. The mean vitrinite
reflectance corresponds to highly volatile bituminous coals.

Additionally, maceral group compositions were analysed
for three samples (Greenl, Spitsla, Spits1b; Table 2, Fig. 3).
The maceral compositions are strongly dominated by vit-
rinite (> 85%) and additionally contain inertinite and lipt-
inite in comparable abundances (< 10%). The TPI and GI
values (> 1; 2.8 for both parameters) were obtained solely
for Greenl sample and suggest a dominance of xylite-rich
samples with a relatively higher degree of preservation. This
is in agreement with a low inertinite content, indicating

water-saturated depositional conditions preventing organic
matter from the oxidative processes. Higher telovitrinite
content in Spitsbergen coals can imply a higher contribu-
tion of wood from gymnosperms (e.g., O’Keefe et al. 2013).

Major compound classes in extracts

Whereas total amounts of extractable compounds were
similar in coals from both regions (932-1545 pg/g TOC,
Fig. 4), there were notable differences in the compound class
distributions (Fig. 4). In the Greenland coals, fatty acids
accounted for the largest relative proportion (~60%). Aro-
matics were the second largest fraction. In the coals from
Spitsbergen, aromatics were the main compounds (48-80%),
followed by aliphatic hydrocarbons. Here, only traces of
fatty acids were present.

Aliphatic hydrocarbons
n-Alkanes

n-Alkanes with carbon chain lengths from n-C, to n-Cj;
were abundant in all coals (Fig. 5, concentrations in Sup-
plementary Table 2). The Greenland coals varied in their
n-alkane distributions. Green2b had unimodal (max at
n-C,3) whereas Greenl (maxima at n-C,5 and n-C;;) and
Green2a (maxima at n-C,; and n-C,q) had bimodal distri-
butions of n-alkanes (Fig. 5a). All coals from Spitsbergen
showed an unimodal n-alkane distribution with a maximum
at n-C,; (Fig. 5b). The Greenland coals had a strong odd-
over-even carbon chain length predominance (OEP) for
medium- and long-chain n-alkanes (OEP C,; ,5 2.4-3.1,
CPI Cy3.35 1.8-3.0), while coals from Spitsbergen showed
a less pronounced OEP, associated with lower CPI (OEP

Table 2 Bulk geochemical (Rock—Eval und Leco C/S) and coal petrological results

Sample Greenl Green2a Green2b Spitsla Spits1b Spits2
Rock-Eval Tax CO) 411 422 425 440 441 436
HI 265 279 351 396 316 292
Ol 10 8 7 4 1 1
Leco C/S (wt. %) TOC 68.8 72.3 74.1 76.2 78.7 76.7
S 0.7 0.7 2.2 0.5 2.1 2
Maceral composition (%) Vitr 88 NA NA 86 88 NA
Lipt 7 NA NA 9 5 NA
Inert 5 NA NA 2 5 NA
Miner 0 NA NA 3 2 NA
TPI 2.8 NA NA NA NA NA
GI 2.8 NA NA NA NA NA
Reflectance VRr % 0.53 0.59 0.49 0.69 0.68 0.75
Rc% 0.5 0.6 0.6 0.7 0.7 0.6

NA not available
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Fig.3 Microphotographs of the studied highly volatile bituminous
coals from Greenland and Spitsbergen (non-polarised reflected white
light, oil-immersion objective 50 X). a Vitrodetrinite with fragmented
fusinite, inertodetrinite, and sporinite in a coal sample from Green-
land. b Collotelinite with some preserved cell morphology and vitro-
detrinite with fragmented fusinite in a coal sample from Greenland. ¢

C,1.05~1.7; CPI1 Cy3 33~ 1.3; Table 3). In the Greenland sam-
ples, long-chain n-alkanes were much more abundant than
in the Spitsbergen coals, as reflected by higher terrigenous/
aquatic ratios (TAR) (7.5-13.6 vs. 0.4-0.8, Table 3).

Acyclicisoprenoids

All coals contained the acyclic isoprenoid hydrocar-
bons 2,6,10-trimethyltridecane (TMTD), nor-pris-
tane (2,6,10-trimethylpentadecane, nPr), pristane
(2,6,10,14-tetramethylpentadecane, Pr), and phytane
(2,6,10,14-tetramethylhexadecane, Ph). These compounds
showed lower absolute concentrations in the Greenland
samples (4-8 pg/g TOC) than in the Spitsbergen samples
(1541 pg/g TOC). Pr/Ph ratios varied between 5.1 and 8.0
(Table 3). Greenland coals revealed ten times higher Pr/n-
C,7 and Ph/n-C 4 ratios (16.0-18.2 and 1.1-1.4, respec-
tively) than Spitsbergen coals (1.2-1.6, 0.2; Table 3). For

Collotelinite with internal reflections (minerals, volcanic ash, micrin-
ite, fine inertinitic detritus), and cutinite in a coal sample from Spits-
bergen. d Collotelinite with internal reflections (minerals, volcanic
ash, micrinite, fine inertinitic detritus) and well-preserved, unfrag-
mented fusinite with a typical “Bogen-structure” in a coal sample
from Spitsbergen

detailed results, see Table 3. For detailed concentrations,
see Supplementary Table 2.

Iso- and anteiso-alkanes

Doublets of terminally branched 2-methyl- (iso-) and
3-methyl- (anteiso-) alkanes were observed in all samples,
but coals from Greenland had much lower concentrations of
these compounds than Spitsbergen coals (For detailed con-
centrations, see Supplementary Table 2). Their chain lengths
covered similar ranges in Greenland (C;;,—C,4) and Spits-
bergen (C,s—C,g) coals. Relative abundances of iso-alkanes
always were about twice as high as those of anteiso-alkanes.

Sesqui- and diterpenoids

Bicyclic sesquiterpenes were found in all coals studied and
were identified according to their elution orders and mass

@ Springer
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Fig.4 Relative abundances of GC-MS amenable compound classes in the coal extracts (% of the TOEs). Numbers above the columns give the

summed absolute concentrations (in pg/g TOC)
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Fig.5 GC-MS chromatograms (total ion current, TIC) of repre-
sentative aliphatic hydrocarbon fractions (F1). a TIC of coal sample
from Thyra @, Greenland. b TIC of coal sample from Longyearbyen
Spitsbergen. Dots designate n-alkanes, numbers refer to carbon chain
lengths. Triangles mark of-hopanes (22S-configuration for homo-

spectral fragmentation patterns (Alexander et al. 1983;
Peters et al. 2005). 8(H)-homodrimane was present at both
sites, with the Greenland coals generally showing lower con-
centrations than Spitsbergen coals (Fig. 5; concentrations,
see Supplementary Table 2). Low amounts of 8f(H)-drimane
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Time (min)

hopanes); aff C;, denotes 17a(H),21p(H)-hopane. TMTD 2,6,10-tri-
methyltridecane, 8fHdr 8B(H)-homodrimane, nPr norpristane, Pr
pristane, Ph phytane, nPi 4p(H)-19-norisopimarane, iPi isopima-
rane, 4pEu 4p(H)-eudesmane, /3aF 13a-fichtelite, *internal standard
(n-icosane D,,)

were found in Spitsbergen and not in the Greenland coals
while 40(H)- and 4p(H)-eudesmane occurrences are unique
features of the Greenland coals. The abundance of 4p(H)-
eudesmane in the latter, however, varied strongly, with 20
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Table 3 Organic geochemical indices for aliphatic hydrocarbons

Greenl Green2a Green2b Spitsla Spits1b Spits2
CPI* (Cy3.33) 3.0 2.8 1.8 1.4 1.3 1.2
OEP® (C)5.19) 0.7 1.0 0.9 1.0 1.1 1.0
OEP® (C,, »5) 3.1 2.8 2.4 1.8 1.8 1.7
ACL® (Cyy.3)) 28.7 29.0 28.5 27.8 28.1 28.2
Pr/Ph¢ 6.8 6.7 5.1 8.0 5.4 5.5
Pr/n-C,° 16.0 18.2 17.7 1.6 1.3 1.2
Ph/n-C ¢! 1.1 12 1.4 0.2 0.2 0.2
TAR® 8.5 13.6 7.5 0.4 0.8 0.6
aPp-Cyg S/(S + R) steranes” 0.10 0.07 0.13 0.44 0.45 0.45
oBB-Cog/ (aPP-Cypo + cxatar-C,y) steranes' 0.37 0.25 0.28 0.41 0.43 0.41
C,y/C,; steranes! 8.2 7.3 31 4.1 35 4.7
C,,225/(225 +22R) hopanes* 0.12 0.59 0.59 0.60 0.60 0.60
C;,225/(225 +22R) hopanes* - 0.54 0.52 0.59 0.59 0.60
17a-hopanes/steranes' 8.9 10.2 5.0 16.6 12.1 16.5

aCarbon preference index (Bray and Evans 1961)
bOdd—evcn—predominance (Scalan and Smith 1970)

€ Average chain length (Freeman and Pancost 2014)
dPristane/phytane ratio (Didyk et al. 1978)
Pristane/n-heptadecane ratio (Peters et al. 2005)
fPhytane/n—octadec.ame ratio (Peters et al. 2005)
£Terrigenous/aquatic ratio (Bourbonniere and Meyers 1996)

"208/(20S + 20R) ratio of sterane epimers (Seifert and Michael Moldowan 1978)
i(x[}ﬁ-ngl(oc[Bﬁ-ng +axa-C,g) ratio of steranes (Seifert and Michael Moldowan 1978)

JCy9/C; Sterane ratio (after Huang and Meinschein 1979)
k225/(22S + 22R) ratio of homohopanes (Ensminger et al. 1972)
ll70(—hopant‘/s/steranes (after Tissot and Welte 1984)

times higher concentrations in Green2b than in Green2a
(both from the same Thyra @ outcrop).

Tricyclic diterpenes were identified according to their
mass spectral fragmentation patterns (key fragment: m/z
123) and elution orders according to Noble et al. (1985).
Compound distributions are shown in Fig. 6. All samples
contained isopimarane and/or 4B(H)-19-norisopimarane
in high abundances (Supplementary Table 2). In Spitsber-
gen samples and Greenl, isopimarane was the dominant
diterpane (31-125 pg/g TOC), while coals from Thyra @
(Green2a and Green2b) exhibited 4p(H)-19-norisopimarane
not only as the main diterpane but even as the main com-
pound of the aliphatic hydrocarbons (13-39 pg/g TOC).
Small amounts of abietane were detected in all coals from
Greenland, as well as in Spits1b and, in traces, in Spits2. In
addition, 13-a(H)-fichtelite was observed in all Greenland
samples, partly in relatively high concentrations (11 pg/g
TOC in Green2b). Among the Spitsbergen coals, this com-
pound occurred only in Spits2.

Tetracyclic diterpanes were identified according to their
mass spectral fragmentation patterns (key fragments: m/z
259, 274) and elution orders after Noble et al. (1985).

These compounds showed a greater variety and relative
abundance within the Greenland than in the Spitsbergen
coals (Supplementary Table 2). The Greenland sample
from Fiskehalen (Greenl) showed a predominance of
ent-beyerane, followed by 16a(H)-phyllocladane and ent-
16a(H)-kaurane. Small amounts of 16p(H)-phyllocladane
and ent-16p(H)-kaurane occurred as well. The Greenland
coals from Thyra @ (Green2a and Green2b) revealed the
highest concentrations of 16B(H)-phyllocladane. Except
for ent-16a(H)-kaurane, the same tetracyclic diterpanes
as in Greenl occurred in these samples, however in much
lower concentrations. The Spitsbergen coals Spits2 and
Spitsla showed only traces of ent-beyerane, 16p(H)-
phyllocladane and ent-16p(H)-kaurane.

Steranes

Small quantities of C,;, C,g and C,4 steranes were found
in all coal samples (key fragments: m/z 217, 218) with
C,y steranes as the dominant group. In the Greenland
coal Greenl and in all Spitsbergen coals, the (20R)-
Sa(H),14p(H),17p(H)-isomer of 24-ethylcholestane
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Fig.6 GC-MS ion chromatograms (m/z 123) of aliphatic hydrocarbon  bergen coals. 4f(H)-19-nPi 43(H)-19-norisopimarane, /3-a-(H)-F
fractions (F1) from Greenland and Spitsbergen coals, showing the dis-  13-a(H)-fichtelite, /8-nPi 18-norpimarane, ent-B ent-beyerane,
tributions of tricyclic diterpenoids. a—c Ion chromatograms (m/z 123) 16p(H)-P 16p(H)-phyllocladane, /6a(H)-P 16a(H)-phyllocladane,
from Greenland coals. d—f Ion chromatograms (m/z 123) from Spits- ent-16a(H)-K ent-6a(H)-kaurane
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(app-Cy9 20R) was the most abundant sterane, whereas oo
C,9 20R was the dominant component in the Greenland coals
Green2a and Green2b (for detailed concentrations, see Sup-
plementary Table 2). Only traces of C,; and C,q steranes in
different configurations were detected.

The 208/(20S + 20R) ratios for aoa-C,g and afp-C,q were
consistent in samples from the same region (Table 3). The
Greenland coals had lower values (~0.1) than those from
Spitsbergen which were close to the geological equilibrium
(~0.55). afp-Cyy/ (apP-Cyg+ aaa-C,y) ratios show low and
variable values (0.25-0.37) for Greenland coals while higher
and more constant values (0.41-0.43) were observed for Spits-
bergen coals (Table 3). C,4/C,, sterane ratios showed more
variation in Greenland than in Spitsbergen samples (Table 3).

Pentacyclic triterpenoids

Traces of 17a(H)-22,29,30-trisnorhopane (identified after
Philp 1985; Stout 1992), and two pentacyclic triterpenoids,
tentatively identified as olean-12-ene and friedel-18-ene
(Philp 1985), were detected in all coals. Greenl showed
higher relative amounts of these components compared to
all other samples (for detailed concentrations, see Supple-
mentary Table 2). Des-A-lupane was observed as a minor
compound in all samples except Greenl (identification after
Philp 1985).

All coals showed unusually high amounts of hopanes (key
fragment: m/z 191), with abundances ranging between 8 and
27% of the aliphatic hydrocarbon fractions. Carbon numbers
typically ranged from C,; to Cs,. 225/(225 4 22R) stereoi-
somer ratios of 17a(H),21p(H)-homohopanes (af-hopanes)
are listed in Table 3. In the Greenland coals from Thyra &
(Green2a and Green2b) af-Cs, and ap-Cs;; were the most
abundant hopanes, the latter showed 225/(22S5 +22R) ratios
slightly above 0.5 and thus, a predominance of the geologi-
cal 22S- over the biological 22R stereoisomer. In contrast,
Greenl showed af-C;, in the biological 22R-configuration
as the main hopanoid hydrocarbon. In this sample, only a
small amount of the corresponding geological 225 stereoi-
somer was detected (225/(225+22R)=0.12, Table 3), and
only traces of other 225 homohopanes occurred. Likewise,
Greenl still contains homohopanes showing the immature
biological 17p(H),21p(H)-configuration (ff-hopanes). In
comparison to the Greenland samples, coals from Spits-
bergen revealed more homogenous hopanoid distributions;
op-hopanes were the most abundant stereoisomers by far
(maximum at a-C5;), pp-hopanes were virtually absent, and
all samples revealed 22.5/(225 + 22R) ratios of 0.6, i.e. at the
geological equilibrium (Table 3).

The hopane/sterane ratios for all coals studied were in a
range from 5.0 to 16.6 and thus, remarkably high. Greenland
samples revealed, however, lower values than Spitsbergen
coals (Table 3).

Aromatic hydrocarbons
Alkylnaphthalenes

Alkylnaphthalenes were abundant in all samples (Fig. 7) and
consisted of methyl-, dimethyl-, trimethyl- and tetramehtyl-
naphthalenes (MN, DMN, TMN, TeMN). Identification was
based on mass spectral fragmentation patterns and elution
orders shown in Rowland et al. (1984). TMNs represented
over 50% of the total alkylnaphthalenes the coals from Thyra
@ (Green2a: 25 pg/g TOC,Green2b: 21 pg/g TOC) and the
Spitsbergen coals from Longyearbyen (Spitsla: 246 ug/g
TOC, Spits1b: 92 pg/g TOC). In these samples, either 1,2,7-
TMN or 1,2,5-TMN occurred at the highest concentration in
the aromatic fractions (each sample ~30-40% of the TMNSs).
In Spits2, 1,2,5,6-TeMN was the most abundant alkylnaph-
thalene (Greenland samples: 10-12 pg/g TOC, Spitsbergen
samples: 23-66 ug/g TOC). For detailed concentrations,
see Supplementary Table 3. The trimethylnaphthalene ratio
(TNR) calculated after Alexander et al. (1985) was used to
estimate the thermal maturity (Table 4). Hereon, the coals
from Greenland showed lower values than the coals from
Spitsbergen.

Phenanthrenes

Phenanthrene and its alkylated derivatives (methyl-, dime-
thyl-, trimethylphenanthrenes = MP, DMP, TMP) are pre-
sent in all samples (Fig. 7, for detailed concentrations, see
Supplementary Table 3). Peak identification was achieved
according to elution orders (Radke et al. 1986) with respec-
tive key fragments m/z 178, 192, 206, 220. In Green2a,
Green2b, Spitslb and Spits2 1,7-DMP showed the highest
concentration of the triaromatic PAHs (Greenland, Thyra
@: 8-10 ug/g TOC; Spitsbergen, Longyearbyen and Gru-
mantbyen: 28—41 pg/g TOC), while Greenl and Spitsla had
phenanthrene in highest amounts (9 and 18 pug/g TOC). TMP
were present in all samples and accounted for 20 to 30%
of triaromatic PAHs (Greenland: 5-11 ug/g TOC, Spits-
bergen: 40-68 ug/g TOC). Calculated vitrinite reflectance
values (%R, Radke et al. 1986) were determined from the
methylphenanthrene index MPI-1 (using the methylphen-
anthrene ratio as an auxiliary parameter, Table 4). Coals
from Greenland showed lower %R values than those from
Spitsbergen (Table 2).

Aromatic sesqui- and diterpanes
Aromatic hydrocarbons derived from plant terpenoids were
abundant in all coals (Fig. 7) and were identified using pub-

lished mass spectra and elution orders (Cmiel and Fabiariska
2004; Otto and Simoneit 2001; Philp 1985; Simoneit and
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Fig.7 GC-MS chromatograms (total ion current, TIC) of repre-
sentative aromatic hydrocarbon fractions (F2). a TIC of coal sample
from Thyra @, Greenland. b TIC of coal sample from Longyearbyen,
Spitsbergen. 4-ring PAH unidentified polycyclic aromatic hydrocar-
bon, 8-ring PAH unidentified polycyclic aromatic hydrocarbon, MN
methylnaphthalene, DMN dimethylnaphthalene, TeMTe tetrahydro-

Table 4 Geochemical parameters for aromatic compounds

trimethylnaphthalene, TMN trimethylnaphthalene, TeMN tetrame-
htylnaphthalene, P phenanthrene, MP methylphenanthrene, DMP
dimethylphenanthrene, TMP trimethylphenanthrene, MChr meth-
ylchrysene, TMTHP trimethylated 1,2,3,4 tetrahydropicenes, MQP
methylquaterphenyl, DMQP dimethylquaterphenyl, *internal standard
compounds

Greenl Green2a Green2b Spitsla Spits1b Spits2
TNR-1* 0.2 0.3 0.4 0.5 0.5 0.9
MPR® 0.1 0.3 0.3 0.5 0.5 0.3
MPI-1¢ 0.10 0.33 0.31 0.55 0.54 0.37

*Trimethylnaphthalene ratio, (Alexander et al. 1985)
"Methylphenanthrene ratio, auxiliary parameters for 2c (Radke et al. 1986)
“Methylphenanthrene index, (Radke et al. 1986)

Mazurek 1982). In all samples, the aromatic sesquiter-
panes cadina 1(10),6,8-triene, cuparene, and cadalene
were detected (key fragments: m/z 187, 132, 183). Nota-
bly, the samples from Greenland exhibited a higher abun-
dance of aromatic sesquiterpanes (9-30 pg/g TOC) com-
pared to those from Spitsbergen (2—6 pg/g TOC). All coals
featured high concentrations of retene (key fragment: m/z
219, 20-117 pg/g TOC), where Greenl and Spits2 had
the highest quantities in this sample set. The aromatic dit-
erpenoid simonellite (key fragment: m/z 237) was only
detected in Greenland samples, despite low amounts. The
monoaromatic diterpenoid dehydroabietane (key fragment:
m/z 255) was present in Greenl and in traces in Green2b.

@ Springer

2-Methyl-1-(4-methylpentyl)-6-isopropylnaphthalene
occurred in all samples except Spitsla.

Polycyclic aromatic hydrocarbons

The polycyclic aromatic hydrocarbons (PAHs) fluorene,
dibenzofuran, and dibenzothiophene, with their respec-
tive alkylated derivatives, were tentatively identified in all
samples in low concentrations after data given by Li et al.
(2013). Three different methylpyrenes, two benzofluorenes
([a], [b]) and three methylfluoranthene derivatives were ten-
tatively identified after Fang et al. (2015). Five-ring aromatic
compounds were tentatively identified after Marynowski



International Journal of Earth Sciences

et al. (2015) in all samples, with lower abundances in
Greenland than in Spitsbergen samples. While all coals from
Greenland contained perylene, Spits2 was the only sample
from Spitsbergen in which it was detected. Minor contents
of benzo[b]-fluoranthene, benzo[k]-fluoranthene, benzo[i]-
fluoranthene, benzo[a]-fluoranthene, benzo[e]-pyrene and
benzo[a]-pyrene were also detected in coals from both sites.
For detailed concentrations, see Supplementary Table 3.

Higher molecular weight PAHs

Higher condensate PAHs were found in all coals (Fig. 7, for
detailed concentrations, see Supplementary Table 3). Three
not fully aromatised trimethylated 1,2,3,4-tetrahydropi-
cenes (TMTHPs) were tentatively identified after Meyer
et al. (2014) and Widodo et al. (2009). Except for Spits2,
TMTHPs occurred in moderate to high concentrations in all
coals. Especially in Greenl and Spits1, 2,2,9-TMTHP was
very abundant (< 100 pg/g TOC). Also, Greenl showed high
concentrations of isomer 1,2,9-TMTHP (46 pug/g TOC). The
nine-ring PAH naphtho[8,1,2-abc]coronene was tentatively
identified after Thidner et al. (2019); three related com-
pounds with the same mass ion but different retention times
were detected. Further, a series of four peaks with a pro-
nounced m/z 388 ion fragment was tentatively designated as
a C;,H,¢ nine-ring PAH after Thiéner et al. (2019). Given the
possible presence of the aforementioned naphtho[8,1,2-abc]

100,

804

604

Relative Abundance

coronene, these peaks could represent methylated deriva-
tives of these compounds. In addition, quarterphenyls and
their methyl derivatives were tentatively identified after
Marynowski et al. (2001) in all samples (Fig. 7). However,
their distribution and concentration varied highly between
the samples. Particularly high abundances of quarterphenyls
were observed in Spitsla (177 ug/g TOC).

Fatty acids
n-Alkanoic acids

n-Alkanoic acids from C,; to C;, showing a strong even car-
bon number predominance were highly abundant in Green-
land coals, whereas these compounds occurred only in minor
amounts in Spitsbergen coals. The Greenland coals always
showed a maximum at n-tetracosanoic acid (n-C,,), whereas
the Spitsbergen samples showed a high relative abundance
of n-C 4 to n-C,4 (Fig. 8). For detailed concentrations, see
Supplementary Table 4.

In addition to n-alkanoic acids, doublets of iso- and
anteiso-alkanoic acids were present as minor compounds in
all coals from Greenland but were virtually absent in sam-
ples from Spitsbergen. If present, iso-isomers were always
more abundant than anteiso-isomers. Furthermore, low
amounts of phytanic acid were exclusively present in the
Greenland samples.

Green2a
TIC

Fig.8 GC-MS chromatogram (total ion current, TIC) of the carbox-
ylic acid fraction (F3) obtained from a Greenland coal (Green2a).
Dots designate n-alkanoic acids with numbers referring to their chain
length. *internal standard. C,,_3, hopanoic acids with respective car-

Time (min)

bon chain length (brackets span the elution interval of different ste-
reoisomers), iso- anteiso-C,s=iso- and anteiso-pentadecanoic acids,
Pha phytanic acid
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Hopanoic acids

Hopanoic acids (key fragment: m/z 191) with carbon
numbers from C,4 to C54 were detected only in the coals
from Greenland (Fig. 8; for detailed concentrations, see
Supplementary Table 4). In all these samples, ap-Cs,
(22R) yielded the highest concentrations by far. Virtually
all af- and Poa- and BP-stereoisomers were present in 225-
and 22R configuration, generally showing a preference for
22R-configuration. Additionally, the side chain carboxyl
group creates a new chiral centre for C,4 and C;, hopanoic
acids, which enables 22S- and 22R-configuration; these
stereoisomers were also observed in the samples. In Green2a
and Green2b relatively high abundances of ap-C;; (22S- and
22R-) hopanoic acids were also observed.

The quantitative distribution of hopanoic acids in sam-
ples from Fiskehalen (Greenl) was different from the other
Greenland coals sampled from Thyra @. Over 40% of the
total hopanoic acids were Pp- stereoisomers (C,q to Csy),
with Bp-C;, being the predominant pseudohomologue
(92 pg/g TOC). Generally, concentrations of the af- and
Ba-hopanoids were smaller in Greenl than in Green2a and
Green2b.

Discussion

Bulk geochemical and coal petrological similarities
between Greenland and Svalbard coals

Palaeocene coals from Spitsbergen and Palaeogene coals
from NE Greenland have OI values (or O/C ratios) lower
than those of typical type III kerogen coals (Peters 1986;
van Krevelen 1993), suggesting a specific and similar type
of source vegetation or diagenetic transformation pathway.

All examined coals have relatively high HI values in
common (mostly between 300 and 400 mg hydrocarbons/g
TOC), which is often associated with sapropelic coals and
high amounts of liptinite (“oil-prone”). All studied coals,
however, are humic coals with low abundances of liptinite
(Table 2). Reasons for the relatively high HI values of the
vitrinite-rich coals from Spitsbergen have been previously
discussed (Orheim et al. 2007), but the controls are still
not well understood. Potential factors are a high bacterial
reworking combined with marine influence and/or the spe-
cific temperate high latitude setting at the time of deposition
(Marshall et al. 2015a). For the studied Greenland coals, our
data are novel and demonstrate similar geochemical compo-
sitions to the coals of Spitsbergen and likely a comparable
formation pathway and palaeoenvironment (see detailed
discussion below).

@ Springer

The maceral group analyses revealed a similarity among
the examined coals displaying a dominant content of the
vitrinite maceral group, followed by a roughly comparable
content of liptinite and inertinite maceral groups. However,
within both the Greenland and Spitsbergen coals, different
macerals of vitrinite maceral group predominate in the mac-
eral assemblage. The higher contents of the detrovitrinite
subgroup in the Greenland coals demonstrate a relatively
higher degree of comminution from parenchymatous and
woody tissues. Such a high degree of fragmentation implies
an alteration in cell mechanical properties as well as in the
water content of the cell tissues, possibly during enzyme
hydrolysis initiated by microbial decay. Higher telovitrinite
subgroup contents, occurring in Spitsbergen coals suggest
that conditions for peat preservation were particularly favour-
able. The preservation of telovitrinite is generally improved
by anoxic conditions, which inhibits the oxidation of peat.
It can be inferred that the water table of the palacomire was
relatively high during its growth and development.

Coalification (maturity)

Vitrinite reflectance measurements showed that the coal rank
of the Greenland Thyra @ coal (Green2b) is the lowest in
the examined sample set (high volatile bituminous coal rank
with 0.49% VRr). Similarly low is the rank of the Greenland
coal Greenl (0.53% VRr) and the degree of coalification of
Green2a was observed to be slightly higher (0.59% VRr).
The Spitsbergen coals show the relatively highest ranks in
our data set (high volatile bituminous coal rank with VRr of
0.68-0.75%). Our data for the coals from Thyra @ (Green2a
and Green2b) are in line with published values from the
same area (Paech and Estrada 2019). T, values from
Rock-Eval support the relative order of studied samples in
terms of thermal maturity (Table 2, Fig. 9). The bulk organic
geochemistry for Palacocene coals from Spitsbergen and the
coalification derived thereof are in good agreement with pre-
vious reports (Marshall et al. 2015a).

Additional support for the differences in coalifica-
tion degree comes from aliphatic and aromatic biomarker
parameters. CPI and OEP typically decrease in the course of
thermal maturation, with values around unity being reached
upon entry into the oil window (Marzi et al. 1993; Peters
et al. 2005; Scalan and Smith 1970). All coals studied still
exhibit a preference for n-alkanes with odd carbon chain
lengths, but values of CPI and OEP in the Greenland sam-
ples are significantly higher than in Spitsbergen samples
(Table 3). This supports Vitrinite reflectance data of a some-
what lower maturity of the coals of Greenland compared to
those of Spitsbergen.
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C,9 +aaa-C,g) isomer ratio reflecting thermal maturity (Peters et al.
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Likewise, homohopane isomer ratios 225/(22S + 22R)
(Ensminger et al. 1972; Peters et al. 2005) of most sam-
ples are at, or close to, equilibrium (0.6), which is typically
reached at the beginning of the oil window (Table 3). Only
the sample from the Greenland Fiskehalen outcrop (Greenl)
showed an exceptionally low value (0.12), in line with a

relatively low maturity. Supportive for the maturity order of
the studied samples are also the sterane isomer ratios (afp-
Cy9 S/(S+R) and aff-C,o/(app-Cyg + anax -Cyg) (Peters et al.
2005, Fig. 10, Table 3). Spitsbergen coals are close to the
reaction equilibrium, which is associated with the onset
of oil generation at 0.7 Rr% (Marshall et al. 2015b; Peters
et al. 2005). Similar values for the Spitsbergen coals were
reported by Marshall et al. (2015b).

Among the aromatic compounds the TNR (Alexander
et al. 1985; Peters et al. 2005) and MPI-1 (Peters et al. 2005;
Radke et al. 1986) indices obtained from isomer patterns of
naphthalenes and phenanthrenes, respectively, support the
findings from the aliphatic fractions, showing lower ther-
mal maturity of Greenland than Spitsbergen samples (see
Table 3, Table 4).

In addition to these indices, it should also be considered
that the overall degree of aromatization reflects the advance
of coalification. Less mature samples contain a higher con-
centration of partially aromatised compounds as compared
to more mature samples which show a higher proportion
of fully aromatised structures (Fabiariska and Kurkiewicz
2013). The coals from the Greenland Thyra @ outcrop
(Green2a and b) have much higher concentrations of simo-
nellite than the Greenland coal from Fiskehalen (Greenl).
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Spitsbergen coals, in contrast, are dominated by fully aro-
matised compounds. Especially retene is abundant, accom-
panied by only small amounts of simonellite (Fig. 7).

Palaeovegetation in the coal swamps

The Palacogene age of the sediments in NE Greenland
and Spitzbergen has been derived from palynological
investigations, e.g. Lyck and Stemmerik (2000) and Manum
and Throndsen (1986) respectively. Boyd (1990, 1992) has
described the palaeovegetation of the Thyra @ Formation
based on macrofossil findings, mainly leaves. O. Heer
documented such fossils from the Van Mijenfjorden Group
in Spitsbergen already in the late nineteenth century (see
Boyd 2000 for references). Both floras contain abundant
angiosperms and gymnosperms like Metasequoia,
interpreted to reflect warm climate conditions in the northern
high latitudes during the Palaecogene.

A considerable amount of the detected organic com-
pounds in our coal samples are sourced by higher plants.
Table 5 provides an overview of selected components and
their possible biological origins.

The studied coals from Spitsbergen and Greenland con-
tain n-alkanes between n-C,;-n-Cs,, implying the presence
of higher plants (Otto et al. 2005). In particular, the long
chain length n-alkanes exhibit a predominance of odd chain
lengths, while at shorter n-alkanes neither odd nor even
chain lengths dominate (OEP, Table 3). Coals from both
studied regions contain comparable relative proportions of
mid-range n-alkanes (n-C,; to n-C,s), which are an indica-
tor for sphagnum (peat ferns), lichens and/or aquatic mac-
rophytes (Baas et al. 2000; Ficken et al. 2000; Nott et al.
2000). Their occurrence in the Palaecogene Arctic swamps
is very likely and further implied by the second maximum
within this range of n-C,; or n-C,5 of the samples from
Greenland (Fig. 5a). These differences in the relative abun-
dance of n-alkane distribution between coals from Green-
land and Spitsbergen are likely related to their differing
coalification. Assuming this mechanism, Greenland coals
can be interpreted as reflecting the closer initial distribu-
tion of n-alkanes. Regarding the proximity of Spitsbergen
to Greenland during the Palacogene, a similar ecosystem
with comparable vegetation is likely. While the short-range
n-alkanes (n-C,-n-C,) can also be a product of thermal
maturity, it is unlikely to show a preference of a chain length
at the same time. Likewise, to the n-alkanes, the alkanoic
acids in Greenland show a typical distribution for higher
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plants with a dominance of longer and even carbon chains
(Eglinton and Murphy 1969; Freeman and Pancost 2014;
Logan et al. 1995). Conceivably, the lack of alkanoic acids in
the coals from Spitsbergen is attributed to their higher matu-
rity. The dominance of iso- and anteiso-alkanes with longer
and even carbon chain lengths is another indication for the
presence of higher plants in the Greenland and Spitsbergen
coals (Freeman and Pancost 2014; Tissot and Welte 1984).
All coals show the highest amounts of C,q steranes, which
are mainly derived from higher plants (Huang and Mein-
schein 1979; Izart et al. 2015; Philp 1985; Fig. 11; Table 3).
In addition to the plant-derived stigmastane C,q steranes can
also be produced by fucosterol, which is produced by brown
algae (Killops and Killops 2004), but due to the general pre-
dominance of terrestrial biomarkers, a marine influence was
likely minor.

The presence of sesquiterpanes in all studied coals are
another indicator of the strong higher plant input (Simoneit
et al. 1986). Especially 4p(H)-eudesmane, which was only
found in the coals from Thyra @ (Green2a and Green2b),
has a clear structural relation to the higher plant terpenes
(Alexander et al. 1983; Peters et al. 2005). It is assumed, that
their exclusive presence in these coals could indeed reflect a
local source-specific origin of a yet unknown (higher) plant.
They also observed drimanes miss the clear structural rela-
tion to specific compounds in plants and have furthermore,
another biological source in prokaryotes (Alexander et al.
1984; Peters et al. 2005). Within this sample set, higher
total concentrations of drimanes coincide with higher total
concentrations of hopanoids making a mostly prokaryotic
origin likely. Aromatic sesquiterpenoids are commonly used
as markers for higher terrestrial plants because they occur
in resinous material in both, gymnosperms and angiosperms
(Haberer et al. 2006 and references therein). Cadalene is
ubiquitous in higher plants (Bordoloi et al. 1989; Peters et al.
2005), although a marine origin is possible (van Aarssen
et al. 2000). The occurrence of cadalene and related com-
pounds in coals serves also as an indicator of higher plant
input. Cadina-1(10),6,8-triene, cuparene and cadalene were
observed in all samples and underline the close relation-
ship between the samples and the prevalence of terrigenous
plant biomarkers. Moreover, cadalene can be specific for
the angiosperm’s family Dipterocarpaceae. This plant fam-
ily is today typically found in modern rainfed lowland peat
swamps of tropical Indonesia (Widodo et al. 2009). A great
variety and abundance of aliphatic and aromatic tricyclic dit-
erpanes were found in the coals (Table 5). In general, these
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Table 5 Overview of compounds detected in the coals from Spitsbergen and Greenland with their indication for different plants according to the

references
Nr Type Compound Possible Sources Specifics References
Alkanes
1 Aliphatic n-Cyy-n-Cyg M, L, Pf Baas et al. (2000),
Ficken et al. (2000)
2 Aliphatic >n-Cygy unsp. HP Otto et al. (2005),
Schlanser et al. (2020)
Alkylnaphthalene
3 Aromatic 1,2,7- TMN A Chaffee and Johns
(1983), Strachan
et al. (1988)
Sesquiterpenoids
4 Aliphatic 4a(H)-Eudesmane unsp. HP Alexander et al. (1983)
5% Aliphatic 4B(H)-Eudesmane unsp. HP Alexander et al. (1983)
6%* aromatic Cuparene unsp. HP Otto and Simoneit
(2001)
7* aromatic Cadalene unsp. HP Otto and Simoneit
(2001)
9 aromatic Cadina-1(10),6,8-triene unsp. HP Otto and Simoneit
(2001)
Diterpenoids
9 Aliphatic C,9 Norpimarane G Noble et al. (1986)
10%* Aliphatic 4B(H)-19 G Noble et al. (1986)
Norisopimarane
11%* Aliphatic 13a(H)-Fichtelite G Pi Otto and Simoneit
(2001)
12 Aliphatic C20 Diterpane G Philp (1985)
13* Aliphatic ent-Beyerane G Noble et al. (1985)
14%* Aliphatic 16B(H)-Phyllocladane G Po, Ar, Cu Noble et al. (1985)
15% Aliphatic ent-16B(H)-Kaurane G Po, Ar, Cu Noble et al. (1985)
16 Aliphatic 16a(H)-Phyllocladane G Po, Ar, Cu Noble et al. (1985)
17 Aliphatic ent-16a(H)-Kaurane G Po, Ar, Cu Noble et al. (1985)
18 Aliphatic 18-NorIsopimarane G Noble et al. (1986)
19* Aliphatic Abietane G Otto and Wilde (2001)
20%* Aliphatic Isopimarane G Otto and Wilde (2001)
21 Aliphatic 4a-(H)-18-Norisopimarane G Noble et al. (1986)
22% Aromatic Dehydroabietane G Otto and Simoneit
(2001)
23* Aromatic Simonellite G Otto and Simoneit
(2001)
24%* Aromatic Retene G Otto and Simoneit
(2001)
Triterpenoids
25% Aliphatic des-A-Lupane A Otto and Simoneit
(2001)
26%* Aliphatic Olean-12-ene A Otto and Simoneit
(2001)
27* Aliphatic Friedel-18-ene A Otto and Simoneit
(2001)
28 Aromatic 1,2,9-TM-1,2,3,4-tetrahydropicene A Widodo et al. (2009)
29 Aromatic 2,2,9-TM-1,2,3,4-tetrahydro-picene A Widodo et al. (2009)

M, L, Pf macrophytes, lichens and peat ferns, unsp; HP unspecified higher plants, G gymnospermes with conifers, A angiosperms, TMN trimeth-
ylnaphthalene, TM trimethyl, Pi Pinus palaeostrobus Po, Ar, Cu Podocarpaceae, Araucariaceae, Cupressacea. *for structures see appendix

Fig. 13
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Fig. 11 Ternary diagram of C,; C,g and Cy steranes, indicating pri-
mary organic matter source and depositional environment (modified
after Fabiariska and Kurkiewicz 2013, based on Huang and Mein-
schein 1979)

components are considered unspecific conifer biomarkers
(Otto and Wilde 2001; Schlanser et al. 2020), because high
concentrations of diterpane-precursors are found in many
conifer resins (Otto and Simoneit 2001; Simoneit 1977
and references therein). Some tricyclic diterpanes can even
be indicative for specific families within the conifers: for
example, 13a(H)-fichtelite is a major compound in Pinus
palaeostrobus (Otto and Simoneit 2001), which was found
in coals from both regions, Greenland and Spitsbergen. All
tetracyclic diterpanes found in the studied coals are thought
to have precursors in leaf resins of conifers, possibly from
the Podocarpaceae, Araucariaceae, and Cupressaceae fami-
lies (Noble et al. 1985; Peters et al. 2005). Although Podo-
carpaceae and Araucariaceae are currently restricted to
the southern hemisphere in tropical areas, geochemical and
palaeobotanical studies show evidence of these pine species
in the higher northern hemisphere during the Palacogene
(Cmiel and Fabianska 2004; Poinar et al. 1999,). Schlanser
et al. (2020) note the rarity of Podocarpaceae and Arau-
cariaceae in the Palaeogene and consider the Cupressaceae
family as the most suitable origin as it is also induced by the
macro fossils in Dolezych et al. (2019).

Pentacyclic terpenoids of the oleanane, ursane, lupane
and friedelin classes are almost exclusively produced by
angiosperms and are parts of their leaf waxes (Freeman
and Pancost 2014; Otto and Simoneit 2001). Oleananoids,
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lupanoids and friedelanoids are present in the studied
coals, as well as the diagenetic product TMTHPs (Table 5),
proving a contribution of angiosperms to the coal-forming
vegetation. Also, Angiosperm-derived are the observed
partly aromatised picenes, which possibly originate from
alpha- and beta-amyrin (Wakeham and Canuel 2016;
Widodo et al. 2009).

Depositional environment and preservation

Different biomarkers are valid parameters for the deposi-
tional and redox environment. For instance, the pristane/
phytane (Pr/Ph) ratio gives information about the redox
conditions after organic matter deposition (Didyk et al.
1978). In anoxic environments, Pr/Ph ratios are below 1,
alternating anoxic and oxic conditions are indicated by Pr/
Ph ratios around 1. Pr/Ph ratios larger than 3 indicate terrig-
enous plant input deposited under oxic to suboxic conditions
(Peters et al. 2005). By oxidation of the phytol side chain
of chlorophyll, Pr is released, while reduction of the phy-
tol side chain releases commonly Ph. However, numerous
influences on the Pr/Ph ratio are known (Haven et al. 1987,
Peters et al. 2005; Tissot and Welte 1984). The most relevant
alternative source for pristane other than the oxic turnover
of chlorophyll is tocopherol, a vitamin naturally occurring
in higher plants or algae (Goossens et al. 1984). Neverthe-
less, all studied coals have similar Pr/Ph ratios > 5, indicat-
ing an oxic terrigenous deposition environment (Table 3).
Variations in the Pr/Ph ratios can be attributed to fluctuat-
ing environmental conditions (groundwater level, rainwater,
eustatic sea level) regulating the water balance and there-
fore the Eh and pH values at the sites (Bechtel et al. 2005).
Similar Pr/Ph values to those found here for Spitsbergen
coals were observed by Marshall et al. (2015b). Pr/n-C,; and
Ph/n-C,4 give further evidence of the depositional environ-
ment (Peters et al. 2005). n-C,; and n-C4 are influenced
by maturity as well as biodegradation and water washing.
All studied coals plot within or zone typical for deposition
in peat swamps under oxic conditions (Fig. 12). Different
positions of the coals from Greenland and Spitsbergen are
likely a result of thermal maturation: through the cracking
of longer n-alkanes, the amount of n-C,; and n-C 4 will be
increased. Consequently, the more mature Spitsbergen coals
shift to the origin of the coordinate system.

The terrigenous/aquatic ratio (TAR) expresses the influ-
ence of terrestrial to aquatic inputs (Bourbonniere and
Meyers 1996; Peters et al. 2005). Short chains n-alkane are
indicators for marine algae and phytoplankton, while long
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Fig.12 Plot of Pr/n-C;; and Ph/n-Cg ratios indicative for differ-
ent types of depositional environments (Peters et al. 2005). Differ-
ent positions of coals from Greenland (red triangles) and Spitsbergen
(blue circles) reflect higher maturity of Spitsbergen coals. Note dou-
ble logarithmic axis

n-alkane chains can be traced back to the synthesis of land
plants.

The TAR was calculated to visualise possible marine
influences at the sites. However, an unexpected high
difference between coals from Greenland (7.5-13.6, Table 3)
and Spitsbergen (0.4-0.8, Table 3) was observed. However,
the low TAR for Spitsbergen coals could be best explained
by relatively high coalification. Through thermal stress,
the relative proportion of short-chain n-alkanes increased
by cracking of long-chain n-alkanes. Even though the TAR
does not imply marine influence, there are clear signs of
episodic marine ingressions on both investigated sites.
Sedimentological and palynological data (Hékansson
et al. 1991; Jochmann et al. 2020; Lyck and Stemmerik
2000) show typical facies indicating marginal marine
influences during the Palacogene in both basins. Moreover,
relatively high concentrations of bulk sulphur within the
coals (Table 2) imply a direct marine influence on the
coal swamps. The TAR may not reflect this, as the relative
proportion of marine biomarkers at the sites is subordinate
compared to the overwhelming amount of terrestrial
markers.

In the Palaeogene Arctic ecosystem, wildfires have likely
played an important role (Denis et al. 2017). Consequently,

wildfires should be seen as a possible source for some bio-
markers, especially aromatics (Marynowski and Simoneit
2009; Marynowski et al. 2015; Otto et al. 2006; Thiéner et al.
2019; Wakeham and Canuel 2016 and references therein).
Indeed, Marshall (2013) found weak evidence of wildfires
within the coals from Longyearbyen in Spitsbergen. Hints
for combustion within this study are low molecular weight
PAHs like benzo[a]pyrene and pyrene, and high molecular
weight PAHs like naphtho[8,1,2-abc]coronene (Denis et al.
2012; Thiéner et al. 2019). However, the inertinite propor-
tion was less than 10% in all coals and the coals did not
exhibit typical biomarker distributions for post-fire soils
after Otto et al. (2006). Therefore, the influence of wildfires
on the biomarker composition and, thus, the studied settings
is regarded as outside conceptual model of deposition.

Bacterial input

The coals from Greenland and Spitsbergen contain high con-
centrations of hopanoids. Together with high 17a-hopanes/
steranes ratios, this is evidence for high levels of bacterial
reworking of organic matter in the palaeo-coal swamps (Our-
isson et al. 1979, 1984; Volkman 2005). In all coals, high
concentrations of 8f(H)-homodrimane (as well as related
compounds from the drimane-series) and short iso- and
anteiso-alkanes with respective fatty acids may be an addi-
tional record of high bacterial reworking (Alexander et al.
1984; Blumenberg et al. 2018; Killops and Killops 2004;
Parkes and Taylor 1983). High values of hopanoids linked
to bacterial activity in the Arctic Palacogene environments
are also reported by Cmiel and Fabiariska (2004), Marshall
et al. (2015a) and Schlanser K., pers. com.

The specific environment of the Arctic palaeo-swamps,
recorded in the studied coals, could provide a possible
explanation for the high occurrence of bacteria during
deposition: throughout the Palacogene, the likely connected
coal swamp depositional environments of Greenland and
Spitsbergen were at a similar latitude as today, facing several
months of complete darkness during winter and conversely
long periods of permanent daylight during summer.
However, temperatures were high enough to provide suitable
conditions for the formation of a peat swamp. We speculate
that due to a more hostile environment for life compared
to lower latitudes, the periods of complete darkness could
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hamper light-dependent organisms (e.g., higher plants,
algae). Thus, non-light dependent (e.g., decomposing)
bacteria could have had long-lasting phases of relatively
high productivity due to low ecological pressure from other
organisms. The corresponding longer daylight periods in
summer could, on the other hand, contributed to relatively
high plant primary productivity (Konrad et al. 2023) which
in turn could have served as the main carbon and energy
source for the bacteria.

Conclusions

Geochemical and coal petrological data indicate that the
coals from Greenland are less coalified compared to those
from Spitsbergen. Among the Greenland coals, those from
Thyra @ Island showed a slightly higher degree of coalifica-
tion (~ 0.5-0.6% VRr), while the sample from Fiskehalen
displayed the lowest coal rank (~ 0.5% VRr) and additionally
revealed exclusive biomarkers typical for very low matu-
rity. Spitsbergen coals from Longyearbyen and Grumantbyen
showed higher vitrinite reflectances (~ 0.6-0.75% VRr) and
higher biomarker maturities.

The palaeo-vegetation showed a predominance of higher
plants. Occurrences and distributions of distinctive plant-
derived terpenoids reflect organic matter inputs from coni-
fers and angiosperms. In addition, the high relative pro-
portion of mid-range n-alkanes found in all coals suggests
contributions from aquatic macrophytes.
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The interpretation of the depositional environment,
based on organic geochemistry, implies fluvio-deltaic envi-
ronments and deposition under oxic conditions. Further,
marginal marine influences are indicated by generally high
sulphur contents of the coal samples. Wildfires are common
phenomena in coal swamps, and their occurrence in the envi-
ronments studied is reflected by the presence of abundant
heavy PAHs.

Overall, the studied coals from Greenland and Spits-
bergen share important geochemical and coal petrologi-
cal similarities, whereas differences can, partly at least, be
attributed to different thermal maturities (isomers ratios for
hopanes and steranes, n-alkane distributions, and presence
of fatty acids). Hence, our data are in good agreement with
a widespread and connected coal swamp depositional set-
ting between NE Greenland and Svalbard. Moreover, time-
equivalent and comparable types of hydrogen-rich coals
were also described from other regions in the Arctic (and
from the southern hemisphere). Organic matter deposition
in these extensive high-latitude coal swamps likely played a
prominent role in atmospheric carbon drawdown during the
high CO, phase of the Palaeogene.

Appendix

See Fig. 13.
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Fig. 13 Chemical structures cited
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