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Abstract

The composition of oil trapped in fluid inclusions (FI), occurring in mineral
cements, can provide valuable insights into oil migration. Here, FI oils in a calcite
vein (representing expelled fluids) and source rock (SR) extracts (representing
retained bitumen) from the Hosszuhetény Calcareous Marl Formation (HCMF) in the
Mecsek Mountains area of Hungary were investigated to assess how organic
compounds are fractionated during primary migration. Biomarkers analyzed by gas
chromatography-mass spectrometry and gas chromatography-stable carbon isotope
ratio mass spectrometry were used to demonstrate that the FI oils had been expelled

from the HCMF marl (calculated vitrinite reflectance of ~ 0.74% Rc). Fourier
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transform-ion cyclotron resonance-mass spectrometry then provided insights into
polar compound geochemistry, showing that O, Ni, N1O; and S;0; compound
classes are preferentially retained in the source rock bitumen, while less polar
compounds like aromatic hydrocarbons (HCs) and S1 compounds are assumed to be
preferentially expelled. Independent of the compound class, compounds with higher
double bond equivalents (DBEs) are enriched in the retained source rock bitumen.
Thus, besides the molecular polarity determined by the functional groups, the
molecular size and the degree of aromaticity appear to be the most important factors
affecting the migration and retention behavior of the petroleum HCs and NSO-
compounds in the HCMF. Moreover, the enrichment of high DBE compounds with
shorter alkyl chains in the SR extracts infers that shielding effects could have played a

major role for compound retention and expulsion during primary oil migration.

Key words: FI oil, NSO-compounds, oil primary migration, FT-ICR-MS,

Hosszthetény Calcareous Marl Formation, petroleum fractionation

1 Introduction

During primary oil migration, petroleum is expelled from the source rock into
the surrounding or adjacent carrier lithology. During this process the expelled fluids
become enriched in saturated hydrocarbons, while the retained bitumen is enriched in
asphaltenes and resins (Tissot and Welte, 1984). The expulsion sequence saturated

hydrocarbons > aromatic hydrocarbons > polar compounds has been confirmed using
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experiments and modelling in many studies (Tissot and Welte, 1984; Leythaeuser et
al., 1988a; Sandvik et al., 1992; Kelemen et al., 2006; Han et al., 2015). The
preferential expulsion of saturated hydrocarbons and aromatic compounds has been
widely examined using gas chromatography either coupled to a flame ionization
detector (GC-FID) or a mass spectrometer (GC-MS) (Mackenzie et al., 1983;
Leythaeuser et al., 1988b, 1998c; Han et al., 2015). For example, Mackenzie et al.
(1983) showed that a preferential expulsion of lower carbon number #n-alkanes occurs
during migration. Han et al. (2015) elucidated the preferential retention of polar
compounds, aromatic hydrocarbons and saturated hydrocarbons in this order within
the Barnett shale. In addition to natural reservoir and source rock units (Tissot and
Welte, 1984; Leythaeuser et al., 1988a; Han et al., 2015; Mabhlstedt et al., 2016) also
expulsion simulation experiments (Mohnhoff et al., 2016; Stockhausen et al., 2019,
2020, 2021) have been applied to examine oil migration and expulsion processes.
Furthermore, compositional fractionation processes during migration can be assessed
by nitrogen, sulfur and oxygen (NSO)-containing compounds, e.g., methylcarbazoles
and xanthones (Larter and Aplin, 1995; Li et al., 1995; Larter et al., 1996; Taylor et al.,
1997; Clegg et al., 1998; Oldenburg et al., 2002; Bennett et al., 2004), because, due to
their polarity, these compounds are most strongly influenced by physical and chemical
interaction processes with the pore fluids and the surrounding mineral and organic
matrix. The relative enrichment of nitrogen-shielded and nitrogen-exposed
benzocarbazole isomers were used to elucidate the fractionation during migration (Li

et al., 1995), although a strong link to maturity occurs in the case of vertically charged
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petroleum systems (Clegg et al., 1998; Horsfield et al., 1998). Phenols and its
alkylated homologues can alter wetting properties of mineral surface, subsequently
allowing the adsorption of larger hydrophobic molecules (Larter and Aplin, 1995;
Taylor et al., 1997; Bennett et al., 2004). While these low molecular weight NSO-
containing compounds have intensively been investigated to study oil migration
processes (Leythaeuser et al., 1988c; Yamamoto et al., 1991; Li et al., 1995; Peters et
al., 2018), studies on high molecular weight NSO-compounds are rare.

Fourier transform-ion cyclotron resonance-mass spectrometry (FT-ICR-MS) has
broadened the analytical window for NSO-compounds and aromatic hydrocarbons
(HCs) (Marshall and Rodgers, 2008). The ultra-high mass resolution allows the
elemental composition of thousands of previously inaccessible organic compounds to
be determined and thus allows new insights into compositional fractionation processes
to be gained. Numerous studies have been conducted to address the aromatic HC and
NSO-compound fractionation during oil migration by investigating the free petroleum
phase using Electrospray lonization (ESI) and Atmospheric Pressure Photoionization
(APPI) FT-ICR-MS (Mabhlstedt et al., 2016; Han et al., 2018a, 2018b, 2021; Ziegs et
al., 2018; Poetz et al., 2020; Yue et al., 2021). The migration related fractionation is
controlled by the elemental classes with their different functional groups and
polarities (Han et al., 2018a, 2018b, 2021; Ziegs et al., 2018; Poetz et al., 2020; Yue et
al., 2021). Han et al. (2018a, 2018b) pointed out that the Ny compounds were
selectively retained in the Mississippian Barnett Shale, while the NyOx compounds

were preferentially expelled. The opposite case has been reported in the Eagle Ford
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petroleum system, here pyrrolic nitrogen compounds are more enriched in crude oil,
while high contents of NyOx and S;Ox compounds remained in the source rock (Poetz
et al., 2020). Retention of NSO-compounds in source rock also depends on their
molecular size and aromaticity (Mabhlstedt et al., 2016; Poetz et al., 2020; Yue et al.,
2021). Mahlstedt et al. (2016) revealed that the aromaticity and molecular size of
NSO-compounds increased much more pronouncedly with increasing maturity for
retained than for expelled oil. The lithofacies of source rock was considered to play a
significant role on oil expulsion as well. For instance, Yue et al. (2021) reported that
nitrogen-containing compounds are preferentially retained by biogenic quartz of the
Barnett Shale, while the more polar acidic oxygen-containing compounds are
preferably retained by clay-rich Posidonia Shale, exhibiting various retention
capacities of NSO-compounds with respect to the mineralogical compositions.
Oil-bearing fluid inclusions (FIs) hosted in mineral cements contain aliquots of
oil that were trapped either within cavities during crystal growth, in which case they
are termed primary FIs, or during subsequent recrystallization, in which case they are
termed secondary FIs (Burruss, 1981). The great advantage of investigating FI oils is
that the oil is physically isolated, and therefore its composition is not affected by later
secondary geological transformation processes (Volk and George, 2019). The
geochemical information they contain has been used to compare present oil properties
with those of paleo-oils (early oil charges) and to examine the impact of migration
and alteration processes on oil composition (Horsfield and McLimans, 1984; Bodnar,

1990; Jochum et al., 1995; Volk et al., 2002; George et al., 2007; Cobbold et al., 2013;
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Volk and George, 2019). Recently, a procedural and analytical protocol for analyzing
aromatic HCs and NSO-compounds in FI oils using FT-ICR-MS has been reported
(Noah et al., 2018; Han et al., 2020, 2022). The ultra-high mass resolution allows the
elemental composition of thousands of newly accessible organic compounds to be
identified.

In the study reported here, we have compared the solvent extracts from two marl
source rock (SR) samples from the Hosszthetény Calcareous Marl Formation (HCMF)
(Hungary) with six FI oil samples hosted in a calcite vein cutting the HCMF in order
to unravel the compositional fractionation of aromatic HCs and NSO-compounds
during oil primary migration. In a first step, biomarker and stable carbon isotope
analyses were conducted using GC-MS and gas chromatography-isotope ratio mass
spectrometry (GC-IRMS) to establish compositional relationships between SR
extracts (retained bitumen) and FI oils (expelled oil). In addition to these conventional
methods, FT-ICR-MS in APPI positive (+) mode was then applied to reveal effects of
migration-induced fractionation on the petroleum HCs and NSO-compounds.

2 Geological setting and sample set
2.1 Geological setting

The Pannonian Basin is surrounded by the Dinarides, Alps and Carpathians (Fig.
la). The Mecsek Mountains are located in the southwestern part of the Pannonian
Basin. The mountain range forms part of the Tisza Mega-unit (Csontos, 1995; Csontos
et al., 2002). This area became part of the European continent at the end of the

Variscan orogeny, and rifted off the European shelf at the end of the Jurassic (Haas et
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al., 1999; Csontos et al., 2002). The complex movement of crustal plates resulted in
amalgamation and the Tisza Mega-unit reached its current position during the
Palaecogene and Neogene (Csontos et al., 2002). An extensional half-graben formed
during the Rhaetian to Hettangian time, and coal-bearing fluvial-deltaic swamp
sediments of the Mecsek Coal Formation were deposited (Haas, 2012). In the early
Sinemurian, the subsidence of the Mecsek Basin resulted in the deposition of shallow
marine sandstones and marls of the Zobadkpuszta Sandstone Formation and Vasas
Marl Formation, respectively (Raucsik, 2012a, 2012b). Due to a rise in eustatic see
level a bioturbated, hemipelagic series of mixed carbonate and siliciclastic sediments
were deposited, comprising the HCMF (Raucsik, 2012¢). The Upper Pliensbachian
and Lower Toarcian succession are characterized by monotonous bioturbated, spotted
marl with turbiditic sandstone intercalations (Mecseknadasd Sandstone Formation)
and limestone beds (Kecskehat Limestone Formation), representing depositional
conditions controlled by tectonism, sea level fluctuation and climate change (Raucsik
and Varga, 2008). The lower Toarcian strata also contain organic-rich and laminated
sediments of the Rékavolgy Siltstone Formation (Varga et al., 2007; Raucsik, 2012d).
Spotted marl deposition succeeded black shale deposition in the remaining Toarcian

(Koml6 Calcarous Marl Formation) (Raucsik, 2012¢) (Fig. 1b).
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Fig. 1. a) Geological map of Mecsek Mountains in Hungary and sampling outcrop position
(revised from Csontos et al. (2002) and Raucsik and Varga (2008)); b) Chronostratigraphic chart
of Early Jurassic formations of Mecsek Mountain in Hungary (revised from Fézy (2012)).

The focus of the study is the Lower Jurassic Hosszthetény Calcareous Marl
Formation. Calcite-filled fractures up to 40 cm thick crosscut the thick-bedded HCMF,
where abundant oil FIs have been discovered (Lukoczki et al., 2012). Although there
are several potential source rocks in the Mecsek Mountains, such as the Mecsek Coal
Formation, Vasas Marl Formation, Hosszthetény Calcareous Marl Formation, and the
Rékavolgy Siltstone Formation (Fig. 1b), it is the HCMF marl which is the most
likely SR for the FI oils, because the calcite vein cuts through this formation and is
sub-perpendicular to the HCMF marl (Fig. 2). The measured vitrinite reflectance
values (Ro = 0.69%-0.73%) suggest that the sediments and incorporated organic
matter are within the oil window (Lukoczki et al., 2012).

2.2 Sample set
Two source rocks (named as SR-1 and SR-2) and six pure milky-gray Fl-bearing

calcites (named as FI-1 to FI-6) from a vein within the HCMF were collected from an
8
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abandoned quarry close to the town of Pécsvarad in the Mecsek Mountains, Hungary
(Fig. 2). The two type II kerogen source rocks SR-1 and SR-2 (Raucsik, 2012c) are
dark-grey calcareous marls with total organic carbon (TOC) contents of 0.31% and
0.63%, respectively. The Rock-Eval data for SR-1 and SR-2 indicate hydrogen index
(HI = S2/TOC x 100) data of 62 and 54 mg HC/g TOC and Tmax values of 456°C
and 455°C, respectively. Massive calcite fills the HCMF fractures with tens of meters
in length and several to tens of centimeters in width (Fig. 2a). Calcite vein material

could easily be obtained and split into small pieces (Fig. 2b).

Fig. 2. Sample material: a) Calcite vein (marked with a blue line) filling a HCMF fracture. Blue
stars represent calcite host mineral (FI) and red dots source rock (SR) sampling positions. b)
Calcite vein material from the HCMF fracture. c) Photomicrograph of fluid inclusion trails under
UV light showing the presence of petroleum by pale-blue and yellowish-blue fluorescence.

3 Methods

3.1 Sample preparation

Two powdered marl SR samples (SR-1 and SR-2) were extracted by a mixture of
9
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dichloromethane (DCM) and methanol (99:1, v/v) at 50 °C using Soxhlet extraction
for 24 h, the extracts termed SR extracts. Six calcite crystal concentrates (FI-1 to FI-6)
were cleaned using the rigorous clean-up protocols developed by Han et al. (2020). In
brief, host minerals were washed with a Waller solution containing 33% sodium
dithionite, 28% sodium bicarbonate, 59% sodium citrate in distilled water. Then the
host minerals were transferred into a Soxhlet extraction thimble and washed twice (24
h) with DCM mixed with methanol (99:1, v/v) at 50 °C. Afterwards, the minerals
were washed with three different organic solvents in the following order: methanol,
blend of dichloromethane (DCM) and methanol (93:7, v/v), and DCM. The DCM
extract from the last cleaning step was collected and residual particles were removed
using a pre-cleaned thimble. This DCM extract was used as procedural blank for the
respective sample. Before continuing, the procedural blanks were measured by GC-
MS and FT-ICR-MS and controlled for the amounts of remaining bitumen. The
washing procedure of the calcites was repeated until the cleaning of the outer mineral
surfaces from bitumen residues was deemed successful. Afterwards the cleaned
calcite crystals were crushed in a small metal cylinder with two stainless steel balls,
and finally, the inclusion oil (named as FI oil) in the powdered sample was extracted
by a mixture of DCM and methanol (99:1, v/v) using Soxhlet extraction.

The source rock extracts (SR-1 and SR-2) were split into two parts: one for GC-
MS and GC-IRMS analyses and the other for FT-ICR-MS analysis. Due to the fact
that only low amounts of FI oils were anticipated, the six FI oil samples from the
HCMF calcite vein were divided into two sets: FI-1 and FI-2 were used for GC-MS

10
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and GC-IRMS analyses, and FI-3 to FI-6 were used for FT-ICR-MS analysis. The
extracts for FI-1 and FI-2 were deasphaltened to obtain the n-hexane-soluble maltene
fraction. Subsequently, the maltenes were further separated into aliphatic, aromatic
and NSO-compound fractions using a medium pressure liquid chromatography
(MPLC) system (Radke et al., 1980). The extracts FI-3 to FI-6 were analysed directly
by FT-ICR-MS with no prior treatment.
3.2 Microscopy

FI analysis was conducted on doubly polished thick sections, with thickness of
130—-150 um to ensure the transparency of the calcite in transmitted light. Oil FIs were
studied in reflected light using an Olympus UV lamphouse with a USH-1030L 100W
mercury lamp connected to the BX50 Olympus microscope, and long-working
distance objectives with various magnifications (5x, 10x, 20x, 50x).
3.3 GC-MS

The aliphatic and aromatic fractions of two SR extracts (SR-1 and SR-2) and two
FI oils (FI-1 and FI-2) were selected for GC-MS analysis using a Trace GC Ultra
coupled to a DSQ mass spectrometer (Thermo Electron Corp.). The Agilent 6890
Series GC instrument was equipped with a Thermo PTV injection system and a SGE
BPXS5 fused silica capillary column (50 m x 0.22 mm ID and 0.25 pm film thickness).
Helium was used as a carrier gas. The GC oven was programmed from 50 to 310 °C
at a rate of 3 °C/min, followed by an isothermal phase of 30 min. The MS was
operated in electron impact ionization mode (EI) at 70 eV. Full scan mass spectra for
compound identification were recorded from m/z 50 to 600 Da in the aliphatic fraction,

11
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and from 50 to 330 Da in the aromatic fraction at a scan rate of 2.5 scans/second. In
addition to the full scan mode, aliphatic fractions were also measured in the SIM
(single ion monitoring) mode to improve the sensitivity for specific biomarkers such
as hopanes (m/z 191) and steranes (m/z 217).
3.4 GC-IRMS

The n-alkanes in the aliphatic fraction of the two source rock extracts (SR-1 and
SR-2) and the combined FI oils (FI-1 and FI-2) were analyzed by GC-IRMS using a
GC unit (7890N, Agilent Technology, USA) connected to a GC-Isolink that is coupled
via open split with a Delta V Plus mass spectrometer (ThermoFisher Scientific,
Germany). For carbon isotope analysis, the organic compounds of the GC effluent
stream were oxidized to CO2 on a CuO/Ni/Pt catalyst in the combustion furnace held
at 940 °C. 3 ul of saturated fraction were injected to the injector, working in splitless
mode and held at a constant temperature of 300 °C. The aliphatic fractions were
separated on a fused silica capillary column (HP Ultra 1, 50 m x 0.2 mm ID, 0.33 pm
FT, Agilent Technology, Germany). The temperature program started at 80 °C, held
for 2 minutes. Temperature was increased at a rate of 5 °C min™' to 320 °C and with a
lower rate of 1 °C min™' increased to 325 °C, which was held for 15 minutes. Helium,
set to a flow rate of 1.3 ml min’!, was used as carrier gas. All aliphatic hydrocarbon
fractions were measured in triplicate and the standard deviation was < 0.5%o for most
of the compounds. The quality of the isotope measurements was checked regularly by
measuring different n-alkane standards with known isotopic composition (provided by
Campro Scientific, Germany and Arndt Schimmelmann, Indiana University, USA).
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3.5 FT-ICR-MS

Two SR extracts (SR-1 and SR-2) and four FI oils (FI-3 to FI-6) were selected
for FT-ICR-MS analysis. Samples were measured using a 12 Tesla Solarix FT-ICR-
MS from Bruker Daltonik GmbH (Bremen, Germany) in APPI (+) mode, which can
ionize mainly aromatic compounds of low-polarity (Huba et al., 2016a). A standard
solution of the extract with a concentration of 1 mg/mL in a mixture of methanol and
hexane (9:1, v/v) was diluted with the same solvent mixture to give a final
concentration of 20 pg/mL. The solutions were injected into the APPI source at a flow
rate of 20 uL/h using a syringe pump (Hamilton), where the analytes were ionized
using a krypton lamp at 10.6 eV. The instrumental parameters on APPI (+) mode were
as follows: dry gas (N2) flow rate 3 L/min and temperature 210 °C, nebulizing gas
(N2) 2.3 bar, capillary voltage 1000 V, additional collision-induced dissociation
voltage of 30 V, ions accumulation time 0.03 s, transfer time 1 ms, 4 megaword data
sets. A total of 300 mass spectra were accumulated in a mass range from m/z 147 to
1200.

In each spectrum, signals with a signal-to-noise ratio > 8 were included into the
further data assessment. Formula assignment was done using the isotopes 'H, '2C, 1°C,
4N, 190, and *2S, with the upper thresholds N <2, O <8, and S < 2; C and H were
unlimited. If no chemical formula within the allowed mass error of 0.5 ppm was
found, the peak was not included into the mass/formula list. For each CcHnNyOoSs
compound, its double bond equivalent (DBE) value was obtained by calculating DBE
=c—h/2+n/2 + 1, where c is carbon number, h is hydrogen number and n is nitrogen

13
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number. Each DBE refers to the number of unsaturation or rings in the individual
compound structure (Poetz et al., 2014).
4 Results
4.1 Microscopic characterization

Calcites from the investigated HCMF marl fracture host numerous oil inclusions,
occurring in clusters and along trails cross-cutting the host mineral crystals, and with
lengths less than 20 um. The FI can be classified as secondary fluid inclusions which
were trapped along a healed fracture (Goldstein and Reynolds, 1994). The oil FIs
show mainly pale-blue and yellowish-blue fluorescence under UV light microscopy
(Fig. 2¢). According to a previous study investigating the FIs in the calcites from the
HCMF by UV-fluorescence microspectroscopy (Lukoczki et al., 2012), there was no
significant difference between the oil FIs of pale-blue and yellowish-blue fluorescent
colors, indicating that the FI oils derive from the same fluid and that the variation in
fluorescent colors of the present oil inclusion trails was not caused by maturity
differences, but presumably by oil fractionation during trapping.
4.2 Biomarkers

Mass trace chromatograms of the hopanes (m/z 191) and steranes (m/z 217) from
the SR extracts and the two FI oils FI-1 and FI-2 are shown in Fig. 3. All biomarker
ratios quoted in this study were calculated from SIM data (Table 1). 18a(H)-
trisnorneohopane (Ts) and C3o af-hopane or 18a(H)-30-norneohopane (C29Ts) are the
most abundant hopanes in both SR extracts and FI oils investigated. The C31 af-
22S/(22S + 22R) hopane values (~ 0.59) are very similar in SR extracts and FI oils.

14



294  The significant presence of C3s homohopanes can be seen in Fig. 3 and the respective

295 (35 homohopane index data are listed in Table 1.
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297  Fig. 3. Comparison of the hopane (m/z 191) and sterane (m/z 217) mass traces of the two source
298  rock (SR) extracts SR-1 and SR-2 and the two fluid inclusion (FI) oils FI-1 and FI-2 from the
299  HCMF marl in the Mecsek Mountains, Hungary. Ts = 18a(H)-trisnorneohopane; Tm = 17a(H)-
300 trisnorhopane; C29Ts = 18a(H)-30-norneohopane; C3o* = 17a(H)-diahopane.

301 The SR extracts and FI oils show quite similar sterane and diasterane
302  distributions, in which the C»7 steranes and diasteranes are more abundant than the
303  Cazg and Co9 congeners. The Cz9 a00-20S/(20S + 20R) sterane ratios show similar
304  values (~ 0.42) in SR extracts and FI oils (Fig. 3). In contrast, the C29 affp/(af + aac)
305  sterane ratios and diasteranes/steranes ratios in SR extracts are slightly higher than in

306  FI oils. One further difference is that SR extracts contain more steranes, relative to the
15
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Table 1. Aliphatic and aromatic hydrocarbon parameters for the two fluid inclusion (FI) oils FI-1
and FI-2 and source rock (SR) extracts SR-1 and SR-2 from the HCMF marl in the Mecsek

Mountains, Hungary.

Parameters SR-1 SR-2 FI-1 FI-2
Hopanes/Terpanes
Ts/(Ts + Tm) 0.79 0.9 0.77 0.79
C29Ts/Cy9 aff hopane 0.72 0.87 0.74 0.76
22S/(22S + 22R) 0.59 0.59 0.59 0.58
C3s homohopane index 0.12 0.15 0.12 0.15
Steranes
20S/(20S + 20R) 0.42 0.40 0.42 0.43
BR/(BB + o) 0.69 0.71 0.65 0.65
C17/Cy9 sterane 3.25 5.22 2.27 2.48
Diasteranes/steranes 0.73 0.72 0.64 0.63
Steranes/17a(H)-hopanes 1.21 1.46 1 1.08
Aromatics
MPI-1 0.58 0.57 0.57 0.58
Calculated Rc (%) 0.75 0.74 0.74 0.75

Note: Ts = 18a(H)-trisnorneohopane; Tm = 17a(H)-trisnorhopane; CxTs = 18a(H)-30-
norneohopane; 22S/(22S + 22R) = Cs; of3-22S/(22S + 22R) hopanes; C3s homohopane index =
C35/(C31—C3s) homohopanes; 20S/(20S + 20R) = C29 a0a-20S/(20S + 20R) steranes; BB/(BP + aa)
= Cy afp/(app + aoo) steranes; Cr7/Ca9 sterane = Cy7 a00-20R/Cy aoo-20R sterane;
diasteranes/steranes = Cj7 Pa-diasteranes/C27 (aoo + affp) steranes; steranes/17a(H)-hopanes =
C27—C29 steranes/C20—C3s 17a(H)-hopanes; methylphenanthrene index (MPI-1) = 1.5 x (3MP +
2MP)/(P + 9MP + 1MP); calculated vitrinite reflectance (Rc) = 0.6 x MPI-1 + 0.4 (for 0.65% < Ro
< 1.35%; Radke and Welte, 1983).

Aromatic compounds such as phenanthrene, alkylphenanthrenes and
alkyldibenzothiophenes are also present in the two SR extracts and the two selected FI

oils. The distribution pattern of aromatic hydrocarbons changes with an increasing
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degree of maturation (Radke and Welte, 1983) and thus, provides indication on the
maturity level of the respective sample. Here, the phenanthrene maturity ratios such as
MPI-1 and calculated vitrinite reflectance (Rc) point to similar maturity stages for the
two SR and FI oil samples in accordance to the sterane maturity indices (Table 1).
4.3 Stable carbon isotopes

In Fig. 4 the §'3C values of the n-alkanes from the two SR extracts (SR-1 and
SR-2) and two FI oils (FI-1 and FI-2) are plotted against the carbon numbers. The
813C values of n-alkanes in SR extracts range from —32.8%o to —35.4%o, which partly
overlaps with the §'*C values of the n-alkanes in the FI oils ranging from —31.1%o to
—34.1%o. In general, the SR extracts and FI oils show a similar variability in the
isotopic compositions of n-alkanes; however, mainly long chain > Cz9 and to a
smaller extent also short chain n-alkanes < Czo in SR extracts are slightly enriched in
13C compared to those in the FI oils.
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Fig. 4. Compound specific carbon isotope compositions of the n-alkanes from the aliphatic

fractions in the source rock extracts (SR, blue lines) and inclusion oils (FI, red lines) from the
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HCMF marl in the Mecsek Mountains, Hungary.
4.4 General characterization of hydrocarbons and NSO-compounds
by FT-ICR-MS

Two SR extracts (SR-1 and SR-2) and four FI oils (FI-3 to FI-6) were
characterized using FT-ICR-MS in APPI (+) mode. The abundances of individual
compound classes show significant differences between the SR extracts and FI oils
(Fig. 5). In the following, percentages of the total monoisotopic ion abundance
(%TMIA) are used to express the relative abundances of compound classes (Hughey
et al., 2002; Poetz et al., 2014). The aromatic HC class is the dominant compound
group within both the FI oils (42.5% to 44 %TMIA) and SR extracts (34.1% to
41.8 %TMIA). The N1 compound class shows a slightly higher abundance in the SR
extracts (average value 15.8 %TMIA) compared to the FI oils (average value
12.1 %TMIA). In contrast, the O, N1O1 and S; compound classes show a stronger
variability between FI oils and SR extracts. The O class is the most abundant Ox
class in all samples, showing a significant enrichment in the SR extracts (average
value 17 %TMIA) compared to the FI oils (average value 12.5 %TMIA). The same
trend can be observed for the N1O; class with on average 7.2 %TMIA for the SR
extracts and 2.9 %TMIA for the FI oils. In contrast, the S1 compound class seems to
exhibit an opposite trend with enrichment in the FI oils of on average 12 %TMIA
compared to 7 %TMIA in the SR extracts. There is less difference within the O2 class
between SR extracts and FI oils (both ~ 5 %TMIA). The relative abundance of the
remaining compound classes e.g., O3, O4, N1O2g and S1023, are lower than
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5 %TMIA and will, therefore, not be discussed here in detail.
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Fig. 5. Relative abundances of the main compound classes within the source rock (SR) extracts

and fluid inclusion (FI) oils from the HCMF marl in the Mecsek Mountains (Hungary) measured

by FT-ICR-MS in APPI (+) mode. HC = hydrocarbon.

Fig. 6 displays the mean DBE values and carbon numbers of all assessed
compounds in the SR extracts and FI oils. The mean DBE values in the SR extracts
(15.5 on average) are higher than those in the FI oils (11.2 on average) which suggests
that compounds in the retained bitumen show a higher aromatic character and
molecular size (larger ring system). The mean carbon numbers in SR extracts (38.4 on

average) are similar to that in the FI oils (37.9 on average) implying that there is no

preferential expulsion of compounds with a specific carbon number range.
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Fig. 6. Mean double bond equivalent (DBE) values and carbon numbers of all assessed
compounds detected by FT-ICR-MS in APPI (+) mode in source rock (SR) extracts and fluid
inclusion (FI) oils from the HCMF marl in the Mecsek Mountains, Hungary. Colored rhombus
represents the average mean value of each sample type.
4.5 Compositional changes of individual compound class using FT-
ICR-MS

In addition to the quantitative changes of individual compound classes presented
above, the FT-ICR-MS technique allows compositional changes within the compound
classes to be assessed with regard to their carbon number range and DBE distributions.
Thus, in the following sections, the main compound classes (HC, Si, O1, O2, and Ni)
were described in more detail to reveal fractionation within each of these classes
during primary oil migration. Here, the normalized abundance (%) within a DBE or
carbon number distribution is expressed relative to the total monoisotopic ion
abundance of each individual compound and DBE class, respectively.
4.5.1 HC compounds

The APPI (+) mode ionizes mainly aromatic HC compounds (DBE > 4) with

small amounts of non-aromatic cyclic compounds (Huba et al., 2016a). A closer look
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into the HC DBE distribution (Fig. 7a) reveals that the HC species in the SR extracts
cover a DBE range from 3 to 35 with a maximum at DBE 10 or 11, followed by a
gradual decrease with an intermediate smaller maximum at DBE 20. In contrast, FI
oils show a DBE range from 3 to 30 with a maximum at DBE 9 or 10, followed by a

steep and asymptotic decrease (Fig. 7a).

IS 93

w

Normalized Intensity (%)

15 25 35 45 55 65 75 15 25 35 45 55 65 75
Carbon number Carbon number

Fig. 7. a) Double bond equivalent (DBE) distributions of hydrocarbon (HC) in the two source rock
(SR-1 and SR-2) extracts (red) and four fluid inclusion (FI-3 to FI-6) oils (blue). b) Normalized
intensity of the low (DBE|_s), medium (DBEs_i5) and high (DBEs+) DBE groups of HCs in the
SR extracts (red) and FI oils (blue) with numbers indicating average values. ¢) DBE versus carbon
number plot of HCs in a representative SR extract (SR-2). d) DBE versus carbon number plot of
HCs in a representative FI oil (FI-6). The normalized intensity (%) is expressed relative to the
total monoisotopic ion abundance of the HC class. The magenta colored diagonal line delineates

the minimum carbon number of a non-alkylated planar polycyclic aromatic core molecule within
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every DBE class.

Based on their DBE values, the HC compounds are sorted into three groups,
DBE | s, DBE¢ 15 and DBE 5+, termed low, medium and high DBE compound groups,
which represent compounds with different level of aromaticity and molecular size (the
classification is the same for other compound classes described below). The relative
abundances of the three HC DBE groups are plotted in Fig. 7b. The FI oils are
dominated by the DBE¢_15 group (on average 67.4%) followed by the DBEs+ (on
average 22.4%) and the DBE_s (on average 10.2%) groups. The SR extracts consist
of almost equal amounts of DBEs_i5 (on average 48.9%) and DBEs+ group (on
average 46.1%) compounds. The DBE;_s group occurs only in relatively low
abundance in the SR extracts (on average 5.0%). Obviously, the SR extracts are more
enriched in DBE s+ compounds relative to the FI oils, while the FI oils contain a
higher proportion of low and medium DBE group compounds. Moreover, HC
compounds with high DBE3¢-35 are absent in FI oils.

Looking into the carbon number distributions depicted by the DBE versus carbon
number plots of one representative SR extract and one FI oil (Figs. 7c and 7d), the
higher DBE classes (15-30) in the SR extract are dominated by compounds with
carbon numbers between 25 and 45 close to a diagonal line which represents the
minimum carbon number of a non-alkylated planar polycyclic aromatic core molecule
within the respective DBE class. Compounds along this line are therefore aromatic
compounds with a low degree of alkylation (Poetz et al., 2014; Mahlstedt et al., 2016).
In contrast, the carbon number distributions in the FI oil per DBE class is shifted to
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higher carbon numbers showing a Gaussian distribution maximizing at carbon number
ranges that represent polycyclic aromatic compounds with medium alkylation degree.
4.5.2 S1 compounds

The APPI (+) method is also sensitive for the ionization of organosulfur
compounds from crude oil and sediment extracts (Purcell et al., 2006). S1 compounds
appear to be significantly more enriched in FI oils than in SR extracts (Fig. 5). The
DBE distribution of the Si class in FI oils and SR extracts are significantly different
(Fig. 8a). A bimodal DBE distribution with DBE values from 2 to 26 is displayed for
the FI oils. The DBE distribution reveals two maxima: a smaller one at DBE 6 and a
larger one at DBE 10. By comparison, the DBE values range from 6 to 31 in the SR
extracts and show only one broad maximum between 12 and 23. The DBE > 3 S,
compounds are most likely aromatic compounds that bear a thiophene unit, while S;
compounds with lower DBE number can be interpreted to represent alkyl thiolanes

(tetrahydrothiophenes) or alkyl thianes (tetrahydrothiopyrans) (Liu et al., 2018).
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Fig. 8. a) Double bond equivalent (DBE) distributions of the S; compound class in the two source
rock (SR-1 and SR-2) extracts (red) and four fluid inclusion (FI-3 to FI-6) oils (blue). b)
Normalized intensity distribution of the three DBE groups DBE s (low), DBE¢_i15 (medium) and
DBE s+ (high) of S class in the SR extracts (red) and FI oils (blue) with average value indicated.
¢) DBE versus carbon number plot of the S; class in a representative SR extract (SR-2). d) DBE
versus carbon number plot of the S; class in a representative FI oil (FI-6). The normalized
intensity (%) is expressed relative to the total monoisotopic ion abundance of the S; class. The
magenta colored diagonal line delineates the minimum carbon number of a non-alkylated planar
polycyclic aromatic core molecule within every DBE class. Note that S1 compounds with carbon
numbers above 50 in the SR extract are not included due to instrumental resolving power
limitations for S; compounds in the here investigated SR sample (see text).

As for the HCs, the S1 compounds are separated into three DBE groups. The SR

extracts do not contain any DBEi_s S; compound, but significant proportions of
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DBEg-15 (on average 43.2%) and especially DBE s+ compounds (on average 56.8%).
In contrast, FI oils exhibit the highest content of DBE¢-15 compounds (on average
70.9%), and significantly lower amounts of DBEis+ Si; compounds (on average
19.3%). DBEi-s Si; compounds occur at least with an average share of 9.8%.
Comparing the two sample types, the low and medium DBE S| groups are dominant
in the FI oils, while the high DBE group is most abundant among the S| compounds
in the SR extracts. Moreover, S1 compounds with DBEs from 27 to 31 are not
observed in the FI oils.

Looking into the DBE versus carbon number distributions of one representative
SR extract and one FI oil (Figs. 8c and 8d), the higher DBE classes (15-31) in the SR
extract are dominated by compounds with carbon numbers between 22 and 43 close to
the diagonal line, indicating a low alkylation degree of the polyaromatic system. In
contrast, the carbon number distributions in the FI oil are shifted to higher carbon
numbers showing a Gaussian distribution and thus a higher degree of alkylation of the
polyaromatic ring system. In the SR extract high molecular weight S compounds
with carbon number above 50 are missing in all DBE classes. This is due to
instrumental limitation: the resolving power of the FT-ICR-MS instrument in the
broadband mode was in this case for the investigated complex SR sample too low to
separate the signal of the S1 compounds from other compound groups in the high
molecular mass range, which has an impact on the abundance assessment of Si
compounds in the SR samples. However, the fact that the main abundance of S;
compound is located in the carbon number range close to the diagonal line (Fig. 8c)
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and that the compound abundance significantly decreases with increasing carbon
numbers (especially >50) as confirmed by the other compound classes (Figs. 7c, 9c,
10c and 1l1c¢), suggests that S; compounds, despite of the detection limitation in the
SR samples, are preferentially expelled.
4.5.3 O1 compounds

O1 compounds detected in APPI (+) mode are suspected to be aliphatic and
aromatic aldehydes, alcohols, ketones and furans (Huba et al., 2016a). The O;
compounds are the most abundant oxygen-containing compounds in both the SR
extracts and FI oils and the relative abundance of O: species is higher in the SR
extracts than in the FI oils (Fig. 5). The clear increase of oxygenated hydrocarbons in
crude oils with weathering has been reported by Huba et al. (2016b), but this is not the
case here since fresh HCMF marl samples were collected from abandoned quarry. For
the O; class, the SR extracts have a monomodal DBE distribution with DBE values in
the range between 1 and 32 (Fig. 9a). In comparison, the FI oils show a DBE
distribution between 1 and 27 DBE, and exhibit an odd-over-even carbon number
predominance in the DBE 1 to 9 range (except for sample FI-4) with a maximum at
DBE 1 and an additional maximum between DBE 10 and 15.

Fig. 9b exhibits the intensity distribution of the three classified DBE groups. The
FI oils are dominated by O compounds in the DBE¢ 15 group (on average 56.6%)
followed by O1 compounds in the DBE s+ (on average 22.3%) and DBE1 s groups
(on average 21.1%). The SR extracts show high abundances of O1 compounds within
the DBE 5+ (on average 45.8%) and DBE¢_15 (on average 45.7%) groups followed by
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498  compounds from the DBE;_s group (on average 8.5%). In comparison, the SR
499  extracts are dominated by the medium and high DBE group compounds, while the FI

500  oils are dominated by the medium DBE group compounds.
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502  Fig. 9. a) Double bond equivalent (DBE) distributions of the O compound class in the two source
503  rock (SR-1 and SR-2) extracts (red) and four fluid inclusion (FI-3 to FI-6) oils (blue). b)
504  Normalized intensity distribution of the three DBE groups DBE_s (low), DBEs_i5 (medium) and
505  DBEis+ (high) for the O class in the SR extracts (red) and FI oils (blue) with average value
506  indicated. ¢) DBE versus carbon number plot of the O, class in a representative SR extract (SR-2).
507 d) DBE versus carbon number plot of the O; class in a representative FI oil (FI-6). The
508  normalized intensity (%) is expressed relative to the total monoisotopic ion abundance of the O,
509  class. The magenta colored diagonal line delineates the minimum carbon number of a non-
510  alkylated planar polycyclic aromatic core molecule within every DBE class.

511 In the DBE versus carbon number plot the maximum of O; species in the
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representative SR extract is also located close to the diagonal line with higher DBEs
and lower carbon numbers (Fig. 9¢). In contrast, in the FI oil O; compounds are more
centered at lower DBE numbers: one center is in the DBE range from 9 to 18 and
carbon numbers in the range between 20 and 50 and another center is in the DBE
range from 1 to 6 and carbon numbers ranging from 20 to 40 (Fig. 9d).
4.5.4 O2 compounds

The O compounds are the second abundant oxygen class (Fig. 5). O
compounds detected in ESI (-) mode are regarded as tools to assess the level of
biodegradation (Kim et al., 2005; Hughey et al., 2007). However, in APPI (+) mode
they are not well studied, and they could be mixed aliphatic and aromatic dialdehydes,
dialcohols, diketones and difurans or carboxylic acids (Huba et al., 2016a). The FI
oils have a monomodal DBE distribution with DBE values in the range between 1 and
22, with a maximal relative abundance at DBE 2. The SR extracts show a wider DBE
range from 2 to 28 and there is no apparent predominance of certain DBEs (Fig. 10a).

The FI oils show high relative O2 compound abundances in the DBE; s (on
average 52.0%) and DBE¢-15 groups (on average 39.8%) followed by the DBEs+
group (on average 8.2%). In contrast, the SR extracts show highest abundance in the
DBEs+ (on average 46.4%) and DBE¢s 15 (on average 43.6%) groups and low
abundance in the DBE s group (on average 10.1%) (Fig. 10b). Interestingly, all of the
DBE 1 compounds are absent in SR extracts but present in FI oils. Moreover, DBE 2
compounds are very dominant in FI oils in contrast to the SR extracts (Fig. 10a).

The DBE versus carbon number plots indicate that high molecular weight
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compounds from Ci¢ to Css with higher DBEs ranging from 2 to 29 are preferentially
present in the SR extract (Fig. 10c), while high molecular weight O, compounds
ranging from Ci6 to Cs2 with low DBEs from 2 to 8 are preferentially found in the FI

oil (Fig. 10d).
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Fig. 10. a) Double bond equivalent (DBE) distributions of the O, compound class in the two
source rock (SR-1 and SR-2) extracts (red) and four inclusion (FI-3 to FI-6) oils (blue). b)
Normalized intensity distribution of the three DBE groups DBE s (low), DBEs 15 (medium) and
DBE s+ (high) for the O, class in SR extracts (red) and FI oils (blue) with average value indicated.
¢) DBE versus carbon number plot of the O class in a representative SR extract (SR-1). d) DBE
versus carbon number plot of the O> class in a representative FI oil (FI-3). The normalized
intensity (%) is expressed relative to the total monoisotopic ion abundance of O class. The
magenta colored diagonal line delineates the minimum carbon number of a non-alkylated planar

polycyclic aromatic core molecule within every DBE class.
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4.5.5 N1 compounds

Both pyrrolic (with nitrogen in a five-membered ring) and pyridinic (with
nitrogen in a six-membered ring) compounds can be ionized and identified by APPI
(+) mode (Marshall and Rodgers, 2008). The relative ion abundances of the N;
compounds are quite variable between the two SR extracts but especially among the
FI oils. Overall, N1 compound abundance might be a bit higher in the SR extracts
than in the FI oils (Fig. 5). However, there are significant differences within the DBE
distributions (Fig. 11a). Both show a monomodal distribution, but in the FI oils the
DBEs range from 5 to 27 with a maximum around DBE 12 and in the SR extracts
DBEs range from 7 to 34 with a maximum around DBE 19 or 21.

A closer look into the three classified DBE groups (Fig. 11b) shows that the FI
oils are dominated by N; compounds in the DBE¢ 15 group (on average 63.6%),
followed by the DBE s+ group (on average 36.3%) and only very low amounts in the
DBE s (on average 0.1%) group. The SR extracts are dominated by N compounds
in the DBE 5+ group (on average 67.9%) followed by the DBE¢-15 group (on average
32.1%). As already seen for the other compound classes also the N1 compounds in the
SR extracts show their highest proportion in the DBEs: class while in the FI oil the
DBEg-15 class is the most abundant. Also, the predominance of N; compound in the
SR extract in the DBE versus carbon number plot is shifted close to the diagonal line
in the higher DBE range (Fig. 11c). Generally, high DBE2g 34 compounds are only
retained in SR and are not expelled. In contrast, the DBE versus carbon number
distribution in the FI oil show a Gaussian distribution shifted to higher carbon
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numbers and maximizing at carbon number ranges similar to HC class (Fig. 11d).
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Fig. 11. a) Double bond equivalent (DBE) distributions of the N; compound class in the two
source rock (SR-1 and SR-2) extracts (red) and four inclusion (FI-3 to FI-6) oils (blue). b)
Normalized intensity distribution of the three DBE groups DBE s (low), DBEs 15 (medium) and
DBE s+ (high) for N class in SR extracts (red) and FI oils (blue) with average value indicated. c)
DBE versus carbon number plot of the N class in a representative SR extract (SR-2). d) DBE
versus carbon number plot of the N; class in a representative FI oil (FI-6). The normalized
intensity (%) is expressed relative to the total monoisotopic ion abundance of the N1 class. The
magenta colored line represents the diagonal line indicating the minimum carbon number of a
non-alkylated planar polycyclic aromatic core molecule within every DBE class.

5 Discussion

5.1 Correlation of SR extracts and FI oils by facies biomarkers,

maturity indicators and stable carbon isotopes
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Hopanes and steranes were widely used for tracing facies differences and
similarities of the SR extracts and FI oils (Peters et al., 2005). High steranes/17a(H)-
hopanes ratios in both SR extracts and FI oils reflect an origin of marine organic
matter (OM) with major contributions from planktonic and/or benthic algal material
(Moldowan et al., 1985; Peters et al., 2005). The predominance of C»7 steranes and
the significant amount C3s homohopane suggests OM with a high proportion of
microalgae deposited in dysoxic to anoxic environments (Moldowan et al., 1985;
Peters and Moldowan, 1991). High diasteranes/steranes ratios commonly indicate
clay-rich source rocks (Peters et al., 2005), while the reverse can be observed in some
organic-lean carbonate rocks (Clark and Philp, 1989). The diasteranes/steranes values
of the SR extracts are in accordance with their marly lithofacies typical for calcareous
deposits with a distinct clay content (Clark and Philp, 1989). Overall, the source-
related parameters suggest that the FI oils are derived from SRs deposited under
anoxic marine environmental conditions, which is in agreement with a previous study
showing that HCMF marl was deposited in an open marine, relatively deep basin
(Raucsik, 2012c¢).

Concerning their level of maturity both the SR extracts and FI oils are beyond
the early oil generation window, as indicated by similar C31 af-22S/(22S + 22R)
hopane ratios having reached its equilibrium (0.59) (Seifert and Moldowan, 1980).
The similar Cz9 a00-20S/(20S + 20R) sterane ratios confirm the similar maturity
stages of SR extracts and FI oils. The same is true for the Ts/(Ts + Tm) ratios,
although the value of SR-1 is lower than SR-2 which might reflect some
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compositional heterogeneity in the source rock facies. However, the C29 affp/(app +
aoo) sterane ratios are equivocal, exhibiting slightly higher maturity levels for the SR
extracts than for the FI oils. The maturity-related parameters can be affected by source
OM input (Peters et al., 2005), but FI oils should have been derived from the same
source rock deposited under similar marine environmental conditions. Fractionation
induced by oil migration has also been debated for steranes and hopanes for long time
(Seifert and Moldowan, 1981; Han et al., 2017), which can lead to different sterane
and hopane ratios in expelled fluids compared to the retained bitumen. In addition to
the hopane and sterane derived maturity parameters, further thermal maturity
information can be gained from the phenanthrene maturity ratios, which are not
affected by expulsion fractionation (Leythaeuser et al., 1988c). The substantially
identical Rc values suggest that the maturity of FI oils and SR extracts is similar. Thus,
although there are some individual variabilities in the biomarker maturity parameters,
most parameters indicate equal maturation stages for the SR extracts and the FI oils.
The stable carbon isotopic compositions of the n-alkanes are useful for oil-source
correlations, since the n-alkane isotope signatures of a crude oil are primarily
controlled by the OM input (Sofer et al., 1984; Bjorey et al., 1994; Murray et al.,
1994). Fig. 4 exhibits that the carbon isotopic signatures of n-alkanes in the SR
extracts and FI oils are essentially in the same range, which points to an origin of the
FI oils trapped in calcite veins from HCMF marl SRs. However, the increasing
deviation of the carbon isotopic compositions in the long chain n-alkane range (> Cz9)
of the SR extracts and the FI oils (Fig. 4) might be caused by isotopic fraction that is
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induced by thermal maturation or migration during the generation and expulsion
process (Sofer et al., 1984; Tissot and Welte, 1984; Clayton, 1991; Dzou and Hughes,
1993; Cramer et al., 1998; Liao and Geng, 2009). Since the thermal maturation of
both SR extracts and FI oils has been shown to be in a similar range, it is suggested
that the slightly heavier 8'°C signal of especially the long chain n-alkanes in the
expelled oils (FI oils) is the result of fluid migration. Higher molecular weight HCs in
the migrating fluids are preferentially adsorbed onto mineral surfaces (Schwark et al.,
1997; George et al., 1998) and it is suggested that such a preferential adsorption also
leads to a slight isotopic fractionation with an enrichment of heavier n-alkanes in the
FI oils.

Thus, based on the biomarker parameters and carbon isotope signatures
presented here, the HCMF marl SRs correlate very well with the investigated FI oils.
In consequence, it can be assumed that when the HCMF reached the oil window, oil
expulsion occurred and the expelled oil was trapped in pre-formed calcite veins as
secondary inclusions (Fig. 2¢). These FI oils are suggested to preserve the original
information of the expelled fluids from the HCMF marl. Due to the similar maturity
levels between SR extracts and FI oils, the maturity of Rc 0.74% can be regarded as
the onset of oil expulsion from the HCMF marl, otherwise the maturity level in the FI
oils, representing early oil expulsion, should be lower than in the SR extracts.
Although a bit higher, the onset of oil expulsion for HCMF marl is in the same range
as other source rocks such as the Posidonia shale with a vitrinite reflectance (Ro) of
0.68% (Rullkotter et al., 1988; Mabhlstedt et al., 2016) and the North Sea Spekk shale
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at a vitrinite reflectance equivalent (VRE) of 0.7% (Heum et al., 1986).
5.2 Compositional fractionation during primary migration revealed
by FT-ICR-MS

The organic components distributed throughout a marl can be variably
partitioned between the oil and brine phases, and the carbonate and clay mineral
surfaces (Mann et al., 1997). It is suggested that the migration behavior can depend on
the functional group and its polarity, shielding effects concerning the functional group
due to specific molecular configurations (e.g. alkyl branches) and on the molecular
shape (e.g., aromatic system etc.) and size (Li et al., 1995; Larter et al., 1996; Poetz et
al., 2014, 2020; Mabhlstedt et al., 2016; Han et al., 2018a, 2018b; Yue et al., 2021).
5.2.1 Fractionations of different compound classes

O1, N1, N1O; and S10; compounds are relatively enriched in the HCMF marl
SR extracts when compared to the FI oils (Fig. 5), suggesting that these compound
classes are preferentially retained in the SRs being at the onset of oil expulsion (Rc ~
0.74%). The HC class is the most dominant class in the SR extracts and especially in
the FI oils (Fig. 5). The relative abundance of the HC class in the SR extracts is quite
variable, which points to some heterogeneity within the source rock unit. However, if
the average relative abundance of HC in the SR extracts is compared to that of the FI
oils, a preferential expulsion is suggested. The S; compounds appear to be more
abundant in the FI oils, pointing to an overall preferential expulsion of these
compounds. O> compounds seem to show no preference. These differences are
suggested to be the expression of different adsorption affinities of these different
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functional groups (e.g., hydroxy, carbonyl, carboxyl, pyrrolic, carbazolic, thiophenic
and thiol groups), on mineral surfaces in the oil-water-rock system (Larter and Aplin,
1995; Adams, 2014). Previous experiment and computer simulation studies have
revealed that oxygen- and particularly nitrogen-containing compounds exhibit a
higher adsorption affinity onto surfaces than sulfur-containing compounds, since
sulfur represents a significantly weaker dipole (Lopez-Linares et al., 2006; Gonzalez
et al., 2007; Adams, 2014; Ataman et al., 2016). In addition to this, the acidic and
alkalinic character of functional groups are suggested to affect the adsorption process
(Drummond et al., 2004; Adams, 2014). For instance, experimental work suggested
that pyridinic nitrogen compounds preferentially adsorb on mineral surfaces
compared with pyrrolic compounds (Reed, 1968; Larter and Aplin, 1995). Besides
that, source rocks comprise organic and inorganic materials containing various active
sites that significantly interact with functional groups in oil constituents (Stanford et
al., 2007). For example, Yue et al. (2021) showed that Ny and NyOx compounds are
preferably retained in the biogenic carbonate-rich Barnett and biogenic quartz-rich
Niobrara shale (USA) compared with other compound classes.
5.2.2 Effect of compound aromaticity on compositional fractionations

The assessment of the quantitative fractionation of different compound classes
provides a first insight into the expulsion and retention behavior of these compound
classes with respect to their functional groups. However, a deeper view into the
component inventory of the different compound classes show significant differences
in the compound composition with regard to DBE and carbon number when

36



694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

comparing SR extracts and FI oils.

To visualize those compositional differences, the abundances of three DBE
groups DBEi5 (low), DBEs_15 (medium) and DBEs+ (high) are depicted in a
triangular plot in Fig. 12. The data clearly show that the bitumen retained in the SR is
enriched in HC, S1, O1, Oz and N1 compounds with a higher proportion of DBEs. In
contrast, the expelled fluid in the FI oils is enriched in respective compounds with a
low to medium content of DBEs. Thus, the data from the HCMF marl imply that
compounds with a higher aromaticity and due to the larger ring system a higher
molecular size are preferentially retained, while those with a low to medium
aromaticity and smaller molecular size are preferentially expelled. This finding is in
agreement with studies comparing reservoir and source rock units (Mahlstedt et al.,
2016; Han et al.,, 2018b; Yue et al., 2021), suggesting a preferential removal of
compounds with lower DBEs during primary migration, while compounds with
higher DBEs are preferentially retained in source rock. Moreover, compared to these
previous studies (Mabhlstedt et al., 2016; Han et al., 2018b) which focused on the
nitrogen-containing compounds, the current results indicate that this preferential
behavior is also true for other compound classes. Former asphaltene (condensed
polyaromatic backbone strewn with heteroatoms) adsorption experiments and
computer simulations indicated that larger aromatic ring systems and thus increased
aromaticity allow surface active areas of heteroatoms to more favorably adsorb onto
surfaces (Lopez-Linares et al., 2009; Marchal et al., 2010). For example, Plancher et
al. (1977) found that 5-aromatic ring structured compounds adsorbed more firmly to
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mineral surfaces than 2-aromatic ring structured compounds. Additionally, Yue at al.
(2021) showed that depending on the micropore size of the host rock, lower DBE
species, representing smaller molecular sizes, migrate more easily out of the source
rock compared with higher DBE species, resulting into the retention of these
compounds in source rock. The same can be observed in this study for HCs and NSO-
compounds with a higher degree of aromaticity (high DBEs) which are preferentially
retained in the SRs. This deeper data evaluation shows that in addition to the

functional group, structural properties play a major role for the fractionation behavior.

100 (O SR extract B HC class
i\(Floil E\ S, class

B O,class
25 [] O,class
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~
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Fig. 12. Ternary diagram of three double bond equivalent (DBE) groups DBE s, DBE¢_i5 and
DBE s+ for hydrocarbon (HC), S1, O1, Oz, N classes in source rock (SR) extracts (with average
value) and fluid inclusion (FI-6) oils (with average value) from the HCMF (Hungary). Red arrow
indicates the compositional changes between SR bitumen and expelled oil.
5.2.3 Effect of alkylation degree on compositional fractionations

The degree of alkylation represents the length of alkyl side chains for a given
compound class and/or DBE (Marshall and Rodgers, 2008). The shielding effect
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induced by aliphatic side chains, that could reduce interactions with the mineral active
sites, was considered to affect the retention capacity (Li et al., 1995; Larter et al.,
1996; Mahlstedt et al., 2016; Yue et al., 2021). The FT-ICR-MS technique provides
only information on the carbon number range (with regard to DBEs) and, therefore,
maybe on the degree of alkylation, but gives no clue about the alkyl chain
configuration within the molecule.

The carbon number range is in most cases similar for the retained and expelled
compounds, with exception of the S1 compounds but this distribution is impaired by
compound assignment problems as discussed above (Fig. 8). However, the data show
that compounds with higher DBEs in the SR extracts are more enriched in the lower
carbon number range (low alkylated species) close to the diagonal line, which
represents the minimum carbon number of a non-alkylated planar polycyclic aromatic
core molecule within the respective DBE class (Figs. 7c, 8c, 9¢c, 10c and 11¢). Fig. 13
exhibits the carbon number distribution of the representative DBE 12 (medium DBE
range) and DBE 20 (high DBE range) classes of the N; and HC compounds in the SR
extracts and FI oils. The medium DBE 12 class of the N1 and HC compounds shows
no preferential expulsion in terms of the carbon number (Fig. 13a). In contrast, in the
higher DBE range (DBE 20) N1 and HC compounds with less or shorter alkyl chains
(lower carbon numbers) are preferentially retained in the SRs (Fig. 13b). This
suggests that in these compounds the centers of increased interaction (hetero-atoms
and aromatic rings) are less shielded by long alkyl chains in appropriate positions
leading to their preferential retention in the SR.
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Fig. 13. Carbon number distributions of a) the DBE 12 and b) DBE 20 class of N; and HC
compounds in a representative source rock (SR-2) extract and fluid inclusion (FI-6) oil from the
HCMF (Hungary). The relative abundance in percent is expressed relative to the total ion
abundance of compounds for the DBE distribution.

Thus, although the FT-ICR-MS cannot provide direct structural information, the
DBE versus carbon number plot can give insight into the alkylation degree of the
retained and expelled compounds. The observation that those high DBE compounds
with a lower degree of alkylation are preferentially retained suggests that shielding
effects play an additional role for the retention and expulsion of the petroleum

constituents.

Conclusions

The biomarker and stable carbon isotope data indicate that the investigated FI
oils trapped in a calcite vein comprise expelled fluids (Rc ~ 0.74%) from the adjacent
HCMF marl source rock. On a functional group level the FT-ICR-MS measurements
indicate that O, N1, N1O; and S10: compounds are preferentially retained in the

source rock, while less polar compounds such as aromatic HC and S; compounds are
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assumed to be preferentially expelled. A deeper insight into the compound inventory
shows that HCs and NSO-compounds with higher aromaticity are preferentially
retained in the source rock during primary migration, which is especially true for high
DBE compounds in the lower carbon number range indicating a lower degree of
alkylation and thus a less pronounced shielding effect. These findings confirm earlier
work suggesting that functional groups, aromaticity and the alkylation degree of HCs
and NSO-compounds are the main factors affecting compositional fractionation of
petroleum during primary migration.
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