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Abstract: The origins of hydrocarbons occurring in oil-bearing fluid inclusions (FIs)
have been studied in detail over the last four decades, but very little is known about
co-occurring nitrogen, sulfur and oxygen (NSO)-containing compounds. Here, we
outline a new method for gathering valuable information on NSO compounds using
the Fourier Transform-lon Cyclotron Resonance-Mass Spectrometry (FT-ICR-MS) in
combination with Atmospheric Pressure Photoionization in positive ion mode (APPI
(+)) and Electrospray lonization in negative ion mode (ESI (-)). A key element was to
develop a rigorous acid-free cleaning protocol to make oil inclusions from a broad
range of host materials accessible to the very sensitive FT-ICR-MS technique.
Although oil contamination from surrounding organic matter can never be entirely
eliminated, the procedure enables distinction of external contaminants and

identification of affected NSO compound classes allowing a conditional interpretation
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of the FT-results of FI samples, especially for compounds measured in the APPI (+)
mode. First insights into the high molecular weight hydrocarbons and
NSO-compounds in fluid inclusion oils are presented here using examples from

Germany, Tunisia, Pakistan and Mexico.

Keywords: NSO-compounds; oil-bearing fluid inclusions; clean-up method,

FT-ICR-MS

1. Introduction

Oil-bearing fluid inclusions (FIs) hosted in minerals such as e.g., fluorite, quartz
or carbonates contain aliquots of oil that were trapped within cavities during crystal
growth as primary FlIs or during re-crystallization of secondary cracks in the presence
of a fluid phase (e.g., Burruss, 1981; Roedder, 1984; Goldstein, 1994; Munz, 2001).
In general, petroleum Fls are trapped in cements, and/or fracture-fill mineralization
hosted by sedimentary rocks. Abundant oil-bearing FlIs are reported from
sediment-hosted Mississippi Valley-type (MVT) deposits, where they are typically
contained in fluorite, but also in barite, carbonate and/or sphalerite (Etminan and
Hoffmann, 1989; Guilhaumou et al., 2000; Benchilla et al., 2003; Gonzalez-Partida et
al., 2003). The geochemical information received from the analysis of Fls oils has
been used to compare present and paleo-oils (early oil charges) and to examine
migration events and alteration processes that have affected the composition of the oil
(Horsfield and McLimans, 1984; Bodnar, 1990; Lisk et al., 1996; George et al., 1997,

2004; Volk and George, 2019). The great advantage of using FI oils is that the oil is
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physically isolated from the main pore system of the reservoir rock, and therefore
events affecting the reservoir such as leakage, water-washing, biodegradation and
contamination associated with drilling do not affect the composition of the inclusion
oil. Comprehensive reviews of FI oils and applications have been published by
George et al. (2007) and Volk and George (2019).

The composition of fluids in oil Fls is complex, with components including
gases (such as CH4, CO2 and N>), higher molecular weight hydrocarbons (aliphatic
and alkylaromatic), NSO-compounds (containing nitrogen, sulfur and/or oxygen as
heteroatoms), and water (Roedder, 1984; Pang et al., 1998; Burruss, 2003). Murray
(1957) was the first to unravel the composition of Fls-occluded oils, employing mass
spectrometry to analyze light hydrocarbons and gases. Since then many different
analyses have been applied to unravel the bulk composition of included oils, such as
gas chromatography with a flame ionization detector (GC-FID) (Horsfield and
McLimans, 1984), gas chromatography-mass spectrometry (GC-MS) (Karlsen et al.,
1993; George et al., 1997), and high performance liquid chromatography (HPLC)
(Pang et al., 1998). Techniques for analyzing individual oil inclusions also have been
developed, such as time-of-flight secondary ion mass spectrometry (ToF-SIMS) using
an ion gun (Siljestrom et al., 2010, 2013), GC-MS with an on-line femtosecond laser
(Volk et al., 2010), and GC-MS with an on-line excimer laser (Zhang et al., 2012).
Aliphatic, aromatic and tetra- and pentacyclic hydrocarbons as well as low molecular
weight NSO-compounds, such as phenols and carbazoles (Ruble et al., 1998; George

et al., 2004; Peters et al., 2018) were the main target classes under study.
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As compared to crude oils, inclusion oils are preferentially enriched in polar
compounds (Karlsen et al., 1993; Nedkvitne et al., 1993), because they are more
readily adsorbed on mineral surfaces during inclusion formation (Crocker and
Marchin, 1988; Pang et al., 1998; George et al., 2007). Yet, very little compositional
insight has to date been gathered on high molecular weight NSO-compounds in FI
oils. Here, we utilize the Fourier Transform-lon Cyclotron Resonance-Mass
Spectrometer (FT-ICR-MS) with its ultra-high mass accuracy to study
NSO-compounds in FI oils, identifying molecular formulae and resolving thousands
of compounds that are inaccessible to GC-FID and GC-MS (Marshall and Rodgers,
2004, 2008). Many geological questions have been addressed using this instrument
recently, such as organic matter maturation (Hughey et al., 2004; Oldenburg et al.,
2014; Poetz et al., 2014), biodegradation (Huang et al., 2003, 2007; Kim et al., 2005;
Liao et al., 2012; Seidel et al., 2016; Martins et al., 2017; Oldenburg et al., 2017), oil
migration (Oldenburg et al., 2014; Liu et al., 2015; Han et al., 2018; Ziegs et al.,
2018), as well as oil and source rock correlation (Mahlstedt et al., 2016). Thus, this
powerful instrument also could offer a new approach to shed light on polar
compounds trapped in Fl oils.

The indigenous organic matter surrounding Fls, and contaminants from drilling
and sampling adhering on the surface or in microcracks of host minerals, may affect
inclusion oil analysis. In previous studies, strong acids such as hydrochloric acid and
chromic acid were applied to clean host minerals (George et al., 2007). However, this

method is clearly unsuitable for carbonate minerals. For carbonate rocks various
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organic solvents, like dichloromethane and other solvent mixtures, have been used to
repetitively wash host minerals using Soxhlet, sonication extraction or vacuum
solvent extraction (Karlsen et al., 1993; George et al., 1998, 2007; Jones and Macleod,
2000). Such clean-up procedures have successfully been used prior to the GC-MS
analysis of FI oils (Jones and Macleod, 2000; Volk et al., 2002; George et al., 2007).
Noah et al. (2018, 2019) were the first to demonstrate that FT-ICR-MS can be used to
analyze NSO compounds in fluid inclusion oils contained in quartz, applying the
clean-up methods developed by George et al. (2007). Noah et al., (2018; 2019)
compared FT-ICR-MS derived NSO compound compositions in a Fl oil, a produced
oil, potential source rock extracts and reservoir rock extracts from the Ullés Field in
the Pannonian Basin, Hungary. They found elevated abundances of NSO compounds
in FI oils compared to crude oils, which may reflect the greater affinity of NSO
compounds to polar mineral surfaces, where oils can be trapped on crystal
imperfections. Furthermore, they demonstrate that FT-ICR-MS can be used as a tool
to provide detailed information on NSO compounds in FI oils. First high resolution
mass spectrometry results showed systematic variations in NSO compound
composition between sample types. This opened an exciting domain of research into
mineral-fluid interaction and the evolution of petroleum reservoirs.

First extraction experiments in our study showed that the conventional cleaning
methods developed for GC-MS not always provide the level of purity needed for the
very sensitive FT-ICR-MS technique and that additional cleaning steps are needed.

Furthermore, conventional methods often use strong acids and cannot be applied to
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host crystals that react with acids, namely fluorite and carbonates.

Thus, in this study an acid-free clean-up and preparation procedure is presented
that is suitable for all host mineralogies. It eliminates organic contaminants adhering
to host mineral surfaces and thereby enables polar compounds in FI oils to be
analyzed using FT-ICR-MS in APPI (+) and ESI (-) ionization modes. These
ionization modes were selected because they are the most common in crude oil
characterisation and because they provide the broadest range of compound polarities
and ionization efficiencies. Four representative samples with microscopically
characterised oil-inclusions in different host minerals have been chosen for the

method development to characterise occluded NSO-compounds in FI oils.

2. Material and Methods

2.1. Sample set and geological background

Oil can be trapped in fluid inclusions hosted in different minerals which were
formed in various sedimentary settings (Roedder, 1984). For example, fracture-fill
mineralization may contain abundant Fls that contain instantaneously generated oil
(Roedder, 1984; Etminan and Hoffmann, 1989; Benchilla et al., 2003). The samples
studied here originated from two MVT-type deposits in Tunisia and Mexico and
consist of fluorite. In addition, quartz samples from two occurrences, namely quartz
veins hosted by Triassic sandstones from Germany and vugs from an ore deposit in
Pakistan were studied (Fig. 1). Detailed geological information on each sample is

provided in Table 1.
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2.1.1 Quartz sample from Germany

Colorless quartz from veins hosted in an Upper Triassic sandstone from the
Lower Saxony Basin (LSB) located in north-western Germany hosts abundant oil and
gas-bearing inclusions. The oil inclusions show liquid-vapor (L-V) homogenization at
mean temperatures of 137.1 °C (Fig. 1a). The formation of quartz was triggered by
fluid migration in response to tectonic movements of the LSB. A period of rifting and
wrench tectonics occurred during the Late Jurassic and Early Cretaceous (Betz et al.,
1987). During this period oil migrated and was preserved as Fls in quartz fracture-fill
mineralization. The oil trapped in quartz was considered to be sourced from Lower
Jurassic Posidonia shale (Liders et al., 2012) which is the most important source rock

for oil (and gas) in the LSB (Luders and Plessen, 2015 and references therein).

2.1.2 Fluorite sample from Tunisia

The Tunisian fluorite sample is colorless and hosts large oil fluid inclusions with
sizes up to 400 pum (Fig. 1b). The fluorite mineralization in north-eastern Tunisia
occurs along the Zaghouan and Hammam Jedidi faults, which have been tectonically
active since the Late Miocene (Bouhlel et al., 1988). In the Late Tortonian-Pliocene,
petroleum that was generated from Triassic-Permian sediments migrated with
hydrothermal brines into the Campanian series and Tithonian series limestones in
Hamman Zriba (Benchilla et al., 2003). The mineral association is similar to

MVT-type deposits (Cathles and Smith, 1983). Bouhlel et al. (1988), distinguished
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between three styles of fluorite mineralization in this area: white vein-type fluorite
(F1 type), massive purple fluorite (F2 type) and massive white fluorite in cavities and
open vugs (F3 type). All fluorite types contain abundant oil-rich Fls. In the current
study, a F3 fluorite sample was investigated. Homogenization temperatures of
petroleum Fls vary between 173 °C - 194 °C + 10 °C and salinities between 13 to 22%

(Guilhaumou et al., 2000; Benchilla et al., 2003).

2.1.3 Quartz sample from Pakistan

The quartz crystals from Pakistan exhibit prominent prismatic or steep
rhombohedral habits with dark material trapped inside (Fig. 1c). L-V homogenization
of oil-bearing Fls in the temperature range between 121.8 and 162.8 °C was measured.
Oil-bearing Fls hosted in fluorite and quartz were reported in the Koh-i-Maran region
(Pakistan) (Benchilla et al., 2003). In the early Oligocene, oil generated from Lower
Jurassic sediments and migrated with brines into the Upper Jurassic limestones.
Bipyramidale quartz crystals from the Koh-i-Maran region resemble the well-known

“Herkimer diamonds” (Ulrich, 1989).

2.1.4 Fluorite sample from Mexico

The purple fluorite sample from Encantada-Buenavista, Mexico is prone to crack
along its cleavage and has an intense petroleum odour after cracking (Fig. 1d). During
the Tertiary, oil and aqueous fluids penetrated a network of fractures in Upper

Cretaceous shales and carbonates resulting in the precipitation of fluorites rich in oil
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Fls. Fluorite mineralization was similar to those described for Tunisia and other
MVT-type deposits. L-V homogenization temperatures of FIs hosted in fluorite were
documented between 139.6 and 153.2 °C. Oil was considered to have been sourced
from calcareous shale and carbonates of the Upper Jurassic and to a lesser extent by

Tertiary and Cretaceous rocks (Gonzélez-Partida et al., 2002, 2003).

2.2 Host mineral clean-up

For the clean-up procedure high-purity solvent and clean glassware were utilised.
High-purity dichloromethane and methanol (99.9% hypergrade for LC-MC), sodium
dithionite (Na2S204), sodium bicarbonate (NaHCO3) and sodium citrate
(NasCsHs07) (>99% grade) were used. Extraction thimbles were ultrasonically
pre-cleaned for 30 minutes using dichloromethane as solvent, followed by Soxhlet
extraction with dichloromethane for 24 hours. Glassware was cleaned using a
commercial surfactant solution (Neodisher LabClean FLA), then heated to 450 °C in
an oven and finally rinsed three times with DCM before utilization.

In the first clean-up step minerals were coarsely broken with a hammer, splitting
along cracks and fractures, and the mineral fragments were washed using distilled
water and then dried. Afterwards, a Waller solution (33% sodium dithionite, 28%
sodium bicarbonate, 59% sodium citrate in distilled water) (Nichols, 2019) was added
to oxidize iron and organic matter on the surface of the host mineral fragments. While
the oxidizing ability of the Waller solution is weaker than the commonly applied

chromic acid, it is from a safety aspect less harmful and, of paramount importance,
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suitable for carbonate mineral clean-up. The host minerals were kept in the Waller
solution for 3 hours followed by a sonication for 10 min. Subsequently, the mineral
material was washed twice using distilled water and dried. This step was repeated
three times.

In the second step, a modified multiple cleaning procedure was established based
on the protocol of George et al. (2007). The minerals were washed in sequence with
solvents or solvent mixtures with decreasing polarity. The host minerals were cleaned
with 30 mL of methanol, followed by 30 mL of a mixture of dichloromethane (DCM)
and methanol (93:7, v/v) and finally by 30 mL of DCM using ultrasonication for 10
minutes each time. Each washing step was conducted three times.

After these rigorous cleaning procedures the final washing step with DCM was
collected as a blank for conventional GC-MS analysis. However, it turned out that this
blank was not suitable for FT-ICR-MS analysis, since it still contained some tiny
mineral particles which were prone to block the transfer capillary (capillary for ion
transfer from the ion source (ambient pressure) into the MS with high vacuum
conditions) of the FT-ICR-MS. Thus, the solvent cleaned host minerals were
transferred into an extraction thimble within a Soxhlet apparatus and washed twice for
24 h with 250 mL DCM and methanol (99:1, v/v) at 50 °C. The solvent of the final
washing step was collected, concentrated by a Turbovap system (Biotage) and dried
under a N2 stream. This clean-up solution is used as the procedural blank (P-blank).
Before measuring any sample, pure solvent was measured on the FT-ICR-MS system
to obtain a system blank (S-blank) for comparison.

10
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2.3 Extraction of inclusion oils

Cleaned host minerals were loaded into a crushing cylinder equipped with two
stainless steel balls. The host minerals were crushed by shaking, after which the
crushing cylinder remained stationary for 10 min. The mineral powder was transferred
into pre-cleaned extraction thimbles. The steel balls and crushing cylinder were rinsed
by DCM and methanol (99:1, v/v) and the washings were added to the Soxhlet
thimble. Afterwards, the mineral powder was extracted by Soxhlet extraction for 24 h
with 250 mL DCM and methanol (99:1, v/v) at 50 °C. Finally, the Soxhlet extract was
concentrated by a Turbovap system and dried under a stream of N,. The extracted FI

oil was weighed and measured by FT-ICR-MS in both APPI (+) and ESI (-) modes.

2.4 Analytical methods
2.4.1 Microscopy

Doubly polished thin sections of the minerals were used to observe the oil Fls
using a BX50 Olympus microscope with various objectives (5%, 10x, 20x, 50x)
connected to a UV light device.
2.4.2 FT-ICR-MS measurement

Blanks and inclusion oils were measured using a 12T Solarix FT-ICR-MS from
Bruker Daltonik GmbH (Bremen, Germany) in ESI (-) and APPI (+) ionization mode.
A detailed description of the equipment, mass calibration and data analysis for ESI (-)
mode has been presented by Poetz et al. (2014). For ESI (-) mode, a stock solution of

11
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1 mg/mL in methanol and toluene (1:1, v/v) was diluted with the same solvent
mixture to give a final concentration of 100 ug/mL. Before analysis, 1 mL sample
solution was mixed with 10 uL of a 25% aqueous NH3z solution to facilitate the
deprotonation of the molecules for analysis. The working parameters were as follows:
nitrogen flow rate 4.0 L/min, temperature at 220 °C, nebulizing gas 1.4 bar, sample
solution flow rate 150 uL/h, capillary voltage 3000 V, additional collision-induced
dissociation voltage of 70 V, ions accumulation time 0.05 s, transfer time 1 ms, 4
megaword data sets. A total of 200 mass spectra were accumulated in a mass range
from m/z 147 to 1000. External calibration for ESI (-) mode was performed using an
in-house fatty acid and polyethylene glycol sulfate mixture.

For measurements in APPI (+) mode, a concentration of 1 mg/mL in methanol
and hexane (9:1, v/v) was diluted with the same solvent mixture to give a final
concentration of 20 pug/mL. The working parameters were as follows: dry gas (N2)
flow rate 3.0 L/min and temperature 210 °C, nebulizing gas (N2) 2.3 bar, sample
solution flow rate 20 uL/h, 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. External calibration for the APPI (+) mode was done using a
calibration mixture containing polyethylene glycol 400 and polyethylene glycol 600
(1:1) from Fluka.

In each spectrum, signals with a signal-to-noise ratio > 12 were included into the
further data assessment. Formula assignment was done using the isotopes *H, *2C, 13C,

12
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14N, 180, and *2S, with the upper thresholds N <2, O <8, and S < 2 in APPI (+) mode
and N<2,0<8and S =1inESI (-) mode; 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 CcHnNnOoSs compound, its double
bond equivalent (DBE) value was obtained by calculating DBE=c-h/2+n/2+1. Each
DBE refers to the number of unsaturation or rings in the individual compound

structure.

2.4.3 GC-MS measurement

FI oils were analyzed by GC-MS after FT-ICR-MS. Prior to GC-MS analysis
Sa-Androstane and 1-ethylpyrene were added as internal standards. The FI oils were
analyzed using a Trace GC Ultra coupled to a DSQ mass spectrometer (Thermo
Electron Corp.). The GC was equipped with a Thermo PTV injection system and a
SGE BPX5 fused silica capillary column (50 m x 0.22 mm ID and 0.25 pm film
thickness). Helium was used as carrier gas. Samples were heated in the GC oven from
50 °C to 310 °C at a rate of 3 °C/min, and held at the end temperature for a further 30
minutes. The injector temperature was programmed from 50 °C to 300 °C at a rate of
10°C/s. The MS was operated in electron impact ionization mode (El) at 70 eV.

Full-scan mass spectra were recorded from m/z 50-600 at a scan rate of 1.5 scans/s.

3. Results and discussion

3.1 Microscopic characterization of fluid inclusions
13
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FI oil characteristics were studied using both transmitted and UV light (Fig. 2).
The oil inclusions in fluorite samples TN and MX are pale yellow under transmitted
light, making it easy to distinguish them from co-genetically trapped colorless
aqueous Fls. In contrast, the inclusion oils in the quartz samples GE and PK were
colorless (Fig. 2). Oil inclusions in samples GE and MX range from 10 to 50 um, and
were more abundant in the MX sample than in the GE sample. Globular oil inclusions
were common in the TN sample with diameters up to 400 um. Qil inclusions in the
PK sample showed variable shapes, reaching several hundred micrometers in size and
containing large vapor bubbles. Several examples of solid bitumen trapped in
inclusions were documented (Fig. 2c) in the PK sample which may have formed
during the transformation of oil to gas at high temperature (Burruss, 2003). Most oil
Fls consisted of either gas and liquid (either oil or water), or three phases (gas, liquid
and solid bitumen). It has generally been demonstrated that blue and white
fluorescence of inclusion oils indicate higher maturity (Burruss et al., 1985;
McLimans, 1987). Oil Fls in samples GE, TN, and PK were deep blue, pale blue and
light blue, respectively, under UV light, while they were nearly white in sample MX.
The blue to white fluorescence points to low density of the oil inclusions, reflecting
high API gravity (Burruss, 2003). It is assumed that the oil trapped in inclusions was
generated from a source rock whose maturity was ca. 0.93% (TN), 1.31% (PK), and
0.97% (MX), as estimated using MPI-1 ratios (Table 2). An R, value of about 0.78%
for the GE sample (Table 2) was calculated on the base of carbon isotope ratio of
oil-bearing fluid inclusions by Luders et al. (2012).

14



308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

321

328

329

3.2 Extraction yields

The amounts of oils extracted from FI varied between 0.38 mg and 3.12 mg
(Table 2). This resulted in extraction yields of 56 to 366 pg/g host mineral. The PK
quartz sample showed the highest and the GE fluorite sample the lowest extraction
yield, while the MX fluorite and TN quartz samples showed intermediate

concentrations.

3.3 Contaminant assessment in fluid inclusion oils

The extracted oils, system blanks (S) and procedural blanks (P) were analyzed by
FT-ICR-MS in the APPI (+) and ESI (-) modes. For the interpretation of the
FT-ICR-MS data of the extracted FI oils it is especially important to identify
indigenous signals and distinguish them from external sources. This is especially
important because the occluded oils are present in low concentration. To assess the
level of external components in the FI oil extracts, all signals detected were compared
to the signals occurring in the S-blank and P-blank samples applying a Venn analysis
(Oliveros, 2007) (Fig. 3). With this method, both unique and common signals from
the different samples were revealed. Due to the ultrahigh resolution and sensitivity of
the FT-ICR-MS organic compounds were detected even in the S-blank representing a
measurement of a hypergrade solvent. However, the number of components common
to the S-blank and the inclusion oils was small (0 to 19 signals) for both ionization
modes, while the number of shared signals with all sample types were more abundant
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(68 to 229 signals). This most likely represented background signals of the
measurement system. In contrast, the number of common signals between the FI oils
and the P-blanks was significantly higher (101 to 504 signals). This might represent
compounds still adhering on the mineral matrix even after the stringent clean-up
procedure. On the other hand, it can also be argued that these signals also contained
compounds which were present on the mineral surfaces as well as in the FI oils.
However, there is no way to separate this and thus, to be on the safe side, these shared
compounds were assessed as contaminants for the FI oils. Although there was a
certain number of shared compounds between the P-blank and FI oil samples, in both
ionization modes the number of unique compounds was in most cases highest for the
extracted oils. One exception was given by the GE sample in the APPI (+) mode. The
reason for this might be that this is the sample with the lowest extraction yields (Table
2).

Thus the Venn diagram proved to be valuable providing a first assessment of the
level of external contamination of the FI oils and to check how well the cleaning
procedure had worked. On first inspection the comparison of all assigned signals
presented in Figure 3 suggests a successful cleanup for the processed FI samples.

For a deeper assessment as to which compounds and compound classes can be
used for further data interpretation, it is necessary to compare each compound class
and its DBE distributions in the inclusion oils with those from the blanks. According
to this comparison there were three different assessment categories defined: The
assessment category | (high contamination level) is exemplified by the O4 class in the
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GE sample measured in APPI (+) mode (Fig. 4). The comparison shows a very similar
compound distribution for the extracted inclusion oil and both the S- and P-blanks,
(Fig. 4a). Therefore, these compounds might have been introduced into the FI oil
extract by contaminants still adhering on the mineral surface (P-blank) and/or by the
solvent or measurement procedure (S-blank). These compound classes do not give
reliable information on the oil and can be assessed as contamination.

Category Il (low contamination level) was represented for instance by the HC
species in the TN sample measure in the APPI (+) mode showing also a few distinct
compounds (red square in Fig. 4b) which were present in both blanks and the FI oil,
but additionally a high number of HC compounds which were unique to the oil. Here
only a selected part of the HC compounds was assessed as being contaminants, while
the overwhelming remaining majority were considered as indigenous for the Fl oil.

Category Il (non-contamination level) was illustrated by the N1 compound class
from the MX sample measured in the ESI (-) mode. The corresponding S- and
P-blanks were completely free from N1 compounds, indicating that the only source of
these compounds is the FI oil itself (Fig. 4c).

In accordance with these three categories, the main compound classes were fully
suitable or conditionally suitable (categories Il and Il, respectively) or unsuitable
(category 1) for further interpretation (Table 3). Thus, although contributions from
external contamination sources cannot completely be avoided, the presented method
shows that the level of contamination can be assessed and that the affected compound
classes can be identified, thus enabling FI signals to be recognized. Figure 5a
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indicates that the dominant compound classes in APPI mode show no or only a low
level of contamination (compare with Table 3). By contrast, in ESI (-) mode, only
selected compound classes show an acceptable level of contaminants. Thus, although
the Venn diagrams (Fig. 3) suggested a similar contamination level for the two
ionization modes, the detailed compound class analysis (Table 3) indicates that the
clean-up procedure worked much better for the compounds which can be measured in
APPI (+) mode. A reason for this could be that compounds which are measurable in
the ESI (-) mode usually show a much higher polarity and therefore adhere much
better on mineral surfaces (Marshall and Rodgers, 2008). However, the Pakistan
sample shows acceptable levels of contamination for almost all compound classes,
(Table 3) and also the Mexican sample indicates for the dominating O, and N-classes
that the clean-up procedures can partly be sufficient also for the ESI (-) mode. It is not
very likely that this different behavior is dependent on the mineral matrix, since one
quartz sample show massive contamination (GE) and the other not (PK). It is
conceivable that the amount of extractable FI oil plays a more significant role for the
compounds measurable in the ESI (-) mode. The amount of the GE and TN sample is
significantly lower than for the MX and especially for the PK sample (Table 2), thus
acidic contaminants, which are also common in the laboratory environments, have a
much higher impact on the GE and TN samples. To conclude, the data suggest that
only FI samples with a high extraction yield should be analyzed in the ESI (-) mode or
that an even more intensive cleaning method is needed for the ESI (-) mode to reduce
external contamination to an acceptable level. Nevertheless, considering the presented

18



396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

contamination assessment the presented method enables access to the NSO compound

fraction from FI oils allowing the investigation of their geochemical significance.

3.4 NSO-compounds and hydrocarbons in inclusion oils as geochemical markers

In the following examples we demonstrate how compounds or compound classes
from FI oils, assessed as suitable (category I11) and conditionally suitable (category 1)
for further interpretation, can be applied to address various petroleum geological
issues, namely intitial petroleum compositions, thermal maturity and biodegradation
levels.
3.4.1 Characteristic compositions of inclusion oils

Fluid inclusion oil analysis can provide deep insights into the original oil
composition which becomes especially important when reservoir oil is altered by
subsequent processes. Figure 5a shows the distribution of low polarity
NSO-compounds and aromatic hydrocarbons detected in the four investigated FI oils
using the APPI (+) mode. Comparing Figure 5a with Table 3 it becomes clear that the
dominating compound classes (HC, Oz, O2 and S1) are not significantly affected by
external contamination and that these groups can be used for further oil
characterization and interpretation. In contrast, the higher abundance of the O4
compounds in the GE and TN samples might reflect external contamination. Overall,
the compound inventory of the investigated FI oils showed a broad variability from
pure hydrocarbons (HC) to compounds with different numbers and combinations of
hetero-atoms (Fig. 5a) and differences between the investigated FI oils can clearly be
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recognized.

In the ESI (-) mode the acidic NSO compounds are detected. Thus, the
compound class distribution in all samples (Fig. 5b) was dominated by
oxygen-containing compounds, especially by Oz, Oz and O4 species. The N1 species
are major contributing classes as well. As discussed above in the ESI (-) mode
residual contamination is a greater issue than in the APPI (+) mode. However, the
level of contamination also seems to depend on individual sample characteristics and
extraction yields of FI oils, since the PK FI oil shows only low and acceptable
contamination levels, while the TN sample can essentially not be evaluated. However,
with the exception of the TN sample the main compound class (O2 class) can be used
for further interpretation. The same is true for the N1 class and for S101 species at

least for the TN, PK and MX FI oils.

3.4.2 Thermal maturity assessed from inclusion oils

NSO-compound parameters that have been employed for assessing thermal
maturity have been discussed in many studies based on nitrogen and sulfur-containing
compounds from reservoir petroleum. N1 compounds, especially pyrrolic nitrogen,
have been widely studied using the ESI (-) mode and relationships between N1
compound compositions and thermal maturity have been established (Hughey et al.,
2004; Oldenburg et al., 2014; Poetz et al., 2014; Mahlstedt et al., 2016). The same is
true for S1 compounds which have been studied in APPI (+) mode (Oldenburg et al.,
2014; Walters et al., 2015) and ESI (+) mode (Li et al., 2011). In addition to the polar
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compounds thermal maturity is also expressed in compositional changes of aromatic
hydrocarbons detected in the APPI (+) mode (Purcell et al., 2006; Rodgers and
Marshall, 2007), since thermal maturation promotes aromatization of the organic

matter (Tissot and Welte, 1984).

Maturity assessment using nitrogen-containing compounds in inclusion oils

N1 compounds were highly abundant in the MX FI oil, with DBE in the range
from 9 to 21, and carbon numbers ranging from 19 to 42 (Fig. 4c). DBE 12 and 15
classes were preferentially enriched, and these compounds could be interpreted as
consisting of a carbazole unit and additional benzene rings, such as benzocarbazoles
and dibenzocarbazoles, respectively (Hughey et al., 2002; Shi et al., 2010; Oldenburg
et al., 2014; Poetz et al., 2014). The DBE 9 group is interpreted as containing a
carbazole core unit with long alkyl chains as deduced in many studies (Hughey et al.,
2002; Poetz et al., 2014). The abundance of the DBE 9 group was lower than those of
the DBE 12 and 15 classes, which are interpreted to reflect carbazoles with one or two
additional benzene rings, respectively. The N1-DBE classes increase with increasing
maturation due to ongoing aromatization (Hughey et al., 2004; Oldenburg et al., 2014).
Thus, the N1 species with DBE 9, 12 and 15 can be used to assess the maturity of the
FI oil using a triangular plot (Oldenburg et al., 2014). The maturity of MX FI oil
could therefore be assessed to be around 1% Re (vitrinite reflectance equivalent) (Fig.
6). In corroboration with this result, the maturity of the MX FI oil calculated from the
Methyl Phenanthrene Index (MPI-1) ratio (Radke, 1983) detected by GC-MS (Table 2)
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was 0.97% suggesting a good thermal maturity assessment from the FI oils for the

MX sample.

Sulfur-containing compounds in inclusion oils as potential maturity markers

S1 compounds in the MX sample had a broad DBE range from 1 to 26, and
carbon numbers between 14 and 70 (Fig. 7). Compared to other reported crude oils
(Purcell et al., 2007; Liu et al., 2010; Walters et al., 2015), the MX FI oil contained
much broader carbon number and DBE ranges for the S; compounds. DBE 1 can be
interpreted to be alkyl thiolanes (tetrahydrothiophenes) or alkyl thianes
(tetrahydrothiopyrans), and DBE 2 with an additional fused naphthenic ring, while the
DBE 3 class might bear a thiophene unit (Liu et al., 2018). DBE 4 and 5 classes
presumably consist of thiophene with additional naphthenic rings. However, DBE 6
and DBE 9 classes were preferentially enriched probably containing compounds
consisting of a thiophene unit and additional benzene rings such as known from
benzothiophenes (BTs) and dibenzothiophenes (DBTSs), respectively (Ho et al., 1974;
Griffiths et al., 2013; Walters et al., 2015). The presence of DBTs are confirmed by
GC-MS. In general, DBTs represent more thermally stable organosulfur compounds
than do the low DBE Si1 compounds (BTs, thiophenes and alkylsulfides) (Ho et al.,
1974; Manzano et al., 1997). It was observed that the abundance of low DBE S:
compounds decreases with increasing maturity, while those of high DBE S:
compounds increased in crude oil (Li et al., 2011; Oldenburg et al., 2014). Oldenburg
et al. (2014) reported that low DBE sulfur compounds (lower than 5) were absent
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from maturity 0.68% to 1.1%. According to the N1 compounds and MPI ratio shown
above, the thermal maturity of the MX sample was roughly estimated around 1% Re.
It is remarkable that despite its peak oil window maturity level high abundances of S
species with low DBE values can still be observed. Two reasons might be responsible
for this: 1) the aromatization process for the N1 compounds is faster indicating
different transformation gradients for N1 versus S1 compounds or 2) the S; compound
distribution might be influenced by generation of lower DBE Si compounds. A
conceivable process for the addition of low DBE Si: compounds could be
thermochemical sulfate reduction (TSR), during which low DBE organosulfur
compounds are formed faster than they are destroyed, and similar cases have been
described in studies reported by Li et al. (2011) and Walters et al., (2015). The TSR
process has been confirmed in the MX fluorite by the presence of hydrogen sulfide in
fluid inclusions detected by Raman spectroscopy, and the presence of by-products
from TSR e.g., calcite inclusions, solid bitumen (Gonzélez-Partida et al., 2003; Tritlla
et al., 2004). It is reasonable to deduce that TSR was responsible for the anomalous S
compounds distribution outlined above.

Our results show that, like the N1 compounds, the S1 components might also
have the potential to act as maturity indicators and that S; compounds can be
investigated in oil inclusions. However, their range of applicability and the factors
influencing this parameter have still to be tested and evaluated with a larger number

of sulfur containing samples.
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Hydrocarbons in inclusion oils

Due to its ionization limitations, not all unsaturated and aromatic hydrocarbons
can be ionized in APPI (+) mode (Marshall and Rodgers, 2008). Nevertheless,
hydrocarbons were detected in all four investigated samples (Table 3). The carbon
number range increases from the GE to the TN, PK and MX samples (Fig. 4b, 8).
Thus, the PK and MX sample represent the broadest DBE and carbon number range.
The DBE distribution of the GE FI oil showed a range from 3 to 13, while in the TN,
MX and PK samples DBE was significantly higher, namely 26, 27 and 31,
respectively (Fig. 4b, 8). This order is in accordance with the maturity assessment
calculated by MPI-1 for the FI oils (GE (0.78%), TN (0.93%), MX (0.97%) and PK
(1.31%); Table 2), in which higher maturity inclusion oils shows higher DBE numbers.
This indicates an increasing degree of aromaticity with increasing maturation.

Additionally, the carbon number range increases from the GE to the TN, PK and
MX samples. Thus, the PK and MX sample represent the broadest DBE and carbon
number range. In figure 9 different patterns in the carbon number distribution of the
DBE 5 group of the four investigated samples are presented (Oldenburg et al., 2014).
The GE and TN sample patterns ranged from 15 to 41 or 45 carbon atoms and showed
a maximum at Czg. In contrast, the carbon number distribution in the PK and MX
samples was broader ranging from 15 to 60 or 65 carbon atoms with a broad
maximum between Cz5-Cs. The GE and TN type distribution is similar to that
reported for oils with a lower maturity and a maximum at Cy9 as well as a rapid
decline from Cy9 to Cszo (Oldenburg et al., 2014). In contrast, the PK and MX
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distribution pattern with the broader maximum around Czs resemble oils with higher
maturity (Oldenburg et al., 2014). Thus, these data suggest that the PK and MX FI oils
show a higher maturity than the GE and TN samples. In principle this coincides with
the calculated maturity assessment based on MPI-1. However, TN and MX show only
low calculated maturity differences (TN 0.93 % R: and MX 0.97% R¢), but
significant different DBE 5 group distributions (Fig. 9), indicating that also other
factors than only thermal maturity (e.g., facies differences) might play a role for the

different DBE 5 distributions.

3.4.3 Potential to infer biodegradation levels from inclusion oils

The particular strength of the FI method is to provide crucial information on the
original oil composition and oil properties, especially when the reservoir oil has been
altered by biodegradation. Importantly, the Fl oils can also be used to search for early
indications of oil biodegradation. Oxygen compounds, especially O; and O:
compounds, measured by the ESI (-) mode have been widely studied and relationships
between those compound class compositions and biodegradation have been
demonstrated (Kim et al., 2005; Liao et al., 2012; Noah et al., 2015; Martins et al.,
2017). 1t is known from previous ESI FT-ICR-MS based investigations of crude oils,
that the abundance of O species increase while those of the O1 species decrease with
increasing level of biodegradation (Kim et al., 2005; Hughey et al., 2007). Thus, the
relative proportion of O1 to O> compounds can provide a first hint for biodegradation.
O compounds are abundant, especially those from DBE 1 class representing acyclic
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carboxylic acids (Kim et al., 2005). In contrast, O> compounds with DBE 2, 3 and 4
represent mono-, bi- and tricyclic naphthenic acids (Kim et al., 2005; Noah et al.,
2015). Kim et al. (2005) introduced the A/C (acyclic/cyclic) ratio (A/C = YOy,
pee1/Y Oz, pee2+3+4) tO estimate potential biodegradation levels of crude oil. The A/C
ratio decreases with increasing biodegradation due to relative increase of cyclic acids
and decrease of acyclic fatty acids. The A/C ratio has successfully been applied to
access biodegradation levels in petroleum reservoirs and at remediation sites (Kim et
al., 2005; Liao et al., 2012; Martins et al., 2017; Noah et al., 2015).

Both the O1 and O2 compound classes were detected in the FI oils of the PK
sample (Table 3). O1 species are suggested to contain a hydroxyl functional group,
with the DBE value ranges from 1 to 14 and carbon numbers range from 13 to 33 (Fig.
10a). O2 species in the PK sample, representing the most abundant oxygen containing
compound class showed DBEs from 1 to 13, and carbon numbers range from 11 to 47
(Fig. 10b). O2 species are strongly dominated by the DBE 1 group compounds, which
represent carboxylic acids. While palmitic acid (C1s) and stearic acid (Cig) were
detected in the blanks O species in the PK sample show overall only a low level of
contamination (category I1), and thus the O data can be used to assess the A/C ratio.
Compared with the findings about O species in literature (Liao et al. (2012), Kim et
al. (2005), Noah et al. (2015) and Martins et al. (2017)) a A/C ratio of 1.6 indicates
that the inclusion oil in the PK sample can be assessed as non-biodegraded during the
time of trapping in the FIl. This result was confirmed by GC-MS data showing an
unaffected n-alkane distribution pattern and the absence of an unresolved complex
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mixture (UCM). Although the investigated sample shows no indication for an early
biodegradation, this example indicates that the respective compounds for a
biodegradation assessment can be detected from FI oils using the FT-ICR-MS. Thus,

the new method shows high potential for indicating biodegradation in oil inclusions.

Conclusion and outlook

A clean-up and crushing procedure for different host minerals has been
developed, enabling biomolecules and NSO-compounds in oil-bearing fluid
inclusions to be analyzed using FT-ICR-MS (APPI (+) and ESI (-) ionization modes)
and GC-MS as well. An additional putative benefit of the presented procedure is that
it can also be applied to carbonate mineral hosts since it does not employ acids.

Although external contamination cannot completely be removed by the clean-up
procedure in all cases, especially where extraction yields are low, the developed
method allows the contamination levels of different compound classes to be assessed
and classified. This classification allows samples to be screened as to whether they are
suitable or unsuitable for detailed interpretation. Data evaluation showed that the main
compound classes are less influenced by external contamination especially in the
APPI (+) mode and that their abundance in fluid inclusions allows the established
parameters for oil characterization to be determined. With this method a new window
is opened to investigate NSO compounds in fluid inclusions with the FT-ICR-MS
technique and to get more comprehensive information on petroleum and/or economic

mineral emplacement.
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Table 1. Geological information about host mineral in various area

Sample Host

name mineral Location Formation Time Host rock Potential source rock
GE quartz Germany Late Jurassic-Early Triassic sandstone Lower Jurassic Posidonia
Cretaceous shale
. .. Late Campanian and Tithonian . _ . . .
N fluorite Tunisia 0000 Pliocene series limestones Triassic-Permian sediments
PK quartz Pakistan Early Oligocene  Upper Jurassic limestones  Lower Jurassic sediments
. . . Upper Cretaceous shale  Upper Jurassic Calcareous
MX fluorite Mexico Tertiary and carbonates shale and carbonates

Table 2. Extraction yields and maturity related ratios of fluid inclusion oils.

Host mineral Sample weight (g) Extracted oil (mg) Extracted oil (ug/g) MPI-1 Rc (%)
GE-quartz 8.56 0.48 56 - 0.78*
TN-fluorite 2.38 0.38 159 0.88 0.93
PK-quartz 8.53 3.12 366 151 131
MX-fluorite 12.08 1.28 106 0.95 0.97

Note: GE and PK: quartz samples from Germany and Pakistan, respectively. TN and MX: fluorite samples from
Tunisia and Mexico, respectively (see Table 1). Methylphenanthrene index (MPI-1) = 1.5 x [3MP + 2MP]/[P +
9MP + 1MP]; Calculated reflectance (Rc %) = 0.60 x MPI-1 + 0.40 (for 0.65% < Ro < 1.35%) (Radke, 1983). -:
not detected; #: Phenanthrene was not detected in sample GE and thus, Rc was calculated based on carbon isotope

ratio of methane in oil inclusions (Luders et al. 2012).

Table 3. Classification of the main compound classes in the investigated inclusion oils (see Table 1) with regard to
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their level of external contamination (after comparison with blanks).

Compounds APPI (+) mode ESI (-) mode

classes GE TN PK MX GE TN PK MX

HC I II
01 I II

N1S1
N101
N20:2
S101

Note: I : detected compounds are not suitable for further interpretation (category I: highly contaminated), II : the
overwhelming part of the compounds is unique to the FI oils (category II: low contamination level and
conditionally suitable for further interpretation), III: compounds are unique to the FI oils (category III: not
contaminated and fully suitable for further interpretation), \ : no compounds detected, # : compounds not ionizable
in ESI (-) mode.

Figure

Fig. 1. Photographs of fluid inclusion samples: a) quartz vein material from a Upper
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Triassic sandstone (Germany, GE); b) fluorite from Campanian series

limestones (Tunisia, TN); c) quartz from Upper Jurassic limestones (Pakistan,

PK); d) fluorite from Upper Cretaceous shale and carbonates (Mexico, MX).

solid
bitumen

100 um
e

Fig. 2. Photomicrographs of oil-bearing fluid inclusions under transmitted (a, c, e and

g) and UV light (b, d, f and h). GE and PK: quartz sample from Germany and

Pakistan, respectively. TN and MX: fluorite samples from Tunisia and Mexico,

respectively (see Table 1).
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Fig. 3. Venn diagrams showing the comparison of signals in system blank (S-blank),
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Fig. 4. DBE versus carbon number plots of the a) O4, b) hydrocarbons (HC) and ¢) N1

procedural blank (P-blank) and inclusion oils (FI). Non-overlapping areas

indicate signals being unique to a sample type, overlapping areas indicate

common signals between two or all sample types. Left side FT-ICR-MS

measurement in the APPI (+) mode and right side in the ESI (-) mode. GE and

PK: quartz samples from Germany and Pakistan, respectively. TN and MX:

fluorite samples from Tunisia and Mexico, respectively (see Table 1).

35

35

compound classes in the S-blank, P-blank and extract oil of a) the GE quartz

sample b) and TN fluorite sample measured by FT-ICR-MS in the APPI (+)

mode as well as c) the MX fluorite sample measured in the ESI (-) mode.
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HC = hydrocarbons; element + number x = compounds bearing x hetero-atoms.
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Strongly contaminated compound classes are marked with a

(contamination category 1). Sample types see Table 1.

43



895
896

897

898

899

900

901

902

SN 084085

\100

- _ 0 ; s ; F—" _ c::/;::\
") 100 80 60 40 20 0 NI )<\ /
MK, N, DBE 9 X "{-.\;’““/)

H

Fig. 6. Triangular plot of N1 DBE 9, DBE 12 and DBE 15 (modified after Oldenburg

et al. (2014)) representing carbazoles with increasing number of aromatic
rings, which is maturity dependent. The red circles are samples from
Oldenburg et al. (2014) indicating different vitrinite reflectance ranges. The
green star represents the position of the MX fluid inclusion oil sample. DBE =

double bond equivalent. N1 = compounds group containing one nitrogen.

35

MX-FIs 0il §,

APPI(+)

10 20 30 40 50 60 70
Carbon number

44



903

904

905
906

907

908

909

910
M

912

913

914

Fig. 7. Double bond equivalence (DBE) versus carbon number plot of S; compounds

in the MX sample measured in APPI (+) mode.

35 35 35

GE-Fls 0il HC PK-Flsoil HC .
30 @ 30 @ - 30 4
APPI(+) APPL(+)

APPlL(+)

e
RNt

MX-Fls0il HC

50 60 0 10 20 30 40 50 60

10 20 30 40 50 60 70 10 20 30 40
Carbon number Carbon number

Carbon number

c
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Sample types see Table 1.
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Fig. 9. Carbon number distribution of the double bond equivalence (DBE) 5 groups of

the aromatic hydrocarbons of the inclusion oil samples GE, TN, PK and MX.

Sample types see Table 1.
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