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Two decades of microthermometric studies of fluid inclusions within cements of Paleozoic sedimentary rocks in Poland are
reviewed. The inclusions contain palaeofluids of variable composition: aqueous, brine, and hydrocarbon. They may be pri-
mary and/or secondary in origin and have one, two or more phases. They display visual fluorescence in blue, sometimes yel-
low to red (oil) or dull blue (one phase, methane) colours, or do not fluoresce at all. Based on the fluorescence characteristics
in ultraviolet light, the inclusions’ hydrocarbons infill character may be estimated. The homogenization temperatures, which
correspond to the minimum estimate of the trapping temperatures in the minerals, show variability in respect to the geologi-
cal history of the area studied. They point to different geological stages in relation to the basin’s burial evolution.
Microthermometric analyses enable wider interpretation due to the combination of studies of both hydrocarbon and aqueous
inclusions. The presence of oil and/or gas in inclusions is proof of the occurrence and/or migration of oil and gas in the rocks

=

of a region.
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INTRODUCTION

Many publications on fluid inclusions (FI) in minerals in sedi-
mentary basins discuss the temperature, physical and chemical
conditions of diagenesis and catagenesis, and the dependence
of hydrocarbon compositions on pressure and temperature
(P-T) conditions of hydrocarbon fields, hydrocarbon phase
compositions with depth and the estimation of the processes re-
sponsible for hydrocarbon expulsion from source rocks (e.g.,
Koztowski, 1982; Roedder,1984; Mc Limans, 1987; Mc Limans
and Videvitch, 1987; Bodnar, 1990; Goldstein and Reynolds,
1994; Munz et al., 1995; Kalyuzhnyi and Sachno, 1998; Dudok
and Jarmotowicz-Szulc, 2000; George et al., 2001). Recently a
review of petroleum-bearing inclusions and their use to trace
petroleum systems worldwide has been published by Volk and
George (2019), and recent publications concern the relation-
ship between fluorescence properties of oil inclusions and their
thermal maturity (Ping et al., 2019a, b, 2020).

With this progress in mind, an updated review of fluid inclu-
sion studies from different sedimentary geological environ-
ments in Poland is pertinent and is the aim of the present paper.
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The study area covers much of the territory of Poland and is
subdivided into the different Paleozoic sedimentary basins, with
ages spanning from the Cambrian to the Permian (Fig. 1). Hy-
drocarbon-bearing inclusions (HCFI) have been observed
there in some regions (Fig. 1: areas A, E). HCFI are present in
minerals in the regions adjacent to the Baltic shelf and Baltic
coast (Jarmotowicz-Szulc, 1998, 2001a, 2015; Fig. 1: areas A,
D) through the NW and central parts of the Polish Lowlands
(Jarmotowicz-Szulc, 1999a, b, 2015; Fig. 1: areas E, F, B, C,
D), up to the Carpathian Foredeep and the Carpathians (Dudok
and Jarmofowicz-Szulc, 2000; Jarmotowicz-Szulc and Dudok,
2005; Jarmotowicz-Szulc et al., 2008, 2012; Jankowski and
Jarmotowicz-Szulc, 2009; Jarmotowicz-Szulc, 2009, 2015).

This study characterizes the fluids present during or after
the formation of basins of different ages in Poland. These fluids
may be trapped in diagenetic and metamorphic minerals and so
reflect diagenetic changes in the basins. The minerals formed
within the basins, such as carbonates, quartz, fluorite and
anhydrite, some of which bear oil- and/or gas inclusions, record
hydrocarbon migration through the strata. The co-occurrence of
gas-bearing and/or hydrocarbon-bearing inclusions, and aque-
ous inclusions, enables estimation of pressure and temperature
conditions during their trapping (Fig. 2).

Studies on liquid-gas inclusions are based on the assump-
tion that the minerals that fill pore space in sedimentary rocks
may trap small portions of basin fluids in their microfissures dur-
ing their crystallization (Roedder, 1984). Such inclusions are
relics of palaeofluids that may no longer exist. When we study
fluid inclusions in the laboratory by heating and/or freezing
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Fig. 1. Geographic location of the boreholes studied in relation to the geological structure of Poland
(geology partly based on maps by Pozaryski, 1968; Nawrocki and Becker, 2020; generalized and modified)

A — onshore and offshore Baltic Sea area; B — central Poland (Warsaw Trough); C — Lublin area; D — western Baltic Sea area;
E — Polish Lowlands (Wielkopolska); F — Polish Lowlands (Fore-Sudetic Monocline); rectangles mark location of boreholes
listed in Table 1

them, based on their temperature behaviour we can character-
ize their fluid contents and therefore reconstruct the primary
conditions of mineral formation and determine the composition
and the density of the palaeofluids. The stability of the primary
volume and composition of the fluid in inclusions is, however, a
major requirement and is the basis of the application of the FI
study method. This condition is extremely difficult to fulfil in sed-
imentary rocks, which could have been deeply buried and/or
uplifted. Different minerals that fill the pore space (quartz, car-
bonates, sulphates) display different susceptibility to changes
caused by the external conditions of increased temperatures
and pressures. Quartz is considered the most resistant mineral
whereas carbonates and sulphates are more susceptible to
diagenetic and metamorphic alteration. This is why FI results
obtained from quartz are the most reliable (Goldstein and
Reynolds, 1994; Jarmotowicz-Szulc, 1998), provided that the
formation of quartz overgrowths, for example, has not been a
result of recrystallization of less stable quartz or silica phases
(Goldstein and Rossi, 2002).

BRIEF DESCRIPTION OF GEOLOGICAL SETTING

Figure 1 shows the six study areas. Within these, the rocks
studied, from the Cambrian to the Permian, were reached by
deep boreholes (listed in Table 1 with their codes, and generally
marked on Figure 1).

In the north of Poland (Fig.1: area A), Lower Paleozoic
strata lie on Precambrian basement. Lower and Middle Cam-
brian deposits are overlain by Silurian, Permian and Mesozoic
strata (Jarmotowicz-Szulc, 1998, 2001; Sikorska 2000). Two
transgressive-regressive cycles have been recognized in the
cover of the East European Craton (Jaworowski, 1997). The
Middle Cambrian sandstones represent the petroleum reservoir
there, of the Paradoxides paradoxissimus and Eccaparadoxi-
des oelandicus biozones.

In the central part of the country, close to the Marginal
Trough near Warsaw (Fig. 1: area B), the Warsaw Trough is lo-
cated. Its area may be divided into three structural blocks, in-
cluding the Ptonsk block with its Ordovician deposits (Marek,
1983). The trough is developed on the marginal part of the East
European Platform, dipping towards the SW and being sepa-
rated by the Teisseyre-Tornquist (TT) Zone from the platform.

The Lublin Basin (Fig. 1: area C) is situated in SE Poland. It
is located in the southeastern part of the Polish Lowlands, close
to the Teisseyre-Tornquist Zone, which in Poland separates the
Paleozoic-Mesozoic and the Precambrian platforms. Devonian
rocks were sampled in this area, Fammenian in age and com-
prising lime mudstones-wackestones (Radlicz, personal infor-
mation 1997; Narkiewicz, 2011). They represent the thickest
part of their development and a strong facies gradient, formed
in deep water facies in a subsiding basin.

The Lublin graben to the south is an elongated NW-SE
structural unit. The base of the Carboniferous in the basin is of
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Fig. 2. Pressure-temperature (P-T) estimation using the crossing isochores method

A — estimation of trapping conditions for brine and carbon dioxide (K1-1/86 borehole, the Baltic Sea, FI in quartz,
depth 3107.7 m); B — estimation of trapping conditions for brine and oil, based on confocal and microthermometric
results (after Jarmotowicz-Szulc, 2001a)
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Table 1
List of boreholes and number of mineral samples analysed for fluid inclusions
Borehole Code D[“;ﬁ]th Lithology LE%ELUrgm n NS:?E?E%S ' References
Cambrian
Zarnowiec 1G 1 Za1l 2650-3000 Sandstones A 40 11, [2]
Zarnowiec IG 4 Za4 2739.8 Sandstones A 35 11, 12]
B2-1/80 B2 2466.8-2529.9 Sandstones A 6 [3].[2]
B6-2/82 B6 1460.7-1509.5 Sandstones A 4 [3], [2]
B16-1/85 B16 1855.6-2150.5 Sandstones A 10 [3], [2]
B3-1/95 B3-1 1413.2-1441.8 Sandstones A 13 [3]
B3-9/96 B3-9 1415.5 Sandstones A 1 [2]
Ordovician
Plonsk IG 2/2A Pt 2 3522.15-3530.7 Limestones B 5 \ [4]
Devonian
Giefczew IG 5 Gie 1955.2 Carbonates C 1 [2]
Metgiew 2 Me 3745.2-3848.2 Carbonates C 5 [5], [2]
Ciecierzyn 8 Cie 3815.1-3869. Carbonates C 5 [5], [2]
Carboniferous
Stezyca 2 St 2 1470.0-2784.5 Sandstones C 38 [6]
Maciejowice IG1| Ma 1 1846.0-3504.5 Sandstones C 5 [6]
Magnuszew IG 1 Mag 2102.0-3003.5 Sandstones C 5 [6]
K1-1/86 K1 3100-3402 Sandstones D 5 [6]
K9-1/89 K9 3242-3963 Sandstones D 5 [6]
L2-1/87 L2 2187.0-2620.5 Sandstones D 1 [6]
Objezierze IG 1 Ob 1 4621.1-5090.0 Sandstones E 10 [5]
Zakrzyn I1G 1 Za1 4545.6-4905.4 Sandstones F 20 [5]
Katarzynin 2 Ka-2 2370.4-2640.0 Sandstones F 20 [5]
Permian
Papro¢ 1G 5 Pa 2627.5-2777.8 Sandstones F 20 [71, [8], [9]
Cicha Gora 2 CG 2708.7 —2714.8 Sandstones F 30 [9]
Mostno 1 Mo1 3027.5-3357.35 Carbonates E 25 [10]
Barnéwko 7 B7 3123.35 Carbonates E 10 [11]
Buszewo 17 Bu 17 3133.45 Carbonates E 18 [11]
Sowia Gora 1 SG-1 3256.34 Carbonates E 6 [12]

[1]1 Jarmotowicz-Szulc (1998); [2] Current study; [3] Jarmotowicz-Szulc (2001); [4] Jarmotowicz-Szulc and
Wotkowicz (2018); [5] Jarmotowicz-Szulc (2003); [6] Koztowska and Jarmotowicz-Szulc (2009); [7] Maliszewska et
al. (1997, 2003); [8] Jarmotowicz-Szulc (2018); [9] Jarmotowicz-Szulc (1999a, b); [10] Jarmotowicz-Szulc et al.
(2020); [11] Jarmotowicz-Szulc et al. (2021); [12] Jarmotowicz-Szulc and Jasionowski (2009)

Namurian age (Koztowska and Jarmotowicz-Szulc, 2009). The
thickness of the Carboniferous deposits developed as sand-
stones increases towards the SE from ~370 to >1600 m
(Koztowska and Jarmotowicz-Szulc, 2009).

The present offshore part of the Pomerania basin (Fig. 1:
area D) is characterized by siliciclastic-evaporitic deposits, with
subordinate carbonates. In the Early Carboniferous the
Pomerania area may have been located close to the East Euro-
pean Craton, though that is not its present position (Matyja,
2006). Three types of lithological successions may be distin-
guished: sandstones, slates and hybrid deposits. Sandstones
comprise potential levels for tight gas accumulations, while the
schistose rocks have potential for shale gas (Podhalanska et
al., 2019).

In the south of the country, Permian Rotliegend deposits in
the Fore-Sudetic Monocline (Fig. 1: area E) form two distinct
sucessions (Maliszewska et al., 2003); they differ genetically

and have different distributions. They are unequally recognised
in boreholes is not equal because of differences in depth. The
upper sedimentary succession of conglomerates, sandstones
and mudstones represents the Upper Rotliegend. The lower
succession is represented by Lower Rotliegend epiclastic de-
posits.

In the western part of Poland in the Wielkopolska area
(Fig. 1: area F), the carbonates of the Upper Permian
(Zechstein) Main Dolomite (Ca2) include shallow platform and
basin facies (Jaworowski and Mikotajewski, 2007). They form
the richest oil and gas-bearing carbonate reservoir in Poland
(Karnkowski, 1993; Gorski and Trela, 1997). The Ca2 carbon-
ate platform is built of a succession of oolitic, oncolytic and
peloidal grainstones/packstones, and lagoonal mudstones, up
to 80 m thick. It is developed on top of the older sulphate plat-
form. Dark, thin laminated deep marine mudstones were de-
posited in the basin at the same time.
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ANALYTICAL BACKGROUND

A range of petrological, mineralogical and geochemical
techniques have been applied to sedimentary basins in Poland,
that complement the fluid inclusion analyses. Petrographic and
Fl analytical procedures always comprise several stages, typi-
cally: (1) sampling and preparation of the rock samples, (2) mi-
croscopic evaluation of the material as regards organic matter,
minerals and inclusions, (3) detailed microscopic determina-
tions (microthermometry), (4) geochemical analyses, and auxil-
iary studies. Analytical steps undertaken to study both fluid in-
clusions and whole rocks/minerals include:

X-Ray Diffraction (XRD) determinations were performed to
determine the bulk mineralogical composition of the rock sam-
ples by the powder method using a Philipps X’ Pert PW 3020
with respect to international standards. Detailed methodology
may be found elsewhere (e.g., Koztowska, 2004). The
reflectance of the organic matter was determined both on dou-
ble-sided polished sections (approximate data) and on polished
slabs.

SEM analyses of mineral parageneses were conducted in
uncovered carbon-plated thin sections using two electron scan-
ning microscopes: JSM-35, JEOL or 1430, LEO, combined with
EDS ISIS.

PREPARATION AND ANALYTICAL TECHNIQUES
FOR FLUID INCLUSION STUDIES

Over 300 samples were collected for fluid inclusion (FI)
studies (Table 1) and were prepared for analyses using stan-
dard preparation techniques (Shepherd et al., 1985;
Jarmotowicz-Szulc, 2000). Double-sided-polished thin sec-
tions, 0.1-0.2 mm thick, were obtained through low-tempera-
ture polishing of rock slabs. General microscopic observations
were made with a polarizing microscope both in transmitted and
reflected ultraviolet (UV) light. These comprised a microscopic
analysis of fluid inclusions (Leitz Orthoplan), fluorescence stud-
ies and microphotography (Nikon microscope and UV device),
and microthermometric analyses. The latter included heating
and freezing using a Fluid Inc. System, mounted on a Leitz
Orthoplan microscope and/or the Linkam equipment mounted
on a Nikon microscope with digital microphotography. In the
case of the Cambrian and Carboniferous quartz cements
(overgrowths) cold cathodoluminescence studies (CCL 8200
mK3) were performed on slabs parallel to the fluid inclusion wa-
fers aiming at locating of rims on detrital grains.

The Fluid Inc. System and the Linkam stage were calibrated
against melting temperatures of pure chemicals and phase
transitions in synthetic fluid inclusions (SYNFLINC standards,
Reynolds, 1993). The uncertainty limits are 0.2°C below
—100°C, 0.1°C between —100 and +100°C, and 0.2°C above
100°C. The type of FI-hosting mineral is a pointer towards either
a freezing-heating or heating-freezing mode. Fluid inclusions in
quartz were studied by heating after freezing, while those in car-
bonates were studied first by heating prior to freezing (Roedder,
1984; Shepherd et al., 1985; Samson et al., 2003). Thermomet-
ric studies in the heating mode generally lead to the determina-
tion of temperatures of mineral crystallization since it has been
assumed that the homogenization temperature of the primary
aqueous inclusions represents a minimum temperature of fluid
trapping during mineral precipitation (Roedder, 1984).

Estimation of the pressure and temperature conditions of
the formation of minerals is based on the crossing isochore
technique using coexisting methane and aqueous inclusions,
following the method introduced by Kalyuzhnyi (1982; Fig. 2A),
or using petroleum and aqueous inclusions following the

method by Applin et al. (1999; Fig. 2B). Isochores for simple
components were calculated with both the Flincor software
(Brown, 1982) and FLUIDS package (Bakker, 2003; Bakker
and Brown, 2003).

Fluorescence of the organic matter and/or fluid inclusions
was induced by ultraviolet reflected light in plates prepared for
microthermometry studies. Long-wavelength light (368 nm)
was provided by a 100 W mercury lamp and a set of filters.
Since the end of the 20th century, fluorescence studies have
been conducted as a rule in research on fluid inclusions in min-
erals in sedimentary rocks (e.g., Jarmotowicz-Szulc, 2000,
2001a).

CONFOCAL LASER SCANNING OF INCLUSIONS

The Confocal Laser Scanning Microscopy method (CLSM)
has a wide application to hydrocarbon inclusions (Applin et al.,
1999 and references therein). These studies have been per-
formed by the Newcastle Research Group at the University of
Newcastle upon Tyne, Great Britain.

Determination of petroleum composition in inclusions in the
diagenetic cements from oil reservoirs was important for two
reasons: (1) in combination with microthermometry these data
may result in the estimation of oil during secondary migration
and the filling of the field; (2) exact analysis of composition is
necessary for PVT modelling of oil.

Two-sided polished samples glued to a glass slide were
analysed with CLSM. Each step corresponded to an individual
oil inclusion. The inclusion was scanned, photographed, and
digitally recorded. A vertical “cut” of the object to slices of equal
height has been the basis of the analysis. Based on the confo-
cal results for oil and microthermometry, trapping conditions
were estimated (Fig. 2B). The first results on Polish samples by
this method were reported in 2001 (Jarmotowicz-Szulc, 2001a).

STABLE ISOTOPE GEOCHEMISTRY

Stable isotope studies (O’Neil, 1979) were conducted by
classical methods for quartz and calcite, collaboratively. Some
isotope point analyses of the oxygen in quartz were performed
in the USA (Tempe, Arizona), according to the procedure de-
scribed by Hervig et al. (1992). Other quartz samples were ana-
lysed in Canada (Newfoundland University). Silicate and oxide
samples were reacted with BrFs at ~650°C in nickel bombs fol-
lowing the procedures described by Clayton and Mayeda
(1963). The fluorination reaction converts the O in the min-
eral(s) to O, gas, which is subsequently converted to CO, gas
using a hot C rod. Isotopic analyses were performed on a
Finnigan MAT Delta, dual inlet, isotope ratio mass spectrome-
ter. The data are reported in the standard delta notation as per
mil deviations from VSMOW. External reproducibility is £0.19%o
(1 sigma) based on repeat analyses of the internal white crystal
standard (WCS). The value for NBS 28 is 9.61 +0.10%0
(1 sigma). The §'®0 was calculated based on the Sheppard
standard formula (1986).

Analyses of the isotope composition of oxygen and carbon
in calcite were mostly conducted in the Isotope Laboratory of
the Maria Curie-Sktodowska University at Lublin, Poland. The
method has been described by Durakiewicz and Hatas (1994)
and Durakiewicz (1996). Gaseous carbon dioxide was released
from carbonates during reaction with phosphoric acid. Isotope
measurements of carbon and oxygen were conducted in a
modified MI1305 mass spectrometer with a measurement pre-
cision of £0.08%o (1 sigma). Measurements were made with ref-
erence to international standards (Durakiewicz, 1996).
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Carbonate temperatures of formation were calculated
based on the carbonate isotopic composition (5'°0 ppg) using
the Anderson and Arthur (1 983) fractlonatlon formula

T(°C) = 16.0 - 4. 14(6 Ocarb (V- PDB) -8 Owater (V- SMOW)) +
0.13(8"Ocarb (v-poB) — 8" *Ouwater (v-smow))

Quartz formation temperatures were calculated based on
the isotopic composition (61SOSMOW) using the program
Palaeotemperatures (SiO;) according to Clayton et. al. (1972).

Point oxygen and carbon isotopic analyses of carbonates
were made for the Rotliegend cements in co-operation with the
Institute for Energy Technology in Norway with a laser spec-
trometry method. Methodological details of such analyses are
given elsewhere (e.g., Munz et al., 1995), while results for the
Papro¢—Cicha Goéra area are in Jarmofowicz-Szulc (1998,
1999a, 2009).

RAMAN ANALYSIS

Raman analysis is an important technique for studying in-
clusion content and character (Burrus, 2003; Frezzotti et al.,
2012), used occasionally for the material described here. Anal-
yses were conducted in several scientific centres, on various
equipment. Samples for Raman determinations were prepared
either as standard uncovered thin sections for petrological stud-
ies or special, double sided — polished sections for fluid inclu-
sion analyses. The individual samples were placed in the
Raman microspectrometer e.g., at DXB 2 at the AGH University
of Science and Technology in Krakéw. The use of a 532 nm la-
ser (green) at 3 to 8 mW on the sample surface enables spectra
formation. Point spectra were excited within 20 to 50 seconds
depending on the sample. In the confocal mode, spectra from a
sample of 2 micrometres diameter may be observed, though
this is more time-consuming (Koztowska et al. 2021).

Raman spectra observed on the computer monitor were re-
corded. Individual maxima were identified by their wavelength
and compared to identification tables (Frezzotti et al., 2012;
Fig. 3). In case of gas-filled inclusions, the field of the spectra
may be measured and the percentage of phases can be calcu-
lated based on the mutual relationships of the components
identified. Such a detailed composition may be further used for
PVT calculations when specialized computer programs are
used (Bakker, 2003; Bakker and Brown, 2003).
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Fig. 3. Raman spectrum identifying methane and nitrogen
peaks (Fl in calcite, based on Koztowska et al., 2021)

RESULTS

The geological structure of Poland, with more than the half
of the country built of sedimentary rocks, enable detailed study
of the different sedimentary basins (Fig. 1). The rocks were ac-
cessed by drilling and within different programs (see: e.g.,
Jarmotowicz-Szulc, 1998; Maliszewska and Kuberska, 1996;
Maliszewska et al., 1997; Koztowska, 2004; Kuberska, 2004).
The study material came from the Cambrian (the Baltic Sea
area, onshore and offshore), the Ordovician (the Warsaw
Trough), the Devonian (the Lublin Basin area), the Carbonifer-
ous (the Lublin Basin area, western Baltic Sea area, the
Fore-Sudetic Monocline and the Wielkopolska region ) and the
Permian (the Fore-Sudetic Monocline and the Wielkopolska re-
gion; Fig. 1: areas A-F).

CAMBRIAN

Cambrian deposits were analysed in boreholes in the north-
ern part of Poland, offshore and onshore in the Zarnowiec re-
gion and on the teba Elevation (Fig. 1: area A; Jarmoto-
wicz-Szulc, 1998, 2001a; Sikorska, 2000).

ONSHORE BALTIC SEA

Results: Fl in quartz arenites in the Zarnowiec region
(Zarnowiec IG 1 and IG 4 boreholes) occur in late quartz ce-
ment overgrowths around detrital grains, and in secondary
quartz healing of fissures (Jarmotowicz-Szulc, 1998). Two
types of two-phase fluid inclusions were observed: aqueous
and hydrocarbon FIl. The latter were distinguished based on
their white-blue visual fluorescence, which nowadays may be
considered as “blue” following suggestions by Ping and
co-workers (Ping et al., 2020). Two-phase non-fluorescent in-
clusions homogenized to liquid at temperatures of 87—-90°C and
107°C, fluid salinity was ~8 wt.% NaCl eq. Two-phase fluores-
cent inclusions displayed homogenization in the interval
74-110°C. One-phase inclusions were observed, too, in the ce-
ment, the isotopic composition (5'0) of which was ranged from
20 to 28%0 SMOW (Jarmotowicz-Szulc, 1998).

Interpretation: The Middle Cambrian sandstones in the
Zarnowiec region contain aqueous fluid inclusions (AQFI) and
hydrocarbon fluid inclusions (HCFI) in quartz cements, respec-
tively representing early and late stages of basin evolution. The
one-phase inclusions occur in early cement, which crystallised in
conditions corresponding to low temperatures and precipitation
from waters close to the meteoric water. High-temperature non-
fluorescent two-phase fluid inclusions (AQFI) occur in late quartz
cement that commonly cuts detrital grains and the intergranular
space. Late cementation occurred at temperatures of ~100°C
from waters of heavier isotopic composition and complex chem-
istry. The fluorescing two-phase inclusions were either trapped in
the filling of veinlets cutting detrital grains or in less regular infills
of micro-fissures. They were related to the late cement, similarly
to the inclusions at the boundary between the detrital grain and
the authigenic quartz overgrowth. The fluids in the basin are ma-
ture oil, with API (American Petroleum Institute) gravity values of
~39—-40° and NaCl-H0 brines. Co-trapping of the brine and oil in
the Zarnowiec area occurred in conditions of ~135°C and 500
bar (Jarmotowicz-Szulc, 1998).
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OFFSHORE BALTIC SEA

Results: Only some fluid inclusions in the quartz cements
in the wells of the L.eba Elevation were seen to be fluorescent, of
size 1-10 ym while non-fluorescent Fls were 1-3 ym across.
Fluid inclusions displayed either primary or secondary charac-
ter. Two-phase inclusions occur at the boundary of detrital and
authigenic quartz, in the early cement and in the late filling of
microfissures (Fig. 4A, B). Many Fls displayed fluorescence in
blue colours in the UV range. Those fluorescent inclusions
(HCFI1) are characteristic of the late filling of fissures.
Two-phase HCFI showed homogenization in the interval from
60 to >100°C (Jarmotowicz-Szulc, 2001a). AQFI displayed two
ranges of homogenization temperatures. One-phase inclusions
occurring in the early quartz cement were trapped at ~50°C
(compare: Goldstein and Reynolds, 1994). The second group
of AQFI, in the late cement, homogenised above 92°C.

Interpretation: The Middle Cambrian sandstones in the
teba Block contained HCFI in quartz cements, comprising
brine and/or hydrocarbons (Jarmofowicz-Szulc, 2001a).
One-phase aqueous, non-fluorescent inclusions occurred in
the early cement, the oxygen isotopic compositions in formation
water ranging from 20 to 28%. SMOW (Jarmotowicz-Szulc,
2001a), while crystallization conditions corresponded to low
temperatures and precipitation from waters close to the mete-
oric water. High-temperature non-fluorescent two-phase fluid
inclusions (AQFI) occur in the late quartz cement as veinlets, of-
ten cutting detrital grains and the intergranular space. Late ce-
mentation is interpreted as formed at temperatures of ~100°C
from waters with a heavier isotopic composition and of complex
chemistry, when compared with meteoric waters. The fluores-
cent two-phase inclusions contained oil and were present either
in the filling of veinlets cutting detrital grains, or in the less regu-
lar infills of micro-fissures. They are related to the late cementa-
tion stage. Fluid inclusions at the boundaries between detrital
grains and authigenic quartz overgrowths have the same rela-
tionships. Co-trapping of brine and oil was interpreted as indi-
cating formation conditions of 107°C and 317 bars
(Jarmotowicz-Szulc, 2001a; Fig. 4B).

ORDOVICIAN

Results: In the borehole analysed (Ptonsk IG 2/2A) located
in central Poland (Fig. 1: area B), samples from ~3500 m depth
contain calcite veins (medium and coarse grained calcite) with
FI randomly distributed (Fig. 4C), in which no fluorescence was
observed.

These inclusions were mostly brine-containing, showing ho-
mogenization in the interval from 145 to 152°C (Jarmoto-
wicz-Szulc and Wotkowicz, 2018). The eutectic temperature is
~—46°C. Melting temperatures T, between —4 and —3.2°C point
to a very low salinity of the fluid (5.3—6.5 wt.% NaCl eq.). Some
inclusions contain probable traces of methane gas with various
contents of CH,4, CO,, O, and H,S.

The Fl in the coarse-grained calcite homogenized at higher
temperatures. Their Ty, values fell into two temperature intervals
of 197-226°C and 230-243°C. T, varied from -39 to —34°C. Ice
melting temperatures ranged from —13.2 to —8.9°C.

Interpretation: The homogenization temperatures differed
while the fluids infilling the inclusions related to the calcite type
in these Ordovician rocks. In the Plonsk |G 2/2A borehole, in the
depth interval from 3522.15-3530.7, relatively high to low salin-
ity brine fluids were trapped in coarse-grained carbonates (17.1
to 12.7 wt.% NaCl eq.; Bodnar, 2003). They displayed high ho-
mogenization temperatures. Another type of brine was charac-
terized by lower temperatures (102—152°C) and contained vari-

able amounts of methane, carbon dioxide, and oxygen. At least
two flows of brine occurred: one of “pure” brine front, and one of
a brine with some gases (Jarmotowicz-Szulc and Wotkowicz,
2018).

DEVONIAN

Results: In Devonian rocks from the depth interval
3748-3869 m, FI were analysed in calcite, dolomite and anhy-
drite cements from the boreholes Metgiew-2 and Ciecierzyn-8
(Radlicz, personal communication, 1977; Jarmotowicz-Szulc,
1999b; Narkiewicz, 2011; Jarmotowicz-Szulc, 2015) located in
the Lublin area (Fig. 1: area C). Ten Devonian samples were
also analysed from the Gietczew IG 5 borehole occurring at
shallower depth (as e.g., sample No 140, depth of 1955.2 m,
Radlicz, pers. comm., 1997). Inclusions are abundant, espe-
cially in dolomite, but small, down to <1 um inclusions occur in
the central parts of dolomite rhombohedral crystals while being
almost absent from the outer rims. Larger inclusions (2—5 pym)
were observed in anhydrite and calcite. Rectangular Fl are
characteristic of anhydrite. These fluid inclusions are
mono-phase and/or bi-phase displaying similar or different lig-
uid to vapour ratios (Fig. 4D), and show no fluorescence.

Homogenization temperatures of the two-phase inclusions
(AQFI) ranged from 163 to 192°C, the highest value being char-
acteristic of stretched inclusions.

Eutectic temperatures of <—21°C (—42°C for dolomite and
calcite, and ~—37°C for anhydrite) pointed to the presence of Ca
and/or Mg ions together with NaCl (Shepherd et al., 1985).
Temperatures close to 50°C corresponded to eutectic values
characteristic of the NaCl-CaCl,-MgCl,-H,O system.

Interpretation: In the simple NaCl-H,O system, ice melting
temperatures of ~—10.1°C revealed a salinity of 14 wt.% NaCl
eq. (Brown, 1982; Bodnar, 2003). The fluids were brines
NaCl/KCI-H,O (anhydrite) and/or NaCl-CaCl,/MgCl,-H,0O (cal-
cite). No other fluids were observed.

CARBONIFEROUS

Fluid inclusions in Carboniferous rocks were studied from
boreholes in the Lublin area (Fig. 1: area C; boreholes Stezy-
ca 2, Maciejowice IG 1, Magnuszew IG 1; Kozlowska, 2004,
2009; Koztowska and Jarmotowicz-Szulc, 2009), in the western
Baltic Sea area (Fig. 1: area D; boreholes K1-1/86, K9-1/89 and
L2-1/87), and in the southwestern part of Poland in the Polish
Lowlands (Jarmotowicz-Szulc and Wotkowicz, 2018; Fig. 1: ar-
eas E and F; boreholes Objezierze IG 1, Zakrzyn IG 1, Katarzy-
nin 2).

THE LUBLIN BASIN

Results: Homogenization temperatures of two-phase in-
clusions were different in different minerals. They were
84-138°C for calcite, 70-117°C for ankerite and 58—-160°C for
quartz (Fig. 4E, F). The inclusions contained brines. In the
H.O-NaCl system, fluids trapped in quartz in rock cements in
the Lublin area showed salinity values ranging from 3.76 to
8.78 wt.% NaCl eq. The density of the fluids was close to
1g/cm®. The eutectic temperatures were often close to —30°C or
even —40°C in the carbonate cements, suggesting brine sys-
tems more complex than a simple NaCl-H,O mixture, rather be-
ing mixtures such as H,O-NaCl-CaCl,-MgCl, (Shephard et al.,
1985; Bakker, 2003; Bodnar, 2003). The behaviour of several
one-phase inclusions may indicate also other systems, such as
H,0-CO, (Koztowska and Jarmotowicz-Szulc, 2009).
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Fig. 4. Fluid inclusions in Cambrian, Ordovician, Devonian and Carboniferous rocks

A — quartz arenite, Middle Cambrian Baltic offshore, B3-9/95 borehole, depth 1415.5 m, two-phase inclusions in late quartz infill-
ing cutting some quartz grains, transmitted light; B — the same sandstone in fluorescence as in A, inclusions displaying fluores-
cence in white-blue are filled with oil, reflected light, UV; C — fluid inclusions (brine) in calcite, Ordovician, Ptonsk |G 2 borehole,
depth 3500 m; D —fluid inclusions (brine) in anhydrite, Devonian, Gietczew IG 1 borehole, depth 1955.2 m; E — Upper Carbonifer-
ous sandstone, K-1-1/86 well, depth 3701.1 m, inclusions in late quartz, transmitted light; F — the same sandstone in fluores-
cence, some fluorescing objects, reflected light, UV, Upper Carboniferous sandstone, K 1-1/86 well, depth 3701.1 m; arrows
point to individual Fl and FlAs
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Interpretation: Homogenization temperatures of fluid inclu-
sions in Carboniferous rocks were in the interval 75-120°C for
carbonate cements, and 100-110°C (maximum frequency in-
terval) for quartz.

Brines trapped were of low salinity and displayed a density
of ~1g/cm®. Other, more complex fluids, e.g. NaCl/KCI-CaCl,/
MgCl,-H,0 systems, were responsible for the formation of car-
bonate cements.

The results were close to those earlier given from the Lublin
Coal Basin (Koztowska, 2004, 2009), and showed analogy to
those from other Carboniferous basins (e.g., Muchez et al,,
1994).

THE WESTERN BALTIC SEA AREA

In the boreholes K1-1/86, K9-1/89 and L2-1/87 (offshore
area, N from the Western Pomerania, Fig. 1: area D), Carbonif-
erous rocks occur in the depth interval ~3100 to 3402 m (K1)
and/or from 3242 to 3963 m (K9). Inclusions were observed in
quartz and/or carbonate cements (Fig. 4E, F).

Results: In Carboniferous rocks from boreholes K1, K9 and
L2 (Table 1), two-phase inclusions were very rare. Their ho-
mogenization temperatures varied (Jarmotowicz-Szulc, 2019).
In general, they were >90°C. Inclusions in the quartz cement
(authigenic “rims”) in the K1 borehole (Fig. 4E, F) displayed T,
~94-96°C, while two-phase inclusions in the carbonate ce-
ments (dolomite, calcite) showed homogenization tempera-
tures in the range of 168°C (K9) to 196.5 °C (K1). Fluids present
in inclusions in quartz were brines of moderate salinity (up to
~10 wt.% NaCl eq.) of density between 0.984 and 1.015 g/cm?®.
Fluids trapped in dolomite and calcite were more complex
brines. Their eutectic temperatures of ~~40°C pointed to a
more complex chemical system with Mg/Ca ions, especially in
the L2 sample from the depth of 2326.3 m, the salinity of which
was estimated at 15.08 wt.% NaCl eq. with a density up to
1.071 glem®.

Rare two-phase fluid inclusions assemblages (FIA) were
observed close to the boundary of detrital and authigenic quartz
in the sandstone from the K1-1/86 borehole at a depth of
3107.7 m, and when cooled to —70°C showed bubble division
into two phases and bubble homogenization at +23.1°C. The
whole inclusion homogenized at 96°C. At the same depth, a
one-phase inclusion showed homogenization at ~-82°C. Pos-
sibly two-phase individuals (L1+L2) present in the cements con-
tained the same infill and characteristics.

Interpretation: Based on the analyses conducted, one
and/or two-phase inclusions recognized in cements were filled
with gas and/or brine, respectively (K1-1/86, K2-1/89 bore-
holes). The one-phase inclusions were filled with methane,
most probably with some carbon dioxide.

In the K1-1/86 borehole, a CO, density of ~0.738 g/cm*®in a
bubble in an AQFI was calculated. Assuming NaCl-H,O-CO,
co-trapping, the p-T conditions of entrapment were estimated
using the method of crossed isochores, to be ~480 bar and
120°C (Fig. 2, A; Py, Ty, respectively). The estimated density of
the methane was ~0.198 g/cm®

THE WIELKOPOLSKA AREA

In the Wielkopolska area (Fig. 1: areas E and F), Carbonif-
erous rocks occur at depths between 2432.3 and 2638.6 m
(Katarzynin 2) and 4621.1-5090 m (Objezierze 1G 1). These
dark rocks contain carbonate veinlets.

Results: One and two-phase inclusions occur in small cal-
cite veins (Katarzynin 2, depth 2588.45 m). The two-phase,
pseudo-secondary elongated inclusions form distinct assem-
blages (FIA). Groups of bright and dark shapeless one-phase

inclusions were also observed, locally with a linear pattern. No
fluorescence in UV was observed (Fig. 5A, B). The two-phase
inclusions are filled with brine. Their homogenization tempera-
tures are high (T, 207—-233°C), and eutectic values are between
-48.8 and -38°C. T, in the interval from —9.9 to —6.5°C corre-
sponds to medium fluid salinity, between 13.8-9.9 wt.% NaCl
eg. The one-phase Fl were filled with methane with admixtures
of CO; or nitrogen (Koztowska et al., 2021).

Small, bright, or grey two-phase fluid inclusions were seen
in an anhydrite veinlet (Objezierze I1G 1/4895.7). The volume of
the gas phase is ~15%. The inclusions were mainly shapeless,
some being oval. One-phase inclusions were also present. All
inclusions either did not show fluorescence, or were "dull blue”.
Three two-phase inclusions that displayed yellow fluorescence
were observed in the carbonate. They were filled with a fluid of
slightly yellow colour when observed in transmitted light. The
AQFI eutectic temperatures lay in the interval between —48 and
—33°C, Tnis from —7.5 to —3°C, indicating fluid salinity between
11 and 5.0 wt.% NaCl eq. (Bodnar, 1992). T, values either ex-
ceeded 100°C or were >250°C. Some inclusions displayed a
yellow fluorescence (Jarmotowicz-Szulc and Wotkowicz, 2018).
In the Zakrzyn IG 1 borehole (depth 4788.3 m) two-phase
non-fluorescent inclusions occur in a coarse crystalline calcite
vein and display T, close to -49—(—42)°C and/or —22°C. Their
Ty values were measured in the interval from 137 to 190°C; Tm
lies between —6.3 to —0.7.

Interpretation: One and/or two-phase inclusions occurred
in calcite and were filled with gas and/or brine, respectively
(Katarzynin 2, Objezierze IG 1, Zakrzyn IG 1). Those
one-phase inclusions were filled with CH,4, possibly with nitro-
gen, and most probably with some carbon dioxide (Raman
spectra would be diagnostic here). Brine and traces of oil were
found in anhydrite in the Objezierze I1G 1 borehole. Given three
types of brine inclusion, at least three different brine fluids oc-
curred in the basin, as follows: low-salinity, medium tempera-
ture brine | — with only with a NaCI/KClI component (T,
156-163°C); Il — complex low-salinity brine (T, 206—233°C, T,
from —48.8 to —38°C, T, from —9.9 to —6.5°C); lll — moderate
temperature and salinity fluid (Ty 114°C; Te—33, T ice —5.8°C).

The results of microthermometric analyses were sporadic
in the Objezierze IG 1, at depth 4895.7 m. The brine displayed
moderate salinity, 11 and 5.0 wt.% NaCl eq. Higher hydrocar-
bons were present in the basin. A small admixture of gases of
different composition might have occurred in some inclusions
(CH4, Ng, Oy, HJS).

In the Zakrzyn 1G 1 borehole (depth 4788.3 m) brine inclu-
sions in a coarsely crystalline calcite vein display salinity be-
tween 9.6 and 1.2%. NaCl eq. (Bodnar, 2003) and probably
contain a local gas admixture (methane, hydrogen sulphide).

PERMIAN

ROTLIEGEND

In the Papro¢—Cicha Géra succession (Fig. 1: area F), the
Rotliegend rocks studied occur at depths between 2627 and
2777.8 m (Table 1). Three types of infill of the pore space in the
Rotliegend rocks were analysed: carbonates, quartz and sul-
phate cements (Maliszewska et al., 1997, 2003; Kuberska,
2004). Other than the FI studies, the calcite cements were also
isotopically studied (Jarmofowicz-Szulc, 1999a, 2009).

Results: Fluid inclusions in the Rotliegend rocks from dif-
ferent boreholes have been widely analysed in the context of
detailed petrological research (Maliszewska and Kuberska,
1996, 2009; Jarmotowicz-Szulc, 1997, 1999b) in the Wielkopol-
ska area (Fig. 1: area F). Their characteristics may be summa-
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Fig. 5. Fluid inclusions in rocks from Carboniferous and Upper Permian basins

A — quartz arenite, Upper Carboniferous, Katarzynin 2 borehole (Ka-2), one-phase inclusions in quartz grains, transmitted light, arrow
indicates methane inclusion; B — the same objects in fluorescence analysis, inclusions display no fluorescence, reflected light, UV, ar-
row shows the same methane inclusion as in A; C —fluid inclusions in calcite from the Sowia Géra 1 borehole (SG-1), depth 3256.34 m,
transmitted light; D — fluid inclusions in anhydrite from the SG-1 borehole, depth 3256.34 m, transmitted light; E — two-phase inclusion
assemblage (FIA) in anhydrite in Zechstein carbonate rocks in the Buszewo 17 borehole, depth 3133.45 (Bu 17), transmitted light; F —
same inclusions as in E in fluorescence analysis, inclusions display white—blue fluorescence, reflected light, UV; arrows point to Fl in-
dividuals or assemblages
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rised as follows: (1) inclusions were numerous in detrital grains,
(2) some types of cements were not transparent and no inclu-
sions can be observed within them, (3) if inclusions were pres-
ent in the cement, they were generally scarce and small, (4)
there was no observable pattern of distribution, abundance or
characteristics of inclusions (Jarmofowicz-Szulc, 1999b).

Fluid inclusions in the Rotliegend rocks exhibited no fluores-
cence either in blue, or in ultraviolet light. Some minimum exci-
tation (“dull-blue” colour, Jarmotowicz-Szulc, 1999a) was ob-
served only in the case of the Papro¢—Cicha Géra field, though
not in the Rotliegend rocks, but in the Zechstein at the top of the
geological section.

The Fls observed were primary and secondary, two- and
one phase (Jarmotowicz-Szulc, 1999a). The liquid to gas phase
ratio in two-phase inclusions varied in different types of ce-
ments, with a predominance of the liquid phase. The position of
inclusions was often difficult to determine with reference to the
cement due to a lack of meaningful relations with the crystallo-
graphic planes. No distinct primary assemblages were distin-
guished (sensu: FIA by Goldstein and Reynolds, 1994), only
rare individual inclusions. One-phase inclusion assemblages
displayed a secondary or pseudo-secondary character (Jar-
motowicz-Szulc, 2009).

The inclusion habit in the Rotliegend rocks is various. Some
inclusions were oval, some more or less regular in shape, oth-
ers totally shapeless. The inclusions seen in anhydrite were
rectangular, though randomly displayed in the crystal.

Interpretation: Primary two-phase inclusions were very
rare in the carbonate, sulphate and quartz cements in the
Rotliegend sedimentary rocks in the western part of the Polish
Lowlands; the homogenization temperatures of the inclusions
differed depending on the host mineral. They varied as follows:
100-130°C for anhydrite, 90-120°C for carbonate, and
131-133°C for quartz cements; the temperatures obtained for
the inclusions did not correlate with the isotopic results, as
shown by Jarmofowicz-Szulc (2009). Only the carbonate ce-
ments in the Papro¢-Cicha Gora region displayed a co-inci-
dence (Jarmofowicz-Szulc, 2015); the salinity of the brines was
~2-10 wt.% NaC eq., while eutectic temperatures between —30
and —40°C suggested more complex chemical systems as,
e.g., H,O-NaCl-MgCl,- brines in the Papro¢—Cicha Géra region
had a density of 1 g/cm®.

ZECHSTEIN

Some light hydrocarbons were observed in the anhydrite
cements in the Papro¢-Cicha Géra region in the uppermost,
Zechstein, part of the borehole section (Jarmotowicz-Szulc,
1999). The hydrocarbon fluid trapped there is methane with
some nitrogen admixture. The presence of methane in the ce-
ment may indicate the migration and trapping of gas as inclu-
sions in the cement in Zechstein.

Two important oil-gas fields occur in the Zechstein rocks —
the Lubiatow and the Barndéwko—Mostno—Buszewo fields
(BMB, Goérski and Trela, 1997; Wagner, 1998; Karnkowski,
1999; Jaworowski and Mikotajewski, 2007). Kovalevich et al
(2008) studied fluid inclusions in halite in the aureoles around oil
and gas accumulations, including from the BMB.

THE LUBIATOW FIELD

Results: Fluid inclusions were observed in carbonates,
anhydrite and quartz, which either formed as cements, or fill
fractures and fissures in laminated mudrocks (the Sowia Géra 1
borehole; Fig. 5C, D). The following types of inclusions were
distinguished: one-phase (gas, brine), two-phase (brine),

three-phase (water — light hydrocarbons/gas). Primary
two-phase inclusions homogenized at temperatures between
68 and 132°C, the highest values corresponding to stretched
inclusions (Jarmotowicz-Szulc and Jasionowski, 2009). The
eutectic temperatures vary from —56 to —37°C for dolomite and
calcite, and between —70 and —56°C for anhydrite.

Fluid inclusions in calcite crystals displayed a characteristic
distribution. The translucent inner grey part of the crystals is full
of fluid inclusions while the outer part is bright, transparent, and
almost without inclusions (Jarmotowicz-Szulc and Jasionowski,
2009; e.g., Sowia Goéra 1, depth 3256.34 m, Fig. 5C). The ho-
mogenization temperatures also differed in those two parts of
the crystals. The rare outer-part inclusions homogenized at
+68°C, and those in the inner parts at >70°C (Fig. 6B). In dolo-
mite, two-phase brine inclusions homogenized at higher tem-
peratures of ~+116.6°C. One-phase inclusions — bright and/or
dark — contained carbon dioxide and/or methane. Their Ty, was
+8.0 and —85°C, respectively.

Ice melting temperatures were ~—15°C in the outer and
from —6.0 to —9.8°C in the inner parts of the crystals, indicating
salinity that in the NaCl-H,O system changes from 14 wt.%
NaCl eq. to 9-13 wt.% NaCl eq. (Brown, 1982; Bodnar, 1992).
Three types of inclusion occurred in the anhydrite. Two of them
displayed a rectangular habit (Fig. 5D), were not stretched and
varied in size and temperature. A population of smaller inclu-
sions (3—4 um in size) homogenized to liquid at +106°C, and
the larger inclusions (6—10 ym) at +122°C (Jarmotowicz-Szulc
and Jasionowski, 2009).

Interpretation: Eutectic temperatures of <—21°C pointed to
a presence of calcium and/or magnesium ions with NaCl (e.g.,
Goldstein and Reynolds, 1994). Eutectic temperatures of
-56°C, and cotectic around —40°C suggested complex
NaCl-CaCl,-MgCl,-H,0 fluids with the presence of CO,, char-
acterizing a chemical system of dissolved CI", Ca?*, Mg®*, Na*,
and Fe 2" ions with carbon dioxide.

The dolomitization of Ca2 deposits in the Gorzéw
Wielkopolski region was related to reflux of strong evaporated
marine waters at slightly increased temperatures. Fluid inclu-
sions in quartz display a temperature interval of 70—100°C and
high salinity. The isotopic composition of oxygen in the pore wa-
ters lay in the interval from +5 to +10%o. (Jamotowicz-Szulc and
Jasionowski, 2009). The fluid inclusion studies suggested that
dedolomitization occurred during burial at temperatures of
~100-120°C.

Another possible interpretation is that because the
rocks/minerals studied occur at depths of >3000 m and carbon-
ates are susceptible to the influence of pressure and tempera-
ture, they may have crystallized from hot, saline waters
(Aulstead et al., 1988).

THE BARNOWKO-MOSTNO-BUSZEWO OIL AND GAS FIELD

Results: Temperature measurements were conducted for
two-phase inclusions from different types of cement and differ-
ent samples from boreholes at depths between 3121.6 m (B-7)
and 3141.85 m (Bu-17; Fig. 5E, F) — Jarmofowicz-Szulc et al.
(2020), Jarmotowicz-Szulc (2021). Inclusions were present in
calcite, dolomite, anhydrite and fluorite.

Two-phase fluorescent HCFI in dolomite generally homog-
enized between 120 and 150°C, with a frequency maximum of
128 and 138°C (Jarmotowicz-Szulc, 2021). The homogeniza-
tion temperatures of brine inclusions in the dolomite were be-
tween 135 and 160°C. There was a tendency for slightly higher
values for AQF| than for HCFI in the same mineral. The eutectic
temperatures for most non-fluorescent two-phase inclusions
(aqueous) fell into the following intervals: —60 to —50°C (dolo-
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mite, calcite); —49 to —47°C (anhydrite), and —40 to —34°C (dolo-
mite, quartz). The ice melting temperatures ranged from —19°C
to —13°C for calcite and fan-like dolomite, —6.5°C for mosaic do-
lomite, —17.0°C for anhydrite, from —11.4 to —7.8°C for dolo-
mite, and from —6.8 to —4.3°C for calcite.

Interpretation: Hydrocarbons (oil and/or gas) were trapped
as inclusions in different types of cement in the rocks. Primary
HCFI are abundant in the dolomite and the calcite, less frequent
in anhydrite and fluorite; the presence of oil and/or gas in inclu-
sions point to hydrocarbon migration in the area studied. The
HC-bearing inclusions relate to diagenetic processes i.e., they
post-date the primary infill of the field. Brines trapped in inclu-
sions vary in their chemical composition and salinity; primary
brine FI accumulations in crystals (e.g., in calcite) pointed to a
common hydrocarbon and brine front, while the secondary in-
clusions are a sign of hydrocarbon migration later than the for-
mation of the cement studied. Assuming co-trapping of brine
and oil in inclusions in the dolomite, P-T conditions estimated
from crossed isochores were around 150—160°C and 400—420
bars (Jarmotowicz-Szulc, 2021).

DISCUSSION

Based on this compilation of studies on fluid inclusions in
minerals/rocks from different boreholes and wells from Poland
(Fig. 1), some conclusions can be made regarding not only FI

Fig. 6. Practical remarks and data interpretation

A — two-phase inclusions at the boundary of detrital and authigenic
quarz (B3-1/95 borehole, Middle Cambrian sandstone), arrow points
to individual FI; B —fluid inclusion location in relation crystal — abun-
dant FIA in calcite and individual in anhydrite (SG-1 borehole, depth
3256.34 m, Zechstein carbonate), arrows point to abundant FIA in
the inner part of the calcite crystal (white) and rare individuals in the
outer part (black), length of white arrow — 200 ym; C — example of in-
terpretation of isotopic results and fluid inclusion data (B3-1 bore-
hole, Middle Cambrian sandstone, after Jarmotowicz-Szulc, 2001a)

characterization but also on basin evolution and their hydrocar-
bon migration, as discussed above.

FLUID INCLUSION PETROGRAPHY

Fluid inclusions in diagenetic minerals were not abundant
and rather small in size (1-3 pym, only occasionally 4—6 um)
which made it difficult to study the individual fluid inclusion by
microthermometric analyses. Hydrocarbon inclusions, if pres-
ent, were often much larger (to over a hundred ym). Due to their
fluorescence properties, they were easier to study both as re-
gards localization in minerals and microthermometry. In turn,
the methane-bearing inclusions displayed a variable size from
<1 um (beyond the limits of observation) to a few ym. The first
diagnostic feature was that they were one-phase and display
no/dull blue fluorescence. However, only microthermometric
observations via deep freezing and/or Raman spectra are really
diagnostic, so the larger the inclusions, the better.

The small size of Fl in some minerals locally generated
problems in phase diagnosis of inclusions (one- or two-phase).
In many places, however, inclusions were “readable”, from the
standpoint both of the number of their phases, and their posi-
tion. Sometimes, fluid inclusions were better seen in
petrographic thin sections than in double-sided polished FI sec-
tions where the cement could be in superposed over the grains
of interest. It made sense, therefore, to conduct parallel obser-
vations. The more types of observation, the better the possibili-
ties of meaningful interpretation.
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Inclusions displayed different shapes in different minerals.
They ranged from irregular, shapeless to oval to more regular
(Fig. 6A). The characteristic rectangular shape of two-phase in-
dividuals was observed in anhydrite (e.g., Fig. 5D).

Inclusions were either primary, pseudo-secondary, or sec-
ondary (cf. Roedder, 1984; Goldstein and Reynolds, 1994).
They occurred either dispersed, or in distinct relation to the
crystal habit (Fig. 6B), or they were present along healed fis-
sures or fractures. FlAs in the sedimentary rocks were rare and
contained only some inclusions.

As noted above, inclusions in minerals in the sedimentary
rocks were one-phase, two-phase, or multiphase. The
two-phase inclusions were the most obvious and they often
were the only ones that could be examined by inexperienced re-
searchers. It was, however, important not to disregard the
one=phase FIl. One-phase inclusions, AQFI, were an indication
of low-temperature mineral formation (<50°C, as in, e.g., the
early Cambrian quartz cements, Jarmofowicz-Szulc, 2001a;
see also: Goldstein and Reynolds, 1994), or were meth-
ane-bearing, an important factor for geological interpretation
and for hydrocarbon exploration.

Two phases of inclusions seen under the microscope may
sometimes be a fake.

Generally, the two-phase AQFI contained liquid and vapour
phases (L, V). The liquid to vapour ratio was estimated and fur-
ther studies based on this estimation were conducted. If the ra-
tio was consistent for some inclusions, they formed an assem-
blage (FIA, sensu stricto: Goldstein and Reynolds, 1994), and
were diagnostic as a FI group (Fig. 6B). An inconsistent ratio
pointed to unstable conditions and further analytical results (if
any) that need be treated carefully. Experience showed that the
Fl assemblages were not abundant. Often it was possible to
deal only with individual fluid inclusions in the diagenetic ce-
ments, affecting the reliability of the results obtained.

FLUORESCENCE PROPERTIES

Hydrocarbon and aqueous inclusions may be trapped in a
crystal during its growth and/or due to the healing of
microfissures during the geologic history of the sedimentary ba-
sin (Roedder, 1984). The hydrocarbons fluoresce and their fluo-
rescence colour in UV light may be used as a maturity indicator
(McLimans, 1987; McLimans and Videvitch, 1987; Blamey et
al., 2007). Fluorescence occurs due to the presence of fluo-
rescing compounds called chromophores that influence emis-
sion e.g., in natural oils. The intensity of fluorescence is propor-
tional to the concentration of chromophore accumulation and
decreases with an increase in the number of chromophores
(Atkins, 1982). The intensity of this luminescence increases to-
wards longer wavelengths with an increase in aromatic rings in
the molecule (Burrus, 1981). Fluorescence spectra have been
widely used in the classification of the organic matter (Stasiuk,
2002, and references therein) and for the characterization of its
chemical composition and/or maturity (Nandakumar and
Jayanthi, 2016, and references therein), and there is a relation-
ship between a fluorescence colour of oil inclusions and oil ma-
turity (Ping et al., 2019a, b, 2020, and references therein).

Fluorescence microscopy was used in this study to identify
hydrocarbon fluid inclusions versus aqueous fluid inclusions,
and also for differentiation of intracrystalline fissures filled with
oil in oil-gas fields, This may be compared to data from e.g.,
Burrus et al. (1980, 1983); Burrus (1981); Burrus and Hath
(1989); Munz (1995); Jarmotowicz-Szulc (2001a) and
Jarmofowicz-Szulc et al. (2012).

Some authors have correlated fluorescence colours with
API gravity values referred to oil densities (e.g., McLimans,

1987; Bodnar, 1990; Jarmotowicz-Szulc, 1998, 2001a; Stasiuk,
2002; Nandakumar and Jayanthi, 2016). Independent control
is, however, needed since many factors can influence fluores-
cence, and the results of estimation of parameters, especially
visual assessments, must be treated as just a first approxima-
tion (Jarmotowicz-Szulc, 1998, 2001b, 2017; Blamey and
Ryder, 2009; Ping et al., 2020). Some researchers have stated
that the determination of the chemical composition of fluoresc-
ing inclusions based on microfluorescence spectrometry is im-
possible (e.g., Pironon and Pradier, 1992). However, a quick
and easy method of the author enabled some preliminary,
non-destructive, and quick estimations of petroleum-bearing in-
clusions (Jarmotowicz-Szulc, 2016). This method used a sim-
ple graph, less complex than that reported by Przyjalgowski et
al. (2005). As already underlined, such results should be
treated as an approximation. However, it may be concluded
that the higher the API degree, the larger the shift towards a
white-blue colour emission in fluorescence (Fig. 7A). Some
trends have been observed both from the results in the present
paper and from published results (Pironon and Pradier, 1992;
Jarmotowicz-Szulc 2001a; Stasiuk, 2002). For inclusions, a de-
crease in L nax and Q occurred with an increase in total hydro-
carbons and the concentration of saturated fractions. That
agreed with the general results and conclusions from the
Dongying depression (Ping et al., 2020). A progressive in-
crease in L max and Q was correlated with an increase in aro-
matic hydrocarbons and concentrations of resins and
asphaltenes. Nandakumar and Jayanthi (2016) also provided
an empirical tool for predicting the APIG of oils and documented
it on samples from a well in the Mumbai offshore basin, India.
Fluorescence emission of oil in HCFI recorded by these authors
was in the region of 406—720 nm, i.e., wider than that shown in
Figure 7. The authors proposed inferring the APIG of unknown
samples from an algebraic expression linking emission spectra
to APIG for known crude oils. Figure 7 shows a compilation of
the evaluation graph of Jarmofowicz-Szulc (2017; Fig. 7A) and
the ideas of Nandakumar and Jayanthi (2016) using the au-
thor’s data (Fig. 7B). To estimate the gravity of oil trapped in in-
clusions from the B graph, their red/green ratio must be known,
i.e., fluorescence spectra must be available.

FLUID INCLUSION MICROTHERMOMETRY

Homogenization temperatures depend directly on the type
of cement and on the borehole and indirectly on depth. They
were different for calcite, dolomite, quartz, and anhydrite. Tak-
ing many factors into account, many useful pieces of informa-
tion have been obtained from microthermometric measure-
ments. Quartz has been most resistant to the influence of tem-
perature and pressure, while minerals such as calcite and
anhydrite are more susceptible to the influence of external fac-
tors. This is the microthermometric results for quartz have been
considered the most reliable (compare also: Goldstein and
Reynolds, 1994; Dudok and Jarmotowicz-Szulc, 1999, 2000).
However, if microthermometry is combined with other data (iso-
topes, Raman, geochemistry), the composition and trapping
conditions of (palaeo)fluids in the basin can be effectively char-
acterized, and basin history too, as in the example shown in
Figure 6C.

The eutectic temperature (first sign of melting) of —21°C
pointed to fluids in the NaCl-H,O system. Temperatures
<-21°C were suggestive of the presence of calcium and/or
magnesium ions together with NaCl in the brine (Roedder,
1984; Shepherd et al., 1985). Temperatures close to —-50°C
suggested a complex fluid in the NaCl-CaCl,-MgCl,-H,0 sys-
tem (Samson et al., 2003).
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In the simple NaCl-H,O system, ice melting temperatures
correspond to exact salinity values, in other systems, salinity
might be expressed in weight percent NaCl equivalent (Brown,
1982; Bodnar, 1990; Bakker and Brown, 2003). If ratios of other
components were known from other independent sources (e.g.,
from chemical analyses or Raman spectrometry), exact
isochores may be constructed.

FLUID INCLUSION COMPOSITION
AND FLUID CHARACTERISTICS

Multidirectional research conducted on fluid inclusions has
allowed characterization of fluids trapped in inclusions with re-
gard to their composition.

Fluids trapped in non-fluorescing inclusions were first of all
brines of different compositions and salinities, as has been
shown above. Densities of fluids were calculated based on
microthermometric results (Brown, 1989; Bakker, 2003). Petro-
leum-bearing inclusions exhibited fluorescence under 366 nm
UV and were generally easy to observe due to their excitation.
The colour of fluorescence, however, may be discussed (see:
Green et al., 2001; Ping et al., 2020). Inclusions that occur in
small groups outlining growth zones and occasional isolated in-
clusions appear to be primary and therefore, were trapped dur-
ing crystal growth. Many HC inclusions occur along healed
microfractures that postdate crystal growth and are secondary.
The relative separation in time between the formation of primary
and secondary oil inclusions may sometimes not be very large
when the associated primary and secondary aqueous inclu-
sions show no distinction in homogenization temperature and
salinity (Jensenius and Munksgaard, 1989). When primary and
secondary oil inclusions have the same emission fluorescence
colour, one can conclude that both types of inclusions have a
similar composition (McLimans, 1987; Ping et al., 2020). The
characteristics of oil based on fluorescence colours was roughly
estimated using some general graphs (e.g., Nandakumar and
Jayanthi, 2016; Jarmofowicz-Szulc, 2017; Fig. 7). The results,
however, should be treated carefully and fluorescence spectra
have to be known.

The composition of crude oil was established during gener-
ation and primary migration, but it may be strongly altered by
different processes that can occur during secondary migration
and accumulation. Biodegradation, water washing, phase sep-
aration, and transport in aqueous solutions can affect the distri-
bution of hydrocarbons in the range of compounds from C;
(methane) to Css (pentatriacontane) normally analysed in crude
oils. Those processes have been widely described (e.g.,
Burruss and Hatch, 1989; Jensenius and Burruss, 1990; Peters
et al, 2005). Fluorescence spectrometric analyses are impor-
tant if one attempts to identify such nuances. Raman spectra
can also be reliable, provided the spectrometer has a proper la-
ser source for fluorescence studies (Nandakumar and Jayanthi,
2016). Otherwise it is only possible to analyse aqueous and/or
methane-bearing inclusions (Frezzotti et al., 2012).

The methane-bearing inclusions were those evident as one
phase at room temperature and, when deep frozen on the
freezing-heating stage, they displayed homogenization down to
—82°C (Kleinrahm and Wagner, 1986). Shifts in the T, values
pointed to admixtures such as, e.g., nitrogen and/or carbon di-
oxide. The exact composition of complex methane-bearing in-
clusions can be calculated from Raman spectra, as shown in
Figure 3. However due to the small dimension of the inclusions,
Raman analyses were possible only in some samples.

In sedimentary basins, the fluid systems often evolved from
a H,O-NaCl+KCl type during the early stage of basin subsi-
dence to H,O-NaCl-CaCl, fluids during further burial (e.g.,
Jarmotowicz-Szulc, 2020; Jarmotowicz-Szulc et al., 2020). Lo-

cally, fluid inclusions were enriched in K, Cs, Li, B, Rb and other
cations, indicating intensive fluid—rock interaction of the saline
brines with other rocks, e.g., Lower Permian volcanic rocks or
deposits (Jarmotowicz-Szulc, 2021).

A different situation was recorded in fluid inclusions in fis-
sure minerals hosted by Permian sandstones and carbonates:
aqueous fluid inclusions in calcite, quartz, fluorite and anhydrite
were H,O-NaCl-CaCl,-rich brines and showed homogenization
temperatures between 120 and 180°C. That corresponds to the
brine chemistry of inclusions in halite as described by
Kovalevych et al. (2008). Co-genetic gas inclusions trapped in
the fissure minerals are generally much less frequent and
small. When present, they showed variable CH;-N, and no
CO,. The entrapment of CH4-N; inclusions may be related to
phases of much later tectonic uplift (in the Late Cretaceous).
Trapping conditions for brine and oil inclusions in dolomite in
the BMB field estimated from crossed isochores were
~150-160°C and 400—420 bar, in agreement with the P-T re-
constructions of low-pressure conditions during fluid entrap-
ment, always <500 bar, indicated in north Germany by Liders
etal. (2005, 2008). As for the gas composition in inclusions, the
inclusions presently studied differ from those in halite reported
by Kovalevych et al. (2008) by lack of microthermometric evi-
dence for CO,.

GENERAL CONSIDERATIONS

Based on the research conducted, it must be also con-
cluded that the material studied material — cements of Paleo-
zoic sedimentary rocks — was difficult from the standpoint both
of fluid inclusion analyses and interpretation of results. This is
connected with the factors influencing the inclusions. Deep
burial may cause stretching and leakage of the FI (Goldstein
and Reynolds, 1994; Bodnar, 1990; Samson et al., 2003). In-
clusions trapped at low temperatures may be unstable due to
heating during burial (Burrus, 1987; Goldstein and Reynolds,
1994). Under the influence of external factors, any pressure in-
crease will cause brittle deformation of the inclusion walls fol-
lowed by volume increase and finally, an increase of homogeni-
zation temperature. If we take the case of the inhomogeneous
FI population in anhydrite from the Devonian rocks, the homog-
enization temperatures of ~180°C may be an example of such
process. However, another interpretation could be that the min-
erals crystallized from hydrothermal waters, as in Devonian
rocks in Canada (Aulstead et al., 1988).

The fluid pressure within the Fls may decrease due to leak-
age caused by fracture/fissure formation. Such inclusions may
be re-filled by formation waters that will change the temperature
estimations. These do not show, therefore, the primary condi-
tions in the basin. If no leakage symptoms are observed, how-
ever, ice melting temperature results (T,,) may be considered
reliable.

The rocks/minerals studied here have mostly been ac-
cessed by deep drilling. Sometimes, if the homogenization tem-
peratures are compared with temperature data extrapolated
from the borehole, the FI estimated temperatures measured for
two-phase inclusions are much lower than the respective bore-
hole temperature values at the given depth. This may point to a
continuous heating of inclusions due to increased tempera-
tures. Many significant problems still exist in carrying out fluid
inclusion studies and interpretation of the results.

The ice melting and homogenization temperatures of pri-
mary fluids may be altered because of re-equilibration during
later processes (Roedder, 1984; Goldstein and Reynolds,
1994). Crystals formed in mixed fluids may display a large inter-
val of ice melting temperature values corresponding to changes
in fluid salinity.
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In other words, in sum, fluid inclusion microthermometric re-
sults must be treated carefully and interpreted only by taking a
great deal of other data and results into account.

Raman spectroscopy has been used to successfully to ana-
lyse fluid inclusions with an increasing number of publications in
recent years (e.g., Burruss, 2003; Frezzotti et al., 2012;
Jarmofowicz-Szulc et al., 2012). No other technique can ana-
lyse liquid, gas and solid constituents, and so it is an important
method for the analysis of geological fluids. There exist practi-
cal limitations to its use in minerals in sedimentary basins: the
object studied must be relatively large, a rare condition in fluid
inclusions in most diagenetic minerals; secondly, to analyse dif-
ferent materials with potentially fluorescing components, the
spectrometer should be equipped with three different parallel
laser sources, which is technically and financially difficult for
many research centres, for without this no diagnostic results
may be obtained for, e.g., CH,4 since fluorescing objects nearby
disturb the spectra.

CONCLUSIONS

Over 300 fluid inclusions have been studied in diagenetic
minerals (quartz, calcite, fluorite, anhydrite) infilling pore space
and/or fissures (quartz, calcite, fluorite, anhydrite) hosted by
Paleozoic strata sampled by boreholes in the northern, central
and south-eastern parts of Poland (Fig. 1), in order to decipher
the fluids and potential hydrocarbon migration related to the
particular basin. Microthermometric results for fluid inclusions
revealed compelling evidence for multiple events of fluid migra-
tion. The results and values of different parameters obtained
enabled the following general conclusions on fluid circulation
and on the formation of minerals and bitumen in the different
sedimentary basins of Poland.

1. Different types of fluids migrated through the sedimentary
rocks. Heavy hydrocarbons (petroleum) were found trapped as
inclusions in Cambrian, Ordovician, Carboniferous and Perm-
ian rocks. Light hydrocarbons (methane +/- admixtures) have
been detected in the Carboniferous and Zechstein basins.

2. In the Cambrian rocks, the brine fluid migration of aque-
ous chlorides occurred at the early or late stages of diagenesis,
resulting in the formation of minerals infilling the pore space of
quartz arenites and quartz wackes. The crystallization tempera-
ture of diagenetic quartz varied from ~100 to ~150°C. Hydro-
carbon infill occurred at a later stage (Fig. 4A, B). Hydrocarbon
formation and/or migration in the basin is reflected both by the
presence of bitumen accumulations and by Fl in minerals. P-T
conditions estimated via isochore construction indicated fluid
trapping at pressures between 300 and 500 bars and tempera-
tures between 100 and 135°C.

3. In the Ordovician rocks, fluids are trapped in rare inclu-
sions in calcite containing brine of two types — of low and high
salinity and homogenization temperatures of ~150°C and
>200°C, respectively. The low-salinity brines contained variable
amounts of gases (methane and/or carbon dioxide). At least
two episodes of brine fluid generation and migration occurred,
one episode characterized by a “pure” brine (NaCl-H,0) front
and another episode of brine with variable gases
(NaCl-CaCl,/MgCl,-H,0).

4. In the Devonian basin, only brine fluids were present.
They ranged in composition from NaCl/KCI-H2O in anhydrite to
NaCl-CaCl,/MgCl,-H;O brines in calcite. Homogenisation tem-
peratures in carbonates lie in two groups: 75-115°C and
135-140°C. Fluids displayed two ranges of salinity, namely be-
tween 7 and 10% NaCl eq. and about 5% NaCl eq.

5. In the Carboniferous basin, the fluid systems often
evolved from a H,O-NaCl+KCl type during the early stage of ba-
sin subsidence to H,O-NaCl-CaClj fluids during further burial.
Fluid migration through Carboniferous strata was often accom-
panied by gas migration. The P-T entrapment conditions of CO,
and NaCl-H,O were estimated to be ~480 bar and 120°C
(Fig. 2A). Aqueous fluid inclusions in quartz from fissures in
Carboniferous strata were commonly associated with co-genet-
ically trapped CH;-CO; inclusions. The P-T conditions esti-
mated, via isochore construction, by Liders et al. (2005, 2008)
for an analogous and coeval basin in Germany indicated pres-
sures oscillating between 620 and 1,650 bar and temperatures
ranging between 170 and 300°C during fluid entrapment The
migration of CH,-rich gases within the Carboniferous rocks may
have been related to the main stage of basin subsidence and
stages of basin uplift.

6. In the Zechstein basin, the fluid systems often evolved
from a H,O-NaCI+KClI type during the early stage of basin sub-
sidence to H,O-NaCl-CaCl, fluids during further burial. Locally,
fluid inclusions were enriched in K, Cs, Li, B, Rb and other cat-
ions, indicating intense fluid-rock interaction of the saline brines
with Lower Permian volcanic rocks or strata. A different situa-
tion was recorded in fluid inclusions in fissure minerals hosted
by Permian sandstones and carbonates: aqueous fluid inclu-
sions in calcite, quartz, fluorite and anhydrite are
H,O-NaCl-CaCl,-rich brines and show homogenization temper-
atures between 120 and 180°C. Co-genetic gas inclusions
trapped in the fissure minerals are generally much less frequent
and small. When present, they showed variable CH4-N; and no
CO,. Their entrapment may be related to phases of much later
tectonic uplift (in the Late Cretaceous). Trapping conditions for
brine and oil inclusions in dolomite in the BMB field estimated
from crossed isochores were ~150-160°C and 400—420 bar
that are in agreement with the P-T reconstructions indicated in
north Germany.

7. The hydrocarbon composition of crude oils trapped in Fl
had the potential to offer new insight into the history of fluid mi-
gration during oil generation, migration, and accumulation.
Most petroleum inclusions were easily identified, within the
paragenetic sequence of reservoir diagenesis and fracture fill-
ing, by fluorescence microscopy . Placing the occurrence of oil
in the paragenetic sequence allowed “dating” of oil migration
relative to diagenetic and tectonic events . It was important,
however, to combine the FI results with bitumen parameters.
The estimation of the composition of oil inclusions in authigenic
minerals in strata was based on the visual fluorescence colours,
but hydrocarbon-water and mineral-organic interactions may
have affected the composition of the hydrocarbons observed in
the samples. Moreover, assessments of the thermal maturity of
oil inclusions using fluorescence characteristics should con-
sider the possible impacts of biodegradation, water washing,
gas-liquid phase separation and trapping fractionation on the
fluorescence colours.
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