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Two de cades of microthermometric stud ies of fluid in clu sions within ce ments of Pa leo zoic sed i men tary rocks in Po land are
re viewed. The in clu sions con tain palaeofluids of vari able com po si tion: aque ous, brine, and hy dro car bon. They may be pri -
mary and/or sec ond ary in or i gin and have one, two or more phases. They dis play vi sual flu o res cence in blue, some times yel -
low to red (oil) or dull blue (one phase, meth ane) colours, or do not flu o resce at all. Based on the flu o res cence char ac ter is tics
in ul tra vi o let light, the in clu sions’ hy dro car bons infill char ac ter may be es ti mated. The ho mog e ni za tion tem per a tures, which
cor re spond to the min i mum es ti mate of the trap ping tem per a tures in the min er als, show vari abil ity in re spect to the geo log i -
cal his tory of the area stud ied. They point to dif fer ent geo log i cal stages in re la tion to the ba sin’s burial evo lu tion.
Microthermometric anal y ses en able wider in ter pre ta tion due to the com bi na tion of stud ies of both hy dro car bon and aque ous
in clu sions. The pres ence of oil and/or gas in in clu sions is proof of the oc cur rence and/or mi gra tion of oil and gas in the rocks
of a re gion.
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INTRODUCTION

Many pub li ca tions on fluid in clu sions (FI) in min er als in sed i -
men tary bas ins dis cuss the tem per a ture, phys i cal and chem i cal 
con di tions of diagenesis and catagenesis, and the de pend ence
of hy dro car bon com po si tions on pres sure and tem per a ture
(P-T) con di tions of hy dro car bon fields, hy dro car bon phase
com po si tions with depth and the es ti ma tion of the pro cesses re -
spon si ble for hy dro car bon ex pul sion from source rocks (e.g.,
Koz³owski, 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 Jarmo³owicz-Szulc, 2000; George et al., 2001). Re cently a
re view of pe tro leum-bear ing in clu sions and their use to trace
pe tro leum sys tems world wide has been pub lished by Volk and
George (2019), and re cent pub li ca tions con cern the re la tion -
ship be tween flu o res cence prop er ties of oil in clu sions and their
ther mal ma tu rity (Ping et al., 2019a, b, 2020).

With this prog ress in mind, an up dated re view of fluid in clu -
sion stud ies from dif fer ent sed i men tary geo log i cal en vi ron -
ments in Po land is per ti nent and is the aim of the pres ent pa per. 

The study area cov ers much of the ter ri tory of Po land and is
sub di vided into the dif fer ent Pa leo zoic sed i men tary bas ins, with 
ages span ning from the Cam brian to the Perm ian (Fig. 1). Hy -
dro car bon-bear ing in clu sions (HCFI) have been ob served
there in some re gions (Fig. 1: ar eas A, E). HCFI are pres ent in
min er als in the re gions ad ja cent to the Bal tic shelf and Bal tic
coast (Jarmo³owicz-Szulc, 1998, 2001a, 2015; Fig. 1: ar eas A,
D) through the NW and cen tral parts of the Pol ish Low lands
(Jarmo³owicz-Szulc, 1999a, b, 2015; Fig. 1: ar eas E, F, B, C,
D), up to the Carpathian Foredeep and the Carpathians (Dudok 
and Jarmo³owicz-Szulc, 2000; Jarmo³owicz-Szulc and Dudok,
2005; Jarmo³owicz-Szulc et al., 2008, 2012; Jankowski and
Jarmo³owicz-Szulc, 2009; Jarmo³owicz-Szulc, 2009, 2015).

This study char ac ter izes the flu ids pres ent dur ing or af ter
the for ma tion of bas ins of dif fer ent ages in Po land. These flu ids
may be trapped in diagenetic and meta mor phic min er als and so 
re flect diagenetic changes in the bas ins. The min er als formed
within the bas ins, such as car bon ates, quartz, flu o rite and
anhydrite, some of which bear oil- and/or gas in clu sions, re cord
hy dro car bon mi gra tion through the strata. The co-oc cur rence of 
gas-bear ing and/or hy dro car bon-bear ing in clu sions, and aque -
ous in clu sions, en ables es ti ma tion of pres sure and tem per a ture 
con di tions dur ing their trap ping (Fig. 2).

Stud ies on liq uid-gas in clu sions are based on the as sump -
tion that the min er als that fill pore space in sed i men tary rocks
may trap small por tions of ba sin flu ids in their microfissures dur -
ing their crys tal li za tion (Roedder, 1984). Such in clu sions are
rel ics of palaeofluids that may no lon ger ex ist. When we study
fluid in clu sions in the lab o ra tory by heat ing and/or freez ing
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them, based on their tem per a ture be hav iour we can char ac ter -
ize their fluid con tents and there fore re con struct the pri mary
con di tions of min eral for ma tion and de ter mine the com po si tion
and the den sity of the palaeofluids. The sta bil ity of the pri mary
vol ume and com po si tion of the fluid in in clu sions is, how ever, a
ma jor re quire ment and is the ba sis of the ap pli ca tion of the FI
study method. This con di tion is ex tremely dif fi cult to ful fil in sed -
i men tary rocks, which could have been deeply bur ied and/or
up lifted. Dif fer ent min er als that fill the pore space (quartz, car -
bon ates, sulphates) dis play dif fer ent sus cep ti bil ity to changes
caused by the ex ter nal con di tions of in creased tem per a tures
and pres sures. Quartz is con sid ered the most re sis tant min eral
whereas car bon ates and sulphates are more sus cep ti ble to
diagenetic and meta mor phic al ter ation. This is why FI re sults
ob tained from quartz are the most re li able (Goldstein and
Reynolds, 1994; Jarmo³owicz-Szulc, 1998), pro vided that the
for ma tion of quartz overgrowths, for ex am ple, has not been a
re sult of recrystallization of less sta ble quartz or sil ica phases
(Goldstein and Rossi, 2002).

BRIEF DESCRIPTION OF GEOLOGICAL SETTING

Fig ure 1 shows the six study ar eas. Within these, the rocks
stud ied, from the Cam brian to the Perm ian, were reached by
deep bore holes (listed in Ta ble 1 with their codes, and gen er ally 
marked on Fig ure 1).

In the north of Po land (Fig.1: area A), Lower Pa leo zoic
strata lie on Pre cam brian base ment. Lower and Mid dle Cam -
brian de pos its are over lain by Si lu rian, Perm ian and Me so zoic
strata (Jarmo³owicz-Szulc, 1998, 2001; Sikorska 2000). Two
transgressive-re gres sive cy cles have been rec og nized in the
cover of the East Eu ro pean Craton (Jaworowski, 1997). The
Mid dle Cam brian sand stones rep re sent the pe tro leum res er voir 
there, of the Paradoxides paradoxissimus and Eccapara doxi -
des oelandicus biozones.

In the cen tral part of the coun try, close to the Mar ginal
Trough near War saw (Fig. 1: area B), the War saw Trough is lo -
cated. Its area may be di vided into three struc tural blocks, in -
clud ing the P³oñsk block with its Or do vi cian de pos its (Marek,
1983). The trough is de vel oped on the mar ginal part of the East
Eu ro pean Plat form, dip ping to wards the SW and be ing sep a -
rated by the Teisseyre-Tornquist (TT) Zone from the plat form.

The Lublin Ba sin (Fig. 1: area C) is sit u ated in SE Po land. It
is lo cated in the south east ern part of the Pol ish Low lands, close
to the Teisseyre-Tornquist Zone, which in Po land sep a rates the 
Pa leo zoic-Me so zoic and the Pre cam brian plat forms. De vo nian
rocks were sam pled in this area, Fammenian in age and com -
pris ing lime mudstones-wackestones (Radlicz, per sonal in for -
ma tion 1997; Narkiewicz, 2011). They rep re sent the thick est
part of their de vel op ment and a strong fa cies gra di ent, formed
in deep wa ter fa cies in a sub sid ing ba sin.

The Lublin graben to the south is an elon gated NW–SE
struc tural unit. The base of the Car bon if er ous in the ba sin is of
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Fig. 1. Geo graphic lo ca tion of the bore holes stud ied in re la tion to the geo log i cal struc ture of Po land 
(ge ol ogy partly based on maps by Po¿aryski, 1968; Nawrocki and Becker, 2020; gen er al ized and mod i fied)

A – on shore and off shore Bal tic Sea area; B – cen tral Po land  (War saw Trough); C – Lublin area; D – west ern Bal tic Sea area;
 E – Pol ish Low lands (Wielkopolska); F – Pol ish Low lands (Fore-Sudetic Monocline); rect an gles mark lo ca tion of bore holes

 listed in Ta ble 1
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Fig. 2. Pres sure-tem per a ture (P-T) es ti ma tion us ing the cross ing isochores method

A – es ti ma tion of trap ping con di tions for brine and car bon di ox ide (K1-1/86 bore hole, the Bal tic Sea, FI in quartz,
depth 3107.7 m); B – es ti ma tion of trap ping con di tions for brine and oil, based on con fo cal and microthermometric

re sults (af ter Jarmo³owicz-Szulc, 2001a)



Namurian age (Koz³owska and Jarmo³owicz-Szulc, 2009). The
thick ness of the Car bon if er ous de pos its de vel oped as sand -
stones in creases to wards the SE from ~370 to >1600 m
(Koz³owska and Jarmo³owicz-Szulc, 2009).

The pres ent off shore part of the Pomerania ba sin (Fig. 1:
area D) is char ac ter ized by siliciclastic-evaporitic de pos its, with
sub or di nate car bon ates. In the Early Car bon if er ous the
Pomerania area may have been lo cated close to the East Eu ro -
pean Craton, though that is not its pres ent po si tion (Matyja,
2006). Three types of lithological suc ces sions may be dis tin -
guished: sand stones, slates and hy brid de pos its. Sand stones
com prise po ten tial lev els for tight gas ac cu mu la tions, while the
schis tose rocks have po ten tial for shale gas (Podhalañska et
al., 2019).

In the south of the coun try, Perm ian Rotliegend de pos its in
the Fore-Sudetic Monocline (Fig. 1: area E) form two dis tinct
sucessions (Maliszewska et al., 2003); they dif fer ge net i cally

and have dif fer ent dis tri bu tions. They are un equally re cog nised
in bore holes is not equal be cause of dif fer ences in depth. The
up per sed i men tary suc ces sion of con glom er ates, sand stones
and mudstones rep re sents the Up per Rotliegend. The lower
suc ces sion is rep re sented by Lower Rotliegend epiclastic de -
pos its.

In the west ern part of Po land in the Wielkopolska area
(Fig. 1: area F), the car bon ates of the Up per Perm ian
(Zechstein) Main Do lo mite (Ca2) in clude shal low plat form and
ba sin fa cies (Jaworowski and Miko³ajewski, 2007). They form
the rich est oil and gas-bear ing car bon ate res er voir in Po land
(Karnkowski, 1993; Górski and Trela, 1997). The Ca2 car bon -
ate plat form is built of a suc ces sion of oolitic, oncolytic and
peloidal grainstones/packstones, and la goonal mudstones, up
to 80 m thick. It is de vel oped on top of the older sul phate plat -
form. Dark, thin lam i nated deep ma rine mudstones were de -
pos ited in the ba sin at the same time.
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Bore hole Code Depth
[m] Li thol ogy Lo ca tion in

Fig ure 1 

Num ber of
sam ples
stud ied 

Ref er ences

Cam brian

¯arnowiec IG 1 ¯a1 2650–3000 Sand stones A 40 [1], [2]

¯arnowiec IG 4 ¯a4 2739.8 Sand stones A 35 [1], [2]

B2-1/80 B2 2466.8–2529.9 Sand stones A 6 [3],[2]

B6-2/82 B6 1460.7–1509.5 Sand stones A 4 [3], [2]

B16-1/85 B16 1855.6–2150.5 Sand stones A 10 [3], [2]

B3-1/95 B3-1 1413.2–1441.8 Sand stones A 13 [3]

B3-9/96 B3-9 1415.5 Sand stones A 1 [2]

Or do vi cian

P³oñsk IG 2/2A P³ 2 3522.15–3530.7 Lime stones B 5 [4] 

De vo nian

Gie³czew IG 5 Gie 1955.2 Car bon ates C 1 [2]

Me³giew 2 Me 3745.2–3848.2 Car bon ates C 5 [5], [2] 

Ciecierzyn 8 Cie 3815.1–3869. Car bon ates C 5 [5], [2]

Car bon if er ous

Stê¿yca 2 St 2 1470.0–2784.5 Sand stones C 38 [6] 

Maciejowice IG 1 Ma 1 1846.0–3504.5 Sand stones C 5 [6]

Magnuszew IG 1 Mag 2102.0–3003.5 Sand stones C 5 [6]

K1-1/86 K 1 3100–3402 Sand stones D 5 [6]

K9-1/89 K 9 3242–3963 Sand stones D 5 [6]

L2-1/87 L 2 2187.0–2620.5 Sand stones D 1 [6]

Objezierze IG 1 Ob 1 4621.1–5090.0 Sand stones E 10 [5]

Zakrzyn IG 1 Za 1 4545.6–4905.4 Sand stones F 20 [5]

Katarzynin 2 Ka-2 2370.4–2640.0 Sand stones F 20 [5]

Perm ian 

Paproæ  IG 5 Pa 2627.5–2777.8 Sand stones F 20 [7], [8], [9] 

Cicha Góra 2 CG 2708.7 –2714.8 Sand stones F 30 [9]

Mostno 1 Mo1 3027.5–3357.35 Car bon ates E 25 [10] 

Barnówko 7 B 7 3123.35 Car bon ates E 10 [11]

Buszewo 17 Bu 17 3133.45 Car bon ates E 18 [11]

Sowia Góra 1 SG-1 3256.34 Car bon ates E 6 [12]

[1] Jarmo³owicz-Szulc (1998); [2] Cur rent study; [3] Jarmo³owicz-Szulc (2001); [4] Jarmo³owicz-Szulc and
Wo³kowicz (2018); [5] Jarmo³owicz-Szulc (2003); [6] Koz³owska and Jarmo³owicz-Szulc (2009); [7] Maliszewska et
al. (1997, 2003); [8] Jarmo³owicz-Szulc (2018); [9] Jarmo³owicz-Szulc (1999a, b); [10] Jarmo³owicz-Szulc et al.
(2020); [11] Jarmo³owicz-Szulc et al. (2021); [12] Jarmo³owicz-Szulc and Jasionowski (2009)

T a  b l e  1

List of bore holes and num ber of min eral sam ples ana lysed for fluid in clu sions
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ANALYTICAL BACKGROUND

A range of pet ro log i cal, min er al og i cal and geo chem i cal
tech niques have been ap plied to sed i men tary bas ins in Po land,
that com ple ment the fluid in clu sion anal y ses. Petrographic and
FI an a lyt i cal pro ce dures al ways com prise sev eral stages, typ i -
cally: (1) sam pling and prep a ra tion of the rock sam ples, (2) mi -
cro scopic eval u a tion of the ma te rial as re gards or ganic mat ter,
min er als and in clu sions, (3) de tailed mi cro scopic de ter mi na -
tions (microthermometry), (4) geo chem i cal anal y ses, and aux il -
iary stud ies. An a lyt i cal steps un der taken to study both fluid in -
clu sions and whole rocks/min er als in clude:

X-Ray Dif frac tion (XRD) de ter mi na tions were per formed to
de ter mine the bulk min er al og i cal com po si tion of the rock sam -
ples by the pow der method us ing a Philipps X’ Pert PW 3020
with re spect to in ter na tional stan dards. De tailed meth od ol ogy
may be found else where (e.g., Koz³owska, 2004). The
reflectance of the or ganic mat ter was de ter mined both on dou -
ble-sided pol ished sec tions (ap prox i mate data) and on pol ished 
slabs.

SEM anal y ses of min eral parageneses were con ducted in
un cov ered car bon-plated thin sec tions us ing two elec tron scan -
ning mi cro scopes: JSM-35, JEOL or 1430, LEO, com bined with 
EDS ISIS.

PREPARATION AND ANALYTICAL TECHNIQUES 
FOR FLUID INCLUSION STUDIES

Over 300 sam ples were col lected for fluid in clu sion (FI)
stud ies (Ta ble 1) and were pre pared for anal y ses us ing stan -
dard prep a ra tion tech niques (Shep herd et al., 1985;
Jarmo³owicz-Szulc, 2000). Dou ble-sided-pol ished thin sec -
tions, 0.1–0.2 mm thick, were ob tained through low-tem per a -
ture pol ish ing of rock slabs. Gen eral mi cro scopic ob ser va tions
were made with a po lar iz ing mi cro scope both in trans mit ted and 
re flected ul tra vi o let (UV) light. These com prised a mi cro scopic
anal y sis of fluid in clu sions (Leitz Orthoplan), flu o res cence stud -
ies and microphotography (Nikon mi cro scope and UV de vice),
and microthermometric anal y ses. The lat ter in cluded heat ing
and freez ing us ing a Fluid Inc. Sys tem, mounted on a Leitz
Orthoplan mi cro scope and/or the Linkam equip ment mounted
on a Nikon mi cro scope with dig i tal microphotography. In the
case of the Cam brian and Car bon if er ous quartz ce ments
(overgrowths) cold cathodoluminescence stud ies (CCL 8200
mK3) were per formed on slabs par al lel to the fluid in clu sion wa -
fers aim ing at lo cat ing of rims on de tri tal grains.

The Fluid Inc. Sys tem and the Linkam stage were cal i brated 
against melt ing tem per a tures of pure chem i cals and phase
tran si tions in syn thetic fluid in clu sions (SYNFLINC stan dards,
Reynolds, 1993). The un cer tainty lim its are 0.2°C be low
–100°C, 0.1°C be tween –100 and +100°C, and 0.2°C above
100°C. The type of FI-host ing min eral is a pointer to wards ei ther 
a freez ing-heat ing or heat ing-freez ing mode. Fluid in clu sions in
quartz were stud ied by heat ing af ter freez ing, while those in car -
bon ates were stud ied first by heat ing prior to freez ing (Roedder, 
1984; Shep herd et al., 1985; Sam son et al., 2003). Ther mo met -
ric stud ies in the heat ing mode gen er ally lead to the de ter mi na -
tion of tem per a tures of min eral crys tal li za tion since it has been
as sumed that the ho mog e ni za tion tem per a ture of the pri mary
aque ous in clu sions rep re sents a min i mum tem per a ture of fluid
trap ping dur ing min eral pre cip i ta tion (Roedder, 1984).

Es ti ma tion of the pres sure and tem per a ture con di tions of
the for ma tion of min er als is based on the cross ing isochore
tech nique us ing co ex ist ing meth ane and aque ous in clu sions,
fol low ing the method in tro duced by Kalyuzhnyi (1982; Fig. 2A),
or us ing pe tro leum and aque ous in clu sions fol low ing the

method by Applin et al. (1999; Fig. 2B). Isochores for sim ple
com po nents were cal cu lated with both the Flincor soft ware
(Brown, 1982) and FLUIDS pack age (Bakker, 2003; Bakker
and Brown, 2003).

Flu o res cence of the or ganic mat ter and/or fluid in clu sions
was in duced by ul tra vi o let re flected light in plates pre pared for
microthermometry stud ies. Long-wave length light (368 nm)
was pro vided by a 100 W mer cury lamp and a set of fil ters.
Since the end of the 20th cen tury, flu o res cence stud ies have
been con ducted as a rule in re search on fluid in clu sions in min -
er als in sed i men tary rocks (e.g., Jarmo³owicz-Szulc, 2000,
2001a).

CONFOCAL LASER SCANNING OF INCLUSIONS

The Con fo cal La ser Scan ning Mi cros copy method (CLSM)
has a wide ap pli ca tion to hy dro car bon in clu sions (Applin et al.,
1999 and ref er ences therein). These stud ies have been per -
formed by the New cas tle Re search Group at the Uni ver sity of
New cas tle upon Tyne, Great Brit ain.

De ter mi na tion of pe tro leum com po si tion in in clu sions in the
diagenetic ce ments from oil res er voirs was im por tant for two
rea sons: (1) in com bi na tion with microthermometry these data
may re sult in the es ti ma tion of oil dur ing sec ond ary mi gra tion
and the fill ing of the field; (2) ex act anal y sis of com po si tion is
nec es sary for PVT mod el ling of oil.

Two-sided pol ished sam ples glued to a glass slide were
ana lysed with CLSM. Each step cor re sponded to an in di vid ual
oil in clu sion. The in clu sion was scanned, pho to graphed, and
dig i tally re corded. A ver ti cal “cut” of the ob ject to slices of equal
height has been the ba sis of the anal y sis. Based on the con fo -
cal re sults for oil and microthermometry, trap ping con di tions
were es ti mated (Fig. 2B). The first re sults on Pol ish sam ples by
this method were re ported in 2001 (Jarmo³owicz-Szulc, 2001a).

STABLE ISOTOPE GEOCHEMISTRY

Sta ble iso tope stud ies (O’Neil, 1979) were con ducted by
clas si cal meth ods for quartz and cal cite, col labor atively. Some
iso tope point anal y ses of the ox y gen in quartz were per formed
in the USA (Tempe, Ar i zona), ac cord ing to the pro ce dure de -
scribed by Hervig et al. (1992). Other quartz sam ples were ana -
lysed in Can ada (New found land Uni ver sity). Sil i cate and ox ide
sam ples were re acted with BrF5 at ~650°C in nickel bombs fol -
low ing the pro ce dures de scribed by Clay ton and Mayeda
(1963). The flu o ri na tion re ac tion con verts the O in the min -
eral(s) to O2 gas, which is sub se quently con verted to CO2 gas
us ing a hot C rod. Iso to pic anal y ses were per formed on a
Finnigan MAT Delta, dual in let, iso tope ra tio mass spec trom e -
ter. The data are re ported in the stan dard delta no ta tion as per
mil de vi a tions from VSMOW. Ex ter nal reproducibility is ±0.19‰ 
(1 sigma) based on re peat anal y ses of the in ter nal white crys tal
stan dard (WCS). The value for NBS 28 is 9.61 ±0.10‰
(1 sigma). The d18O was cal cu lated based on the Sheppard
stan dard for mula (1986).

Anal y ses of the iso tope com po si tion of ox y gen and car bon
in cal cite were mostly con ducted in the Iso tope Lab o ra tory of
the Maria Cu rie-Sk³odowska Uni ver sity at Lublin, Po land. The
method has been de scribed by Durakiewicz and Ha³as (1994)
and Durakiewicz (1996). Gas eous car bon di ox ide was re leased 
from car bon ates dur ing re ac tion with phos pho ric acid. Iso tope
mea sure ments of car bon and ox y gen were con ducted in a
mod i fied MI1305 mass spec trom e ter with a mea sure ment pre -
ci sion of ±0.08‰ (1 sigma). Mea sure ments were made with ref -
er ence to in ter na tional stan dards (Durakiewicz, 1996).
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Car bon ate tem per a tures of for ma tion were cal cu lated
based on the car bon ate iso to pic com po si tion (d18O PDB) us ing
the An der son and Ar thur (1983) frac tion ation for mula:

T(°C) = 16.0 – 4.14(d18Ocarb (V-PDB) – d18Owa ter (V-SMOW)) +
0.13(d18Ocarb (V-PDB) – d18Owa ter (V-SMOW))

2

Quartz for ma tion tem per a tures were cal cu lated based on
the iso to pic com po si tion (d18OSMOW) us ing the pro gram
Palaeotemperatures (SiO2) ac cord ing to Clay ton et. al. (1972).

Point ox y gen and car bon iso to pic anal y ses of car bon ates
were made for the Rotliegend ce ments in co-op er a tion with the
In sti tute for En ergy Tech nol ogy in Nor way with a la ser spec -
trom e try method. Meth od olog i cal de tails of such anal y ses are
given else where (e.g., Munz et al., 1995), while re sults for the
Paproæ–Cicha Góra area are in Jarmo³owicz-Szulc (1998,
1999a, 2009).

RAMAN ANALYSIS

Raman anal y sis is an im por tant tech nique for study ing in -
clu sion con tent and char ac ter (Burrus, 2003; Frezzotti et al.,
2012), used oc ca sion ally for the ma te rial de scribed here. Anal -
y ses were con ducted in sev eral sci en tific cen tres, on var i ous
equip ment. Sam ples for Raman de ter mi na tions were pre pared
ei ther as stan dard un cov ered thin sec tions for pet ro log i cal stud -
ies or spe cial, dou ble sided – pol ished sec tions for fluid in clu -
sion anal y ses. The in di vid ual sam ples were placed in the
Raman microspectrometer e.g., at DXB 2 at the AGH Uni ver sity 
of Sci ence and Tech nol ogy in Kraków. The use of a 532 nm la -
ser (green) at 3 to 8 mW on the sam ple sur face en ables spec tra 
for ma tion. Point spec tra were ex cited within 20 to 50 sec onds
de pend ing on the sam ple. In the con fo cal mode, spec tra from a
sam ple of 2 micrometres di am e ter may be ob served, though
this is more time-con sum ing (Koz³owska et al. 2021).

Raman spec tra ob served on the com puter mon i tor were re -
corded. In di vid ual max ima were iden ti fied by their wave length
and com pared to iden ti fi ca tion ta bles (Frezzotti et al., 2012;
Fig. 3). In case of gas-filled in clu sions, the field of the spec tra
may be mea sured and the per cent age of phases can be cal cu -
lated based on the mu tual re la tion ships of the com po nents
iden ti fied. Such a de tailed com po si tion may be fur ther used for
PVT cal cu la tions when spe cial ized com puter pro grams are
used (Bakker, 2003; Bakker and Brown, 2003).

RESULTS

The geo log i cal struc ture of Po land, with more than the half
of the coun try built of sed i men tary rocks, en able de tailed study
of the dif fer ent sed i men tary bas ins (Fig. 1). The rocks were ac -
cessed by drill ing and within dif fer ent pro grams (see: e.g.,
Jarmo³owicz-Szulc, 1998; Maliszewska and Kuberska, 1996;
Maliszewska et al., 1997; Koz³owska, 2004; Kuberska, 2004).
The study ma te rial came from the Cam brian (the Bal tic Sea
area, on shore and off shore), the Or do vi cian (the War saw
Trough), the De vo nian (the Lublin Ba sin area), the Car bon if er -
ous (the Lublin Ba sin area, west ern Bal tic Sea area, the
Fore-Sudetic Monocline and the Wielkopolska re gion ) and the
Perm ian (the Fore-Sudetic Monocline and the Wielkopolska re -
gion; Fig. 1: ar eas A–F).

CAMBRIAN

Cam brian de pos its were ana lysed in bore holes in the north -
ern part of Po land, off shore and on shore in the ¯arnowiec re -
gion and on the £eba El e va tion (Fig. 1: area A; Jarmo³o -
wicz-Szulc, 1998, 2001a; Sikorska, 2000).

ONSHORE BALTIC SEA

Re sults: FI in quartz arenites in the ¯arnowiec re gion
(¯arnowiec IG 1 and IG 4 bore holes) oc cur in late quartz ce -
ment overgrowths around de tri tal grains, and in sec ond ary
quartz heal ing of fis sures (Jarmo³owicz-Szulc, 1998). Two
types of two-phase fluid in clu sions were ob served: aque ous
and hy dro car bon FI. The lat ter were dis tin guished based on
their white-blue vi sual flu o res cence, which now a days may be
con sid ered as “blue” fol low ing sug ges tions by Ping and
co-work ers (Ping et al., 2020). Two-phase non-flu o res cent in -
clu sions ho mog e nized to liq uid at tem per a tures of 87–90°C and 
107°C, fluid sa lin ity was ~8 wt.% NaCl eq. Two-phase flu o res -
cent in clu sions dis played ho mog e ni za tion in the in ter val
74–110°C. One-phase in clu sions were ob served, too, in the ce -
ment, the iso to pic com po si tion (d18O) of which was ranged from
20 to 28‰ SMOW (Jarmo³owicz-Szulc, 1998).

In ter pre ta tion: The Mid dle Cam brian sand stones in the
¯arnowiec re gion con tain aque ous fluid in clu sions (AQFI) and
hy dro car bon fluid in clu sions (HCFI) in quartz ce ments, re spec -
tively rep re sent ing early and late stages of ba sin evo lu tion. The
one-phase in clu sions oc cur in early ce ment, which crys tal lised in
con di tions cor re spond ing to low tem per a tures and pre cip i ta tion
from wa ters close to the me te oric wa ter. High-tem per a ture non-
flu o res cent two-phase fluid in clu sions (AQFI) oc cur in late quartz
ce ment that com monly cuts de tri tal grains and the inter gra nu lar
space. Late ce men ta tion oc curred at tem per a tures of ~100°C
from wa ters of heavier iso to pic com po si tion and com plex chem -
is try. The flu o resc ing two-phase in clu sions were ei ther trapped in 
the fill ing of veinlets cut ting de tri tal grains or in less reg u lar infills
of mi cro-fis sures. They were re lated to the late ce ment, sim i larly
to the in clu sions at the bound ary be tween the de tri tal grain and
the authigenic quartz over growth. The flu ids in the ba sin are ma -
ture oil, with API (Amer i can Pe tro leum In sti tute) grav ity val ues of
~39–40° and NaCl-H2O brines. Co-trap ping of the brine and oil in 
the ¯arnowiec area oc curred in con di tions of ~135°C and 500
bar (Jarmo³owicz-Szulc, 1998).
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Fig. 3. Raman spec trum iden ti fy ing meth ane and ni tro gen
peaks (FI in cal cite, based on Koz³owska et al., 2021)
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OFFSHORE BALTIC SEA

Re sults: Only some fluid in clu sions in the quartz ce ments
in the wells of the £eba El e va tion were seen to be flu o res cent, of 
size 1–10 µm while non-flu o res cent FIs were 1–3 µm across.
Fluid in clu sions dis played ei ther pri mary or sec ond ary char ac -
ter. Two-phase in clu sions oc cur at the bound ary of de tri tal and
authigenic quartz, in the early ce ment and in the late fill ing of
microfissures (Fig. 4A, B). Many FIs dis played flu o res cence in
blue  colours in the UV range. Those flu o res cent in clu sions
(HCFI) are char ac ter is tic of the late fill ing of fis sures.
Two-phase HCFI showed ho mog e ni za tion in the in ter val from
60 to >100°C (Jarmo³owicz-Szulc, 2001a). AQFI dis played two
ranges of ho mog e ni za tion tem per a tures. One-phase in clu sions 
oc cur ring in the early quartz ce ment were trapped at ~50°C
(com pare: Goldstein and Reynolds, 1994). The sec ond group
of AQFI, in the late ce ment, ho mogen ised above 92°C.

In ter pre ta tion: The Mid dle Cam brian sand stones in the
£eba Block con tained HCFI in quartz ce ments, com pris ing
brine and/or hy dro car bons (Jarmo³owicz-Szulc, 2001a).
One-phase aque ous, non-flu o res cent in clu sions oc curred in
the early ce ment, the ox y gen iso to pic com po si tions in for ma tion 
wa ter rang ing from 20 to 28‰ SMOW (Jarmo³owicz-Szulc,
2001a), while crys tal li za tion con di tions cor re sponded to low
tem per a tures and pre cip i ta tion from wa ters close to the me te -
oric wa ter. High-tem per a ture non-flu o res cent two-phase fluid
in clu sions (AQFI) oc cur in the late quartz ce ment as veinlets, of -
ten cut ting de tri tal grains and the inter gra nu lar space. Late ce -
men ta tion is in ter preted as formed at tem per a tures of ~100°C
from wa ters with a heavier iso to pic com po si tion and of com plex
chem is try, when com pared with me te oric wa ters. The flu o res -
cent two-phase in clu sions con tained oil and were pres ent ei ther 
in the fill ing of veinlets cut ting de tri tal grains, or in the less reg u -
lar infills of mi cro-fis sures. They are re lated to the late ce men ta -
tion stage. Fluid in clu sions at the bound aries be tween de tri tal
grains and authigenic quartz overgrowths have the same re la -
tion ships. Co-trap ping of brine and oil was in ter preted as in di -
cat ing for ma tion con di tions of 107°C and 317 bars
(Jarmo³owicz-Szulc, 2001a; Fig. 4B).

ORDOVICIAN

Re sults: In the bore hole ana lysed (P³oñsk IG 2/2A) lo cated
in cen tral Po land (Fig. 1: area B), sam ples from ~3500 m depth
con tain cal cite veins (me dium and coarse grained cal cite) with
FI ran domly dis trib uted (Fig. 4C), in which no flu o res cence was
ob served.

These in clu sions were mostly brine-con tain ing, show ing ho -
mog e ni za tion  in the in ter val from 145 to 152°C (Jarmo³o -
wicz-Szulc and Wo³kowicz, 2018). The eutectic tem per a ture is
~–46°C. Melt ing tem per a tures Tm be tween –4 and –3.2°C point
to a very low sa lin ity of the fluid (5.3–6.5 wt.% NaCl eq.). Some
in clu sions con tain prob a ble traces of meth ane gas with var i ous
con tents of CH4, CO2, O2 and H2S.

The FI in the coarse-grained cal cite ho mog e nized at higher
tem per a tures. Their Th val ues fell into two tem per a ture in ter vals 
of 197–226°C and 230–243°C. Te var ied from –39 to –34°C. Ice 
melt ing tem per a tures ranged from –13.2 to –8.9°C.

In ter pre ta tion: The ho mog e ni za tion tem per a tures dif fered
while the flu ids in fill ing the in clu sions re lated to the cal cite type
in these Or do vi cian rocks. In the P³oñsk IG 2/2A bore hole, in the 
depth in ter val from 3522.15–3530.7, rel a tively high to low sa lin -
ity brine flu ids were trapped in coarse-grained car bon ates (17.1
to 12.7 wt.% NaCl eq.; Bodnar, 2003). They dis played high ho -
mog e ni za tion tem per a tures. An other type of brine was char ac -
ter ized by lower tem per a tures (102–152°C) and con tained vari -

able amounts of meth ane, car bon di ox ide, and ox y gen. At least
two flows of brine oc curred: one of “pure“ brine front, and one of
a brine with some gases (Jarmo³owicz-Szulc and Wo³kowicz,
2018).

DEVONIAN

Re sults: In De vo nian rocks from the depth in ter val
3748–3869 m, FI were ana lysed in cal cite, do lo mite and anhy -
dri te ce ments from the bore holes Me³giew-2 and Ciecierzyn-8
(Radlicz, per sonal com mu ni ca tion, 1977; Jarmo³owicz-Szulc,
1999b; Narkiewicz, 2011; Jarmo³owicz-Szulc, 2015) lo cated in
the Lublin area (Fig. 1: area C). Ten De vo nian sam ples were
also ana lysed from the Gie³czew IG 5 bore hole oc cur ring at
shal lower depth (as e.g., sam ple No 140, depth of 1955.2 m,
Radlicz, pers. comm., 1997). In clu sions are abun dant, es pe -
cially in do lo mite, but small, down to <1 µm in clu sions oc cur in
the cen tral parts of do lo mite rhombohedral crys tals while be ing
al most ab sent from the outer rims. Larger in clu sions (2–5 µm)
were ob served in anhydrite and cal cite. Rect an gu lar FI are
char ac ter is tic of anhydrite. These fluid in clu sions are
mono-phase and/or bi-phase dis play ing sim i lar or dif fer ent liq -
uid to vapour ra tios (Fig. 4D), and show no flu o res cence.

Ho mog e ni za tion tem per a tures of the two-phase in clu sions
(AQFI) ranged from 163 to 192°C, the high est value be ing char -
ac ter is tic of stretched in clu sions.

Eutectic tem per a tures of <–21°C (–42°C for do lo mite and
cal cite, and ~–37°C for anhydrite) pointed to the pres ence of Ca 
and/or Mg ions to gether with NaCl (Shep herd et al., 1985).
Tem per a tures close to 50°C cor re sponded to eutectic val ues
char ac ter is tic of the NaCl-CaCl2-MgCl2-H2O sys tem.

In ter pre ta tion: In the simple NaCl-H2O sys tem, ice melt ing 
tem per a tures of ~–10.1°C re vealed a sa lin ity of 14 wt.% NaCl
eq. (Brown, 1982; Bodnar, 2003). The flu ids were brines
NaCl/KCl-H2O (anhydrite) and/or NaCl-CaCl2/MgCl2-H2O (cal -
cite). No other flu ids were ob served.

CARBONIFEROUS

Fluid in clu sions in Car bon if er ous rocks were stud ied from
bore holes in the Lublin area (Fig. 1: area C; bore holes Stê¿y -
ca 2, Maciejowice IG 1, Magnuszew IG 1; Koz³owska, 2004,
2009; Koz³owska and Jarmo³owicz-Szulc, 2009), in the west ern 
Bal tic Sea area (Fig. 1: area D; bore holes K1-1/86, K9-1/89 and 
L2-1/87), and in the south west ern part of Po land in the Pol ish
Low lands (Jarmo³owicz-Szulc and Wo³kowicz, 2018; Fig. 1: ar -
eas E and F; bore holes Objezierze IG 1, Zakrzyn IG 1, Katarzy -
nin 2).

THE LUBLIN BASIN

Re sults: Ho mog e ni za tion tem per a tures of two-phase in -
clu sions were dif fer ent in dif fer ent min er als. They were
84–138°C for cal cite, 70–117°C for an ker ite and 58–160°C for
quartz (Fig. 4E, F). The in clu sions con tained brines. In the
H2O-NaCl sys tem, flu ids trapped in quartz in rock ce ments in
the Lublin area showed sa lin ity val ues rang ing from 3.76 to
8.78 wt.% NaCl eq. The den sity of the flu ids was close to
1g/cm3. The eutectic tem per a tures were of ten close to –30°C or 
even –40°C in the car bon ate ce ments, sug gest ing brine sys -
tems more com plex than a sim ple NaCl-H2O mix ture, rather be -
ing mix tures such as H2O-NaCl-CaCl2-MgCl2 (Shephard et al.,
1985; Bakker, 2003; Bodnar, 2003). The be hav iour of sev eral
one-phase in clu sions may in di cate also other sys tems, such as
H2O-CO2 (Koz³owska and Jarmo³owicz-Szulc, 2009).
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Fig. 4. Fluid in clu sions in Cam brian, Or do vi cian, De vo nian and Car bon if er ous rocks

A – quartz arenite, Mid dle Cam brian Bal tic off shore, B3-9/95 bore hole, depth 1415.5 m, two-phase in clu sions in late quartz in fill -
ing cut ting some quartz grains, trans mit ted light; B – the same sand stone in flu o res cence as in A, in clu sions dis play ing flu o res -
cence in white-blue are filled with oil, re flected light, UV; C – fluid in clu sions (brine) in cal cite, Or do vi cian, P³oñsk IG 2 bore hole,
depth 3500 m; D – fluid in clu sions (brine) in anhydrite, De vo nian, Gie³czew IG 1 bore hole, depth 1955.2 m; E – Up per Car bon if er -
ous sand stone, K-1-1/86  well, depth 3701.1 m, in clu sions in late quartz, trans mit ted light; F – the same sand stone in flu o res -
cence, some flu o resc ing ob jects, reflected light, UV, Up per Car bon if er ous sand stone, K 1-1/86 well, depth 3701.1 m; arrows
point to in di vid ual FI and FIAs



In ter pre ta tion: Ho mog e ni za tion tem per a tures of fluid in clu -
sions in Car bon if er ous rocks were in the in ter val 75–120°C for
car bon ate ce ments, and 100–110°C (max i mum fre quency in -
ter val) for quartz.

Brines trapped were of low sa lin ity and dis played a den sity
of ~1g/cm3. Other, more com plex flu ids, e.g. NaCl/KCl-CaCl2/ 
MgCl2-H2O sys tems, were re spon si ble for the for ma tion of car -
bon ate ce ments.

The re sults were close to those ear lier given from the Lublin
Coal Ba sin (Koz³owska, 2004, 2009), and showed anal ogy to
those from other Car bon if er ous bas ins (e.g., Muchez et al.,
1994).

THE WESTERN BALTIC SEA AREA

In the bore holes K1-1/86, K9-1/89 and L2-1/87 (off shore
area, N from the West ern Pomerania, Fig. 1: area D), Car bon if -
er ous rocks oc cur in the depth in ter val ~3100 to 3402 m (K1)
and/or from 3242 to 3963 m (K9). In clu sions were ob served in
quartz and/or car bon ate ce ments (Fig. 4E, F).

Re sults: In Car bon if er ous rocks from bore holes K1, K9 and 
L2  (Ta ble 1), two-phase in clu sions were very rare. Their ho -
mog e ni za tion tem per a tures var ied (Jarmo³owicz-Szulc, 2019).
In gen eral, they were >90°C. In clu sions in the quartz ce ment
(authigenic “rims”) in the K1 bore hole (Fig. 4E, F) dis played Th

~94–96°C, while two-phase in clu sions in the car bon ate ce -
ments (do lo mite, cal cite) showed ho mog e ni za tion tem per a -
tures in the range of 168°C (K9) to 196.5 °C (K1). Flu ids pres ent 
in in clu sions in quartz were brines of mod er ate sa lin ity (up to
~10 wt.% NaCl eq.) of den sity be tween 0.984 and 1.015 g/cm3.
Flu ids trapped in do lo mite and cal cite were more com plex
brines. Their eutectic tem per a tures of ~–40°C pointed to a
more com plex chem i cal sys tem with Mg/Ca ions, es pe cially in
the L2 sam ple from the depth of 2326.3 m, the sa lin ity of which
was es ti mated at 15.08 wt.% NaCl eq. with a den sity up to
1.071 g/cm3.

Rare two-phase fluid in clu sions as sem blages (FIA) were
ob served close to the bound ary of de tri tal and authigenic quartz 
in the sand stone from the K1-1/86 bore hole  at a depth of
3107.7 m, and when cooled to –70°C showed bub ble di vi sion
into two phases and bub ble ho mog e ni za tion at +23.1°C. The
whole in clu sion ho mog e nized at 96°C. At the same depth, a
one-phase in clu sion showed ho mog e ni za tion at ~–82°C. Pos -
si bly two-phase in di vid u als (L1+L2) pres ent in the ce ments con -
tained the same infill and char ac ter is tics.

In ter pre ta tion: Based on the anal y ses con ducted, one
and/or two-phase in clu sions rec og nized in ce ments were filled
with gas and/or brine, re spec tively (K1-1/86, K2-1/89 bore -
holes). The one-phase in clu sions were filled with meth ane,
most prob a bly with some car bon di ox ide.

In the K1-1/86 bore hole, a CO2 den sity of ~0.738 g/cm3 in a
bub ble in an AQFI was cal cu lated. As sum ing NaCl-H2O-CO2

co-trap ping, the p-T con di tions of en trap ment were es ti mated
us ing the method of crossed isochores, to be ~480 bar and
120°C (Fig. 2, A; Pt, Tt, re spec tively). The es ti mated den sity of
the meth ane was ~0.198 g/cm3

. 

THE WIELKOPOLSKA AREA

In the Wielkopolska area (Fig. 1: ar eas E and F), Car bon if -
er ous rocks oc cur at depths be tween 2432.3 and 2638.6 m
(Katarzynin 2) and 4621.1–5090 m (Objezierze IG 1). These
dark rocks con tain car bon ate veinlets.

Re sults: One and two-phase in clu sions oc cur in small cal -
cite veins (Katarzynin 2, depth 2588.45 m). The two-phase,
pseudo-sec ond ary elon gated in clu sions form dis tinct as sem -
blages (FIA). Groups of bright and dark shape less one-phase

in clu sions were also ob served, lo cally with a lin ear pat tern. No
flu o res cence in UV was ob served (Fig. 5A, B). The two-phase
in clu sions are filled with brine. Their ho mog e ni za tion tem per a -
tures are high (Th 207–233°C), and eutectic val ues are be tween 
–48.8 and –38°C. Tm in the in ter val from –9.9 to –6.5°C cor re -
sponds to me dium fluid sa lin ity, be tween 13.8–9.9 wt.% NaCl
eq. The one-phase FI were filled with meth ane with ad mix tures
of CO2 or ni tro gen (Koz³owska et al., 2021).

Small, bright, or grey two-phase fluid in clu sions were seen
in an anhydrite veinlet (Objezierze IG 1/4895.7). The vol ume of
the gas phase is ~15%. The in clu sions were mainly shape less,
some be ing oval. One-phase in clu sions were also pres ent. All
in clu sions ei ther did not show flu o res cence, or were ”dull blue”.
Three two-phase in clu sions that dis played yel low flu o res cence
were ob served in the car bon ate. They were filled with a fluid of
slightly yel low col our when ob served in trans mit ted light. The
AQFI eutectic tem per a tures lay in the in ter val be tween –48 and
–33°C, Tm is from –7.5 to –3°C, in di cat ing fluid sa lin ity be tween
11 and 5.0 wt.% NaCl eq. (Bodnar, 1992). Th val ues ei ther ex -
ceeded 100°C or were >250°C. Some in clu sions dis played a
yel low flu o res cence (Jarmo³owicz-Szulc and Wo³kowicz, 2018). 
In the Zakrzyn IG 1 bore hole (depth 4788.3 m) two-phase
non-flu o res cent in clu sions oc cur in a coarse crys tal line cal cite
vein and dis play Te close to –49–(–42)°C and/or –22°C.  Their
Th val ues were mea sured in the in ter val from 137 to 190°C; Tm
lies be tween –6.3 to –0.7.

In ter pre ta tion: One and/or two-phase in clu sions oc curred
in cal cite and were filled with gas and/or brine, re spec tively
(Katarzynin 2, Objezierze IG 1, Zakrzyn IG 1). Those
one-phase in clu sions were filled with CH4, pos si bly with ni tro -
gen, and most prob a bly with some car bon di ox ide (Raman
spec tra would be di ag nos tic here). Brine and traces of oil were
found in anhydrite in the Objezierze IG 1 bore hole. Given three
types of brine in clu sion, at least three dif fer ent brine flu ids oc -
curred in the ba sin, as fol lows: low-sa lin ity, me dium tem per a -
ture brine I – with only with a NaCl/KCl com po nent (Th

156–163°C); II – com plex low-sa lin ity brine (Th 206–233°C, Te

from –48.8 to –38°C, Tm from –9.9 to –6.5°C); III – mod er ate
tem per a ture and sa lin ity fluid (Th 114°C; Te –33, Tm ice –5.8°C).

 The re sults of microthermometric anal y ses were spo radic
in the Objezierze IG 1, at depth 4895.7 m. The brine dis played
mod er ate sa lin ity, 11 and 5.0 wt.% NaCl eq. Higher hy dro car -
bons were pres ent in the ba sin. A small ad mix ture of gases of
dif fer ent com po si tion might have oc curred in some in clu sions
(CH4, N2, O2, H2S).

In the Zakrzyn IG 1 bore hole (depth 4788.3 m) brine in clu -
sions in a coarsely crys tal line cal cite vein dis play sa lin ity be -
tween 9.6 and 1.2%. NaCl eq. (Bodnar, 2003) and prob a bly
con tain a lo cal gas ad mix ture (meth ane, hy dro gen sul phide).

PERMIAN

ROTLIEGEND

In the Paproæ–Cicha Góra suc ces sion (Fig. 1: area F), the
Rotliegend rocks stud ied oc cur at depths be tween 2627 and
2777.8 m (Ta ble 1). Three types of infill of the pore space in the
Rotliegend rocks were ana lysed: car bon ates, quartz and sul -
phate ce ments (Maliszewska et al., 1997, 2003; Kuberska,
2004). Other than the FI stud ies, the cal cite ce ments were also
iso to pi cally stud ied (Jarmo³owicz-Szulc, 1999a, 2009).

Re sults: Fluid in clu sions in the Rotliegend rocks from dif -
fer ent bore holes have been widely ana lysed in the con text of
de tailed pet ro log i cal re search (Maliszewska and Kuberska,
1996, 2009; Jarmo³owicz-Szulc, 1997, 1999b) in the Wielkopol -
ska area (Fig. 1: area F). Their char ac ter is tics may be sum ma -
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Fig. 5. Fluid in clu sions in rocks from Car bon if er ous and Up per Perm ian bas ins

A – quartz arenite, Up per Car bon if er ous, Katarzynin 2 bore hole (Ka-2), one-phase in clu sions in quartz grains, trans mit ted light, ar row
in di cates meth ane in clu sion; B – the same ob jects in flu o res cence anal y sis, in clu sions dis play no flu o res cence, re flected light, UV, ar -
row shows the same meth ane in clu sion as in A; C – fluid in clu sions in cal cite from the Sowia Góra 1 bore hole (SG-1), depth 3256.34 m, 
trans mit ted light; D – fluid in clu sions in anhydrite from the SG-1 bore hole, depth 3256.34 m, trans mit ted light; E – two-phase in clu sion
as sem blage (FIA) in anhydrite in Zechstein car bon ate rocks in the Buszewo 17 bore hole, depth 3133.45 (Bu 17), trans mit ted light; F –
same in clu sions as in E in flu o res cence anal y sis, inclusions dis play white–blue flu o res cence, reflected light, UV; arrows point to FI in -
di vid u als or as sem blages



rised as fol lows: (1) in clu sions were nu mer ous in de tri tal grains,
(2) some types of ce ments were not trans par ent and no in clu -
sions can be ob served within them, (3) if in clu sions were pres -
ent in the ce ment, they were gen er ally scarce and small, (4)
there was no ob serv able pat tern of dis tri bu tion, abun dance or
char ac ter is tics of in clu sions (Jarmo³owicz-Szulc, 1999b).

Fluid in clu sions in the Rotliegend rocks ex hib ited no flu o res -
cence ei ther in blue, or in ul tra vi o let light. Some min i mum ex ci -
ta tion (“dull-blue” col our, Jarmo³owicz-Szulc, 1999a) was ob -
served only in the case of the Paproæ–Cicha Góra field, though
not in the Rotliegend rocks, but in the Zechstein at the top of the
geo log i cal sec tion.

The FIs ob served were pri mary and sec ond ary, two- and
one phase (Jarmo³owicz-Szulc, 1999a). The liq uid to gas phase 
ra tio in two-phase in clu sions var ied in dif fer ent types of ce -
ments, with a pre dom i nance of the liq uid phase. The po si tion of
in clu sions was of ten dif fi cult to de ter mine with ref er ence to the
ce ment due to a lack of mean ing ful re la tions with the crys tal lo -
graphic planes. No dis tinct pri mary as sem blages were dis tin -
guished (sensu: FIA by Goldstein and Reynolds, 1994), only
rare in di vid ual in clu sions. One-phase in clu sion as sem blages
dis played a sec ond ary or pseudo-sec ond ary char ac ter (Jar -
mo³o wicz-Szulc, 2009).

The in clu sion habit in the Rotliegend rocks is var i ous. Some
in clu sions were oval, some more or less reg u lar in shape, oth -
ers to tally shape less. The in clu sions seen in anhydrite were
rect an gu lar,  though ran domly dis played in the crys tal.

In ter pre ta tion: Pri mary two-phase in clu sions were very
rare in the car bon ate, sul phate and quartz ce ments in the
Rotliegend sed i men tary rocks in the west ern part of the Pol ish
Low lands; the ho mog e ni za tion tem per a tures of the in clu sions
dif fered de pend ing on the host min eral. They var ied as fol lows:
100–130°C for anhydrite, 90–120°C for car bon ate, and
131–133°C for quartz ce ments; the tem per a tures ob tained for
the in clu sions did not cor re late with the iso to pic re sults, as
shown by Jarmo³owicz-Szulc (2009).  Only the car bon ate ce -
ments in the Paproæ–Cicha Góra re gion dis played a co-in ci -
dence (Jarmo³owicz-Szulc, 2015); the sa lin ity of the brines was
~2–10 wt.% NaC eq., while eutectic tem per a tures be tween –30
and –40°C sug gested more com plex chem i cal sys tems as,
e.g., H2O-NaCl-MgCl2- brines in the Paproæ–Cicha Góra re gion
had a den sity of 1 g/cm3.

ZECHSTEIN

Some light hy dro car bons were ob served in the anhydrite
ce ments in the Paproæ–Cicha Góra re gion in the up per most,
Zechstein, part of the bore hole sec tion (Jarmo³owicz-Szulc,
1999). The hy dro car bon fluid trapped there is meth ane with
some ni tro gen ad mix ture. The pres ence of meth ane in the ce -
ment may in di cate the mi gra tion and trap ping of gas as in clu -
sions in the ce ment in Zechstein.

Two im por tant oil-gas fields oc cur in the Zechstein rocks –
the Lubiatów and the Barnówko–Mostno–Buszewo fields
(BMB, Górski and Trela, 1997; Wag ner, 1998; Karnkowski,
1999; Jaworowski and Miko³ajewski, 2007). Kovalevich et al
(2008) stud ied fluid in clu sions in ha lite in the au re oles around oil 
and gas ac cu mu la tions, in clud ing from the BMB.

THE LUBIATÓW FIELD

Re sults: Fluid in clu sions were ob served in car bon ates,
anhydrite and quartz, which ei ther formed as ce ments, or fill
frac tures and fis sures in lam i nated mudrocks (the Sowia Góra 1 
bore hole; Fig. 5C, D). The fol low ing types of in clu sions were
dis tin guished: one-phase (gas, brine), two-phase (brine),

three-phase (wa ter – light hy dro car bons/gas). Pri mary
two-phase in clu sions ho mog e nized at tem per a tures be tween
68 and 132°C, the high est val ues cor re spond ing to stretched
in clu sions (Jarmo³owicz-Szulc and Jasionowski, 2009). The
eutectic tem per a tures vary from –56 to –37°C for do lo mite and
cal cite, and be tween –70 and –56°C for anhydrite.

Fluid in clu sions in cal cite crys tals dis played a char ac ter is tic
dis tri bu tion. The trans lu cent in ner grey part of the crys tals is full
of fluid in clu sions while the outer part is bright, trans par ent, and
al most with out in clu sions (Jarmo³owicz-Szulc and Jasionowski, 
2009; e.g., Sowia Góra 1, depth 3256.34 m, Fig. 5C). The ho -
mog e ni za tion tem per a tures also dif fered in those two parts of
the crys tals. The rare outer-part in clu sions ho mog e nized at
+68°C, and those in the in ner  parts at >70°C (Fig. 6B). In do lo -
mite, two-phase brine in clu sions  ho mog e nized at higher tem -
per a tures of ~+116.6°C. One-phase in clu sions – bright and/or
dark – con tained car bon di ox ide and/or meth ane. Their Th was
+8.0 and –85°C, re spec tively.

Ice melt ing tem per a tures were ~–15°C in the outer and
from –6.0 to –9.8°C in the in ner parts of the crys tals, in di cat ing
sa lin ity that in the NaCl-H2O sys tem changes from 14 wt.%
NaCl eq. to 9–13 wt.% NaCl eq. (Brown, 1982; Bodnar, 1992).
Three types of in clu sion oc curred in the anhydrite. Two of them
dis played a rect an gu lar habit (Fig. 5D), were not stretched and
var ied in size and tem per a ture. A pop u la tion of smaller in clu -
sions (3–4 µm in size) ho mog e nized to liq uid at +106°C, and
the larger in clu sions (6–10 µm) at +122°C (Jarmo³owicz-Szulc
and Jasionowski, 2009).

In ter pre ta tion: Eutectic tem per a tures of <–21°C pointed to 
a pres ence of cal cium and/or mag ne sium ions with NaCl (e.g.,
Goldstein and Reynolds, 1994). Eutectic tem per a tures of
–56°C, and cotectic around –40°C sug gested com plex
NaCl-CaCl2-MgCl2-H2O flu ids with the pres ence of CO2, char -
ac ter iz ing a chem i cal sys tem of dis solved Cl–, Ca2+, Mg2+, Na+,
and Fe 2+ ions with car bon di ox ide.

The dolomitization of Ca2 de pos its in the Gorzów
Wielkopolski re gion was re lated to re flux of strong evap o rated
ma rine wa ters at slightly in creased tem per a tures. Fluid in clu -
sions in quartz dis play a tem per a ture in ter val of 70–100°C and
high sa lin ity. The iso to pic com po si tion of ox y gen in the pore wa -
ters lay in the in ter val from +5 to +10‰ (Jamo³owicz-Szulc and
Jasionowski, 2009). The fluid in clu sion stud ies sug gested that
dedolomitization oc curred dur ing burial at tem per a tures of
~100–120°C.

An other pos si ble in ter pre ta tion is that be cause the
rocks/min er als stud ied oc cur at depths of >3000 m and car bon -
ates are sus cep ti ble to the in flu ence of pres sure and tem per a -
ture, they may have crys tal lized from hot, sa line wa ters
(Aulstead et al., 1988).

THE BARNÓWKO–MOSTNO–BUSZEWO OIL AND GAS FIELD

Re sults: Tem per a ture mea sure ments were con ducted for
two-phase in clu sions from dif fer ent types of ce ment and dif fer -
ent sam ples from bore holes at depths be tween 3121.6 m (B-7)
and 3141.85 m (Bu-17; Fig. 5E, F) – Jarmo³owicz-Szulc et al.
(2020), Jarmo³owicz-Szulc (2021). In clu sions were pres ent in
cal cite, do lo mite, anhydrite and flu o rite.

Two-phase flu o res cent HCFI in do lo mite gen er ally ho mog -
e nized be tween 120 and 150°C, with a fre quency max i mum of
128 and 138°C (Jarmo³owicz-Szulc, 2021). The ho mog e ni za -
tion tem per a tures of brine in clu sions in the do lo mite were be -
tween 135 and 160°C. There was a ten dency for slightly higher
val ues for AQFI than for HCFI in the same min eral. The eutectic 
tem per a tures for most non-flu o res cent two-phase in clu sions
(aque ous) fell into the fol low ing in ter vals: –60 to –50°C (do lo -
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mite, cal cite); –49 to –47°C (anhydrite), and –40 to –34°C (do lo -
mite, quartz). The ice melt ing tem per a tures ranged from –19°C
to –13°C for cal cite and fan-like do lo mite, –6.5°C for mo saic do -
lo mite, –17.0°C for anhydrite, from –11.4 to –7.8°C for do lo -
mite, and from –6.8 to –4.3°C for cal cite.

In ter pre ta tion: Hy dro car bons (oil and/or gas) were trapped 
as in clu sions in dif fer ent types of ce ment in the rocks. Pri mary
HCFI are abun dant in the do lo mite and the cal cite, less fre quent 
in anhydrite and flu o rite; the pres ence of oil and/or gas in in clu -
sions point to hy dro car bon mi gra tion in the area stud ied. The
HC-bear ing in clu sions re late to diagenetic pro cesses i.e., they
post-date the pri mary infill of the field. Brines trapped in in clu -
sions vary in their chem i cal com po si tion and sa lin ity; pri mary
brine FI ac cu mu la tions in crys tals (e.g., in cal cite) pointed to a
com mon hy dro car bon and brine front, while the sec ond ary in -
clu sions are a sign of hy dro car bon mi gra tion later than the for -
ma tion of the ce ment stud ied. As sum ing co-trap ping of brine
and oil in in clu sions in the do lo mite, P-T con di tions es ti mated
from crossed isochores were around 150–160°C and 400–420
bars (Jarmo³owicz-Szulc, 2021).

DISCUSSION

Based on this com pi la tion of stud ies on fluid in clu sions in
min er als/rocks from dif fer ent bore holes and wells from Po land
(Fig. 1), some con clu sions can be made re gard ing not only FI

char ac ter iza tion but also on ba sin evo lu tion and their hy dro car -
bon mi gra tion, as dis cussed above.

FLUID INCLUSION PETROGRAPHY

Fluid in clu sions in diagenetic min er als were not abun dant
and rather small in size (1–3 µm, only oc ca sion ally 4–6 µm)
which made it dif fi cult to study the in di vid ual fluid in clu sion by
microthermometric anal y ses. Hy dro car bon in clu sions, if pres -
ent, were of ten much larger (to over a hun dred µm). Due to their 
flu o res cence prop er ties, they were eas ier to study both as re -
gards lo cal iza tion in min er als and microthermometry. In turn,
the meth ane-bear ing in clu sions dis played a vari able size from
<1 µm (be yond the lim its of ob ser va tion) to a few µm. The first
di ag nos tic fea ture was that they were one-phase and dis play
no/dull blue flu o res cence. How ever, only microthermometric
ob ser va tions via deep freez ing and/or Raman spec tra are re ally 
di ag nos tic, so the larger the in clu sions, the better.

The small size of FI in some min er als lo cally gen er ated
prob lems in phase di ag no sis of in clu sions (one- or two-phase).
In many places, how ever, in clu sions were “read able”, from the
stand point both of the num ber of their phases, and their po si -
tion. Some times, fluid in clu sions were better seen in
petrographic thin sec tions than in dou ble-sided pol ished FI sec -
tions where the ce ment could be in superposed over the grains
of in ter est. It made sense, there fore, to con duct par al lel ob ser -
va tions. The more types of ob ser va tion, the better the pos si bil i -
ties of mean ing ful in ter pre ta tion.
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Fig. 6. Prac ti cal re marks and data in ter pre ta tion

A – two-phase in clu sions at the bound ary of de tri tal and authigenic
quarz (B3-1/95 bore hole, Mid dle Cam brian sand stone), ar row points 
to in di vid ual FI; B – fluid in clu sion lo ca tion in re la tion crys tal – abun -
dant FIA in cal cite and in di vid ual in anhydrite (SG-1 bore hole, depth
3256.34 m, Zechstein car bon ate), ar rows point to abun dant FIA in
the in ner part of the cal cite crys tal (white) and rare in di vid u als in the
outer part (black), length of white ar row – 200 µm; C – ex am ple of in -
ter pre ta tion of iso to pic re sults and fluid in clu sion data (B3-1 bore -
hole, Mid dle Cam brian sand stone, af ter Jarmo³owicz-Szulc, 2001a)



In clu sions dis played dif fer ent shapes in dif fer ent min er als.
They ranged from ir reg u lar, shape less to oval to more reg u lar
(Fig. 6A). The char ac ter is tic rect an gu lar shape of two-phase in -
di vid u als was ob served in anhydrite (e.g., Fig. 5D).

In clu sions were ei ther pri mary, pseudo-sec ond ary, or sec -
ond ary (cf. Roedder, 1984; Goldstein and Reynolds, 1994).
They oc curred ei ther dis persed, or in dis tinct re la tion to the
crys tal habit (Fig. 6B), or they were pres ent along healed fis -
sures or frac tures. FIAs in the sed i men tary rocks were rare and
con tained only some in clu sions.

As noted above, in clu sions in min er als in the sed i men tary
rocks were one-phase, two-phase, or multiphase. The
two-phase in clu sions were the most ob vi ous and they of ten
were the only ones that could be ex am ined by in ex pe ri enced re -
search ers. It was, how ever, im por tant not to dis re gard the
one=phase FI. One-phase in clu sions, AQFI, were an in di ca tion
of low-tem per a ture min eral for ma tion (<50°C, as in, e.g., the
early Cam brian quartz ce ments, Jarmo³owicz-Szulc, 2001a;
see also: Goldstein and Reynolds, 1994), or were meth -
ane-bear ing, an im por tant fac tor for geo log i cal in ter pre ta tion
and for hy dro car bon ex plo ra tion.

Two phases of in clu sions seen un der the mi cro scope may
some times be a fake.

Gen er ally, the two-phase AQFI con tained liq uid and vapour
phases (L, V). The liq uid to vapour ra tio was es ti mated and fur -
ther stud ies based on this es ti ma tion were con ducted. If the ra -
tio was con sis tent for some in clu sions, they formed an as sem -
blage (FIA, sensu stricto: Goldstein and Reynolds, 1994), and
were di ag nos tic as a FI group (Fig. 6B). An in con sis tent ra tio
pointed to un sta ble con di tions and fur ther an a lyt i cal re sults (if
any) that need be treated care fully. Ex pe ri ence showed that the
FI as sem blages were not abun dant. Of ten it was pos si ble to
deal only with in di vid ual fluid in clu sions in the diagenetic ce -
ments, af fect ing the re li abil ity of the re sults ob tained.

FLUORESCENCE PROPERTIES

Hy dro car bon and aque ous in clu sions may be trapped in a
crys tal dur ing its growth and/or due to the heal ing of
microfissures dur ing the geo logic his tory of the sed i men tary ba -
sin (Roedder, 1984). The hy dro car bons flu o resce and their flu o -
res cence col our in UV light may be used as a ma tu rity in di ca tor
(McLimans, 1987; McLimans and Videvitch, 1987; Blamey et
al., 2007). Flu o res cence oc curs due to the pres ence of flu o -
resc ing com pounds called chromo phores that in flu ence emis -
sion e.g., in nat u ral oils. The in ten sity of flu o res cence is pro por -
tional to the con cen tra tion of chromo phore ac cu mu la tion and
de creases with an in crease in the num ber of chromo phores
(Atkins, 1982). The in ten sity of this lu mi nes cence in creases to -
wards lon ger wave lengths with an in crease in ar o matic rings in
the mol e cule (Burrus, 1981). Flu o res cence spec tra have been
widely used in the clas si fi ca tion of the or ganic mat ter (Stasiuk,
2002, and ref er ences therein) and for the char ac ter iza tion of its
chem i cal com po si tion and/or ma tu rity (Nandakumar and
Jayanthi, 2016, and ref er ences therein), and there is a re la tion -
ship be tween a flu o res cence col our of oil in clu sions and oil ma -
tu rity (Ping et al., 2019a, b, 2020, and ref er ences therein).

Flu o res cence mi cros copy was used in this study to iden tify
hy dro car bon fluid in clu sions ver sus aque ous fluid in clu sions,
and also for dif fer en ti a tion of intracrystalline fis sures filled with
oil in oil-gas fields, This may be com pared to data from e.g.,
Burrus et al. (1980, 1983); Burrus (1981); Burrus and Hath
(1989); Munz (1995); Jarmo³owicz-Szulc (2001a) and
Jarmo³owicz-Szulc et al. (2012).

Some au thors have cor re lated flu o res cence colours with
API grav ity val ues  re ferred to oil den si ties (e.g., McLimans,

1987; Bodnar, 1990; Jarmo³owicz-Szulc, 1998, 2001a; Stasiuk, 
2002; Nandakumar and Jayanthi, 2016). In de pend ent con trol
is, how ever, needed since many fac tors can in flu ence flu o res -
cence, and the re sults of es ti ma tion of pa ram e ters, es pe cially
vi sual as sess ments, must be treated as just a first ap prox i ma -
tion (Jarmo³owicz-Szulc, 1998, 2001b, 2017; Blamey and
Ryder, 2009; Ping et al., 2020). Some re search ers have stated
that the de ter mi na tion of the chem i cal com po si tion of flu o resc -
ing in clu sions based on microfluorescence spec trom e try is im -
pos si ble (e.g., Pironon and Pradier, 1992). How ever, a quick
and easy method of the au thor en abled some pre lim i nary,
non-de struc tive, and quick es ti ma tions of pe tro leum-bear ing in -
clu sions (Jarmo³owicz-Szulc, 2016). This method used a sim -
ple graph, less com plex than that re ported by Przyjalgowski et
al. (2005). As al ready un der lined,  such re sults should be
treated as an ap prox i ma tion. How ever, it may be con cluded
that the higher the API de gree, the larger the shift to wards a
white-blue col our emis sion in flu o res cence (Fig. 7A). Some
trends have been ob served both from the re sults in the pres ent
pa per and from pub lished re sults (Pironon and Pradier, 1992;
Jarmo³owicz-Szulc 2001a; Stasiuk, 2002). For in clu sions, a de -
crease in L max and Q oc curred with an in crease in to tal hy dro -
car bons and the con cen tra tion of sat u rated frac tions. That
agreed with the gen eral re sults and con clu sions from the
Dongying de pres sion (Ping et al., 2020). A pro gres sive in -
crease in L max and Q was cor re lated with an in crease in ar o -
matic hy dro car bons and con cen tra tions of res ins and
asphaltenes. Nandakumar and Jayanthi (2016) also pro vided
an em pir i cal tool for pre dict ing the APIG of oils and doc u mented 
it on sam ples from a well in the Mumbai off shore ba sin, In dia.
Flu o res cence emis sion of oil in HCFI re corded by these au thors 
was in the re gion of 406–720 nm, i.e., wider than that shown in
Fig ure 7. The au thors pro posed in fer ring the APIG of un known
sam ples from an al ge braic ex pres sion link ing emis sion spec tra
to APIG for known crude oils. Fig ure 7 shows a com pi la tion of
the eval u a tion graph of Jarmo³owicz-Szulc (2017; Fig. 7A) and
the ideas of Nandakumar and Jayanthi (2016) us ing the au -
thor’s data (Fig. 7B). To es ti mate the grav ity of oil trapped in in -
clu sions from the B graph, their red/green ra tio must be known,
i.e., flu o res cence spec tra must be avail able.

FLUID INCLUSION MICROTHERMOMETRY

Ho mog e ni za tion tem per a tures de pend di rectly on the type
of ce ment and on the bore hole and in di rectly on depth. They
were dif fer ent for cal cite, do lo mite, quartz, and anhydrite. Tak -
ing many fac tors into ac count, many use ful pieces of in for ma -
tion have been ob tained from microthermometric mea sure -
ments. Quartz has been most re sis tant to the in flu ence of tem -
per a ture and pres sure, while min er als such as cal cite and
anhydrite are more sus cep ti ble to the in flu ence of ex ter nal fac -
tors. This is the microthermometric re sults for quartz have been
con sid ered the most re li able (com pare also: Goldstein and
Reynolds, 1994; Dudok and Jarmo³owicz-Szulc, 1999, 2000).
How ever, if microthermometry is com bined with other data (iso -
topes, Raman, geo chem is try), the com po si tion and trap ping
con di tions of (palaeo)flu ids in the ba sin can be ef fec tively char -
ac ter ized, and ba sin his tory too, as in the ex am ple shown in
Fig ure 6C.

The eutectic tem per a ture (first sign of melt ing) of –21°C
pointed to flu ids in the NaCl-H2O sys tem. Tem per a tures
<–21°C were sug ges tive of the pres ence of cal cium and/or
mag ne sium ions to gether with NaCl in the brine (Roedder,
1984; Shep herd et al., 1985). Tem per a tures close to –50°C
sug gested a com plex fluid in the NaCl-CaCl2-MgCl2-H2O sys -
tem (Sam son et al., 2003).
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Fig. 7. Ap prox i ma tion of char ac ter of oil trapped in in clu sions

A – graph based on data from Jarmo³owicz-Szulc (2017); B – graph fol low ing the sug ges tions 
of Nanadakumar and Jayanthi (2016)



In the sim ple NaCl-H2O sys tem, ice melt ing tem per a tures
cor re spond to ex act sa lin ity val ues, in other sys tems, sa lin ity
might be ex pressed in weight per cent NaCl equiv a lent (Brown,
1982; Bodnar, 1990; Bakker and Brown, 2003). If ra tios of other
com po nents were known from other in de pend ent sources (e.g., 
from chem i cal anal y ses or Raman spec trom e try), ex act
isochores may be con structed.

FLUID INCLUSION COMPOSITION 
AND FLUID CHARACTERISTICS

Mul ti di rec tional re search con ducted on fluid in clu sions has
al lowed char ac ter iza tion of flu ids trapped in in clu sions with re -
gard to their com po si tion.

Flu ids trapped in non-flu o resc ing in clu sions were first of all
brines of dif fer ent com po si tions and sa lini ties, as has been
shown above. Den si ties of flu ids were cal cu lated based on
microthermometric re sults (Brown, 1989; Bakker, 2003). Pe tro -
leum-bear ing in clu sions ex hib ited flu o res cence un der 366 nm
UV and were gen er ally easy to ob serve due to their ex ci ta tion.
The col our of flu o res cence, how ever, may be dis cussed (see:
Green et al., 2001; Ping et al., 2020). In clu sions that oc cur in
small groups out lin ing growth zones and oc ca sional iso lated in -
clu sions ap pear to be pri mary and there fore, were trapped dur -
ing crys tal growth. Many HC in clu sions oc cur along healed
microfractures that post date crys tal growth and are sec ond ary.
The rel a tive sep a ra tion in time be tween the for ma tion of pri mary 
and sec ond ary oil in clu sions may some times not be very large
when the as so ci ated pri mary and sec ond ary aque ous in clu -
sions show no dis tinc tion in ho mog e ni za tion tem per a ture and
sa lin ity (Jensenius and Munksgaard, 1989). When pri mary and
sec ond ary oil in clu sions have the same emis sion flu o res cence
col our, one can con clude that both types of in clu sions have a
sim i lar com po si tion (McLimans, 1987; Ping et al., 2020). The
char ac ter is tics of oil based on flu o res cence colours was roughly 
es ti mated us ing some gen eral graphs (e.g., Nandakumar and
Jayanthi, 2016; Jarmo³owicz-Szulc, 2017; Fig. 7). The re sults,
how ever, should be treated care fully and flu o res cence spec tra
have to be known.

The com po si tion of crude oil was es tab lished dur ing gen er -
a tion and pri mary mi gra tion, but it may be strongly al tered by
dif fer ent pro cesses that can oc cur dur ing sec ond ary mi gra tion
and ac cu mu la tion. Biodegradation, wa ter wash ing, phase sep -
a ra tion, and trans port in aque ous so lu tions can af fect the dis tri -
bu tion of hy dro car bons in the range of com pounds from C1

(meth ane) to C35 (pentatriacontane) nor mally ana lysed in crude
oils. Those pro cesses have been widely de scribed (e.g.,
Burruss and Hatch, 1989; Jensenius and Burruss, 1990; Pe ters 
et al, 2005). Flu o res cence spec tro met ric anal y ses are im por -
tant if one at tempts to iden tify such nu ances. Raman spec tra
can also be re li able, pro vided the spec trom e ter has a proper la -
ser source for flu o res cence stud ies (Nandakumar and Jayanthi, 
2016). Oth er wise it is only pos si ble to ana lyse aque ous and/or
meth ane-bear ing in clu sions (Frezzotti et al., 2012).

The meth ane-bear ing in clu sions were those ev i dent as one
phase at room tem per a ture and, when deep frozen on the
freez ing-heat ing stage, they dis played ho mog e ni za tion down to 
–82°C (Kleinrahm and Wag ner, 1986). Shifts in the Th val ues
pointed to ad mix tures such as, e.g., ni tro gen and/or car bon di -
ox ide. The ex act com po si tion of com plex meth ane-bear ing in -
clu sions can be cal cu lated from Raman spec tra, as shown in
Fig ure 3. How ever due to the small di men sion of the in clu sions,
Raman anal y ses were pos si ble only in some sam ples.

In sed i men tary bas ins, the fluid sys tems of ten evolved from
a H2O-NaCl±KCl type dur ing the early stage of ba sin sub si -
dence to H2O-NaCl-CaCl2 flu ids dur ing fur ther burial (e.g.,
Jarmo³owicz-Szulc, 2020; Jarmo³owicz-Szulc et al., 2020).  Lo -

cally, fluid in clu sions were en riched in K, Cs, Li, B, Rb and other
cat ions, in di cat ing in ten sive fluid–rock in ter ac tion of the sa line
brines with other rocks, e.g., Lower Perm ian vol ca nic rocks or
de pos its (Jarmo³owicz-Szulc, 2021).

A dif fer ent sit u a tion was re corded in fluid in clu sions in fis -
sure min er als hosted by Perm ian sand stones and car bon ates:
aque ous fluid in clu sions in cal cite, quartz, flu o rite and anhydrite
were H2O-NaCl-CaCl2-rich brines and showed ho mog e ni za tion 
tem per a tures be tween 120 and 180°C. That cor re sponds to the 
brine chem is try of in clu sions in ha lite as de scribed by
Kovalevych et al. (2008). Co-ge netic gas in clu sions trapped in
the fis sure min er als are gen er ally much less fre quent and
small. When pres ent, they showed vari able CH4-N2 and no
CO2. The en trap ment of CH4-N2 in clu sions may be re lated to
phases of much later tec tonic up lift (in the Late Cre ta ceous).
Trap ping con di tions for brine and oil in clu sions in do lo mite in
the BMB field es ti mated from crossed isochores were
~150–160°C and 400–420 bar, in agree ment with the P-T re -
con struc tions of low-pres sure con di tions dur ing fluid en trap -
ment, al ways <500 bar, in di cated in north Ger many by Lüders
et al. (2005, 2008). As for the gas com po si tion in in clu sions, the
in clu sions pres ently stud ied dif fer from those in ha lite re ported
by Kovalevych et al. (2008) by lack of microthermometric ev i -
dence for CO2.

GENERAL CONSIDERATIONS

Based on the re search con ducted, it must be also con -
cluded that the ma te rial stud ied ma te rial – ce ments of Pa leo -
zoic sed i men tary rocks – was dif fi cult from the stand point both
of fluid in clu sion anal y ses and in ter pre ta tion of re sults. This is
con nected with the fac tors in flu enc ing the in clu sions. Deep
burial may cause stretch ing and leak age of the FI (Goldstein
and Reynolds, 1994; Bodnar, 1990; Sam son et al., 2003). In -
clu sions trapped at low tem per a tures may be un sta ble due to
heat ing dur ing burial (Burrus, 1987; Goldstein and Reynolds,
1994). Un der the in flu ence of ex ter nal fac tors, any pres sure in -
crease will cause  brit tle de for ma tion of the in clu sion walls fol -
lowed by vol ume in crease and fi nally, an in crease of ho mog e ni -
za tion tem per a ture. If we take the case of the inhomogeneous
FI pop u la tion in anhydrite from the De vo nian rocks, the ho mog -
e ni za tion tem per a tures of ~180°C may be an ex am ple of such
pro cess. How ever, an other in ter pre ta tion could be that the min -
er als crys tal lized from hy dro ther mal wa ters, as in De vo nian
rocks in Can ada (Aulstead et al., 1988).

The fluid pres sure within the FIs may de crease due to leak -
age caused by frac ture/fis sure for ma tion. Such in clu sions may
be re-filled by for ma tion wa ters that will change the tem per a ture 
es ti ma tions. These do not show, there fore, the pri mary con di -
tions in the ba sin. If no leak age symp toms are ob served, how -
ever, ice melt ing tem per a ture re sults (Tm) may be con sid ered
re li able.

The rocks/min er als stud ied here have mostly been ac -
cessed by deep drill ing. Some times, if the ho mog e ni za tion tem -
per a tures are com pared with tem per a ture data ex trap o lated
from the bore hole, the FI es ti mated tem per a tures mea sured for
two-phase in clu sions are much lower than the re spec tive bore -
hole tem per a ture val ues at the given depth. This may point to a
con tin u ous heat ing of in clu sions due to in creased tem per a -
tures. Many sig nif i cant prob lems still ex ist in car ry ing out fluid
in clu sion stud ies and in ter pre ta tion of the re sults.

The ice melt ing and ho mog e ni za tion tem per a tures of pri -
mary flu ids may be al tered be cause of re-equil i bra tion dur ing
later pro cesses (Roedder, 1984; Goldstein and Reynolds,
1994). Crys tals formed in mixed flu ids may dis play a large in ter -
val of ice melt ing tem per a ture val ues cor re spond ing to changes 
in fluid sa lin ity.

Katarzyna Jarmo³owicz-Szulc / Geo log i cal Quar terly, 2021, 65: 56 15



In other words, in sum, fluid in clu sion microthermometric re -
sults must be treated care fully and in ter preted only by tak ing a
great deal of other data and re sults into ac count.

Raman spec tros copy has been used to suc cess fully to ana -
lyse fluid in clu sions with an in creas ing num ber of pub li ca tions in 
re cent years (e.g., Burruss, 2003; Frezzotti et al., 2012;
Jarmo³owicz-Szulc et al., 2012). No other tech nique can ana -
lyse liq uid, gas and solid con stit u ents, and so it is an im por tant
method for the anal y sis of geo log i cal flu ids. There ex ist prac ti -
cal lim i ta tions to its use in min er als in sed i men tary bas ins: the
ob ject stud ied must be rel a tively large, a rare con di tion in fluid
in clu sions in most diagenetic min er als; sec ondly, to ana lyse dif -
fer ent ma te ri als with po ten tially flu o resc ing com po nents, the
spec trom e ter should be equipped with three dif fer ent par al lel
la ser sources, which is tech ni cally and fi nan cially dif fi cult for
many re search cen tres, for with out this no di ag nos tic re sults
may be ob tained for, e.g., CH4 since flu o resc ing ob jects nearby
dis turb the spec tra.

CONCLUSIONS

Over 300 fluid in clu sions have been stud ied in diagenetic
min er als (quartz, cal cite, flu o rite, anhydrite) in fill ing pore space
and/or fis sures (quartz, cal cite, flu o rite, anhydrite) hosted by
Pa leo zoic strata sam pled by bore holes in the north ern, cen tral
and south-east ern parts of Po land (Fig. 1), in or der to de ci pher
the flu ids and po ten tial hy dro car bon mi gra tion re lated to the
par tic u lar ba sin. Microthermometric re sults for fluid in clu sions
re vealed com pel ling ev i dence for mul ti ple events of fluid mi gra -
tion. The re sults and val ues of dif fer ent pa ram e ters ob tained
en abled the fol low ing gen eral con clu sions on fluid cir cu la tion
and on the for ma tion of min er als and bi tu men in the dif fer ent
sed i men tary bas ins of Po land.

1. Dif fer ent types of flu ids mi grated through the sed i men tary 
rocks. Heavy hy dro car bons (pe tro leum) were found trapped as
in clu sions in Cam brian, Or do vi cian, Car bon if er ous and Perm -
ian rocks. Light hy dro car bons (meth ane +/- ad mix tures) have
been de tected in the Car bon if er ous and Zechstein bas ins.

2. In the Cam brian rocks, the brine fluid mi gra tion of aque -
ous chlo rides oc curred at the early or late stages of diagenesis,
re sult ing in the for ma tion of min er als in fill ing the pore space of
quartz arenites and quartz wackes. The crys tal li za tion tem per a -
ture of diagenetic quartz var ied from ~100 to ~150°C. Hy dro -
car bon infill oc curred at a later stage (Fig. 4A, B). Hy dro car bon
for ma tion and/or mi gra tion in the ba sin is re flected both by the
pres ence of bi tu men ac cu mu la tions and by FI in min er als. P-T
con di tions es ti mated via isochore con struc tion in di cated fluid
trap ping at pres sures be tween 300 and 500 bars and tem per a -
tures be tween 100 and 135°C.

3. In the Or do vi cian rocks, flu ids are trapped in rare in clu -
sions in cal cite con tain ing brine of two types – of low and high
sa lin ity and ho mog e ni za tion tem per a tures of ~150°C and
>200°C, re spec tively. The low-sa lin ity brines con tained vari able 
amounts of gases (meth ane and/or car bon di ox ide). At least
two ep i sodes of brine fluid gen er a tion and mi gra tion oc curred,
one ep i sode char ac ter ized by a “pure” brine (NaCl-H2O) front
and an other ep i sode of brine with vari able gases
(NaCl-CaCl2/MgCl2-H2O).

4. In the De vo nian ba sin, only brine flu ids were pres ent.
They ranged in com po si tion from NaCl/KCl-H2O in anhydrite to
NaCl-CaCl2/MgCl2-H2O brines in cal cite. Ho mogeni sa tion tem -
per a tures in car bon ates lie in two groups: 75–115°C and
135–140°C. Flu ids dis played two ranges of sa lin ity, namely be -
tween 7 and 10% NaCl eq. and about 5% NaCl eq.

5. In the Car bon if er ous ba sin, the fluid sys tems of ten
evolved from a H2O-NaCl±KCl type dur ing the early stage of ba -
sin sub si dence to H2O-NaCl-CaCl2 flu ids dur ing fur ther burial.
Fluid mi gra tion through Car bon if er ous strata was of ten ac com -
pa nied by gas mi gra tion. The P-T en trap ment con di tions of CO2

and NaCl-H2O were es ti mated to be ~480 bar and 120°C
(Fig. 2A). Aque ous fluid in clu sions in quartz from fis sures in
Car bon if er ous strata were com monly as so ci ated with co-ge net -
i cally trapped CH4-CO2 in clu sions. The P-T con di tions es ti -
mated, via isochore con struc tion, by Lüders et al. (2005, 2008)
for an anal o gous and co eval ba sin in Ger many in di cated pres -
sures os cil lat ing be tween 620 and 1,650 bar and tem per a tures
rang ing be tween 170 and 300°C dur ing fluid en trap ment  The
mi gra tion of CH4-rich gases within the Car bon if er ous rocks may 
have been re lated to the main stage of ba sin sub si dence and
stages of ba sin up lift.

6. In the Zechstein ba sin, the fluid sys tems of ten evolved
from a H2O-NaCl±KCl type dur ing the early stage of ba sin sub -
si dence to H2O-NaCl-CaCl2 flu ids dur ing fur ther burial.   Lo cally, 
fluid in clu sions were en riched in K, Cs, Li, B, Rb and other cat -
ions, in di cat ing in tense fluid-rock in ter ac tion of the sa line brines
with Lower Perm ian vol ca nic rocks or strata. A dif fer ent sit u a -
tion was re corded in fluid in clu sions in fis sure min er als hosted
by Perm ian sand stones and car bon ates: aque ous fluid in clu -
sions in cal cite, quartz, flu o rite and anhydrite are
H2O-NaCl-CaCl2-rich brines and show ho mog e ni za tion tem per -
a tures be tween 120 and 180°C. Co-ge netic gas in clu sions
trapped in the fis sure min er als are gen er ally much less fre quent 
and small. When pres ent, they showed vari able CH4-N2 and no
CO2. Their  en trap ment may be re lated to phases of much later
tec tonic up lift (in the Late Cre ta ceous). Trap ping con di tions for
brine and oil in clu sions in do lo mite in the BMB field es ti mated
from crossed isochores were ~150–160°C and 400–420 bar
that are in agree ment with the P-T re con struc tions in di cated in
north Ger many.

7. The hy dro car bon com po si tion of crude oils trapped in FI
had the po ten tial to of fer new in sight into the his tory of fluid mi -
gra tion dur ing oil gen er a tion, mi gra tion, and ac cu mu la tion.
Most pe tro leum in clu sions were eas ily iden ti fied, within the
paragenetic se quence of res er voir diagenesis and frac ture fill -
ing, by flu o res cence mi cros copy . Plac ing the oc cur rence of oil
in the paragenetic se quence al lowed “dat ing” of oil mi gra tion
rel a tive to diagenetic and tec tonic events . It was im por tant,
how ever, to com bine the FI re sults with bi tu men pa ram e ters.
The es ti ma tion of the com po si tion of oil in clu sions in authigenic
min er als in strata was based on the vi sual flu o res cence colours, 
but hy dro car bon-wa ter and min eral-or ganic in ter ac tions may
have af fected the com po si tion of the hy dro car bons ob served in
the sam ples. More over, as sess ments of the ther mal ma tu rity of
oil in clu sions us ing flu o res cence char ac ter is tics should con -
sider the pos si ble im pacts of biodegradation, wa ter wash ing,
gas-liq uid phase sep a ra tion and trap ping frac tion ation on the
flu o res cence colours.
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