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The paper presents the results of petrographic and geochemical studies of coaly matter occurring in Stinking Shale and Main
Dolomite (PZ2, Upper Permian) deposits in the Ktodawa Salt Structure in central Poland. The coaly matter is both dispersed
in the PZ2 shales and carbonates and concentrated in veins which crosscut these deposits and, depending on the location,
depicts contrasting maceral composition and the rank of coal. The veins are built of colotellinite and micrinite, showing a
mean random reflectance of coal in the range of 1.38—-1.40%, whereas the dispersed organic matter is composed mostly of
semifusinite and fusinite with minor vitrinite, showing a mean random reflectance of 0.82%. Itis interpreted that the heteroge-
neous composition and rank of coal result from migration of hot fluids within a fracture system developed in the PZ2 shale
and carbonate beds. The influx of hot fluids into the organic matter-rich beds led to the generation of bitumen which
catagenetically altered along the hot fluid conduits. The coalification of bitumens took place at an early stage of tectonic de-
formation of the Zechstein salt series, initiated by regional extension and normal displacement on a basement fault, most

probably in the Late Permian—Early Triassic.
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INTRODUCTION

Zechstein (Upper Permian) evaporite sequences in Poland
display a contrasting content of organic matter (OM). The vari-
ability in respect to OM content results primarily from the cyclicity
in marine sedimentation, i.e. from the repetitive occurrence of
transgressive-regressive cycle deposits in the Zechstein Basin.
The relatively OM-rich deposits typically accumulate at the be-
ginning of a transgressive cycle and in the Zechstein evaporitic
sequences they mostly correlate with siliceous and calcareous
shales and carbonates deposited at the base of the two oldest
evaporitic cycles (Peryt et al., 2010). The OM-poor beds domi-
nantly consist of rock salt and potash, both regarded as regres-
sive deposits in a cycle. The content of the dispersed OM in
rocks, measured as the total organic carbon (TOC) content, en-
ables to compare distinct lithological varieties. Although the pres-
ent TOC content is generally low in the Zechstein carbonates
(Ca1, Zechstein Limestone, and Ca2, Main Dolomite), ranging
between 0.01 and 1.0 wt.% (Kotarba et al., 2006; Kotarba and
Wagner, 2007; Stowakiewicz and Mikotajewski, 2011), a signifi-
cant increase of TOC content is locally observed, which may be
as high as 6.25 wt.% (Kotarba et al., 2000). The variation of the
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TOC content was also evidenced by Kotarba et al. (2006) in
shales of the first Zechstein cycle (Kupferschiefer, T1), which
ranges from 0.01 to 15.5 wt.%, being 3.1 wt.% on average. Simi-
larly, also thermal maturation estimated according to the vitrinite
reflectance scale varies in these rocks. The reflectance values
vary in a range of <0.7% R, up to 3.2% R, throughout the
Zechstein Basin and this is primarily dependent on the depth of
burial and tectonics (Karnkowski, 2007; Stowakiewicz and
Mikotajewski, 2011). However, remarkable differences in vitrinite
reflectance are recorded over small areas at similar depths of
burial (compare data presented by Kotarba et al., 2006; Kotarba
and Wagner, 2007; Stowakiewicz and Mikotajewski, 2011). Be-
cause there is no detailed information about the sampled mate-
rial and the local variability in the TOC and reflectance values are
not discussed in these papers, the variation remains unclear.
Whereas local increase in the TOC content may result from pri-
mary distribution as well as from diagenetic or tectonic concen-
tration, e.g. due to solution-precipitation processes (Hofmann
and Leythaeuser, 1995; Leythaeuser et al., 1995), the variability
in reflectance is more enigmatic.

Recent investigations carried out in the Klodawa Salt Struc-
ture (KSS) in central Poland demonstrate the occurrence of
OM-enriched veins within the Stinking Shale (T2) and Main Do-
lomite (Ca2) rocks (Czechowski et al., 2011). An intriguing com-
ponent of these OM-rich rocks is a coaly matter that, based on
preliminary studies, was referred to as solid bitumens (Czecho-
wski et al., 2011). These are black, shining chips resembling
coal, dispersed among epigenetic minerals filling the veins. The
physical features of the coaly matter indicate a high rank of
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coalification of the OM, provoking questions of its origin within
the salt structure. This paper primarily focuses on detailed anal-
ysis of this coaly matter, i.e. on its petrography, chemical com-
position, maturity and origin. We will also discuss the implica-
tions arising from the presence of the coaly matter on the geo-
logical evolution of the central part of the Polish Zechstein Ba-
sin as well as on hydrocarbon generation in the KSS.

GEOLOGICAL SETTING

The KSS is a salt ridge extending NW-SE in central Poland,
developed from Zechstein evaporites deposited in the axial part
of the Polish Zechstein Basin (Fig. 1) — a sub-basin in the
Southern Permian Basin (Ziegler, 1990). The evolution of the
KSS was controlled by basement faults (Burliga, 1996a, b),
which is well-evidenced by the salt ridge geometry and asym-
metry in the thickness of Mesozoic deposits on the NE and SW
flanks of the KSS, imaged on seismic sections (Krzywiec,
2012). The evolution of the salt structure included two major
stages: lateral flow of Zechstein evaporites towards the rising
salt ridge and their vertical flow during growth of the diapiric
structure. The lateral stage initiated at least in the Early Triassic
and the upward flow of evaporites in the Middle Triassic at latest
(Burliga, 1996a). The salt structure pierced its cover in the Late
Triassic and extruded to the surface (Krzywiec, 2004). The
post-Triassic evolution of the KSS in the study area cannot be
restored in detail because the Polish Zechstein-Mesozoic Basin
inverted in the Late Cretaceous—Early Paleogene and erosion

removed almost all Mesozoic strata overlying the salt structure.
Based on the geometry and thickness of Jurassic and Creta-
ceous strata, noticeable on seismic sections on both flanks of
the ridge (Krzywiec, 2004, 2012), it can be concluded that this
diapiric structure was reactivated in the time span between the
Late Triassic salt extrusion and the inversion of the basin. The
KSS is covered at present by a horizontal sequence of Ceno-
zoic deposits. The above evolution implies that the Zechstein
deposits constituting the uppermost part of the KSS could never
be buried deeper than 2-3 km in their history.

The flow of salt led to complex shearing and folding of the
original sedimentary sequence, which resulted in fracturing,
boudinage, folding and overall disintegration of more competent
beds (shales, carbonates, sulphates). Currently, they occur pre-
dominantly as blocks within ductile rock salt and potash. Despite
intensive deformation, deposits of all four cycles (PZ1 to PZ4)
identified in the Polish Zechstein Basin (Wagner, 1994; Peryt et
al., 2010) are evidenced in the KSS (Fig. 2). However, the beds
of the PZ1 cycle (Oldest Halite Na1 and Upper Anhydrite A1g)
and the basal shale-carbonate-sulphate series of the PZ2 cycle
(Stinking Shale T2, Main Dolomite Ca2 and Basal Anhydrite A2,
respectively) have been poorly evidenced in the structure. The
basal shale-carbonate-sulphate series of the PZ1 cycle (Kupfer-
schiefer T1, Zechstein Limestone Ca1, Lower Anhydrite A1d)
has not been evidenced at all (Burliga et al., 2005). The sul-
phate-shale-carbonate-sulphate complex, separating the Na1
and the Na2, is tectonically extremely distorted and, if occurs,
only isolated remnants of shale or anhydrite beds ranging from
millimetre to a few metres in size are preserved (Burliga et al.,
2008). So far, there have been only a few locations documented

in the KSS where the Ca2 deposits are present. The
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samples for this study were collected from two bou-
dins consisting of almost complete series, entrapped
in rock salt of the PZ1 and PZ2 cycles. The sampling
locations are referred to as Site 1 and Site 2
(Fig. 2A). In Site 1, the boundaries between anhyd-
rites, shales and carbonates are planar in the sam-
pling area and the sedimentary series appears to be
very weakly deformed, although the beds have ro-
53N tated to vertical arrangement during salt diapirism.
The maximum horizontal extent of this boudin is
~200 m and its vertical extent is ~100 m (Fig. 2B).
The geometry and dimensions of the boudin in Site 2
are not known because the beds are only partly ex-
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posed in one gas outburst cavern. The

A1g-T2-Ca2-A2 beds are steep to vertical and

show variable deformation in this location. The Stink-
51N

Fig. 2. Location of sampling sites in the Ktodawa
50N Salt Structure

Bl diapiric salt structures A — map showing a lithologic depth slice at 600 m below
Bl salt structures the surface; sites 1 and 2 are located 680 and 572 m be-
) ) low the surface, respectively, in rock salt anticlinoria sep-

[ Zechstein Basin (cycles 1-4) arated by a synclinorium built of PZ3-PZ4 deposits; B —
[ sub-Zechstein basement 050 100 km lithological map of level 690 in the area of Site 1, with lo-
) ) . \ \ cation of sampling site; the beds are (sub)vertical in the
boundaries of Zechstein cycles 1-4:7¢, PZ1 e PZ2 Pz 3 Pz 4 boudin and extend over a distance of ~100 m; the gallery

cross-cutting the A1g—A2 series (indicated as X-Y line)

Fig. 1. Location of the Klodawa Salt Structure in relation

to the Polish Zechstein Basin

Limits of Zechstein cycles after Wagner (1998),
salt structures after Lockhorst (1998)

is located 10 m above the depth slice shown on the map;
C - lithostratigraphic column along section X-Y in B;
cross-section across the KSS and relative location of
sampling sites; the sampling sites are located in large-
scale salt anticlinoria (secondary diapirs) separated by a
synclinorium built of PZ3—-PZ4 deposits; maps and sec-
tions after Burliga et al. (2005, modified)
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ing Shale and Main Dolomite beds show boudinage in a smaller
scale and these subordinate boudins are displaced along local
faults. The A1g and A2 anhydrites are more ductile than shales
and dolostones, thus, they conformed to the boudins geometry,
which resulted in folding of anhydrite layers adjacent to the shale
and dolostone beds. Despite significant tectonic deformation, the
A1g-T2-Ca2-A2 beds maintain their original superposition.

At present, the two boudins are more than 2 km apart in a
map view (Fig. 2A), but the original distance between the inves-
tigated sections of the A1g—A2 series is enigmatic. Taking into
account that the sites are located in opposite flanks of the salt
structure (note the PZ3—-PZ4 complex separating the sampling
sites in Fig. 2D), within a complexly folded salt series, the dis-
tance between the sampling sites could be even in a range of a
few kilometres prior to halokinesis.

SAMPLES AND METHODS

In spite of large dimensions of the boudin in Site 1, only one
gallery crosscuts the complete bed sequence (Fig. 2A, B), thus
the veins containing the coaly matter could be sampled in one
location. The A1g-T2—Ca2-A2 deposits are generally ex-
cluded from excavation because they commonly host hazard-
ous gases (Burliga et al., 2008). The coaly matter was sampled
in the mine gallery walls and roofs located at a depth of 680 m
below the surface in Site 1 and from the wall and roof of the out-
burst cavern exposed at a depth of 572 m below the surface in
Site 2 (Fig. 2). In both sites, there are a few generations of
extensional veins, varying in mineral composition. The coal-
bearing veins are unique: apart from the coaly matter, they are
built of calcite and fluorite as the main mineral phases, with
anhydrite and halite as the subordinate ones (Madej et al.,
2011). They are cut by other generations of veins, composed of
halite and anhydrite. None of these younger veins contains
coaly matter or calcite-fluorite paragensis.

The veins enriched in coal occur exclusively in the T2 and
Ca2 strata and they appear to extinguish at the contacts with
the Upper and Basal Anhydrite beds. The thickness of the
T2Ca-2 strata is ~3 m in both sites. The longest veins crosscut

the whole shale-dolostone series and their maximum thickness
is ~5 cm. Most of the veins are, however, traceable over a dis-
tance of a few centimetres to 1 m and their thickness ranges
from ~1 to ~5 mm. The weakly deformed beds in Site 1 contain
only few veins that are planar or lens-shaped in a cross-section
(Fig. 3). In Site 2, the dolostone bed is locally brecciated and
healed with calcite-fluorite veins, therefore, apart from individ-
ual planar and lens-shaped veins, a complex vein network lo-
cally occurs.

Due to dispersal of the coaly matter in veins, the carbon-rich
material was extracted from several veins at each site and such
bulk samples were labelled as sample 1 in Site 1 and sample 2
in Site 2. Although this study is focused on analysis of the coaly
matter from veins, a sample of weakly cemented shale (Stinking
Shale) was also collected at Site 2, in order to compare the dis-
persed organic matter (DOM) in the host rock with the vein ma-
terial. Therefore, the sample 2 is distinguished into 2a for the
vein material and 2b for the host rock matrix. The material was
extracted from the rocks with use of a hammer and chisel,
wrapped in aluminium foil and isolated in plastic bags.

In the laboratory, the coaly matter specimens were embed-
ded in epoxy resin and the mounts were polished with 1 ym dia-
mond powder at room temperature. Petrographic composition
of the coaly matter and random (mean) reflectance were mea-
sured according to the standard procedures (ISO 7404-2,
7404-3, 7404-5 and recommendations based on the standard-
ization by the ICCP), with use of a photometer-equipped micro-
scope. Non-drying immersion oil with a refraction index n =
1.518 (at 21 to 23°C and 546 nm wavelength light) was used for
the microscopic analyses. The standard magnification was opti-
mal for measuring reflectance in the samples (x450). To mea-
sure the amount of reflected light, the microscope photometer
was calibrated according to the standard procedures presented
by Stach et al. (1982). Each calibration performed in this study
employed one of these standards: yttrium-garnet (R = 0.904%)
and gadolinium—gallium—garnet (1.719%).

Pyrolysis analyses of specimens were carried out on a
Rock-Eval Model Il instrument equipped with an organic carbon
(TOC) module. The samples were heated at 25°C minute™ in
N2 and O, up to 650°C. Stable carbon isotope analyses were

Fig. 3. Analytical material

A — Site 1: extensional veins in Stinking Shale deposits containing coaly matter (dark vein infill) and fluorite-calcite paragenesis (noticeable
mainly as a whitish rim at the contact with the wall-rocks); the coal is entrapped in pores between calcite and fluorite crystals and fills the cen-
tre of the vein; a younger vein extending at the top of the image is built of halite and contains no coal and fluorite; B — Site 2: coaly matter in
veins in Main Dolomite dolostone; fluorite and calcite also occur at the contact with the wall-rock
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determined on-line, using a Finnigan Delta mass spectrometer
coupled with a Carlo Erba 1108 elemental analyser. The com-
position of stable carbon isotope is presented as the §"*C-nota-
tion relative to PDB, with analytical precision of ~0.2%e.

RESULTS

PETROGRAPHY OF COALY MATTER

The coaly matter sampled from veins at the two sites of the
KSS is identical under naked-eye inspection. It occurs as very
fine grains and as isometric or elongated chips and clasts ex-
ceeding 4 mm in length. It is black with intense glassy lustre and
black streaks (the colour of powdered coal). The coaly matter is
very brittle, showing irregular or conchoidal fracture, either with
no remarkable basal cleavage or with subtle concentric cleav-
age. Its density measured with use of the pycnometer method is
1.45 Mg/m3. Microscopic inspection of samples 1 and 2a shows
that the chips of coal have an isometric or elongated habit and
possess sharp edges. Some of the coal assemblages are ex-
tremely elongated, occurring as thin coatings on mineral grains
or as veinlets in clays (Fig. 4). They also occur inside minerals,
in particular in halite, following cleavage planes. Both veinlets
and intra-crystalline coal assemblages are fractured and locally
extended into en echelon trails (Fig. 4).

Coal in the veins is composed of a mixture of collotelinite
and a maceral resembling micrinite, which appear as a
microgranular mosaic (micrinite is <1 ym) with irregular con-
tours (Fig. 4). In some grains, micro-scale elongated areas of
varying concentration of micrinite — ranging from dispersed
grains to concentrated or pure micrinite ones — are also ob-
served on the surface. Micrinite is very bright in reflected light
(random reflectance ~1.60%), isotropic and shows higher relief
than collotelinite, which indicates a higher microhardness. Both
macerals do not display fluorescence in blue reflected light. The
DOM from shales (sample 2b) is distinctly different to vein ma-
terial. It is fine-grained (<0.1 mm) and, in optical analysis, it
mostly displays the features of semifusinite and fusinite with mi-
nor vitrinite. The vitrinite seems to be darker than collotelinite in
the chips and clasts from veins in sample 2a.

RANDOM REFLECTANCE OF THE COAL MATTER

Structural heterogeneity of the collotelinite surface demon-
strated by the occurrence of fine micrinite assemblages results
in uncertainty of random reflectance measurements, which is
due to high contrast in brightness between these macerals. Be-
cause the smallest area of measurement with the reflectometer
is ~7.1 um?, the obtained mean reflectance values in each mea-
surement area represent an average for the variable content of
collotelinite and micrinite an individual location. The measured
values of random reflectance have a relatively wide range for
each measurement series, i.e. between 1.2 and 1.6% for sam-
ples 1 and 2a (Fig. 5).

The mean random reflectance values for coaly matter from
veins are 1.40% (sample 1) and 1.38% (sample 2a), fulfilling
the ICCP Standard of standard deviation below 0.06% (Table
1). A reflectogram record with use of 1/2v-stadium shows two
modal values, which are very distinct in sample 2a, with the
maxima at 1.31 and 1.41% (Fig. 5A), and less distinct in sample
1 with modals at 1.33 and 1.43% (Fig. 5B). The random
reflectance value of vitrinite in sample 2b (DOM) is 0.82% and

its reflectogram is unimodal with right-skewness (Fig. 5C). We
think that it results from the occurrence of discrete areas with a
stable concentration of micrinite, which can be related to initial
variability in the chemical structure of source material (differ-
ence in bitumen type).

ROCK-EVAL PYROLYSIS, ISOTOPE
AND CHEMICAL ANALYSES

Rock-eval analyses were carried out on coal chunks from
veins. The results are listed in Table 2. The samples show simi-
lar characteristics: high Trax values, increased TOC content, in-
creased values of hydrocarbons (S1 and S2 parameter) and the
dominance of hydrocarbons over oxygen-containing com-
pounds (S2/S3 parameters are 5.7 and 6.1 for samples 1 and
2a, respectively). The hydrogen (HI) and oxygen (Ol) index val-
ues are also comparable between the samples. Stable carbon
isotope analysis was carried out on sample 1 and indicates the
8"*C content of 26.3%o in coaly matter (Table 2). Analysis of ele-
ment composition of sample 1 shows that the coal is composed
of C*'=86.9 wt.%, H*'= 4.6 wt.%, N =2.1 wt.% and S® = 4.53
wt.% (Czechowski et al., 2011).

DISCUSSION

The most characteristic petrographic feature of the coal
from veins in the KSS is the occurrence of a mosaic mixture of
collotelinite and maceral-resembling micrinite. Similar micrinite
was evidenced in various coal deposits. Teichmuller (1974)
found it in meta-lignite from the Moscow coal deposits, whereas
Stach et al. (1982) — in low-rank bituminous coal. It was also ob-
tained under laboratory conditions in response to heating of
coal. Nandi and Montgomery (1967) generated micrinite during
soaking of coal and they pointed to high thermolability of
micrinite. Koch (1970) described similar micrinite aggregates
on the surface of resinite and alginite in ortho-lignite after heat-
ing coal in an autoclave at 350°C. Those works show that al-
though the collotelinite-micrinite mosaic is not diagnostic for a
specific type of source material, it seems to be indicative of a
specific stage of coalification of organic matter. The above au-
thors associate the generation of micrinite during thermal trans-
formation of macerals of the liptinic group (resinite, bituminite,
alginite as well as sporinite) with the second coalification jump in
the sapropelic coaly series. This process is well-evidenced in
natural coal, in which its role increases at the final stage of
catagenesis, when macerals of the liptinite group transform into
vitrinite, i.e. they only depict the features of macerals of the
vitrinite group. The lack of fluorescence effects in the coal from
veins in the KSS confirms that the analysed organic matter has
passed the second coalification jump. Identical micrinite mosaic
in collotelinite at expense of disappearing macerlas of the
liptinite group was also obtained by Wagner (2012, unpub-
lished) in response to heating of ortho- and meta-lignite, and
low-rank bituminous coal in the presence of water at 360 and
380°C during 72 hours. In addition, this process led to a variable
fission yield of fluid and gaseous hydrocarbons. The latter ex-
periment shows that such a collotelinite-micrinite mixture can
originate at a very short period of time, provided that favourable
thermal conditions occur.

The petrography and reflectance values of coaly matter
from veins in the KSS point to a high rank of the coal. However,
it is not possible to estimate the temperature of coalification
based on these reflectance values because the random refle-
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Fig. 4. Microphotographs of coalified bitumens

A, C, D — mosaic patterns of collotelinite (grey) and micrinite (whitish dots and worm-like patterns in greyish domains) in
veinlets and intergranular assemblages (Sample 1); B — destruction of coal assemblage by epigenetic growth of euhedral
mineral crystals (Sample 1); E, F — fractured veinlets of coaly matter in shale from Site 2 (reflected light, parallel

polarizers); bitumens are greyish, mineral phases are black

ctance was determined on mosaic surfaces of collotelinite and
micrinite, which are not suitable for the assessment of the true
rank of the coal. The variable content of micrinite is extremely
unfavourable in such an assessment due to its lack in low-rank
and high-rank coal, as well as due to its variability in chemical
properties, being dependent on micrinite genesis/origin.

The reflectogram records with two modals (Fig. 5A, B) indi-
cate that there was initial variability in the chemical structure of
source material (difference in bitumen type), which resulted in
the occurrence of discrete areas with a stable concentration of
micrinite. Comparing the modals — both mean and local
reflectance — a very insignificant shift by 0.02% is noticeable be-
tween samples 1 and 2a. The distribution is left-skewed (Table

1), implying unusually rapid changes in coalification in relation
to carbogenesis observed in most coal deposits.

The high rank of the coal is confirmed independently by the
results of chemical and Rock-Eval analyses. The ratios be-
tween the main elements of coal, i.e. H/C and O/C, determined
by chemical analysis (Fig. 6), locate the sample in the field of
catagenetic transformation (Krevelen, 1950). The random refle-
ctance of the organic matter calculated on the basis of C, H and
O contents in the coal indicates reflectance of R’ =
1.38-1.40%. Such a reflectance value points to destruction of
hydrocarbons generated from the source rock. In coal petrol-
ogy, this is linked with a vitrinization/graphitization process
termed as the second coalification jump.



Coalified bitumens from the Ktodawa Salt Structure (central Poland) 561

A R =1.43%
80— Sample 1 stdv = 0.05
60

n,= 546 nm
24°C =1.518

40

20

0
12 1.24 1.28 1.32 1.36 1.4 1.44 1.48 152
R’ =[%]
B Sample 2a R'=1.41%
stdv = 0.06
40-
30
< 20 n,= 546 nm
= 24°C = 1.518

104

1.2 1.24 128132 1.36 1.4 1.44 1.48 1.52 1.56
R’ =[%]

C sample2b

10
R’ =0.82%
] stdv = 0.09
8_
X A n,= 546 nm
= 24°C = 1.518

0.6 0.640.680.720.76 0.8 0.84 0.88 0.92 0.96 1
R’ =[%]

Fig. 5. Reflectograms of coaly matter
from the KSS

A — Sample 1; B — Sample 2a; C — dispersed organic
matter from Sample 2b; R’ — random reflectance; R} —
random reflectance; stdv — standard deviation

Table 1

Averaged reflectance parameters of coaly matter
from veins and wall-rocks

Random
Sample Standard Amount of
code refle%?nce deviation | measurement | Skewness
1 1.40 0.05 142 -0.9614
2a 1.38 0.06 91 —-0.1836
2b 0.82 0.10 35 0.5979

In the Rock-Eval analyses, the high rank of the coal from
veins is primarily indicated by high Tnax values and increased
TOC content (Table 2). The content of TOC is, however, dis-
tinctly lower than C* content shown by the element composi-
tion analysis and this is an additional indication on the high rank
of the investigated coal. The relatively high content of TOC cor-
relates with increased values of hydrocarbons (S1 and S2), de-
spite coalification of the material.

The rank of the coal from veins indicated by Ty values
suggests late-phase thermal destruction of liquid hydrocarbons
and the beginning of thermogenic processes corresponding to
the wet-gas phase (Peters, 1986). Although it is difficult to as-
sess unequivocally the kerogen type based on geochemical in-
dices, i.e. the Hydrogen Index (HI) and Oxygen Index (Ol)
(Fig. 7), it seems that type Il is the most likely kerogen type.
However, since the points are located near the origin of the dia-
gram (Fig. 7), the genetic type of the kerogen cannot be con-
vincingly identified (Dembicki, 2009).

Coexistence of different macerals in the host rocks and veins
(macerals in the type of semifusinite and fusinite with minor
vitrinite vs. collotelinite and micrinite) and contrasting difference
in random reflectance between the DOM in shales and the coal in
veins (0.82% vs. 1.38-1.40%) indicate that organic matter in
wall-rocks and veins has undergone heterogeneous heating. We
assume that the random reflectance value of 0.82% for the DOM
from shales demonstrates the maximum burial maturity of OM in
the Stinking Shale. In terms of hydrocarbon generation, it points
to an early phase of liquid hydrocarbon generation. Because the
high-rank coal occurs in veins which developed due to a tectonic
event (fracturing of shales and dolostones), the circulation of hot
fluids along a fissure system seems the most plausible mecha-
nism for the observed thermal heterogeneity. Hydrothermal fluids
related to igneous intrusions or fault zones are known to intro-
duce anomalies in maturity of organic matter in various geologi-
cal settings (e.g., Simoneit et al., 1986; Galushkin, 1997; Losh et
al., 1999; Lampe and Person, 2000; Othmana et al., 2001). The
above authors showed that organic matter in veins displays
much higher maturity than wall-rocks, and that the maturity de-
creases with the distance from the heat source. In the KSS case,
coalification of bitumens is observed only in veins, implying that
hot fluids had a limited ability to penetrate the weakly permeable
matrix of the host rock, but could migrate along fractures. Such a
distribution of high-rank coal allows for drawing two major conclu-
sions about the nature and conditions of the hydrothermal event.
Firstly, hydrothermal fluid migration was a relatively short-lived
event because it could not heat the whole bed, despite drastic al-
teration of bitumens along the conduits. Secondly, the
clays/shales must have been dry or lithified prior to the hydrother-
mal event, in order to enable the development of extensional
fractures in shales and dolostones which were used by migrating
fluids and filled with coaly matter and epigenetic minerals. The
calcite-fluorite paraganesis occurring in the veins with high-rank
coal supports the concept of hydrothermal influx to the Stinking
Shale and Main Dolomite beds, because a prolific source of fluo-
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The results of Rock-Eval and §"°C isotopic analyses of coaly matter from veins

Table 2 gpectively). Although the actual timing

of the hydrothermal event cannot be
assessed, the above structural con-
straints limit its occurrence to the Late

Sample | TOC | Tmax | S1 S2 S3 HI Ol 8% Zechstein-Early Triassic time span.

code (%] | [CI | Img/g] | [mg/g] | [mg/g] | [mg/g TOC] | [mg CO2/g TOC] [eo] Rim synclinesy on seismic sectFi)ons
1 14.6 | 474 6.4 17.7 3.1 121 20 -26.3 across the KSS area (Krzywiec, 2004,
2a 152|470 | 68 | 208 | 34 138 23 - 2012) show that the upward flow of

rine is required for fluorite crystallisation. This mineral has been
found so far exclusively in veins in the T2—Ca deposits in the
KSS. It is rather unlikely that the high concentration of fluorine is
related to residual brines and to an episodic, unusual change in
the chemistry of sea water in the Zechstein Basin during the de-
position of this shale-dolostone series. Taking into account that
coalification of bitumens is observed in boudins separated by a
distance of a few kilometres, it suggests that the hydrothermal
event took place before the T2—-Ca2 beds lost their continuity, i.e.
prior to the isolation of the boudins by salt in interboudin necks.
Rock salt is very weakly permeable, therefore the circulation of
fluids between isolated boudins is extremely unlikely. On the
other hand, the vein system evidences bed extension, therefore,
the hydrothermal event must have occurred after initiation of de-
formation of the Zechstein salt series and can be linked with the
initial stage of boudinage of the most competent beds amongst
the Zechstein series, i.e. of shale and carbonate beds. The
anhydrite beds, underlying and overlying the T2—-Ca2 beds, are
less competent than shales and carbonates and, moreover, the
whole sulphate-shale-carbonate-sulphate bed complex was un-
derlain and overlain by ductile rock salt beds (Na1 and Na2, re-
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The sample locates in the field of late catagenesis;
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salt to a diapiric structure started in the
Middle Triassic, thus the A1g—A2 bed
must have become discontinuous by that time.

The hydrothermal event is most probably related to the ac-
tivity of the fault located in the basement under the KSS, trig-
gered by regional extension, which prevailed in the Polish
Zechstein and Mesozoic basins from the Zechstein until the
Late Cretaceous (Dadlez et al., 1995; Dadlez, 2003; Krzywiec,
2004, 2012). The distribution of sedimentary facies in the
Zechstein Basin (Wagner, 1994) indicates that basement faults
were active during deposition of the Zechstein evaporitic series.
The contrasting difference in the thickness of Middle and Upper
Triassic deposits on the NE and SW flanks of the KSS (~1 km
difference; see seismic sections in Krzywiec, 2004, 2012) im-
plies that a normal basement fault under the salt structure was
particularly active in the Triassic. The extension of the base-
ment could open conduits for hot fluids to enable their injection
under extremely high fluid pressures into the only permeable
bed within the Zechstein salt series. A scheme of the events is
presented in Figure 8. We can only speculate on the pathways
for hot fluids in the Na1 rock salt bed, because no convincing
evidence on their existence has been found so far. Such path-
ways could, however, be obliterated due to flow of rock salt and
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< » pressurized, hot fluids migrating along a basement fault
"= = and in evaporite beds

@ fractured and brecciated shales and dolostones

- anhydrites

rock salt

- basement rocks

Fig. 8. Schematic model of hot fluid injection into shales
and dolostones overlying the Oldest Halite rock salt bed

The extension of the basin and growth of a normal basement fault
initiated rock salt flow and boudinage of more competent anhydrite,
shale and dolostones beds. Relative variation in competence be-
tween the latter rocks led to brittle fracturing of the most competent
shale-dolostone beds, whereas the underlying less competent thin
anhydrite bed was pinched out or budinaged locally. Because the
most ductile oldest rock salt bed became thinned above the base-
ment fault ramp during the fault growth, pressurized hot fluids mi-
grating along the basement fault zone could locally dissolve rock
salt and penetrate fractured shales and dolostones. The thick
anhydrite bed above these fractured rocks was not boudinaged at
the time of coalification of hydrocarbons; it constituted an effective
seal. The whole complex of competent beds was progressively
folded and boudinaged at later stages of the KSS development, af-
ter the entrapment of coal in veins

dynamic recrystallisation of halite. Analogue models of salt flow
above the basement fault show that rock salt beds can be ex-
tremely thinned out above the basement fault ramp (see Burliga
et al., 2012), which could facilitate penetration of hot fluids into
fractured shales and dolostones. Overpressured hot fluids mi-
grating from the deep basement could lead to localised dissolu-
tion of salt, fracturing and resealing of the salt bed. The repeti-
tive dilation and sealing of rock salt beds in response to migra-
tion of hot fluids was evidenced by Schoenherr et al. (2007a, b)
in a similar rock salt-carbonate stringer setting, and thus similar
processes could also operate in the KSS region. Alternatively, if
the hydrothermal event took place at a relatively shallow burial
depth of the Zechstein series, the rock salt could deform as a
brittle or semi-brittle rock and a system of fractures could also
develop in the rock salt bed, being sealed at later stages of rock
salt deformation.

We cannot determine unequivocally the origin of the bitu-
mens. Because the high-rank coal has been observed so far
exclusively in the T2-Ca2 beds, it can be assumed that hot flu-
ids did not carry bitumens from deeper sedimentary formations
(e.g., Carboniferous), but contributed to their generation and

coalification within the organic matter-rich Z2 shale and carbon-
ate beds. On the other hand, we cannot exclude that some bitu-
mens were carried with fluids from deeper levels. The lack of
high-rank coal in the matrix of the host rocks indicates fast mi-
gration of hot fluids along the network of fractures and their rela-
tively rapid cooling, as well as temperature equilibrium within
the shale and carbonate beds. The temperature of hot fluids is
enigmatic, however, the high rank of coal indicates that the tem-
peratures were probably over 200°C. The in situ generated bitu-
mens and coal were probably distributed along fractures and
then deposited in fissures after flow velocity dropped or their in-
flow ceased.

CONCLUSIONS

The investigated coaly matter from the KSS shows petro-
graphic and geochemical characteristics of mixed vitrinite-iner-
tinite (meta-humic) high-rank coal. Based on the measurements
of random reflectance values (R’ in the range of 1.38-1.40%
and locally even 1.60%) and element composition, the coaly
matter is comparable to meta- and para-bituminous coal.

The coaly matter most probably originated from liquid bitu-
mens which were extracted and generated in a local source
rock from dispersed organic matter. The Stinking Shale rocks
which have high TOC values and host veins and veinlets with
coal are the best candidate for their source. The liquid hydrocar-
bons must have been incorporated by the hydrothermal fluids
entering the shale and carbonates via a fracture network — the
conduits for hottest fluids — where the bitumen coalified and ob-
tained the characteristics typical of late catagenetic alteration of
organic matter. This alteration can be assessed as advanced
vitrinization and the beginning of graphitization of bitumens,
which is a poorly recognized process defined as the second
coalification jump. These processes must have been episodic
and ephemeral because the analysed material does not show
features of thermal alteration of bitumens as a result of normal
burial alteration. This is implied, among others, by much higher
reflectance of coaly matter from the KSS than that of anthra-
xolites or kerites (e.g., Szafran and Wagner, 1999). Physico-
-chemical properties of the analysed matter are similar to those
of high-rank coal of metahumic type.

The coalification of bitumens is limited to an early stage of
tectonic deformation of the Zechstein salt series (Late Permian
or Early Triassic). It most probably occurred during (sub)hori-
zontal flow of rock salt, which was induced by regional exten-
sion and normal displacement on the basement fault. The ex-
tension led to fracturing and boudinage of the most competent
shale-carbonate beds of the second Zechstein cycle, which
opened conduits for hot and pressurized fluids migrating along
the basement fault area.
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