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A b s t r a c t :  Kerogen maturation and smectite illitization in shales 
from deep boreholes are studied using geochemical analyses and 
Lopatin’s method of burial and thermal history reconstruction. The 
boundaries between the immature, hydrocarbon generation, crack­
ing, and dry gas zones are traced in regional sections and maps. 
Kerogen maturation and smectite dehydration are confronted with  
the zone of overpressured fluids. The area of relatively better 
conditions for hydrocarbon generation throughout the basin evolu­
tion is showm.

Р е з ю м е :  На основе моделирования термической истории мето­
дом Лопатина, анализов созревания органического вещества и 
трансформации смектита в иллит определена катагенетическая зо­
нальность в неогеновых осадках Восточнословацкого бассейна в ре­
гиональных разрезах и картах. Характеризована область с относи­
тельно лучшими условиями для образования углеводородов в рамках 
развития бассейна. Образование углеводородов и дегидратация 
смектита оказывают связь с аномально высокими пластовыми дав­
лениями.

Introduction

The East Slovakian basin has been explored for more than  30 years for 
petroleum and several pools are producing economical amounts of gas. Drilling 
to greater depth brings technical problems because of high tem perature (200 °C 
at 4 km depth) and anomalously high fluid pressure ( R u d i n e c ,  1969, 1974, 
1976, 1978b). In this paper hydrocarbon prospects of the deeper parts of the 
basin and of different areas are evaluated on the basis of characterization of 
diagenesis and catagenesis of rocks, their hydrocarbon source potential and 
delineation of the space in profiles and maps where the  relatively most intensive 
hydrocarbon generation may be expected.

Organic geochemical methods are used to study m aturation of kerogen (in­
soluble organic m atter dispersed in rocks) and its conversion to hydrocarbons 
and residual kerogen. This concept of V a s s o e v i c h et al. (1969), T i s s o t  — 
W e l t e  (1978), H u n t  (1979) and D u r a n d  (1980) searching where and w hen 
the “principal phase of hydrocarbon form ation” took place in a basin is 
followed in this paper.

Clay m ineral transform ations during diagenesis and catagenesis are attended 
by dehydration which was often believed to play an active role in hydrocarbon
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migration from source rock ( B u r s t ,  1969; P e r r y  — H o w e  r, 1972; K l u ­
b o v á ,  1973; V a s s o e v i c h  et al., 1975; B r u c e ,  1984). Our study of smectite 
illitization shows another catagenetic indicator of the stage of postdepositional 
evolution of pelites.

The present stage of rocks in borehole section is characterized by analyses. 
At attem pt to show a dynamic image of processes of alterations w ithin basin 
evolution which led to the present stage, the tim e-tem perature modeling of 
L o p a t i n  (1971) and W a p 1 e s (1980) is applied.

Geological setting

The] East Slovakian basin (Fig. 1.) is the w estern part of the Transcarpathian 
depression which is a prom ontory of the Pannonian basin in NE direction to 
the C arpathian arc. The present shape was formed m ainly during a fast 
subsidence in the Late Badenian until Pannonian w ith associated form ation of 
synsedim entary faults and extensive volcanic activity. Paleogeographic and
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Fig. l. Morphology of the basement in km below sea level of the East Slovakian 
Neogene basin (Czechoslovak part of the Transcarpathian depression) after R u d i -  
n e с (1986) and the studied boreholes. Lines 1 and 2 are sections in Figs. 17. and 18. 
Legend: 1 — basement outcrops; 2 — contoures of volcanic mountains; 3 — depth 
below sea level; (+ ), (—) — local elevations or depressions; 4 — border-line of CSSR; 
5 — boreholes: AL — Albínov, BU — Bunkovce, ČI — Čičarovce, IN — Iňačovce, 
LA — Lastomír, LO — Ložín, MI — Michalovce, PA — Pavlovce, PR — Prešov,' 
PT — Ptrukša, Re — Rebrín, ST — Stretava, ТВ — Trebišov, TH — Trhovište’ 
VY — Vysoká, ZA — Zatín.
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structural evolution was described by R u d i n e c  — S l a v i k  (1973), C v e r č -  
k o  (1977), R u d i n e c  (1978a), G a š p a r i k  (1979), R u d i n e c  et al. (1981). 
The lithostratigraphic section of the Neogene in this basin shown in Fig. 2. 
is modified after R u d i n e c  et al. (1981), R u d i n e c  (1983) and includes the 
latest radiom etric ages (V a s s et al., 1987).

Fig. 2. Lithology, stratigraphy and facial 
evolution of the Neogene in the East Slo­
vakian basin ( R u d i n e c ,  1983). Absolute 
ages are in mil. years (V a s s et al.

1987).
Lithology: 1 — conglomerates; 2 — sand­
stones; 3 — shales; 4 — marls; 5 — 
evaporites; 6 — stratovolcanoes; 7 — coal 
seams.
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Following features are typical of the East Slovakian basin :
— regional evaporitic s trata  on the base of the Upper K arpatian and in the 
Middle B adenian;
— extensive volcanic activity which was from the Eggenburgian till the Sar- 
m atian mostly acid and from the Badenian till the Pannonian mostly in ter­
mediate ;
— oxidizing facies of the Upper Karpatian.

Sedimentation ra te  reached in the East Slovakian basin maximum later than  
in other molasse basins of the West Carpathians ( V a s s  — Č e c h ,  1983; V a s s 
et al., 1988). Maximal thickness of the Neogene filling is of about 7—8 km 
(Fig. 1.) ( M o ř k o v s k ý  et al., 1986).

The most distinct a ttributes of the East Slovakian basin are very high heat 
flow (82—113 mW m-2) ( Č e r m á k ,  1983; K r á ľ  et al., 1985) and average
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geothermal gradient (40—54 mK m !). In the central and SE part of the basin 
there is tem perature of 200—209 °C at depth of 4 km (R u d i n e c, 1976, 1984a, 
b, 1986).

Ď u r i c a  et al. (1979) and D u r i c a  (1982) deduce from mineralogical 
analyses on recent m etam orphism  of zeolite facies at depth of 3—4 km.

In a more detailed study of clay minerals K r a u s  — Š a m a j o v á  (1973, 
1978) distinguished volcanic and nonvolcanic type of montmorillonite according 
to different ability to fix potassium irreversibly. Using this characteristic 
together w ith m ineral association and trace element content they reconstructed 
m aterial input from different source areas (volcanites, flysch belt, Mesozoic 
of Humenné, Paleozoic) in the sedim entation cycles of Neogene. In the whole 
East Slovakian basin they observed transform ation of m ontmorillonite (smectite) 
to illite in a critical depth in terval of 1.5—1.8 km. In evaporitic strata  they 
found mixed-layer minerals illite-montm orillonite as products of diagenetic 
alteration of m ontmorillonite from volcanic glass.

Franců — Milička (1988) studied smectite illitization and organic m aturation 
in four selected boreholes in the East Slovakian basin and concluded tha t in 
im m ature and early m ature stages of source rocks diagenesis and catagenesis, 
the index of crystallinity of illite (K ü b 1 e r, 1967) characterizes the detrital 
inherited illite or mica ra ther than  degree of postdepositional alteration. Also, 
this index strongly depends upon the relative amount of detrital illite and 
newly formed illite/smectite in the analyzed sample. Consequently, the expan­
dability of illite/smectite is studied in the present paper as a more reliable 
catagenetic indicator.

Previous petroleum geochemical studies

Hydrocarbon accumulations of economic importance are situated mainly in 
the E and NE part of the East Slovakian basin (Fig. 19). Hydrocarbons are 
gaseous w ith a m inor content of condensate up to 120 g/Norm . m3 of gas (gas 
field P t r u k š a ,  Fig. 1.) or 250 g /N orm . m3 of gas (Stretava) ( R u d i n e c ,  
1976b; D u r i c a ,  1982).

Decrease in m ineralization of form ation w aters in the East Slovakian basin 
was presented as an evidence of change of paleosalinity from m arine facies 
through brackish to freshw ater facies (Fig. 2.) by M i c h a 1 í č e к (1970). Paleo­
salinity changes were proved also by K r a u s  — Š a m a j o v á  (1978) on the 
basis of В and Sr content in clay minerals. Š im  á n e k  (1963, 1965, 1966, 1968, 
1975) and D u r i c a  et al. (1980) concluded following inform ation from organic 
geochemical research:
— the Badenian and Lower Sarm atian strata  have relatively the best source 
properties, in global scale, however, they are not very rich source and may 
produce ra ther gas than  oil;
— coalification of organic m atter attains the stage of anthracite a t depth less 
th an  4 km ( K o c h  in D u r i c a  et al., 1980);
— at contacts w ith volcanic bodies coalification is anomalously increased.

These authors pointed out the close linkage of therm al alteration of kerogen,
hydrocarbon formation and parallel m ineral transform ations. This orientation 
is followed also in the present study.
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Aims of this study

Both model and analyses were used to study hydrocarbon generation in the 
East Slovakian basin (Fig. 3.). First, the genetic type of kerogen and starting 
source potential of fine-grained rocks are characterized using chemical analyses. 
Then, degree of catagenetic alteration is estimated from  m aturation  indices as 
v itrin ite  reflectance R0 and tem perature Tmax of Rock-Eval pyrolysis. Stage 
of catagenesis is also determ ined by model including burial history and time- 
-tem perature index (TTI) calculation. Analytical and calculated indices are 
compared and if they fit w ithin a general correlation, or are acceptably close 
to it, we consider the determ ination of m aturity  to be quite reliable. In such 
case the modeled reconstruction of burial and therm al history is used as a part 
of geochemical interpretation indicating when the favourable therm al con­
ditions to hydrocarbon generation w ere reached and w hat was the m aturation 
rate.

Fig. 3. Geochemical analyses and model­
ing used in this study of hydrocarbon 

generation in the sedimentary basin.
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If the numerical result of model (TTI) does not correspond to analytical 
indices, we check possible errors either in analyses or in some of the geo­
logical data entering the model. Erosion and changes in geotherm al gradient 
throughout geological history are often weaker points in modeling. We try  to 
change the entering data w ithin admissible alternatives until we obtain 
agreem ent of model w ith  analyses.

Expandability of illite/smectite is believed to be an index of m ineral ca­
tagenesis. We examine its relation to tim e-tem perature index, i.e. to the total 
therm al exposure of rock. By comparing of the critical depths of smectite 
dehydration (illitization) and hydrocarbon generation, we aim at better under­
standing of possible interaction of these catagenetic processes and their links 
to fluid overpressure and migration.
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Methods

From cores of 17 boreholes shown in Fig. 1. fine-grained rocks were sampled. 
V itrinite reflectance R0 was measured distinguishing different m aceral groups 
and recycled organic m atter. Internationally accepted conditions were followed 
( S t a c h  et a l, 1975): monochromatic nonpolarized light of 546 nm, oil immer­
sion, photom etric field 2X 2 ^m, Leitz MPV 2 (J. F r a n c ů  analyst). Some 
details about vitrin ite population determ ination were m entioned in the previous 
works of F r a n c ů  — M ü l l e r  (1983) and F r a n c ů  (1986).

Organic and m ineral carbon in rock (Corg and Cmin) were determ ined by 
method of 5 m e r a l — U r b á n e k  (1986). Rock-Eval pyrolysis (E s p i t a 1 i é 
et al., 1977) was used to determ ine the concentration of free hydrocarbons: 
SI (mg HC/g rock) or FHC =  S l/C org (mg HC/g Corg), fixed hydrocarbons: S2 
(mg HC/g rock) or expressed as hydrogen index HI =  S2/Corg (mg HC/g Corg), 
and organic C 02 : S3 (mg C 02/g rock) or oxygen index OI =  S3/Corg (mg C 02/g 
Corg). Maximum pyrolysis tem perature Tmax (°C) is the peak of the signal S2 
and is used as indicator of stage of m aturation of kerogen in source rock. 
As a standard the m enilite shale was used ( S t r n a d  et al., 1981).

Clay mineral fraction (less than  2 ^m) was separated by sedimentation afte r 
ultrasonic disintegration. Oriented samples on glass slides (air-dried, saturated 
w ith ethylene-glycol by vapour method, and heated at 550 °C for 2 hours) 
were analysed by X-ray diffraction under following conditions: CuKa irra ­
diation, Ni filtered, 40 kV, 20 mA, slits 1—0 and 2—1, time constant 4, 
goniometer 2 °2Q m in-1 from 35 to 3 °20, chart speed 20 mm min-1, diffracto­
m eter Philips PW 1150/25 (B. T o m a n  and M. P l š k o v á  analysts). Minerals 
were determ ined after B r i n d l e y  — B r o w n  (1980), expandability of mixed- 
-layer minerals illite/smectite (I/S) were determ ined by comparison of measured 
diffraction patterns w ith computer-modeled diffraction profiles of R e y ­
n o l d s — H o w e r  (1970), D r i t s  — S a k h a r o v  (1976), R e y n o l d s  (1980), 
S r o d o ń  (1980, 1981, 1984) and S r o d o ń  — E b e r l  (1984). This method was 
explained also by J o h n s  — K u r z w e i l  (1979). Positions of diffractions 
at 5.21—6.8, 10.4—8.7, and 15.8—17.7 °2Q shown in Fig. 12. were taken as de­
cisive.

Selected clay fraction samples were analysed by therm ogravim etry (TG, 
heating ra te  20 °C m in-1, nitrogen, Du Pont 990, I. H o r v a t h  analyst) to 
quantitatively characterize the am ount of w ater released during dehydration 
up to 150 °C from expandable clay m inerals (Fig. 11.).

T im e-tem perature modeling of catagenetic alterations is based on assumption 
that coalification and kerogen m aturation is a complex physicochemical process 
which may be described by kinetic equations of first order mononucleous 
reactions (K a r w e i 1, 1956). Resulting product (e.g. v itrin ite reflectance) 
depends on therm al exposure of the reacting systhem (rock) which is a linear 
function of time and exponential function of tem perature. L o p a t i n  (1971) 
proposed a simple method showing how series of strata  were buried to depth 
and passed through subsequent tem perature intervals (Fig. 14.) and received 
partial "impulses of h ea t”. Total therm al exposure of rock called time-tem pe­
ra ture index (TTI) is sum of these partial impulses.

In our burial history diagrams we use simplified relationship of P e r r i e r  —
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Q u i b 1 i e r  (1974) to correct the present sedim entary layer thickness for 
compaction.

The L o p a t i n ’s method is explained by W a p l e s  (1980, 1984 and 1985) 
who tested it in different geological setting and presented correlations of TTI 
w ith  different catagenetic indicators.

Source rock quality

Source rock richness is controlled by prim ary accumulation of organic m atter 
in sediment and type of kerogen. Generally, the lower limit of to tal organic 
carbon Corg for an effective source rock is 0 .5%  D o w ,  1977; T i s s o t  —

Fig. 4. Histograms of concentration of 
organic matter in pelites of the Neogene 
units in the East Slovakian basin: Corg —  
total organic carbon in rock in mass per­
centage, n — number of samples in a po­
pulation, vertical axis has variable scale.

W e i t e ,  1978). Below this critical value hydrocarbons, it any generated, are 
so diluted tha t being adsorbed on clay m ineral surface they cannot m igrate 
from their host rock.

Histograms of to tal organic carbon content in shales and siltstones in main 
Neogene Stratigraphie units of the East Slovakian basin are shown in Fig. 4., 
comprising latest data as well as those of S i m á n e k, (1963, 1965). Badenian 
and Sarm atian pelites are relatively more favourable, although they are not 
very rich source rocks. Sediments of the Upper K arpatian  are often of oxidizing 
facies, Corg is generally less than  0.2 %  and as a source of hydrocarbons they 
are the least promissing.

Total organic carbon content itself does not guarantee good source potential. 
Rock containing high amount of inertinitic (prim arily oxidized), recycled or
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graphitic organic m atter may have no source potential ( T i s s o t  — W e l t e ,  
1978). Decisive property is hydrogen content in the macromolecule of kerogen. 
T i s s o t  et al. (1974) characterized th ree essential types of kerogen according 
to their atomic ratios H/C and O/C. Similar diagram  is shown in Fig. 5. 
(after E s p i t a l i é  et al., 1977) where hydrogen and oxygen indices (HI and 
OI) are used from Rock-Eval pyrolysis. Arrows show direction of chemical 
changes in course of m aturation of each type from im m ature to overm ature 
stages. Because of lower reliability of oxygen index of samples w ith Corg less 
than 1% , diagram  HI — Tmax ( E s p i t a l i é  et al., 1985) is used (Fig. 6.) to 
determ ine the kerogen type. Good oil-source rocks contain kerogen type I or II 
(lacustrine algal or planktonie marine). Neogene rocks from the East Slovakian 
basin contain humic type (III) of kerogen which is poorer in hydrogen (H/C 
less than  0.8 and HI less than  150, Figs. 5 and 6), and is derived from 
continental plant debris w ithout considerable microbial alteration. As observed
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Fig. 5. Evolution paths of three essential 
types of kerogen in a modified diagram 
of v a n  K r e v e l e n :  type I — algal, 
sapropelic, rich oil-prone, type II — ma­
rine, planktonie or mixed and rich in lip- 
tinite, major oil- and gas-prone, type III 
— humic, continental flora, gas-prone 
( T i s s o t  et al., 1974; E s p i t a l i é  et 

al., 1977).
Notes: HI — hydrogen index (mg HC/g 
Corg), H/C — atomic ratio transformed 
from HI after E s p i t a l i é  et al. (1977), 
OI — oxygen index (mg C 02/g Corg). 
Circles denote samples from the East Slo­
vakian Neogene basin.
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Fig. 6. Evolution paths of essential types 
of kerogen as decrease of hydrogen 
content (HI, H/C, see Fig. 5.) during 
increasing maturation (arrows) indicated 
by pyrolytic temperature Tmax ( E s p i ­
t a l i é  et al., 1985). Studied samples lie 

in the hatched area.
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in m any basins allover the world, this type of kerogen is not able to generate 
economic amounts of oil but it is a good source of gas and condensate (wet gas) 
( T i s s o t  — W e i t e ,  1978).

Presence of humic kerogen in the East Slovakian basin is confirmed also 
by microscopical observations. In the Upper K arpatian shales and siltstones 
kerogen is of inertinitic character and has hydrogen content below detection 
lim it of Rock-Eval pyrolysis. This unit has therefore poor source properties not 
only because of low organic carbon content but an unfavourable type of 
kerogen as well, w hat supports earlier conclusions of Š i m á n e к (1975) and 
D u r i с a et al. (1980). The Lower K arpatian, however, shows according to 
prelim inary evaluation more promissing character and should be given more 
attention in future studies.

Maturation indices
Catagenesis (or therm al diagenesis, R o b e r t ,  1988) of sedim entary rocks 

commences at deeper burial below younger units when under influence of 
higher tem perature (over 50—60 °C) organic m atter and clay m inerals undergo 
substantial physicochemical alterations ( D r i t s  — K o p o r u l i n ,  1973; T i s ­
s o t  — W e l t e ,  1978; P e l e t ,  1980). Kerogen becomes m ature and the principal 
phase of hydrocarbon generation is reached. Zone of maximal liquid hydro­
carbon formation is often called "oil w indow ” (P u s e y, 1973). In a simplified 
scheme, w ith further m aturation and therm al exposure, the rocks pass from 
"oil zone” to “gas zone” where liquid hydrocarbons are cracked to gaseous 
ones (Fig. 6.).
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Fig. 7. Correlation of independent matu­
ration indices: R0 — vitrinite reflectance, n 
Tmax — maximum pyrolytic temperature 
(points in parentheses are at detection

limit). 'max

It is necessarry to determ ine the degree of catagenetic alteration to be able 
to answer w hether the source rock reached conditions favourable for hydro­
carbon generation. H é r o u x  et al. (1979) presented a review of mostly used 
catagenetic or ra ther m aturation indices. In our study v itrin ite reflectance 
R0 and Tmax of Rock-Eval pyrolysis are determ ined and m utually correlated. 
The relationship shown in Fig. 7. is very similar to a correlation belt of 
R0 — Tmax for a genetic sequence of humic coals presented by T e i c h m ü l ­
l e r  — D u r a n d  (1983) w ith  a slight difference that for R0 < 0.4 % their Tmax 
values are by 5—10 °C lower than  the ours. This shift of m aximum pyrolysis
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TTI

0.3 1.0 3.0 %

R0

Fig. 8. Correlation of measured vitrinite 
reflectance R0 and calculated time-tem- 
perature index (TTI) representing thermal 
exposure of rock. This plot is used to 
transfer calculated TTI to theoretical 
vitrinite reflectance RTI which is com­
pared with measured R0 in tests of ma­

turation models (Figs. 14. and 15). 
Stratigraphy of samples: 1 — Pannonian; 
2 — Sarmatian; 3 — Badeniáh; 4 — Kar- 
patian.
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Fig. 9. Correlation of measured Tmax of 
pyrolysis and TTI used by testing of 

models similarly as Fig. 8. 
Stratigraphy of samples: 1 — Pannonian; 
2 — Sarmatian; 3 — Badenian (points in 
parantheses at detection limit).

tem perature in whole rock analysis towards higher values may be attributed 
to m ineral m atrix  effect. We use the correlation in Fig. 7. for m utual conver­
sion of R0 and Tmax if one of these indices is not available, sometimes also 
for checking-up on true  v itrin ite population identification in debatable histo­
grams (under condition th a t kerogen is of humic type).

For each sample the tim e-tem perature index is calculated. TTI does not 
have physical units, its values are just proportional to total therm al exposure 
of rock and is therefore used as a scale for catagenetic evolution from very 
early to very late stages. We correlate theoretical TTI w ith real analytical 
properties — vitrin ite reflectance R0 and Tmax of pyrolysis, and expandability 
of illite/smectite (which is discussed below). Figs. 8, 9 and 11 and Tab. 1 are 
based on the most reliable set of data and are used for m utual conversions 
and cross-checking of independent catagenetic indices.
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Relationship R0 — TTI (Fig. 8.) is very sim ilar to that of W a p 1 e s (1980) 
except when TTI is less than  10. Than the R0 values are by less than  0.1 % 
lower. This m ay be caused by subjective influence on R0 determ ination. The 
sim ilarity of our relationship w ith th a t of W a p 1 e s (1980, tabled data) is sur­
prising, as some authors (e.g. I s s l e r ,  1984) obtained different correlations of 
R0 TTI in different basins w hat caused decrease of confidence of geologists 
in the TTI method. We use Fig. 8. (sometimes also 9 and 11) to transfer TTI 
calculated from model to theoretical v itrin ite reflectance RTI (or other cata- 
genetic indices). The modeled reconstruction of m aturation history in each 
borehole section is then verified by comparing RTI w ith measured v itrin ite 
reflectance R0 (Figs. 14. and 15.).

T a b l e  1

Correlation of hydrocarbon generation and cracking with smectite dehydration and 
of different catagenetic indicators: R0 — vitrinite reflectance, Tmax — peak pyrolysis 
temperature, TTI — time-temperature index, % S in I/S — expandable layers in 
illite smectite.

Hydrocarbon R0 "'"max TTI % S Orde­
zones % °C in I / S ring

IMMATURE 0 A A28 1 75 ± 10 R=0
EARLY 11 0 5 A31 5 65 ± 15 Ran- j
GA S^ ^ 0 6 A35 13 A0 ± 15 dom D

г r. 0 7 AAO 22 33 ± 10 E
HL

0
U
E 0 8 AA5 38 29 ± 8 Y

w N W d
E E

N 0 9 A50 58 26 ± 8 R 1 D
nE

R 1 0 A55 80 23 ± 8 (IS )
К
A

T Nc A 1 1 A61 115 21 ± 7 Ib
A

T
I 1 2 A65 1A5 19 ± 7 p
0 1 3 A72 200 17 ± 6 N

A E 1 N 1 A A 80 250 15 ± 5 I
S  11 1 5 A85 300 15 ± 5 R=3

CD 1I 1 6 A93 360 1A ± 5 ISII

A 1I 1 7 (500) AAO 12 ± 5
С 1 8 (510) 550 12 ± 5
К
I
N

1 9 (525) 750 11 ± 5
2 0 (5A0) 900 11 ± 5-

DRY G 2 2 _ 1 A00 10 ± 5
GAS 11 2 A - 2000 8 ± 3

2 6 - 3000 8 ± 3

Main phase of hydrocarbon generation

Numerous studies have gathered evidence of organic origin of oil and gas 
in sedim entary basins. Several generalized schemes were proposed to characte­
rize the main phase of petroleum  form ation (oil window) and th a t of gas 
form ation as stages of postdepositional evolution of sediments controlled by 
favourable therm al conditions ( P h i l i p p i ,  1965; V a s s o e v i c h  et al., 1969;
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T e i c h m ü l l e r ,  1971; P u s s e y, 1973; T i s s o t  et al., 1974; V a s s o e v i c h 
et al., 1974; D u r a n d ,  1980). P o w e l l  — S n o w d o n  (1983) have shown great 
diversity in the onset, maximum, and end of generation of liquid and gaseous 
hydrocarbons according to the type of kerogen, if their m aturation is compared 
using an universal scale (e.g. v itrin ite  reflectance).

Published data on critical values of catagenetic indicators serve us a guideline 
to characterization of boundaries between subsequent im mature, m ature =  ge­
neration, cracking, and dry gas stages (zones). We, however, do not follow 
such numbers strictly and prefere to use boundaries based on observations 
in the  East Slovakian basin.

The scheme in Fig. 10. is based on the trend of decrease of hydrogen index 
(HI) which illustrates the depletion of residual source potential of kerogen from 
the im m ature through m ature to overm ature stages. Hydrocarbon characteristics 
of Rock-Eval pyrolysis are plotted as a function of therm al exposure of rock 
(TTI).

In  the im m ature stage the source potential (amount of fixed hydrocarbons) 
is m axim al and represents a starting value 50—150 mg HC/g Corg typical

KEROGENBIOGENIC 
• GAS

TT

IM MATURE

СО о EARLY
GAS

/  ©•, MATURE

A V *

<  4 ° '

OVERMATURE

150100
F H C

Fig. 10. Scheme of essential stages of generation and cracking of hydrocarbons during 
kerogen maturation as a function of thermal exposure expressed by TTI. In mature 
stage the source potential of kerogen is depleted as deduced from hydrogen index 
HI (mg HC/g Corg) decrease, while the content of generated free hydrocarbons FHC 
(mg HC/g Corg) reaches maximal values. Subsequent decrease of FHC is believed 
to be result of cracking of “w et” hydrocarbons to dry gas (methane) and of migration.
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of gas-prcne kerogen. Free hydrocarbons are mostly inherited. This stage 
occurs at shallow depth and in its upper part form ation of microbial m ethane 
m ay be expected ( T i s s o t  — W e i t e ,  1978).

Economical amount of hydrocarbons are generated during catagenesis by 
therm al cracking of m aturing kerogen (Fig. 10.). Hydrocarbon generation is 
the most intensive where the residual potential decreases most sharply, and 
where the maximum of free hydrocarbon content (FHC) is reached. ’ This 
conversion of fixed hydrocarbons to free ones may be also expressed by 
transform ation ratio (Es p i t  a l i e  et al., 1985) which equals to relative 
decrease of residual potential (IH) compared w ith the starting  value. According 
to analogy w ith other basins (T i s s o t — W e 11 e, 1978; P o w e l l  — S n o w ­
d o n ,  1983), we may expect generation of early gas at the beginning of the
m ature zone in the East Slovakian basin (TTI =  6—15, R0 =  0.50 0.65,
^max 430 435 C). In the m ain phase of hydrocarbon generation we cannot
expect form ation of economic amount of oil from humic kerogen, therefore, 
we do not use the term  “oil generation zone”. Gas w ith small amount of light 
liquid hydrocarbons (condensate — wet gas) may be expected to be generated 
in the m ature zone demarked by catagenetic indices TTI =  15—300 R =  
=  0.65—1.50 % , Tmax =  435—485 °C. ’ °

After the peak generation is reached, therm al cracking of already formed 
liquid hydrocarbon fraction (condensate) to gaseous hydrocarbons becomes more 
im portant process than  the fading generation of hydrocarbons from kerogen 
( T i s s o t  W e l t e ,  1978). In  the East Slovakian basin cracking and m igration 
of hydrocarbons from source rock is believed to be indicated by decrease 
of free hydrocarbon content (FHC) in fine grained rocks in a stage demarked 
by catagenetic indicators TTI =  300—1400, R0 =  1.5—2.2%  (Fig. 10., Tab. 1.).

In the deepest and hottest parts of sedim entary basins dry  gas (methane) 
occurs as a final product of cracking of liquid and gaseous hydrocarbons 
All samples w ith TTI > 1400 and R0 > 2.2 % have their residual source potential 
below detection limit (hydrogen index HI < 5 mg HC/g Corg, S2 < 0.01 kg 
НС/m etric ton of rock) and a very low free hydrocarbon content (Fig. 10.).

Smectite illitization

Transform ation of smectite (S) to illite (I) in m ixed-layer minerals illite- 
-smectite (I/S) results in gradual decrease of expandability of the starting  
material. This process is observed in m any basins and is controled m ainly by 
burial, increasing tem perature and time ( P e r r y  — H o w e  r, 1972; D r  i t s — 
K o p o r u l i n ,  1973; H e l i n g  — T e i c h m ü l l e r ,  1974). At present AIPEA 
recommends to use the term  smectite for the whole group of expandable 2:1 
minerals, while m ontmorillonite only for one m ineral of this group (eg C í č e 1 
et al., 1981). v

It is assumed that in pelites, in contrary to psammites, the catagenetic 
alterations are predom inantly isochemical and that the pore w ater chemistry 
(influencing the smectite to illite transform ation) is controlled more by source 
m aterial and sedim entary facies than by deep fluid migration. Starting point 
of the transform ation trend, characteristic of shallow depth (Fig. 13.) and 
low TTI (Fig. 11.), depends on degree of supergene illitization due to w etting
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and drying ( S r o d o ń  — E b e r l ,  1984). This is stronger when the source 
m aterials of smectite are micas or feldspars w eathered and transported for 
a long distance and w eaker in case of volcanic glass w eathered at place. 
This is the reason why in basinal fine-grained sediments instead of pure 
smectite (montmorillonite) at least partially  illitized m ixed-layer I/S m inerals
occur. . , , -

Degree of illitization is expressed by relative content of expandable, 
sm ectite-type (S) layers (with 1.7 nm spacing after glyeolation) and type of 
their in terstratification w ith  illite-type layers (I) in I/S structures ( R e y n o l d s
 H o w e r, 1970). Our results show how expandability decrease w ith  increasing
therm al exposure of rock (TTI) (Fig. 11.) and depth (Figs. 12. and 13.) in the 
East Slovakian Neogene basin. Key points of transform ation are boundaries 
between essential interstratification ty p es:

1

110

TTI

Л  4

0204060100 80

Fig. 11. Correlation of smectite to illite 
transformation expressed by content of 
expandable smectitic S layers in mixed- 
-layer illite-smectite (I/S) and calculated 
TTI. Interstratification type: R =  0 ran­
dom; R =  1 (IS) and R =  3 (ISII) or­
dered. For stratigraphy see Figs. 8. and 9.

First type: Random interstratification of I and S layers, R =  0. It is typical 
of I/S m inerals w ith 90—35 (40) % S (expandable layers). R means “reichw eite” 
and represents type of in terstratification ( R e y n o l d s ,  1980). This early dia- 
genetic type of I/S m inerals w ith distinct diffraction peak of 1.7 nm (Fig. 12.) 
used to be described as montmorillonite (e.g. H e l i n g  — T e i c h m ü l l e r ,  
1974). This type changes to the second one in the East Slovakian basin at depth 
of about 2 km, TTI of 8—15, R0 of 0.6 %, pyrolytic Tmax of 435—440 °C and 
subsurface tem perature of 100—110 °C.
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Second type: Ordered IS interstratification, R =  1, expandability from 35 to 
15 % S: observed occurrence up to depth of 3 km, TTI 200, R0 1.3 %, pyrolytic 
Tmax 470 °C, and subsurface tem perature 150—160 °C.

Third ty p e : Ordered ISII interstratification, R =  3, expandability of less 
than  15 % S.

PAN. TG XRDi/s
km

80% S

i/s+Q R = 0
О/

/ о ,1/S

30% S

R=1

15% S

R = 3

20 40 60

mg H2 0 / g  c l a y
*20

Fig. 12. Transformation of smectite to illite in borehole section Ložin 1. Content 
of water mostly bound in interlayers of illite/sm ectite is determined by thermo­
gravimetry (TG, dehydration up to 150 °C), analyses provided by courtesy of I. H о r- 
V á t h, ÚACh SAV. Decreasing expandability (% S) of I/S minerals is determined 
from the character of diffraction patterns: I/S — illite/sm ectite (black), Id — discrete 

illite (hatched), С — chlorite, Q — quartz.

Diffraction patterns of these essential types of illite-smectite (oriented ethy- 
lene-glycol saturated  samples) in the borehole Ložin 1 section are in Fig. 12.

During smectite illitization expandable interlayers collapse and highly hydra­
ted cations (e.g. Ca, Mg) are expelled ( B u r s t ,  1969). Decrease in w ater content 
bound in interlayers during catagenesis is documented on a series of samples 
from borehole Ložin 1 using therm ogravim etric analysis — weight loss by 
dehydration up to 150 °C (Fig. 11.). Many authors believed th a t w ater released 
by dehydration of clay m inerals is flushing hydrocarbons out from the source 
rock ( W e a v e r ,  1960; K a r p o v a ,  1972). Recently, more attention is given 
to m igration of inorganic gels (as by-products of smectite illitization) from 
shales to adjacent sandstones where they precipitate as newly formed clay 
m inerals and secondary quartz rims cementing carrier rock pores (H o w e r 
et al., 1976; V a s s o e v i c h  et al., 1975; F o s c o l o s ,  1984; P o l l a s t r o ,  
1985). These problems will be dealt w ith in our fu ture studies. At present 
we use expandability as m ineral indicator of catagenetic stage and therm al 
exposure (Fig. 10.) and compare smectite dehydration and hydrocarbon gene­
ration  w ith overpressured zones.
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Zone o f overpressured fluids

Form ation fluids are often overpressured in the East Slovakian basin. R u- 
d i n e c  (1978b, 1986) studied the trends of form ation fluid pressure with 
depth and characterized four zones w ith  different pressure gradient:

1st zone is at depth 1100—1600 m w ith pressure gradient 10.47—12.06 kPa m_1.
2nd zone - 1600—2000 m, gradient 13.9—16.5 kPa m_1.
3rd zone - 2000—3000 m, gradient 15.9—19.1 kPa m f1.
4th zone - 3000—4000 m, gradient 14.9—16.8 kPa m_1.

The same author showed the distribution of form ation pressure gradients in 
a map of the East Slovakian basin and found that overpressure occurs in the 
SE and central parts of the basin w ith  maximal subsidence during the Ba- 
denian, Sarm atian and Pannonian. He considered deformation and compression 
of undercompacted sediments during fast subsidence along synsedim entary 
faults to play decisive role in overpressure formation.

Mechanism of fluid overpressure form ation is complex and may be explained 
in general term s as follows (e.g. H u n t ,  1979). If a sedim entary column 
comprises alternating pelites and psammites, the fluids released from pelites 
may be drained through coarser-grained rocks and fluid pressure is near to 
hydrostatic. Im portant precondition for overpressure is presence of thick shale 
sequence and closed system.

It is generally accepted that the fluid movement is pressure-driven. D ifferent 
opinions are on the origin and m aterial character of fluids which are over­
pressured. Some authors emphasize the gas generation in good source rocks 
while the influence of smectite dehydration they consider negligible. They give 
the following arguments:

— in some oil-producing source rocks there is almost no smectite and still 
the m igration of oil in direction of pressure decrease occurs ( T i s s o t  — W e l ­
t e ,  1978);

— overpressure occurs not in all shales but close to rich source rocks in 
active stage of hydrocarbon generation (L a w, 1984; S p e n c e r ,  1987);

— from  overpressured horizons in some regions (e.g. Rocky Mountains) only 
drilling mud and gas w ithout form ation w ater are recovered ( S p e n c e r ,  
1987);

— m igration of hydrocarbons from the source rock cannot be driven by 
smectite dehydration as the latter takes place at an earlier stage of burial 
than the maximum of oil generation ( P e r r y  — H o w e r ,  1972; W a p 1 e s, 
1980).

On the other hand, some of the following arguments used to be and some 
still are given in favour of the active role of clay dehydration in overpressure 
form ation and prim ary hydrocarbon m igration :

— quantitative proportion of shales in total sedim entary filling of many 
basins is substantial;

— productive oil-bearing horizons are situated in some regions at depth by 
less than  500 m above the zone of smectite dehydration (Mexican Gulf coast 
region, B u r s t ,  1969);

— overpressured fluids occur in sequences rich in pelites at sim ilar depth 
where sm ectite-to-illite transform ation takes place in many basins ( V i s k o v -  
s k i y, 1974; B r u c e ,  1984; P o l s t e r  et al., 1984);
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— smectite dehydration results in m ineral volume decrease w hat may cause 
opening of m igration paths ( P o w e r s ,  1967). W ater is released from smectite 
interlayers and surface area of clay m inerals decrease. If hydrocarbons were 
formed in shale and adsorbed on surface of clay minerals, smectite dehydration 
should cause hydrocarbon desorption and their movement w ith other fluids 
from pelites to psammites ( W e a v e r ,  1960; K a r p o v a ,  1972; K l u b o v á ,  
1973; V a s s o e v i c h  et al., 1975; D y p v i k, 1983);

— even though the first dehydration of illite-smectite anticipates the onset 
of hydrocarbon generation, the second phase of dehydration (during transfor­
mation of ordered mixed-layer illite-smectite to highly illitic m aterial) takes 
place during the main phase of oil generation ( P e r r y  — H o w e r ,  1972; 
P o w e l l  et al., 1978; D y p v i k, 1983);

— in low perm eability shale-rich complexes, even after smectite dehydration, 
the released w ater may be retained closed in the source rock and escape only 
in later stage at higher tem perature when overpressure opens m icrofractures — 
pathw ay for w ater and hydrocarbon m igration ( B r u c e ,  1984).

These ideas are sometimes criticized, their rationale, however, is worth of 
fu rther research. To answer the question of possible m aterial source of over­
pressured fluids, we compare the depth zones of hydrocarbon generation, 
smectite dehydration, and formation fluid overpressure in the East Slovakian 
basin (Fig. 13.). Pressure data are from R u d i n e c  (1978b), tem perature from 
K r á l  et al. (1985).

The onset of form ation pressure higher than  hydrostatic is in the central 
and SE parts of the East Slovakian basin at depth of 1.6 km, subsurface 
tem perature of 90 °C, v itrin ite reflectance R0 =  0.45 %, pyrolytic tem perature 
index Tmax ^ 430 °C, TTI of about 3, and expandability of illite-smectite 60— 
—70 % S. Strong increase of fluid pressure is typical of following 400 m 
(until 2 km) where the most intensive dehydration may be expected, as the 
expandability of I/S decreases to 40—50 % S (Fig. 13.). Illitization jum p a t depth 
fo 1.6—1.8 km in this basin was already observed by K r a u s  — Š a m a j o v á  
(1978). Hydrocarbon generation is, however, at this depth only incipient and 
mild.

M aximal gradient of "over-hydrostatic” fluid pressure is in the zone of 
m axim al hydrocarbon generation and concomitant second stage of dehydration 
(from 40—50 to 10—15 % S in partly  random  but mostly ordered I/S). In 
the cracking zone the overpressure is quite high but the difference over 
hydrostatic pressure gradient remains almost constant.

Decline of overpressure (4th zone of R u d i n e c ,  1978b) coincides w ith the 
end of quantitatively im portant hydrocarbon generation and smectite dehydra­
tion in dry gas zone. Organic m atter enters the anthracitic stage of coalification 
(R0 > 2.2—2.4%).

Slight anticipation of hydrocarbon generation by smectite-to-illite transform a­
tion may be seen in Fig. 13. Zone of dehydration lies at depth interval from  
1.8 to 3.0 km m arked by subsurface tem perature 100—155 °C, vitrinite ref­
lectance R0 =  0.5—1.4 %, pyrolytic index Tmax =  430—480 °C, and TTI =  5—250 
(Fig. 10., Tab. 1.). On the contrary, the main zone of hydrocarbon form ation 
lies at depth of 2—3.2 (3.5) km, subsurface tem perature 110—165 (175) °C, and 
is m arked by R0 =  0.65—1.5 %, Tmax =  430 (435)—485 (540) °C and TTI =  15— 
—300 (1400). Such anticipation of organic m aturation by smectite dehydration
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was described also by B r u c e  (1984) and B u r t n e r  — W a r n e r  (1986). 
It is, however, im portant that the m ajor parts of these two processes occur 
paralelly at the same stage of postdepositional evolution.

From data obtained from the East Slovakian basin we may conclude that 
in the upper part of the overpressured zone the formation fluid pressure 
increase m ay be linked more w ith the smectite dehydration, while in the 
lower part more w ith  hydrocarbon generation. These two processes may 
produce fluids, but therm al expansion of “free” fluids should be understood 
as the driving mechanism of overpressure build-up.

In the dehydration zone we may expect consequent sandstone pore ce­
m entation by authigenic minerals derived from by-products of smectite illitiza- 
tion in adjacent shales. The lowered perm eability of carrier rocks may play 
even more im portant role in overpressure rise than the mere w ater expulsion 
from clay minerals.

Model of catagenetic zonality and its evolution

In each borehole section m arked boundaries of subsequent zones represent 
main stages of diagenetic and catagenetic alteration of sedim entary rocks. 
The burial and therm al history is a graphical reconstruction of catagenetic 
evolution of the present section showing when and at w hat depth the strata 
passed through the conditions favourable to hydrocarbon generation.

In the middle of Fig. 14 the section of the borehole S tretava 21 is shown. 
On the left side there is a diagram of accumulation of sediments in geological 
past, the vertical thickness of sedim entary layers being corrected for compac­
tion. Broken lines represent simplified history of layers burial at boundaries 
between stratigraphic units. The steeper the slope of the line, the faster the 
sedim entary accumulation during the respective period. The rationale of the 
method of L o p a t i n  (1971) is shown on an example «of boundary layer 
between the Sarm atian and Badenian (Fig. 14). The layer is passing through 
subsequent 10 °C tem perature intervals. In each one it is exposed to a specific 
tem perature (arithm etic mean of the interval is used) for a certain effective 
time At (in Ma =  million years) from which the therm al exposure is calculated. 
Total therm al exposure (tim e-tem perature index TTI) is a sum of partial 
exposures throughout the whole geological past ( L o p a t i n ,  1971; W a p 1 e s, 
1980).

TTI is a theoretical value proportional to the degree of catagenetic alteration 
of organic m atter. Imperfections of this index (simplification of kinetic equa­
tions and taking some variables as constants) are reviewed e.g. by W a p 1 e s 
(1984), Y ü k 1 e r and K o k e s h (1984), R o b e r t  (1988). They may be reduced, 
however, by a good calibration of TTI w ith a real measured param eter, e.g. 
vitrinite reflectance, as shown in Figs. 8 or 9 and 11.

Theoretical v itrin ite reflectance RTI is a num erical result of modeling and 
is shown in Fig. 14 (right) as a function of depth (dashed curve). Modeled 
RTI is quite consistent w ith  the m easured vitrin ite reflectance R0, the differen­
ces are mostly w ithin a standard deviation. The model reconstruction (Fig. 14., 
left side) is therefore accepted for deductions on the time and depth of 
m aturation.
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Fig. 14. Burial history of sedimentary section Stretava 21 (borehole bottom 3738 m). 
Each layer is exposed to subsequent 10 °C temperature intervals for characteristic 
residence time At (Ma). From partial increments the total thermal exposure (time- 
-temperature index TTI) is calculated and transfered to theoretical vitrinite reflectan­
ce RTI (using Fig. 8). Modeled catagenetic zonality (right) is tested using measured

vitrinite reflectance R0.

From  geochemical characteristics we conclude that the Badenian and Sarm a- 
tian  shales have relatively good source potential. From reconstruction in Fig. 14. 
(left) it is evident th a t these units entered the favourable conditions to hydro­
carbon generation in the Sarm atian. Each layer passed through the generation 
zone (R0 =  0.6—1.5%) w ithin 7—9 million years and then entered cracking 
zone. The Lower and Middle Badenian reached even the dry gas zone. At 
present active generation is supposed to take place at depth of 2 to 3.2 
(3.5) km w here also fluid overpressure exists. Gas pools are situated at sim ilar 
depth interval and also 400—900 m eters above (1.1—1.6 km). We assume that 
the upper reservoirs were connected w ith the generation zone by migration 
paths.

In  a similar m anner to Fig. 14. all other borehole sections shown in Fig. 1. 
are studied. Some of them  differ from the general trend of m aturation w ith 
depth and show disrepancy between model and analytical measurem ents of 
m aturity  indicators. These anomalous cases are connected w ith oxidizing facies, 
volcanism, erosion, and salt-bearing strata.
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Anomalous catagenetic phenomenons

Upper K arpatian  sediments are mostly developed in oxidizing facies. Organic 
m atter is fusinitic w ith  nil hydrocarbon potential and yields no usable pyrolytic 
data. V itrinite reflectance is difficult or impossible to obtain because of lack 
of vitrinite. Expandable minerals are difficult to study, unless special sample 
treatm ent is used, because of high iron-oxide content. It is therefore uneasy 
to characterize the catagenetic stage of this type of sediments using geo­
chemical or optical analyses. In section of boreholes Trhovište (TH-26), Micha­
lovce (MI-1, Fig. 1.) instead of continuous change of catagenetic indicators and 
even of porosity abrupt jum p is observed in the depth relation at the transition 
from the Badenian to Upper K arpatian. Catagenetic alteration cannot be 
studied in oxidizing facies shales in the same way as in black or dark grey 
shales because of the ir different nature.

In borehole Zatín (ZA-1) at depth of 2.1 km, kerogen is altered to anthracitic 
rank  at a contact w ith  an andesite lava body. At greather depth the rank 
(maturity) is lower and corresponds to "norm al” burial catagenesis. Our results 
confirm the earlier ones of Ď u r i c a  et al. (1980). The contact alteration of 
volcanites does not reach more than  few tenths of m eter, though.
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Fig. 15. Burial/erosional history of borehole section Trebišov 6. Reconstruction of 
history without erosion (depth of layer — dotted line, left) gives calculated cata­
genetic stage (dotted curve, right) much lower than the measured one by R0. 
Modeling some additional accumulation in the Sarmatian and subsequent erosion 

brings agreement in modeled and measured maturity.
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In borehole Trebišov 6 m aturation indices and porosity show depth trend 
parallel to the m ajority of other boreholes but shifted to shallower depth. 
This indicates a possible erosion of overlying strata  missing in the present 
section. To estim ate the thickness of erosion, modeling was applied (Fig. 15.). 
In the first solution the diagram  of burial history without erosion was 
constructed (dotted lines for the Sarm atian and Upper Badenian base, Fig. 15. 
left). The calculated catagenetic trend  w ith depth is shown as a dotted curve 
(Fig. 15. right) of RTI. It is distinctly far from the m easured vitrin ite reflectance 
R0. The first solution is, therefore, inacceptable. If higher geotherm al gradient 
was effective in past, the trends of calculated and measured data would not 
be parallel. Erosion seems to be more probable. The Paleozoic of Zemplinicum 
which forms the basement in this part of the basin is supposed to be, 
according to paleogeographical studies of R u d i n e c  (1978a), emerged from 
sea since the Pannonian (Fig. 1., 10 km to S from  TB-6). Till the Pannonian 
a sedim entary column should have been accumulated and after the Pannonian 
eroded. We do not assume a vehement uplift of Zemplinicum and fast erosion. 
With this input inform ation we increase the thickness of accumulation (Sar­
matian) and erosion in the model until calculated RTI (dashed curve) does 
not fit the measured R0. The reconstruction shown in Fig. 15. w ith erosion 
of about 750 m is acceptable under the given rules of modeling.

km

\« -c a lc u la te d  RTI

- o -  ••■measured R,

SALT \
о 1 BEARING STRATA

3 %0 1 2

Fig. 16. Anomalous trend of vitrinite 
reflectance R0 above salt-bearing strata 
in the Albínov 4 and 7 section. Measured 
Ro shows higher gradient than the pre­
dicted one by the model based on recent 
temperature gradient. Albínov 4: 1 — 
Badenian, 2 — Karpatian; Albínov 7 :3  — 

Karpatian.

One im portant conclusion m ay be draw n from the model in Fig. 15. The 
hydrocarbon generation in course of m aturation took place only until the 
end of the Pannonian. A fter erosion the strata  were exposed to lower tem pe­
ratures and the catagenetic alteration should have ceased. The present state
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is "frozen” result of processes which are not already active now. Prospects 
of economic hydrocarbon accumulation occurrence in such a structure are from 
this point of view lower than  in those w ithout erosion (e.g. Stretava, Fig. 14.), 
as the earlier generated gas could diffuse for 8 mill, years being not replenished 
as the m aturation faded away.

A particular trend of catagenesis is observed in boreholes Albínov 4 and 7, 
which are about 2—4 km far from the volcanites of the Slánské vrchy 
mountains (Figs. 1 and 18). The m aturation trend (R0) is steeper above the 
salt-bearing strata  of the Upper K arpatian (Fig. 16.). Below the salt the 
measured v itrin ite reflectance R0 is equivalent to RTI calculated by model 
using unchanged tem peratures throughout the geological history. On the cont­
rary  to eroded section of Trebišov 6 (Fig. 15.), in case of Albínov the curves 
of R0 and RTI are not parallel but from the depth of 2.5 km they diverge 
w ith different slope (Fig. 16.). The reason may be in tem perature redistribu­
tion event due to good therm al conductivity of salt-bearing strata, their 
thickness (400 m) and direct connection w ith neighbouring volcanites. During 
the Sarm atian volcanic activity the salt may have acted as lateral therm al 
conductor and caused elevated tem peratures in the overlying strata, the under­
lying strata being not strongly affected. Sealing properties of salt m ay have 
also retarded the m aturation products diffusion and thus the m aturation itself.

Catagenetic zonality in basin scale

In Figs. 17. and 18. the boundaries of subsequent catagenetic zones in basin 
profiles are shown (situation is in Fig. 1.). In the shallow zone to depth of 
1.7 km kerogen is im m ature and we do not expect an im portant hydrocarbon 
formation. Clay m inerals of illite-smectite type are highly expandable.

In the zone between 1.7 (2) and 3.2 (3.5) km the rocks reached the main
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Fig. 17. Zones of hydrocarbon generation, cracking and stability of dry gas in NE — 
SW section of the East Slovakian basin (Fig. 1 — line 1). Depth related to sea level. 
Stratigraphy:  KA — Karpatian, BA — Badenian (3d — Upper detrital). SA — Sar­
matian, PA — Pannonian, PL — Pliocene.
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stage of hydrocarbon generation from m ature kerogen. Its maximum (R0 — 
=  1 %) is at depth of about 2.3—2.7 km. Wet gas is expected to be generated 
as the kerogen in the Neogene stra ta  is of humic type. In the cracking zone 
the conversion of liquid hydrocarbons (condensate) to m ethane is supposed to 
occur together w ith  decreasing gas generation from  kerogen.

The transition from cracking to the dry gas zone is assumed to be at 2.2 %  
vitrin ite reflectance at depth of 3.5—3.8 km. At greater depth m ethane is 
stable. At present we are not able to predict the maximum depth w here 
m ethane may “survive”. It is, however, im portant to realize th a t m ethane is 
exploitated from  dry gas zone in several basins in the world ( T i s s o t  — W e l ­
t e ,  1978). Application of advanced drilling and exploiting technology may 
reveal new gas reserves at depth greater than  3 km.

The depth boundaries of catagenetic zones are not equal in the whole 
basin. In the central p a rt the m ature zone is relatively deeper than a t the 
margins (Figs. 17. and 18.), in the southern and NW parts it lies a t smaller 
depth (Trebišov 6, Albínov 4, 7).

О 5 10 km
ł  1  t  *  t l x  .  * 1

4AL7 PT 22

IMMATURE

BA 1*2

Fig. 18. Catagenetic zonality in the NW — SE section of the East Slovakian basin 
(Fig. 1 — line 2): v — volcanic bodies, rectangles — salt-bearing strata in NW part 

in the Upper Karpatian and Middle Badenian, for other details see Fig. 17.

Paleogeographic maps of the Sarm atian and Upper Badenian after R u d i -  
n e с (1978a) are in Fig. 19. showing w here these units entered the generation 
and cracking zones. Intensive w et gas generation and concomitant second stage 
of smectite dehydration takes place in the central and SE parts of the East 
Slovakian basin. These are characteristic by the highest sedim entary accu­
m ulation ra te in the Badenian and Sarm atian and by the highest geotherm al 
gradient. It is this region where form ation fluid overpressure is maximal 
( R u d i n e c ,  1978b; 1986) and in its northern  and eastern parts the m ain gas 
and gas-condensate fields are situated. The southern-central part of the basin 
may be partially depreciated by buried volcanites (Cičarovce, Malčice, Zatin) 
which could therm ally influence the lateral m igration in the NW, N, NE and E 
directions.
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Sedim entary rocks of the Upper K arpatian  contain infavourable type of 
kerogen w ith almost no source potential and even under favourable cata- 
genetic conditions they could not generate hydrocarbons. The m ature zone 
in Figs. 17. and 19., therefore, does not concern the Upper K arpatian. According 
to geochemical analyses and modeling, the relatively optimal prospects may 
have the m ature sequences of the Lower Sarm atian and Upper Badenian 
(Fig. 19.) or structures connected w ith these by m igration paths, even if they 
would be some of the basement units in the m arginal areas.

Fig. 19. Present extent of mature source 
rocks (Ro > 0.6 %) in paleogeographic 
maps (R u d i n e c, 1978a) of the Sarma­
tian and Upper Badenian in the East Slo­

vakian basin.
Legend: 1 — Neogene basin margins, 2 — 
volcanic mountain contoures, 3 — state 
borderline of Czechoslovakia, 4 — imma­
ture stage, 5 — mature stage where 
hydrocarbon generation has started, 6 — 
stage of hydrocarbon cracking (R0 >1.5 
%), 7 — gas fields (in NW mostly in the 
Upper Badenian and in SE situated mostly 
in the Lower Sarmatian reservoirs, R u- 

d i n e c, 1976b).

N 0 10 20 30 km

SARMATIAN

UPPER BADENIAN

The source potential of the Lower K arpatian  and Mesozoic basement in the 
NW part of the basin is not definitely clear. The Eggenburgian and Egerian, 
as well as Paleogene in the Prešov 1 borehole (Fig. 1.) reached only early 
m ature stage and have very low catagenetic gradient. This fact gives evidence 
th a t in the NW part of the East Slovakian basin some of the pre-Badenian 
units m ay be in the m ature stage favourable to hydrocarbon generation.

Conclusions

Organic geochemical data give evidence tha t in the East Slovakian basin 
catagenetic alteration of sedim entary rocks increase w ith depth showing a high 
gradient. Maximal degree of catagenesis is reached in the deepest central
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and SE parts of the basin and seems to be closely spatially related to the 
overpressured formations and gas fields.

Several catagenetic indicators (R0, Tmax, %  S, and TTI) give a fairly  good 
m utual correlation and are used as a scale for stages of postdepositional al­
terations. The hydrocarbon generation zone is characterized on the basis of 
Rock-Eval pyrolysis as an interval where the source potential of kerogen 
(expressed by fixed hydrocarbon content) systematically decreases and is con­
verted to free hydrocarbons. This zone is in the central and SE parts of the 
basin at depth ranging from 1.7—2 to 3.2—3.5 km and is relatively thin if 
compared w ith other young basins, e.g. the Vienna basin ( F r a n c ů  — M ü l ­
l e r ,  1989). Burial and therm al history reconstruction reveals tha t the se­
dim entary rocks passed through the m ature stage (covering the interval of 
vitrinite reflectance from 0.6 to 1.5%) w ithin 5—10 mil. years. The maximal 
genetic potential of the Lower Sarm atian and Badenian shales (SI +  S2 of 
the Rock-Eval 1 pyrolysis) is ranging from  0.5 to 1.2 kg НС/m etr. ton of rock
or 1.2 2.9 106 metr. ton НС/km 3. More detailed quantitative assessment of
hydrocarbons generated in different parts of the East Slovakian basin through­
out subsequent stages of geological history will be dealt w ith in the forth­
coming paper.

The zone of smectite dehydration lies slightly above but, for the m ajor part 
at the same depth as hydrocarbon (wet gas) generation. Both processes coincide 
spacially w ith fluid overpressure. The w ater released from expandable clay 
minerals may not be the decisive agent in hydrocarbon generation but its 
therm al expansion may contribute to the fluid movement from pelites to 
psammites w hat should result in carrier rock cementation by newly formed 
minerals.

In areas where erosion seems to have taken place (southern margin) the 
model reveals th a t the present stage of catagenesis is residual and hydrocarbon 
generation has faded since the uplift and erosion in the Pannonian.

At present it is difficult to say if m ethane may “survive” depth of 6 or 7 km 
or if it is displaced by C 02, H2S and N2. M ethane is, however, stable at 
greater depths than  the present exploited formations in the East Slovakian 
basin.

Further* study should be focused at possible m igration paths from the central 
part towards m arginal structures in the Neogene filling or in the basement. 
The regional extention, m aturity  and source potential of the lower (“grey”) 
K arpatian should be studied in the fu ture as there are some hints that this 
unit may have favourable source properties and hydrocarbon generation condi­
tions in the NW part of the basin between the Albínov and Prešov boreholes.
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