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The avail able K-Ar ages of authigenic illite from Rotliegend ae olian sand stones of the Fore-Sudetic Monocline, SW Po land,
in clud ing those from six sam ples ex am ined in the pres ent study, are crit i cally re viewed in terms of their geo log i cal mean ing
and com pared with the K-Ar ages of illite from the re main ing part of the South ern Perm ian Ba sin in Europe. The ma jor ity of
ages fall in the range be tween 195 and 150 Ma, i.e. they cor re spond to Ju ras sic times. The re sults may be grouped in sev eral
time in ter vals, which are al most iden ti cal to those iden ti fied for Rotliegend sand stones of Cen tral and West ern Eu rope, and
which are ten ta tively in ter preted as pulses of in tense illite growth. Short-last ing illitisation is re corded only at places. More of -
ten, illitisation pro ceeded as a multi-stage pro cess, which in the north ern part of the Fore-Sudetic Monocline might have
lasted un til the Cre ta ceous. The K-Ar ages of authigenic illite gen er ally co in cide with the mod elled time of gas gen er a tion
from Car bon if er ous rocks and the fill ing of res er voirs in the area of the Fore-Sudetic Monocline. Pos si bly, the same un der ly -
ing pro cesses trig gered illitisation and hy dro car bon ex pul sion, or hy dro car bon mi gra tions trig gered fluid flows and illite
crystallisation.
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INTRODUCTION

Diagenetic pro cesses oc cur ring in sed i men tary rocks re -
flect to vary ing de grees the evo lu tion of sed i men tary bas ins.
When this evo lu tion has been long and com plex, the over all
pat tern of diagenetic al ter ation may be also com plex and not
straight for ward to de ci pher. In this re spect, the tim ing of main
diagenetic stages is of key im por tance. The tim ing of
diagenesis in siliciclastic res er voirs is of spe cial in ter est be -
cause this knowl edge facililates pe tro leum sys tem mod el ling
and helps to as sess pro spec tive rocks/ar eas. The po tas -
sium-ar gon (K-Ar) dat ing of authigenic illite is one of a few
meth ods yield ing nu mer i cal data; it has been used for years
and still shows wide ap pli ca bil ity (Clauer, 2013). How ever, the
re sults may be bi ased by con tam i na tion of ir re mov able de tri tal
illite and other K-bear ing phases, as well as by pro ce dural er -
rors (Ham il ton et al., 1989; Clauer, 2013). Be sides, the in ter pre -
ta tion of the re sults ob tained from pure authigenic illite is also a
chal lenge be cause the dates rarely cor re spond di rectly to
mean ing ful geo log i cal events (e.g., Ham il ton et al., 1989;
Pevear, 1999; Œrodoñ et al., 2002; Meunier et al., 2004).
Rather, they can be av er ages for mix tures of illites of dif fer ent
ages.

Rotliegend sand stones of Cen tral and West ern Eu rope
form nu mer ous deeply bur ied gas-res er voirs. Their diagenetic
his to ries were stud ied in nu mer ous cases and con strained by
illite K-Ar iso tope data (Lee et al., 1989; Platt, 1993; Rob in son et 
al., 1993; Ziegler et al., 1994; Zwingmann et al., 1998, 1999;
Liewig and Clauer, 2000; Clauer et al., 2012). These datings
are be lieved to be im por tant for sev eral rea sons. (1) They de -
liver a quan ti ta tive time-frame work for the pre cip i ta tion of a ma -
jor authigenic phase in Rotliegend sand stones. (2) It is of ten as -
sumed that af ter gas em place ment into res er voirs, illite does
not grow any fur ther, or at least does not grow abun dantly (Lee
et al., 1985; Ham il ton et al., 1989; Gaupp et al., 1993). There -
fore, it is as sumed that the K-Ar ages of the fin est frac tion of fi -
brous illite from res er voirs rep re sent the time of ces sa tion of
illite growth, i.e. the time of hy dro car bon charge (Lee et al.,
1985; Ham il ton et al., 1989). Haszeldine et al. (2003) pro posed
the K-Ar dat ing of fi brous illite as the dat ing of oil en trap ment in
res er voirs of the North Sea. (3) Illite of ten shows fi brous mor -
phol ogy, which sig nif i cantly de te ri o rates per me abil ity, thus K-Ar 
illite ages con strain good res er voir prop er ties.

The aim of this con tri bu tion is to re view all avail able illite
K-Ar ages ob tained from ae olian Rotliegend sand stones of the
Fore-Sudetic Monocline, the area sit u ated in the east ern part of
the South ern Perm ian Ba sin in Eu rope, and to con sider two
prob lems: Are these ages mean ing ful? What can be learned
from the K-Ar ages of illite from Rotliegend sand stones of the
Fore-Sudetic Monocline? The main source of data are the re -
sults ob tained in the pres ent study and by Maliszewska and
Kuberska (2009), Protas et al. (2006), and Michalik (2001). The
re sults are com pared with the re sults of the K-Ar datings of
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authigenic illite in Rotliegend sand stones of the re main ing part
of the South ern Perm ian Ba sin.

GEOLOGICAL SETTING

The study area is sit u ated in the east ern part of the South -
ern Perm ian Ba sin (Fig. 1A). Perm ian rocks oc cur here in the
subsurface of the Fore-Sudetic Monocline, a tec tonic unit
formed at the end of the Cre ta ceous in re sponse to early Al pine
move ments. There fore, the top of the Rotliegend is in clined to -
wards the north-east and pres ently lies at var i ous depths from
~1 to >4 km. The sed i men tary rocks of the gas-bear ing Up per
Rotliegend were de pos ited in three depositional en vi ron ments:
ae olian, flu vial, and lac us trine (playa) (Figs. 1 and 2; Kiers -
nowski, 1997; Karnkowski, 1999). Nu mer ous small gas traps
are lo cated in ae olian and flu vial sand stones. The up per part of
ae olian sand stones shows the best res er voir prop er ties. Car -
bon if er ous Variscan flysch de pos its which oc cur in the base -
ment of Perm ian rocks are con sid ered as gas source rocks
(Pletsch et al., 2010; Botor et al., 2013).

At the end of the Mid dle Perm ian, the Wolsztyn–Pogorzela
High, a re gional NW–SE strik ing ridge, sep a rated two large
dune fields: the East ern Erg and the South ern Erg (Fig. 1;

Kiersnowski, 1997, 2013; Kiersnowski et al., 2010a). The ae -
olian sand stones of the East ern Erg are up to 1000 m thick,
whereas the ae olian sand stones of the South ern Erg reach
250 m in thick ness (Fig. 2). The ae olian sed i men ta tion rap idly
ended with the flood ing of the area by the Zechstein sea and the 
de po si tion of the Kupferschiefer – thin, or ganic mat ter-rich
shale.

The post-depositional his tory of the Rotliegend in the
Fore-Sudetic Monocline is com pli cated and com prises sev eral
dis tinct stages. High tec tonic sub si dence as so ci ated with high
heat flow is as sumed for Late Perm ian–Early Tri as sic times, fol -
lowed by slower sub si dence in the Mid dle Tri as sic–Late Ju ras -
sic (Karnkowski, 1999). As a re sult, at the end of the Ju ras sic
the top of the Rotliegend sand stones was bur ied to the depths
from approx. 2–3 km in the south to approx. 4–5 km in the north. 
In the Early Cre ta ceous, the area sit u ated south of the
Kalisz–Poznañ–Szczecin line was up lifted, and ero sion of part
of Ju ras sic and Tri as sic sed i ments oc curred, while the area sit -
u ated north of that line still un der went small sub si dence
(Karnkowski, 1999). Re newed sed i men ta tion in the en tire area
started in the Late Cre ta ceous and led to the de po si tion of less
than 1 km(?)-thick sed i ments; a greater thick ness of sed i ments
was de pos ited only at the north ern edge of the Fore-Sudetic
Monocline (e.g., Botor, 2011). At the end of the Cre ta ceous and
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Fig. 1A – localization of boreholes mentioned in the text against the background of palaeogeography at the end of Rotliegend
deposition in SW Poland (according to Gast et al., 2010; Kiersnowski et al., 2010b)

B – the extent of Rotliegend deposits in Europe after Glennie (1990) and Karnkowski (1999)
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in the Paleogene, suc ces sive tec tonic up lift oc curred and most
of the Up per Cre ta ceous sed i ments was re moved. The top of
the Rotliegend sand stones was then sit u ated near the pres ent
depths of 1 to >4 km.

The depositional and post-depositional his tory of the
Rotliegend in the Fore-Sudetic Monocline was tec toni cally con -
trolled; sev eral re gional fault zones and nu mer ous faults have
been rec og nized in the subsurface (Karnkowski, 1999;
Kiersnowski et al., 2010a).

METHODS

Six sam ples of Rotliegend ae olian sand stones rich in
diagenetic illite and com ing from five bore holes were se lected
for K-Ar datings (Fig. 1). These sam ples were se lected from a
larger set of 71 sand stone sam ples which had been pre vi ously
stud ied (Biernacka et al., 2006) and whose clay min er als had
been ex am ined by XRD (Biernacka, 2014). The abun dance of
illite and the di ver sity of lo ca tions were the ba sis for the se lec -
tion. Three sam ples were taken from the area of the East ern
Erg, and fur ther three from the South ern Erg. Only Jarocin-7
2792.3 sam ple came from res er voir sand stones lo cated nearby 
a gas de posit (Jarocin). The re main ing sand stones came from
wa ter-sat u rated sand stones. Sam ples Krzykosy-1A 3878.5
and Rokietnica-3 3665.8 were taken from the lower part of ae -
olian suc ces sions, the re main ing from the up per part.

The sam ples were mod er ately to weakly ce mented, so af ter 
clean ing they were gently crushed (some with fin gers) into
~1–2 cm frag ments, and then disaggregated in dis tilled wa ter
with an ultrasonificator. The <2 µm and <0.2 µm frac tions were
sep a rated by centrifugation, Mg-sat u rated, and pu ri fied of ex -
cess salts by di al y sis. The frac tions were sub se quently ana -
lysed with the use of an ARL Thermo X’tra diffractometer op er -
ated at 40 kV and 40 mA, with a 2 mm di ver gence slit, a 4 mm
antiscatter slit, and re ceiv ing slits of 0.5 and 0.2 mm. The ori -
ented clay ag gre gates were ana lysed from 2 to 36° 2q as
air-dried mounts and af ter vapour sal va tion in eth yl ene gly col
(EG) at 65°C over night. In ad di tion, dif frac tion pat terns were ob -
tained from ran domly ori ented, side-loaded pow ders. As an es -
ti mate of illite “crystallinity”, the full width at half max i mum
(FWHM) of the 001 re flec tions was mea sured for the air-dried
<2 µm frac tions. Back ground re mov ing and peak fit ting were
per formed by means of the WinXRD pro gram of
ThermoElectron. The Œrodoñ in ten sity ra tio Ir was cal cu lated
for illite ac cord ing to the for mula: Ir = (001/003air-dry)/(001/003EG) 
(Œrodoñ, 1984).

The mor phol ogy of clay ag gre gates was re corded by means 
of a Hitachi 3700N scan ning elec tron mi cro scope at the Fac ulty
of Geo graph ical and Geo log i cal Sci ences, Poznañ Uni ver sity.
Fresh-frac tured sand stone pieces were coated with gold and
ob served in a sec ond ary elec tron mode. Graph ite-coated pol -
ished thin sec tions were also ob served in a back-scat tered
elec tron mode. In ad di tion, trans mis sion elec tron mi cro graphs
of clay min eral sep a rates were re corded at the Lab o ra tory of
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Fig. 2. Chronostratigraphy and regional subdivision of Permian, and examples of Rotliegend sections
from the Fore-Sudetic Monocline (Krzykosy-1A representing the area of the Eastern Erg and KuŸnica

Grab.-2 representing the area of the Southern Erg)

Numerical time-scale according to Gradstein et al. (2004); sedimentological interpretation of sections by Buniak
(in Biernacka et al., 2006)



Elec tron and Con fo cal Mi cros copy at Poznañ Uni ver sity. Small
vol ume of dis persed clay min er als was dropped on a
microcarbon film on a cop per grid and ob served in a Jeol JEM
1200Ex trans mis sion elec tron mi cro scope.

The K-Ar iso to pic de ter mi na tions were per formed in the
Clay Min er als Lab o ra tory of the Pol ish Acad emy of Sci ences in
Cra cow (ING PAN Kraków) by M. Banaœ, fol low ing the pro ce -
dures de scribed in Œrodoñ et al. (2006). The <2 µm frac tions
sep a rated as above un der went fur ther sep a ra tion into 2.0–0.5,
0.5–0.2, and <0.2 µm sub frac tions in a Beckman high-speed
cen tri fuge. Then, each sam ple was split into two aliquots for ar -
gon and po tas sium de ter mi na tions. The Ar iso to pic com po si -
tions were de ter mined by a MS-20 mass spec trom e ter with an
in ter nal spike. The sam ples were wrapped in an Al-foil and pre -
heated over night at 100°C un der vac uum to re move at mo -
spheric Ar. The gases were then ex tracted from the sam ples in
a dou bly-vac uum Mo-Ti cru ci ble mounted in a re sis tant fur nace
at ~1200°C for 60 min. The no ble gases were fur ther pu ri fied
from ac tive gases in a U-trap cooled with liq uid ni tro gen, in a Ti
oven, and the fi nal pu ri fi ca tion was con ducted by a hot-get ter
pump (SAES Get ter SJ-5) and lasted be tween 4 and 48 hours
for dif fer ent sam ples. For Ar iso to pic mea sure ments, pure  38Ar
sep a rated at the Uni ver sity of Bern, Swit zer land, was used as a
spike. The ac cu racy of the re sults was con trolled by the anal y -
sis of the in ter na tional GL-O glauconite stan dard (Odin et al.,
1982); the de vi a tions from the ref er ence value were within 2%
ac cu racy. The K con tents were mea sured by a Sherwood 420
flame pho tom e ter; NBS 98a Plas tic Clay (1.04% K2O) was
used as a stan dard to check that the er rors did not sur pass
±0.02% K2O, i.e. were within 2% ac cu racy. Stan dard er rors,
given with a 2s un cer tainty, were cal cu lated from the math e -
mat i cal law of er ror prop a ga tion.

RESULTS

PETROGRAPHY

The sand stones stud ied are well-sorted, fine- to me -
dium-grained sublithic arenites, with the ex cep tion of sam ple
Jarocin-7 2792.3, which is a quartz-rich subarkose. The con -
tents of lithic grains vary from 5% (of rock vol ume; Jarocin-7
2792.3 and Rokietnica-3 3665.8) to 18% (Krzykosy-1A 3878.5). 
Lithic grains con sist of frag ments of vol ca nic and low-grade
meta mor phic rocks (metasandstones and metamudstones).
The con tents of feld spar grains fluc tu ate be tween 3%
(Krzykosy-1A 3878.5, Lelików-6 1665.7) and 13% (KuŸnica
Grab. – two sam ples). Illite, he ma tite, and quartz are com mon
diagenetic phases. Be sides, cal cite, do lo mite, anhydrite,
kaolinite, and chlorite oc cur in dif fer ent sam ples. Po ros i ties
range from 18% (Jarocin-7 2792.3) and 15% (Lelików-6
1665.7) to 5% (Rokietnica-3 3665.8) and 3% (Krzykosy-1A
3878.5).

All sam ples con tain grains with in her ited clay min er als,
which fill grain embayments and dis con tin u ously coat the sur -
faces, and com monly are col oured red by fine he ma tite crys -
tals. Such in her ited clay min er als are com mon in ae olian sand -
stones of the Fore-Sudetic Monocline.

SEM AND TEM OBSERVATIONS

Authigenic illite ob served in pores of the sand stones forms
dense nets of in ter lock ing crys tals (Fig. 3A), some times re sem -
bling a boxwork tex ture (Fig. 3B). Some of these crys tals bridge
pore space, thus lower the sand stone per me abil ity. Authigenic

illite oc curs also in side al tered grains (Fig. 4A). In her ited clay
min er als are well-rec og niz able in thin sec tions (Fig. 4A, B).
Judg ing from their high po tas sium con tents, they also show
illitic com po si tion.

SEM ob ser va tions re vealed two dom i nant illite morpho -
logies: laths and flake-like par ti cles (Fig. 3B, D, E). The lat ter re -
sult from the over lap of many illite laths (Fig. 3D, F), but pos si bly 
some grain-coat ing flakes show their nat u ral hab its (Fig. 3B, C). 
They are ter mi nated by fine illite laths. Typ i cal illite fibres, i.e.
crys tals with an as pect ra tio >100, do not pre dom i nate among
other mor pho log i cal va ri et ies. Sam ple Jarocin-7 2792.3 ex hib -
its a dis tinc tive tex ture: illite laths are ar ranged cir cu larly form ing 
tun nels of a 30–40 µm di am e ter (Fig. 3C). This ar range ment
may be an arte fact caused by the col lapse of clay min er als dur -
ing air-dry ing; sim i lar tex tures were ob served, e.g., in ex per i -
ments con ducted by Nadeau (1998).

Authigenic min er als other than illite (do lo mite, quartz,
kaolinite, cal cite) are also vis i ble un der SEM, al though they are
ap par ently scarcer than illite and usu ally form larger crys tals.
Fine authigenic K-feld spar crys tals, 2–5 µm in size, rim ming
empty voids af ter dis solved de tri tal grains, were no ticed in sam -
ple Lelików-6 1665.7, but they are rare in the sam ple.

TEM ob ser va tions con firmed the pres ence of well-crys tal -
lised, euhedral illite laths of var i ous sizes and pseudohexagonal 
plates (Fig. 4C, D). Illite laths and their ag gre gates pre dom i -
nate, how ever, elec tron-dense phases, euhedral in shape, also
oc cur in the sam ples. They are in ter preted as he ma tite crys tals
and other authigenic min er als, but their min er al ogy has not
been ana lysed. Ir reg u lar or rag ged grains typ i cal of de tri tal par -
ti cles have not been ob served.

XRD RESULTS

Illite is the pre dom i nant min eral of the clay frac tion in all the
sam ples (Fig. 5). In ad di tion to illite, mi nor amounts of chlorite
and kaolinite oc cur in some sam ples (Ta ble 1). Be sides, in the
<2 µm frac tions, mi nor to trace amounts of quartz, he ma tite, al -
bite, K-feld spar, do lo mite, and bar ite were de tected. The min er -
als other than illite and he ma tite de cline in the <0.2 µm frac -
tions.

“lllite” de scribed in this con tri bu tion is not a pure, non-ex -
pand able, sin gle min eral. It con tains a small pro por tion of ex -
pand able lay ers as in di cated by the Ir val ues in the range of
1.22–1.36, the FWHM val ues in the range of 0.53–0.84, and a
slight change of the 001 re flec tions af ter EG treat ment (they are 
slightly shifted and be come nar rower – Fig. 5). Ac cord ing to
Eberl and Velde (1989) grid based on Ir and FWHM data, the
con tent of swell ing lay ers is in the range of 2–4%. In turn, ac -
cord ing to Œrodoñ (1984) iden ti fi ca tion method of illitic ma te ri -
als, the clay min er als con sist of a mix ture of illite with or dered
highly illitic illite/smectite (I/S); this I/S min eral does not show
dis crete re flec tions, so it is dif fi cult for pre cise iden ti fi ca tion. The 
~10 � peaks for the air-dried <2 µm frac tions are asym met ri cal
and bi ased to wards small an gles. Mod el ling their shapes with a
math e mat i cal func tion (Pearson split) re veals that they fit to the
over lap of two re flec tions (one min eral of FWHM ~1.0 and the
other of FWHM ~0.4). The ~10 � re flec tions for the air-dried
<0.2 µm frac tions are wider and more sym met ri cal. On the ba -
sis of these ob ser va tions, “illite” is re garded as a mix ture of at
least two phases. The in ter pre ta tion of highly illitic I/S as very
thin illite par ti cles in the ear li est stages of de vel op ment has also
been pos tu lated in lit er a ture (e.g., Wil son et al., 2014), but it is
not con sid ered in the fol low ing text.

Only the 1M polytype was rec og nized; re flec tions char ac ter -
is tic of illite 2M1 have not been de tected.
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K-Ar DATA

The K-Ar data are pre sented in Ta ble 2. The K2O con tents
vary be tween 5.99 and 3.23% and are dis tinctly lower than the
K2O con tents in illites from Ger man Rotliegend sand stones
(9.75–7.80%; Clauer et al., 2012). This is caused by an ad mix -
ture of other min er als and, pos si bly, by lower K con tents in the
stud ied illites than in Ger man illites. These lower K con tents are
in di cated by the higher FWHM val ues of the stud ied illites (the
ma jor ity >0.65) as com pared to Ger man illites (the ma jor ity
<0.55; Clauer et al., 2012). The ra dio genic 40Ar con tents range

from 81.4 to 43.7% of the to tal mea sured Ar, which in di cates
rel a tively low at mo spheric Ar con tam i na tion.

The K-Ar data scat ter widely be tween 237.7 ± 2.3 and 148.8 
± 2.1 Ma. The for mer value (237.7) is not very re li able be cause
of a weak sig nal-to-noise ra tio dur ing 36Ar mea sure ments. The
ma jor ity of dates fall within the range be tween 195 and 150 Ma.
A dis tinc tive fea ture is the con stant trend of in creas ing age with
de creas ing frac tion sizes in in di vid ual sam ples. The age dif fer -
ence be tween the 2–0.5 and <0.2 µm size frac tions is low est for
Rokietnica-3 3665.8 (~10 m.y.) and Krzykosy-1A 3878.5
(~11 m.y.) sam ples, and is as large as ~50 m.y. for Lelików-6
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Fig. 3. SEM photomicrographs of authigenic illite in Rotliegend sandstones from the Fore-Sudetic Monocline

A – dense net work of illite over grow ing  de tri tal grain and bridg ing pore space; B – flakes and laths of grain-coat ing illite; C –
authigenic illite bridg ing a pore-throat and form ing a tun nel-like tex ture; D – var i ous hab its of illite, illite laths over grow a do lo -
mite rhombohedron; E – illite laths at the ends of flake-shaped par ti cles; F – clus ter of illite laths; A, C, E – sam ple Jarocin-7
2792.3; B, D, F – sam ple KuŸnica Grab.-2 2259.4
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Fig. 4A, B – back-scattered electron images of authigenic illite and discontinuous inherited clay minerals of illitic composition
(arrowed); C, D – TEM images of <2 µm fractions separated from Rotliegend sandstones

C, D – euhedral illite laths of various sizes predominate in the samples; dark, electron-dense phases are also euhedral and are interpreted as
authigenic minerals, primarily hematite; A and C – sample Krzykosy-1A 3878.5; B – sample Lelików-6 1665.7; D – sample Jarocin-7 2792.3

Fig. 5. Representative XRD patterns of two oriented size fractions (<2 and <0.2 µm)
separated from Rotliegend sandstone of the Fore-Sudetic Monocline



1665.7 sam ple. Two sam ples taken from the same bore hole in
a dis tance of 17 m (KuŸnica Grab.-2 2242.5 and KuŸnica
Grab.-2 2259.4) yielded slightly shifted data (155.4 ± 1.8 and
148.8 ± 2.1 Ma for the 2–0.5 µm frac tion) but with the sim i lar
age dif fer ence be tween the coarse and fine frac tions of
~35 m.y. Any ob vi ous dif fer ences have been no ticed be tween
the re sults ob tained for the sand stones from the East ern Erg
and the South ern Erg.

DISCUSSION

The avail able K-Ar data of illite from Rotliegend ae olian
sand stones from the Fore-Sudetic Monocline are sum ma rized
in Ta ble 2 and de picted on Fig ure 6. Michalik’s (2001) data con -
cern the up per most, not red den part of Mid dle Perm ian clastic
rocks called “Weissliegend”.

The ma jor ity of sam ples from the Fore-Sudetic Monocline
show dif fer ent ages for var i ous par ti cle size frac tions, which is
in a marked con trast to a nar row age spec trum for var i ous size
frac tions of illite from Rotliegend sand stones in north ern Ger -
many (Zwingmann et al., 1999; Liewig and Clauer, 2000;
Clauer et al., 2012). The uni form K-Ar re sults for var i ous par ti -
cle size frac tions sep a rated from Ger man Rotliegend sand -
stones in di cate iso tro pic ho mo ge ne ity of illite and are in ter -
preted as geo log i cally mean ing ful ages of short-last ing hy dro -
ther mal events, dur ing which illite rap idly grew (Zwingmann et
al., 1999; Liewig and Clauer, 2000; Clauer et al., 2012). In deed,
the fi brous mor phol ogy of illite is of ten con sid ered as an in di ca -
tion of its rapid growth (Wilkinson and Haszeldine, 2002;
Lander and Bonnell, 2010).

JURASSIC AGES

Two of the six sam ples in the pres ent study yielded a rel a -
tively nar row dis per sion of K-Ar data for dif fer ent size frac tions.
Illite from Rokietnica-3 3665.8 sam ple was dated for
~185-195 Ma whereas illite from Krzykosy-1A 3878.5 sam ple
was dated for ~165–175 Ma. Sim i lar re sults were ob tained also
in other stud ies con cern ing the Rotliegend of the Fore-Sudetic
Monocline. Dif fer ent size frac tions of illite sep a rated from two

Witowo-1 sand stones yielded al most iden ti cal K-Ar data to
those of Krzykosy-1A 3878.5 sam ple (Protas et al., 2006;
Maliszewska and Kuberska, 2009). Both bore holes,
Krzykosy-1A and Witowo-1, are lo cated nearby (Fig. 1). The
~165 Ma age was ob tained also for the <0.2 µm size frac tion
from Komorze-2 4223.7 sam ple (Maliszewska and Kuberska,
2009) and for three <0.2 µm size frac tions from sand stones
from the Sieroszowice, Lubin, and Rudna cop per mines
(Michalik, 2001). The sim i lar ages of sev eral dif fer ent size frac -
tions found for three dif fer ent sam ples and for the fine frac tions
of fur ther four sam ples is a con vinc ing ar gu ment for a geo log i -
cally mean ing ful age of a crystallisation ep i sode (Clauer and
Chaudhuri, 1995). The same con cerns the older age
(~185–195 Ma). It was noted for three size frac tions of
Rokietnica-3 3665.8 sam ple, for two frac tions (<0.2 and
0.2–0.5 µm) of KuŸnica Grabowska-2 2242.5 sam ple (this
study), and for the <0.2 µm frac tions sep a rated from sand -
stones from the Polkowice and Rudna cop per mines (Michalik,
2001). A sim i lar age (190–216 Ma) was es ti mated for
diagenetic illite in the cop per-min er al ised Kupferschiefer of the
Fore-Sudetic Monocline and in ter preted as a time of mi gra tion
of ore-form ing brines (Bechtel et al., 1999). Also, the whole-rock 
K-Ar dat ing of al tered an de site from the west ern part of the
Fore-Sudetic Monocline yielded 188–191 ±2 Ma, in ter preted as
an age of rock al ter ation un der sub-greenschist fa cies (Bylina,
2006).

The third Ju ras sic sig nal which can be ten ta tively rec og -
nized among the avail able data is that around 150 Ma. Yet its
mean ing is un clear be cause three in four sam ples show large
spread of data. There fore, it as well may be a ran dom age.

The two age ranges, ~185–195 Ma and ~165–175 Ma, can
be in ter preted as two pulses of in tense illite growth in the area of 
the Fore-Sudetic Monocline. This growth was so in tense and
high-tem per a ture that any fur ther diagenetic pro cess or later
fluid flows have not blurred it. Pres ent-day tem per a tures at the
burial depth of the Rotliegend sand stones (~3700–3900 m) ap -
prox i mate 130–140°C and have not re set the Ju ras sic sig nals,
al though any in crease of tem per a ture be yond that of illite
crystallisation af fects the K-Ar sig na ture of illite, i.e. low ers its
age (Clauer and Chaudhuri, 1995; Clauer, 2013). There fore,
the Ju ras sic age sig nals pro vide ev i dence that tem per a tures in
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Bore hole
Depth

[m]
Size

frac tions

Clay min er als
Non-clay min er als

(mi nor to trace)

FWHM

Illite 001

D o2q

Illite

IrIllite Oth ers

Rokietnica-3 3665.8 <2 µm pre dom i nant chlorite, <5% Hem, Qtz, Fsp 0.70 1.31

Krzykosy-1A 3878.5 <2 µm pre dom i nant chlorite, <5% Hem, Qtz, Ab 0.53 1.22

Jarocin-7 2792.3
<2 µm pre dom i nant chlorite, 15% Hem, Qtz, Fsp, Bar 0.66 1.36

<0.2 µm pre dom i nant – Hem – –

KuŸnica Grab.-2 2259.4
<2 µm pre dom i nant – Hem, Qtz, Fsp 0.84 1.32

<0.2 µm pre dom i nant – Hem – –

KuŸnica Grab.-2 2242.5
<2 µm pre dom i nant – Qtz, Fsp 0.67 1.23

<0.2 µm pre dom i nant – – – –

Lelików-6 1665.7
<2 µm pre dom i nant kaol., chlorite Hem, K-Fsp, Ab,

Qtz, Dol 0.73 1.33

<0.2 µm pre dom i nant kaolinite Hem – –

Ab – al bite, Bar – bar ite, Dol – do lo mite, Fsp – feld spar, Hem – he ma tite, Qtz – quartz

T a  b l e  1

Min er al ogy and illite data of clay min er als sep a rated from Rotliegend sand stones 
of the Fore-Sudetic Monocline – based on XRD anal y ses
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Bore hole Depth
[m] Lo ca tion Size [µm]

K2O [%]

K [%]

40Ar*
[%]

40Ar*
[pmol/g]

Age 

[Ma ± 2s]

Source/

Lab o ra tory

Rokietnica-3 3665.8 EE

2–0.5 4.34 61.5 1214.8 184.7 (±2.7)

this study

P.A.S. Cra cow, PL

0.5–0.2 5.99 74.7 1694.5 186.6 (±1.5)

<0.2 5.31 75.8 1573.7 195.0 (±1.7)

Krzykosy-1A 3878.5 EE

2–0.5 4.78 57.9 1170.4 162.6 (±2.1)

0.5–0.2 5.01 66.7 1263.3 167.2 (±2.0)

<0.2 5.29 67.8 1391.5 174.1 (±1.8)

Jarocin-7 2792.3 EE

2–0.5 4.46 43.7 1166.0 173.1 (±4.6)

0.5–0.2 5.01 71.0 1474.7 193.7 (±2.4)

<0.2 4.73 68.4 1528.6 211.6 (±3.0)

KuŸnica Grab.-2 2259.4 SE

2–0.5 5.72 52.6 1277.2 148.8 (±2.1)

0.5–0.2 5.20 79.5 1191.9 152.6 (±2.0)

< 0.2 5.85 81.4 1607.3 181.4 (±1.6)

KuŸnica Grab.-2 2242.5 SE

2–0.5 5.32 60.2 1243.1 155.4 (±1.8)

0.5–0.2 4.36 61.9 1244.7 188.2 (±2.1)

<0.2 4.83 59.4 1423.1 193.9 (±2.6)

Lelików-6 1665.7 SE

2–0.5 4.52 74.4 1285.9 187.6 (±1.9)

0.5–0.2 3.23 47.7 1068.0 216.2 (±3.9)

<0.2 4.32 78.1 1579.6 237.7 (±2.3)

Pniewy-1 3604.5 EE
<0.3 7.28 49.6 1430   109.5 (±3.1)

Maliszewska and
Kuberska (2009)

Iso tope Geoscience
Unit, Glas gow, GB

<0.2 4.44 42.0 1310   113.6 (±3.6)

Objezierze IG1 4221.6 EE
<0.3 4.73 48.1 1116   131.1 (±3.8)

<0.2 4.60 46.3 1251   150.4 (±4.5)

Wrzeœnia IG1 4525.3 EE
<0.3 6.41 51.8 1273   110.0 (±3.0)

<0.2 5.91 48.4 1229   116.1 (±3.3)

Œroda IG3 3854.3 EE
<0.3 6.21 51.5 1643   146.4 (±4.0)

<0.2 5.87 65.4 1645   154.7 (±3.7)

Florentyna IG2 3381.0 EE
<0.3 5.60 37.1 1307   129.7 (±4.5)

<0.2 5.22 48.9 1273   135.4 (±3.9)

Witowo-1 3613.3 EE
<0.3 6.16 94.0 172.7 (±0.9)

Maliszewska and
Kuberska (2009)

In sti tute of Phys ics
UMCS Lublin, PL

<0.2 5.87 94.0 173.1 (±1.2)

Komorze-2 4223.7 EE
<0.3 8.64 95.0 131.1 (±1.3)

<0.2 6.69 95.0 165.4 (±1.2)

Go³uchów-2 3185.1 EE
<0.3 5.89 93.0 156.8 (±1.3)

<0.2 5.30 93.0 172.5 (±1.6)

Kórnik-2 4221.1 EE

2–0.2 3.63 83.5 1369          205.2 (1s < 1%)

Protas et al. (2006)

In sti tute of Phys ics
UMCS Lublin, PL

0.2–0.05 5.12 86.4 1779   190.1       ¯ 

<0.02 5.37 87.8 1760   179.8          

Polwica-1 3688.1 EE

2–0.2 2.87 87.3 1300   243.1          

0.2–0.05 4.40 88.4 1761   216.6          

0.05–0.02 4.85 87.8 1847   207.8          

<0.02 5.52 88.1 1926   191.2          

Krzykosy-1A 3882.9 EE

2–0.2 4.56 95.3 2283   276.5          

0.2–0.05 5.97 92.7 2386   196.0          

0.05–0.02 6.36 91.2 2158   197.7          

<0.02 6.63 93.0 2257   221.4          

Witowo-1 3903.1 EE

2–0.2 3.86 91.0 1159   165.5          

0.2–0.05 5.30 85.1 1687   174.8          

0.05–0.02 4.99 89.7 1583   174.4          

<0.02 5.51 90.8 1663   166.1          

T a  b l e  2

Avail able K-Ar ages of authigenic illite from Rotliegend ae olian sand stones of the Fore-Sudetic Monocline



Rotliegend sand stones were higher in the Ju ras sic than at pres -
ent – at least at places. This is in com plete ac cord with the as -
sumed high to re gion ally max i mum burial and en hanced heat
flow in the Ju ras sic (Karnkowski, 1999; Botor et al., 2013). How -
ever, there are some pre mises that high tem per a tures were not
at tained solely due to burial, but were an ef fect of hot fluid flows, 
i.e. some heat ing events. The data are re corded only lo cally;
they are grouped in few time in ter vals, and the same in ter vals
were doc u mented in fre quent stud ies con cern ing Rotliegend
and other rocks in Cen tral and West ern Eu rope (see next para -

graph). Sec ond, the crystallisation of illite has been in ter preted
as con com i tant with the flow of cop per-bear ing brines (Bechtel
et al., 1999; Michalik, 2001). More over, Bylina (2006) sug -
gested that hy dro ther mal flu ids that caused the al ter ation of
Perm ian mafic rocks in the west ern part of the Fore-Sudetic
Monocline flowed ep i sod i cally, some in the Early Ju ras sic. Fi -
nally, if part of illite had formed from a smectite pre cur sor, which
could be de duced from the oc cur rence of highly illitic I/S, then
the tem per a ture of illitisation might have been above 160°C
(Pollastro, 1993; Œrodoñ, 2007).
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Sam ple Depth
[m] Lo ca tion Size [µm] K2O [%]

40Ar*
[%]

40Ar*
[pmol/g]

Age 

[Ma ± 2s]

Source/

Lab o ra tory

Rudna N SE <0.2 6.23 93.4 166.2 (±4.1) 1s

Michalik (2001)

In sti tute of Phys ics
UMCS Lublin, PL

Rudna G³ówna SE <0.2 4.93 72.6 186.2 (±4.2)  ¯ 

Lubin W SE <0.2 5.76 69.7 163.7 (±3.8)    

Sieroszowice SE <0.2 5.56 69.9 158.8 (±3.6)    

Polkowice W SE <0.2 5.94 95.6 181.3 (±5.3)    

*Ar – ra dio genic Ar; EE – East ern Erg; SE – South ern Erg

Tab. 2 cont.

Fig. 6. Graphical representation of the available K-Ar ages of authigenic illite 
from Rotliegend sandstones of the Fore-Sudetic Monocline

Data from Michalik (2001), Protas et al. (2006), Maliszewska and Kuberska (2009), and from this study; samples
are grouped according to geographical location and laboratories in which measurements were performed (see

also Table 2); two vertical grey bars represent two periods of suggested enhanced activity of illite growth



The Ju ras sic ther mal events are not re stricted only to the
area of the Fore-Sudetic Monocline but they are wide spread
through out West ern and Cen tral Eu rope (Fig. 7), in di cat ing
large-scale un der ly ing pro cesses. The older sig nal
(~180–200 Ma) has been fre quently noted in Rotliegend sand -
stones of north ern Ger many (Platt, 1993; Clauer et al., 1996,
2012; Zwingmann et al., 1998, 1999; Liewig and Clauer, 2000;
Fischer et al., 2012); it is known also from some Rotliegend
sand stones of the south ern North Sea (Ziegler et al., 1994).
More over, Tri as sic sand stones of the Paris Ba sin (Mossmann
et al., 1992) and north ern Af rica (Clauer et al., 1996) re corded
~190 Ma hy dro ther mal ac tiv ity. Car bon if er ous sand stones from 
cen tral Po land (the Mazowsze re gion) also bear sig nals of a
~200 Ma hy dro ther mal event (Koz³owska and Poprawa, 2004).
The youn ger sig nal (~165–175 Ma) is also clearly re corded in
Rotliegend sand stones of Cen tral Eu rope (north ern Ger many,
Zwingmann et al., 1999; Clauer et al., 2012) and West ern Eu -
rope (south ern North Sea, Lee et al., 1989; Rob in son et al.,
1993; Ziegler et al., 1994). Œrodoñ et al. (2006) found a
~175 Ma ther mal event su per im posed on burial diagenesis of
Car bon if er ous rocks of the Up per Silesian Coal Ba sin, south ern 
Po land, and Koz³owska and Poprawa (2004) dated illite in one
sam ple of Car bon if er ous sand stone of cen tral Po land for
~165 Ma. In turn, a ~150 Ma heat ing event has been well-doc u -
mented in hy dro ther mal de pos its in the Black For est, Ger many
(Meyer et al., 2000), and at the ba sin/base ment un con formity in 
west ern France (Cathelineau et al., 2012). Palaeomagnetic
mea sure ments of the Cu-bear ing Kupferschiefer in east ern
Ger many yielded a Late Ju ras sic palaeopole at ~150 Ma, in ter -
preted as ex ten sive ac tiv ity of hy dro ther mal flu ids (Symons et
al., 2011).

The ma jor ity of au thors sug gested en hanced heat pulses
be fore the open ing of the At lan tic Ocean as a ma jor trig ger for

hot fluid flows and illite crystallisation (Bon homme et al., 1983;
Mossmann et al., 1992; Rob in son et al., 1993; Clauer et al.,
1996; Zwingmann et al., 1998, 1999; Liewig and Clauer, 2000;
Œrodoñ et al., 2006). Gaupp et al. (1993) in di cated in creased
tec tonic ac tiv ity be fore the open ing of the At lan tic Ocean, which
caused the re ac ti va tion of faults and fa cil i tated fluid mi gra tion.
Zwingmann et al. (1999) no ticed that illitisation in Rotliegend
sand stones of north ern Ger many oc curred dis con tin u ously and
sug gested three pe ri ods of en hanced illite growth (210–205,
200–175, 170–165 Ma).

A DECREASING AGE WITH INCREASING PARTICLE-SIZE FRACTIONS

All sam ples stud ied in this con tri bu tion show an in verse age
trend with frac tion sizes, i.e. the coarser frac tions (0.5–2 µm)
are ~10–50 m.y. youn ger than the finer frac tions (<0.2 µm).
Most prob a bly, this is not pro duced by an a lyt i cal er rors, as sim i -
lar re sults were yielded also in other stud ies and by other lab o -
ra to ries (Ta ble 2). Even mi nor dif fer ences in size frac tions (e.g., 
<0.2 and <0.3 µm in Maliszewska and Kuberska, 2009) may re -
sult in dif fer ent K-Ar data, and the finer frac tion is older than the
coarser one. Such a trend ex cludes con tam i na tion by de tri tal
K-bear ing phases be cause the lat ter are usu ally con cen trated
in coarser frac tions (e.g., Ham il ton et al., 1989; Bechtel et al.,
1999; Clauer, 2013). The only ob vi ous con tam i na tion by de tri tal 
K-bear ing ma te rial is no ticed for sam ple Krzykosy-1A 3882.9
ex am ined by Protas et al. (2006): the K-Ar date of the <2 µm
frac tion (276.5 ± 2.7 Ma) is ev i dently older than the depositional
age (~260–270 Ma; the de po si tion of the Kupferschiefer is con -
strained at 258 ± 2 Ma; Menning et al., 2006; cf. Peryt et al.,
2012). This ex plains the dis crep ancy be tween the re sults ob -
tained by Protas et al. (2006) and in the pres ent study for sam -
ples taken from the same bore hole at sim i lar depths (Ta ble 2).
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Fig. 7. Comparison of K-Ar ages of authigenic illite in Rotliegend sandstones from Western-Central Europe
(after Clauer et al., 2012 completed with the data from the Fore-Sudetic Monocline)

The light grey bars denote individual ages; data from: Lee et al. (1985), Platt (1993), Ziegler et al. (1994), Zwingmann
et al. (1999), Liewig and Clauer (2000), Michalik (2001), Protas et al. (2006), Maliszewska and Kuberska (2009),

Clauer et al. (2012), this study

https://gq.pgi.gov.pl/article/view/7691
https://gq.pgi.gov.pl/article/view/7691


The K-Ar data of Protas et al. (2006) are pre sented in an ab -
stract, so any sup port ive ma te rial is not in cluded, nei ther an a lyt -
i cal de tails, nor XRD data and TEM mi cro graphs. There fore,
the re sults ob tained from an other sam ple ana lysed by Protas et 
al. (2006), Polwica-1 3688.1, which show a nor mal age trend
with in creas ing size frac tions and an ex cep tion ally old age for
the 2–0.2 µm frac tion (241.1 Ma), seem prob lem atic on the ba -
sis of the avail able data.

The age dis per sion in in di vid ual sam ples can re sult from
long-last ing illite growth, ei ther con tin u ous or in pulses (e.g.,
Lee et al., 1989; Clauer et al., 1997; Œrodoñ et al., 2006). The
in verse age trend, how ever, con tra dicts the com mon as sump -
tion that the fin est frac tion of fi brous illite rep re sents the last
formed illite (Lee et al., 1989; Ham il ton et al., 1989). On the
other hand, Lander and Bonnell (2010) state re cently that “the
ex tent to which the small est illite frac tion ac tu ally rep re sents the 
last formed illite is un clear”. Tak ing into ac count the ob ser va tion 
that the illitic ma te rial in the sam ples may be a mix ture of at
least two phases (illite and highly illitic illite/smectite), a mul ti -
stage illitisation pro cess, in clud ing illitisation of a smectite pre -
cur sor and the growth of fi brous illite, is highly prob a ble. In such
a case the crys tal size dis tri bu tion is dif fer ent than it would be in
the case of pure fi brous illite which crys tal lised di rectly from so -
lu tion. Be sides, it is not clear how in her ited clay min er als af fect
the K-Ar ages. If these clay min er als had been orig i nally
smectitic, which is prob a ble in an ae olian en vi ron ment, then
they would rep re sent (part of?) the illite/smectite ad mix ture.
The pres ence of early diagenetic smectite ce ment is also a
prob a ble op tion. Since illite/smectite is more fine-grained in
com par i son with illite and tends to ac cu mu late in finer frac tions
(Œrodoñ, 1984), the older ages may be at trib uted to a stage of
smectite illitisation.

The o ret i cally, a fi nal stage might have also pro ceeded via
the Ostwald rip en ing pro cess (large par ti cles grow ing at the ex -
pense of dis solv ing small par ti cles), but this pro cess has not
been doc u mented for illite. The in creas ing age with de creas ing
par ti cle sizes has been ob served for K-bentonites (Clauer et al., 
1997; Œrodoñ et al., 2002, 2006) and ex plained in such a way
that dur ing smectite illitisation coarser illite crys tals grow from
small nu clei by sur face-con trolled growth, and some small nu -
clei sim ply stop grow ing at an early stage (Œrodoñ et al., 2000).

The in verse trend can be also ex plained by the con tam i na -
tion of the coarser frac tions by an authigenic K-bear ing phase
other than illite. This can not be com pletely re jected since small,
authigenic K-feld spar was noted in sam ple Lelików-6 1665.7.
Al though such authigenic feld spar has not been ob served in
other sam ples, mi nor amounts of feld spar have been de tected
by XRD in the coarser frac tions of a few other sam ples (Ta -
ble 1). Nev er the less, if it were the case, the data would cor re -
spond to a diagenetic pro cess, i.e. the crystallisation of K-feld -
spar from sa line, K-rich so lu tions. Be sides, ob ser va tions by
Ziegler (2006) and Fischer et al. (2012) from the south ern North 
Sea and Ger many in di cate that the crystallisation of K-feld spar
was syn chro nous with the crystallisation of fi brous illite.

TRIASSIC AND CRETACEOUS AGES

One can not ex clude that illitisation started in the Tri as sic, as 
sug gested by a few Tri as sic ages, how ever the doc u men ta tion
for these ages is prob lem atic – they were found for the fine frac -
tions of only two sam ples which, be sides, show the larg est age
scat ter, and for sam ples ex am ined by Protas et al. (2006),
which are sus pected to be bi ased by de tri tal con tam i na tion.
There fore, the old est, Tri as sic stage, should be treated as
largely un rec og nized.

In turn, the youn gest ages, Early Cre ta ceous
(~110–135 Ma), re corded for four Rotliegend sand stones of the
East ern Erg (Maliszewska and Kuberska, 2009), are much
more con cise. Their geo log i cal mean ing is not en tirely clear.
They may cor re spond di rectly to the time of illite crystallisation
(Maliszewska and Kuberska, 2009), which im plies that the Ju -
ras sic stage of illitisation was not ubiq ui tous in the en tire area of
the Fore-Sudetic Monocline and that the growth of illite was dis -
placed in time in the north ern part of this area. How ever, two of
these four sam ples (Objezierze IG1 4221.6, Wrzeœnia IG1
4525.3) come from the ar eas which, ac cord ing to the nu mer i cal
mod el ling of or ganic mat ter ma tu rity (Botor, 2011), ex pe ri enced 
max i mum tem per a tures in the Late Cre ta ceous. In con se -
quence, the Early Cre ta ceous ages of these two sam ples may
as well be par tially re set K-Ar Ju ras sic data, or mixed ages be -
tween the Ju ras sic and Late Cre ta ceous. Thus, the ex tent and
the mean ing of the Cre ta ceous ages of illite of the Fore-Sudetic
Monocline are to be rec og nized in more de tail.

Early Cre ta ceous dates were ob tained also for Rotliegend
sam ples from the Cen tral Neth er lands Ba sin (Lee et al., 1989)
and some ar eas of the south ern North Sea (Ziegler et al., 1994), 
and in ter preted as the time of illite growth. How ever, Rotliegend
sand stones in those ar eas be sides illite con tain ran domly
interstratified I/S (Ziegler, 2006), which in di cates that they ex pe -
ri enced lower tem per a tures than the Rotliegend of the
Fore-Sudetic Monocline, and that the ther mal evo lu tions of both 
ar eas were dif fer ent.

IMPLICATIONS FOR A PETROLEUM SYSTEM

Re cently, sev eral 1D hy dro car bon gen er a tion mod els
(Karnkowski, 1999; Kotarba et al., 2006; Botor, 2011; Botor et
al., 2013) and a 3D gas mi gra tion model (Botor et al., 2013)
have been pre pared for sed i men tary rocks of the Pol ish
Rotliegend ba sin. Ac cord ing to these mod els, gas gen er a tion
and mi gra tion which led to the fill ing of nu mer ous res er voirs
lasted from the Late Tri as sic to the Late Ju ras sic, and the main
phase took place be tween the Late Tri as sic and the Early Ju -
ras sic. A sec ond, mi nor and lo cal ep i sode oc curred in the Late
Cre ta ceous. In turn, the avail able K-Ar data sug gest that the
main phase of illite growth in the area of the Fore-Sudetic
Monocline took place in the Ju ras sic. Later and mi nor illitisation
might have oc curred in the Cre ta ceous. Tak ing into ac count the 
gen eral co in ci dence be tween the time of gas gen er a tion and
mi gra tion, and the time of illite crystallisation, we may con clude
that the same un der ly ing pro cesses which caused illitisation
trig gered also hy dro car bon mi gra tions, or that hy dro car bon mi -
gra tions trig gered fluid flows and illite crystallisation.

Since hy dro car bon mod el ling needs a num ber of as sump -
tions, such as heat flow val ues in an cient geo log i cal ep ochs and 
the thick ness of eroded rocks, and it dis re gards advective heat
trans port or ce men ta tion pro cesses (e.g., Botor et al., 2013),
the re sults can be viewed only on a prob a bil ity scale. It seems
that better un der stand ing of illitisation in Rotliegend sand stones 
should pro vide fur ther in sights into a pe tro leum sys tem. The
ma jor ity of data ob tained so far come from wa ter-sat u rated
sand stones al though Lee et al. (1985) showed that illite in the
wa ter zone may grow lon ger than in the gas zone. Care ful sam -
pling of gas-bear ing in ter vals along with wa ter-sat u rated sand -
stones and fur ther care ful K-Ar datings of authigenic illite are
needed to clar ify whether illitisation was con tin u ous or ep i sodic,
syn chro nous through out the area of the Fore-Sudetic
Monocline or dis placed in time, oc curred due to burial only or
was trig gered by “ex otic” flu ids.
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The del e te ri ous in flu ence of fi brous illite on res er voir prop -
er ties of sand stones is well-rec og nized. It is im por tant to bear in 
mind, how ever, that even the mas sive growth of illite does not
nec es sar ily im ply the block age of gas mi gra tion. The growth of
authigenic illite in Rotliegend sand stones of the North west Ger -
man Ba sin was al most syn chro nous through out that ba sin and
well-con strained at (Early) Ju ras sic time (Zwingmann et al.,
1998, 1999; Liewig and Clauer, 2000; Clauer et al., 2012). Yet a 
thor ough ba sin mod el ling study of the Ger man Rotliegend gas
play (Schwarzer and Littke, 2007) re vealed that the gas mi gra -
tion and fill ing of Rotliegend res er voirs pro ceeded for a long
time, from the Late Perm ian un til the Neo gene, via a sys tem of
faults.

RELATION TO OTHER DIAGENETIC PROCESSES

Tex tural ob ser va tions sug gest that illite is one of the lat est
diagenetic phases oc cur ring in the Rotliegend sand stones. It
fol lows that he ma tite, do lo mite and chlorite crys tal lised be fore
the Ju ras sic, dur ing the Late Perm ian and/or the Tri as sic. It is
prob a ble that smectite which was a pre cur sor for a part of illite
formed in the Late Perm ian/Early Tri as sic. Also com pac tion
was com pleted be fore the illite growth, i.e. be fore the Ju ras sic.
In turn, cal cite and anhydrite, and part of quartz are the min er als 
that lo cally post date the crys tal li sa tion of illite.

CONCLUSIONS

The avail able K-Ar data of authigenic illite sep a rated from
Rotliegend ae olian sand stones of the Fore-Sudetic Monocline
were sum ma rised and re viewed in terms of their geo log i cal
mean ing. The K-Ar data scat ter widely be tween 276.5 and
109.5 Ma but only part of the re sults are mean ing ful and may be 
in ter preted in terms of real geo log i cal pro cesses.

The ma jor ity of ages are in the range be tween 195 and
150 Ma, i.e. they cor re spond to Ju ras sic times. The re sults may
be grouped in sev eral time in ter vals which are al most iden ti cal
to those iden ti fied for Rotliegend sand stones of Cen tral and
West ern Eu rope. There fore, it is ten ta tively sug gested that the
Ju ras sic crystallisation of illite – sim i larly as in the area of north -
ern Ger many – pro ceeded in pulses rather than con tin u ously,
and was caused by ep i sodic hot fluid flows rather than due to
burial only. These pulses might have been trig gered through out 
the en tire South ern Perm ian Ba sin by the same, large-scale un -
der ly ing pro cesses.

A few Early Cre ta ceous ages ob tained from sand stones
from the north ern part of the Fore-Sudetic Monocline sug gest
that the growth of illite lasted lon ger than solely Ju ras sic times.

There are clear dif fer ences be tween the illite data from
Rotliegend sand stones of Ger many and Po land. In com par i son
with the non-swell ing, iso to pi cally ho mo ge neous illite in Ger -
man Rotliegend res er voirs, illite in ae olian Rotliegend sand -
stones of the Fore-Sudetic Monocline shows slightly swell ing
be hav iour and, fre quently, dif fer ent ages for var i ous par ti -
cle-size frac tions. These char ac ter is tics are in ter preted as the
oc cur rence of a mix ture of illite and highly illitic illite-smectite,
and a long illitisation pro cess which in cluded the crystallisation
of illite from so lu tion and, pos si bly, the illitisation of a smectite
pre cur sor.

Short-last ing, in ten sive growth of illite is re corded only at
places. It seems that illitisation was more of ten a multi-stage
pro cess. If the long-last ing growth were the case, then a sin gle
re sult from one size frac tion could be an av er age of un known
end-mem ber ages and, thus, mean ing less.

The K-Ar ages of authigenic illite gen er ally co in cide with the
mod elled time of gas gen er a tion from Car bon if er ous rocks and
the fill ing of res er voirs in the area of the Fore-Sudetic
Monocline. Pos si bly, the same un der ly ing pro cesses trig gered
illitisation and hy dro car bon mi gra tions, or hy dro car bon mi gra -
tions trig gered fluid flows and illite crystallisation.

Al though the Ju ras sic crystallisation of illite cer tainly oc -
curred, the be gin ning of the pro cess and its ter mi na tion are un -
known. All ex am i na tions con ducted so far, in clud ing the pres ent 
study, show some short com ings which make the re sults
fragmental and even dis put able. There are some pre mises that
the pro cess had been long, be gan in the Tri as sic and pro longed 
un til the Late (?) Cre ta ceous, but com pel ling ev i dence is still
lack ing.
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