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The Tri as sic–Ju ras sic bound ary in ter val (ca. 201 Ma) was a time of sud den global en vi ron men tal changes trig gered by
Pangea breakup and Cen tral At lan tic Mag matic Prov ince de vel op ment. The bulk-rock min er al ogy, clay min er al ogy and ma -
jor el e ment geo chem is try of 87 con ti nen tal mudrock sam ples col lected from four bore hole cores yield in for ma tion on 
Rhaetian–ear li est Hettangian palaeoclimatic changes in the Pol ish Ba sin. Dur ing the Rhaetian, smectite pre pon der ance
was re placed by kaolinite and illite dom i na tion. This fun da men tal shift in clay min eral as sem blages (sup ported by ma jor el e -
ment data) in di cates very sig nif i cant change in cli mate hu mid ity. More over, some beds in the Zagaje For ma tion (Up per
Rhaetian–Lower Hettangian) are par tic u larly rich in kaolinite in di cat ing ex treme chem i cal weath er ing in hu mid-sub trop i cal to
trop i cal cli mate ep i sodes in the af ter math of pow er ful warm ing and abun dant rain fall. Im por tantly, the first dis tinct kaolinite
en rich ment ap pears al ready in the Lower Rhaetian Wielichowo Beds. In ad di tion, abrupt and ep i sodic shifts in the
kaolinite-illite ra tio and in val ues of weath er ing in di ces point to pro found cli mate de sta bi li sa tion and a se quence of fre quent,
cat a strophic cli ma tic re ver sals in the Late Rhaetian and at the Tri as sic–Ju ras sic bound ary. These re sults are gen er ally con -
sis tent with car bon iso tope re cords in sec tions world wide.
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INTRODUCTION

The end of the Tri as sic and the Tri as sic–Ju ras sic tran si tion
(ca. 201 Ma) was a pe riod of sud den global en vi ron men tal
changes linked to the Pangea breakup (Wil son, 1997) and to
de vel op ment of the gi ant Cen tral At lan tic Mag matic Prov ince
(CAMP; Marzoli et al., 1999; Hames et al., 2000; Courtillot and
Renne, 2003). Char ac ter is tic fea tures of this time were pro -
found per tur ba tions in the global biogeochemical cy cle, an in -
crease in at mo spheric CO2 con tent, global green house warm -
ing, and mass ex tinc tion. The Tri as sic–Ju ras sic bound ary
(TJB) is char ac ter ized by pro nounced neg a tive ex cur sions in
ma rine and ter res trial car bon iso tope re cords (e.g., Pálfy et al.,
2001; Hesselbo et al., 2002; Guex et al., 2004; Ward et al.,
2004; Galli et al., 2005; Williford et al., 2007; Ruhl et al., 2009;
Deenen et al., 2010; White side et al., 2010; Pieñkowski et al.,
2012) as well as per tur ba tions to other iso to pic sys tems (Co hen 
and Coe, 2002, 2007; Kuroda et al., 2010; Callegaro et al.,
2012; Pieñkowski et al., 2012) . A ma jor Late Rhaetian “ini tial”
neg a tive C iso tope ex cur sion (ini tial CIE) is usu ally sep a rated
from a sub se quent long-term Hettangian “main” neg a tive C iso -
tope ex cur sion (main CIE) by a dis tinct pos i tive shift in d13C val -

ues (Hesselbo et al., 2002, 2007; Schootbrugge et al., 2008;
Korte et al., 2009; Pieñkowski et al., 2012; Fig. 1). CAMP de vel -
op ment and re lated pro cesses (vol ca nic de gas sing,
thermogenic meth ane re lease, meth ane hy drate dis so ci a tion)
are com monly in ferred as trig gers of biogeochemical cy cle
destabilization, cli mate shifts and other global en vi ron men tal
changes which in turn led to TJB mass ex tinc tion. Al ter na tive
hy poth e ses con sid ered changes in palaeoceanography (Hal -
lam and Wignall, 1999) and ex tra ter res trial im pact (Olsen et al.,
2002; Simms, 2003). Some au thors have fo cused on ocean
acid i fi ca tion and a biocalcification cri sis (Hautmann, 2004;
Hautmann et al., 2008; Racki, 2010; Richoz et al., 2012). How -
ever, in creas ing pre ci sion of strati graphic cor re la tion links these 
events to the on set of CAMP vol ca nism (Marzoli et al., 2004,
2011; Nomade et al., 2007; Cirilli et al., 2009; Jourdan et al.,
2009; Deenen et al., 2010; Kozur and Weems, 2010; Ruhl et al., 
2010; Schoene et al., 2010; White side et al., 2010; Blackburn et 
al., 2013).

Ris ing at mo spheric car bon di ox ide con cen tra tions likely
caused global cli mate changes and a Late Rhaetian
super-green house (McElwain et al., 1999; White side et al.,
2010; Schaller et al., 2011, 2012; Steinthorsdottir et al., 2011).
Brief but ex treme green house events may have been re lated to
mas sive in jec tions of iso to pi cally light car bon from oce anic
meth ane hy drate destabilization and its cu mu la tive in put into
the at mo sphere and ocean (Beerling and Berner, 2002;
Hesselbo et al., 2000, 2007; Ruhl et al., 2011). Some au thors,
though, have re cently chal lenged the causal link be tween
end-Tri as sic meth ane re lease and ter res trial eco sys tem cri sis
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(Lindström et al., 2012). In deed, the green house ef fect as a sin -
gle cause of ter res trial ex tinc tions is chal lenged by many au -
thors, who em pha size en vi ron men tal stress caused by emis -
sion of volcanogenic toxic com pounds, soil acid i fi ca tion and
suc ces sive rapid cli ma tic re ver sals (Self et al., 2006; Ganino
and Arndt, 2009; Schootbrugge et al., 2009; Racki, 2010;
Pieñkowski et al., 2012, 2014; Schaller et al., 2012). More over,
it was found that at mo spheric CO2 con cen tra tions had in -
creased ear lier in the Rhaetian (Cleve land et al., 2008; Bonis et
al., 2010). The ear lier Rhaetian neg a tive car bon iso tope ex cur -
sions clearly pre ceded the Late Rhaetian “ini tial” neg a tive CIE
(Ruhl and Kürschner, 2011; Suan et al., 2011; Lindström et al.,
2012; Pieñkowski et al., 2012, 2014; Fig. 1). The sub stan tial in -
crease in global tem per a ture, abun dant rain fall and an en -
hanced hy dro log i cal cy cle caused a large in crease in con ti nen -
tal weath er ing and in sed i ment sup ply. The Sr-iso tope and
Os-iso tope re cords in di cate that ero sion and weath er ing of
CAMP rocks started in the Hettangian, soon af ter their em -
place ment (Co hen and Coe, 2002, 2007). Re cently some au -
thors in di cate two sig nif i cant shifts of the Os-iso tope curve
(Kuroda et al., 2010; Pieñkowski et al., 2012) dur ing the
Rhaetian that may be at trib uted to a rapid em place ment of the
CAMP, fol lowed by a rapid in crease in con ti nen tal weath er ing.

Clay de pos its in sed i men tary bas ins rep re sent a fi nal prod -
uct of the con ti nen tal weath er ing pro cess and they may re veal
cli ma tic fluc tu a tions on con ti nents, if diagenetic trans for ma tions 
were not very sig nif i cant (e.g., Singer, 1984; Chamley, 1989;
Ruffell et al., 2002; Ahlberg et al., 2003; Deconinck et al., 2003;
Raucsik and Varga, 2008; Brañski, 2009, 2010, 2012; Dera et
al., 2009; Hesselbo et al., 2009). In par tic u lar, the vari a tions in
de tri tal kaolinite con tent in the clay frac tion are con sid ered as a
re li able proxy for hu mid ity. It should be re mem bered that be side 
diagenesis, other fac tors (such as tec tonic re ju ve na tion, sea
level changes, and the li thol ogy of the par ent rocks) may also
in flu ence the clay min eral pro por tions to some ex tent (e.g.,

Thiry, 2000; Brañski, 2007a, 2012; Hesselbo et al., 2009; Liu et
al., 2012; Lintnerová et al., 2013). Abun dance of ma jor el e -
ments is in ti mately re lated to the min er al ogy of the mudrocks
(Weaver, 1989). The clay min er al ogy of Rhaetian–Hettangian
sec tions from Cen tral and North ern Eu rope has been de scribed 
in sev eral pa pers with di verse ac cu racy (Ahlberg et al., 2002,
2003; Raucsik and Varga, 2008; Michalík et al., 2010; Haas et
al., 2012; Pálfy and Zajzon, 2012; Zajzon et al., 2012). Scarce
pre vi ous data from the south east ern part of the Pol ish Ba sin
were col lected by the pres ent au thor few years ago (Brañski,
2009).

The aim of the pres ent pa per is to in fer cli ma tic changes
from the Rhaetian–Early Hettangian suc ces sion in the Pol ish
Ba sin on the ba sis of bore hole sec tions that have mostly high
sam pling res o lu tion. Changes in weath er ing re gime re flect ing
palaeoclimate shifts are here de ter mined on the ba sis of vari a -
tions in clay min er al ogy (es pe cially kaolinite con tent) and ma jor
el e ment chem is try. Spe cial at ten tion is paid to abrupt changes
in min er al ogy and geo chem is try, which may re flect cat a strophic 
events.

GEOLOGICAL AND PALAEOGEOGRAPHICAL
BACKGROUND

The epicontinental Pol ish Ba sin rep re sents the east ern arm
of the Cen tral Eu ro pean Ba sin Sys tem (Pieñkowski and
Schudack, 2008). The Mid-Pol ish Trough (MPT), the ax ial zone
of the Pol ish Ba sin, was an elon gated rel a tively nar row sub sid ing
area, run ning gen er ally along the Teisseyre-Tornquist Zone
(TTZ). The MPT was su per im posed on the south west ern edge of 
the East Eu ro pean Craton and the north east ern bound ary of the
Variscides (Dadlez, 1997; Fig. 2). At the very be gin ning of the Ju -
ras sic the ba sin depocenter was fi nally placed along the MPT. In
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Fig. 1. Car toon sum ma ris ing stra tig ra phy of the Tri as sic–Ju ras sic bound ary in ter val adopted
in this pa per (not to scale)

Gen er al ized car bon-iso tope curve and palaeoclimatic changes are mod i fied and com piled from
Hesselbo et al. (2002), Korte et al. (2009), Ruhl et al. (2009, 2011), Ruhl and Kürschner (2011) and
Pieñkowski et al. (2012). Tri as sic–Ju ras sic bound ary lo ca tion is adapted from Korte et al. (2009), and
Pieñkowski et al. (2012), FAD of Psiloceras speleae and Cerebropollenites thiergartii from Hillebrandt et
al. (2007), and age of “ini tial” neg a tive CIE from White side et al. (2010), and Ruhl et al. (2010); black strip 
– the old est CAMP ba salt flow in the Argana Ba sin, Mo rocco (Marzoli et al., 2004; White side et al., 2010), 
dark grey strip – the old est CAMP ba salt flow in the New ark and Hart ford bas ins, North ern Amer ica
(Olsen et al., 2002; White side et al., 2010), light grey strip – the suc ceed ing ba salt flow in the Argana Ba -
sin, Mo rocco (Marzoli et al., 2004; White side et al., 2010)
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Late Rhaetian–Early Hettangian times the dis tance from the
near est CAMP vol ca nic erup tions to the Pol ish Ba sin did not ex -
ceed 1500 km (Pieñkowski et al., 2014). The Rhaetian was a tec -
toni cally quiet time, but at the be gin ning of the Hettangian there
was a dis tinct fault-re lated tec tonic event (Hakenberg and
Œwidrowska, 1997; Poprawa, 1997; Pieñkowski, 2004). In the
ear li est Hettangian, a short-lived but pro nounced
transtension-re lated sub si dence pulse was su per im posed
(Brañski, 2006, 2011a) on the long-term ther mal sub si dence of
the Pol ish Ba sin (Dadlez et al., 1995; Stephenson et al., 2003).
The ax ial part of the ba sin was af fected by a num ber of faults,
grabens and half-grabens (Dadlez et al., 1998). The phase of
synsedimentary fault ing was ac com pa nied (es pe cially in the
south east ern area), by rapid ac cu mu la tion that was, how ever,
re stricted to the MPT and lo cal grabens (Brañski, 2006, 2011a).

The Tri as sic–Ju ras sic bound ary in the Pol ish Ba sin is lo -
cated be tween the last ap pear ance da tum (LAD) of the

megaspore Trileites pinguis (Marcinkiewicz, 1971) and the first
ap pear ance da tum (FAD) of Cerebropollenites thiergartii in the
Kamieñ Pomorski pro file (Pieñkowski et al., 2012). How ever,
biostratigrahical res o lu tion of the Rhaetian–Lower Hettangian
suc ces sion is un sat is fac tory. Nev er the less, the epicontinental
ba sin in Po land may be as signed to the Eu ro pean strati graphic
frame work on the ba sis of high-res o lu tion se quence stra tig ra -
phy (Pieñkowski, 2004) and chemostratigraphy (Pieñkowski et
al., 2012, 2014).

The Late Norian de pos its in the Pol ish Ba sin rep re sent a
red-bed as so ci a tion (mostly mudstones and siltstones) with rare
calcretes and car bon ate nod ules, which are as signed to the
Zb¹szynek Beds. Two lithostratigraphic units are dis tin guished
within the Tri as sic–Ju ras sic tran si tional sec tion (Ta ble 1): the
Lower–Mid dle Rhaetian Wielichowo Beds and the Up per
Rhaetian–Lower Hettangian Zagaje For ma tion (Pieñkowski et
al., 2012). The Wielichowo Beds rest on the ero sional se quence
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Fig. 2. Gen eral palaeo ge ogra phy and lo ca tion of study area 
(mod i fied af ter Pieñkowski et al., 2014)

A – ex tent of the Rhaetian bas ins in Cen tral and North west ern Eu rope; 
B – palaeogeographic map of the Rhaetian–Early Hettangian ba sin in Po land 

with lo ca tions of pro files sam pled; HCM – Holy Cross Moun tains



bound ary be tween Norian and Rhaetian de pos its, which co in -
cides with Early Cim mer ian un con formity (Pieñkowski, 2004).
This unit is mostly rep re sented by red-brown ish, green ish or
multi col oured mot tled mudstones, with cal cium car bon ate con -
cre tions (Pieñkowski et al., 2012). The Zagaje For ma tion lies
above an ero sional se quence bound ary (Pieñkowski, 2004),
which is prob a bly con com i tant with the Rhaetian lowstand
(Pieñkowski et al., 2012). This unit com prises mostly grey sand -
stone, mudstone, claystone and palaeosols with sid er ite con cre -
tions, coalified plant roots and flo ral re mains. The up per part of
the Zagaje For ma tion (Hettangian) is pre ceded by con spic u ous
ero sion and the Rhaetian de pos its are com monly trun cated at
the top (Pieñkowski, 2004; Pieñkowski et al., 2012, 2014). This
part of the Zagaje For ma tion usu ally com mences with a sand -
stone layer rest ing on the se quence bound ary fol lowed by
interstratified claystones, mudstones and sand stones (Pieñ -
kowski, 2004; Brañski, 2011a).

Dur ing the Rhaetian–ear li est Hettangian, con ti nen tal al lu -
vial-lac us trine sed i men ta tion pre vailed in the area of Po land.
Ini tially, a semi-dry in land ba sin of playa char ac ter pre vailed,
where de pos its of the Wielichowo Beds ac cu mu lated
(Pieñkowski et al., 2012). The sub se quent al lu vial and lac us -
trine de pos its are as signed to the same lithostratigraphic unit,
the Zagaje For ma tion (Pieñkowski, 2004; Pieñkowski et al.,
2012), be cause the ear li est Hettangian al lu vial de po si tion was
a con tin u a tion of the Rhaetian one. The en vi ron ments were
dom i nated by me an der ing and anastomosing river sys tems
and were grad u ally trans form ing into wetlands (Pieñkowski,
2004; Brañski, 2011a). Fine-grained sed i ments were formed
mainly in overbank en vi ron ments (dis tal floodplain, shal low
over grow ing lakes). Af ter the hot, semi-dry cli mate that dom i -
nated in the Norian, the Early–Mid dle Rhaetian seems to have
been char ac ter ized by sea sonal pre cip i ta tion. The Late
Rhaetian–Early Hettangian cli mate were gen er ally much wet ter 
than in the Early–Mid dle Rhaetian, al though it seems that drier
pe ri ods still oc curred (Pieñkowski et al., 2012).

MATERIALS AND METHODS

In or der to in fer the Rhaetian–ear li est Hettangian palaeo -
climatic events, a set of 87 sam ples was taken from four bore -
hole cores (Kamieñ Pomorski IG 1, Kaszewy 1, Niek³añ PIG-1
and Huta OP-1) to ana lyse the bulk rock min er al ogy, clay min -
er al ogy and ma jor el e ment geo chem is try. In the first two cases,
the sec tions ana lysed rep re sent al most ex clu sively the
Rhaetian, in the third the Rhaetian and low er most Hettangian,
and in fourth the low er most Hettangian only. Most of the sam -
ples col lected com prise claystones and mudstones from the
Zagaje For ma tion in var i ous parts of the MPT: the Pom er a nian

seg ment, the Kuyavian seg ment, and the Holy Cross Moun -
tains seg ment (Fig. 2). The Kaszewy bore hole sec tion pro vides
the pre lim i nary re sults only be cause this sec tion is still be ing
stud ied. As al ready men tioned, the Rhaetian de pos its are com -
monly trun cated at the top by ero sion. Most prob a bly, the ero -
sion in Kamieñ Pomorski was in sig nif i cant ow ing to the lo cal
tec tonic re gime (Pieñkowski et al., 2012). In the Kaszewy and
Niek³añ sec tions, the hi a tus at the Tri as sic–Ju ras sic bound ary
par tially em braces Late Rhaetian; how ever, it is hard to de ter -
mine how much of the Late Rhaetian suc ces sion was re moved
by ero sion. In the Huta bore hole sec tion, the Rhaetian is most
likely lack ing and the Norian mudstones are over lain di rectly by
the low er most Hettangian de pos its, be cause the first Ju ras sic
se quence bound ary merged with the lower se quence bound -
aries be tween Mid dle and Up per Rhaetian and be tween
Rhaetian and Norian de pos its.

All sam ples were stud ied at the Pol ish Geo log i cal In sti tute –
Na tional Re search In sti tute lab o ra to ries. Each rock sam ple
were coarsely crushed in a Fritsch crusher, dried at a tem per a -
ture of 110°C, and ground to ob tain a fine, ho mo ge neous pow -
der of the bulk rock with par ti cles <63 mm. Bulk rock com po si -
tions and clay min er als were iden ti fied by X-ray dif frac tion
(XRD) us ing a Phillips PW 3020 X’Pert diffractometer with
CuKa ra di a tion. The bulk-rock min er al ogy was de ter mined on
XRD pat terns of pow der sam ples. The ICDD (In ter na tional
Cen tre for Dif frac tion Data) da ta base was used for qual i ta tive
de ter mi na tion of min er als. The Ref er ence In ten sity Ra tio
method, em bed ded in con trol soft ware, was ap plied to
semi-quan ti ta tive phase anal y sis. Clay min er als were iden ti fied
by XRD on ori ented mounts of non-cal car e ous clay-sized par ti -
cles, sep a rated from sus pen sion by dif fer en tial set tling ac cord -
ing to Stoke’s Law. Up per Rhaetian–Hettangian claystones and 
mudstones from the epicontinental ba sin of Po land are com -
monly non-cal car e ous and decalcification is not nec es sary. The 
cal car e ous sam ples were treated with 10% ace tic acid for re -
moval of car bon ates. Ori ented spec i mens were pre pared by
smear ing a paste of the <2 mm frac tion onto a glass slide. For
each sam ple, three X-ray anal y ses were per formed: af ter
air-dry ing, eth yl ene-gly col sol va tion, and heat ing at 550°C. The
in di vid ual clay min er als were iden ti fied us ing the po si tion of the
(001) se ries of basal re flec tions on the three X-ray di a grams
(Moore and Reynolds, 1997; Œrodoñ, 2006). Kaolinite was iden -
ti fied us ing the re flec tion at ~7 �, illite at ~10 � and chlorite at
~14 � (on the ba sis of X-ray di a grams of air-dried and heated
spec i mens; Fig. 3). Ad di tion ally, the kaolinite-chlorite dou blet at
3.5 � was used to asses the pro por tion of these min er als. A
slight de flec tion at 7 � that is typ i cal of berthierine was also ob -
served in sev eral sam ples (Fig. 3C). Smectite and the rarely
and lo cally ob served illite-smectite mixed-lay ers (mostly with
>90% illite con tent) were here de ter mined on 15–17 � and
11–13 � peaks, re spec tively. Semi-quan ti ta tive es ti ma tions of
clay min eral con tents were based on the peak ar eas of basal re -
flec tions summed to 100%. Illite-smectite mixed-lay ers were in -
cluded in illite. SEM ob ser va tions of se lected sam ples were
also per formed us ing a LEO 1430 scan ning elec tron mi cro -
scope with an en ergy dispersive spec trom e ter (EDS Ox ford In -
stru ment; Fig. 4).

Geo chem i cal anal y ses of ma jor el e ments and or ganic mat -
ter were per formed on bulk rock sam ples. Af ter melt ing of sam -
ples in a Pt-Au melt ing-pot (at a tem per a ture of 1000°C), ma jor
el e ments were mea sured by X-ray flu o res cence us ing a Phillips 
PW 2400 spec trom e ter in ac cor dance with ac cred ited re search
pro ce dure. The lower de tec tion lim its of the in di vid ual com po -
nents ranged from 0.001 to 0.1% (for the most part, 0.01%). To -
tal or ganic car bon (TOC) con tent was es tab lished by the
coulometric method.
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Sys tem Stage For ma tion

JURASSIC

201.3 Ma
Hettangian Lower

Zagaje For ma tion

TRIASSIC
Rhaetian

Up per

Lower–Mid dle Wielichowo Beds

Norian Up per Zb¹szynek Beds

Dashed lines – ma jor ero sional sur faces (se quence bound aries)

T a  b l e  1

Stra tig ra phy of the Triassic–Jurassic tran si tion in the
epicontinental Pol ish Ba sin (af ter Pieñkowski et al., 2012)



For each bulk rock sam ple, a “clay in dex” (CI) was cal cu -
lated on X-ray dif frac tion per cent age val ues us ing the for mula:
clay in dex (CI) = clay min er als (CM)/ [quartz (Q) + feld spar (F)].
More over, var i ous in di ces re flect ing the de gree of sil i cate
weath er ing us ing the clay min eral com po si tion of sam ples were 

cal cu lated. The kaolinite/illite (K/I), kaolinite/illite+chlorite
(K/I + Ch), and kaolinite/smectite (K/Sm) pro por tions are ex -
pressed by ra tios of the main dif frac tion peak in ten si ties of
these min er als. Next, the fol low ing chem i cal in di ces were de ter -
mined us ing ma jor el e ment con cen tra tions: Al/K ra tio, Chem i cal 
In dex of Al ter na tion – CIA (Nesbitt and Young, 1982) and CIA*
(Goldberg and Humayun, 2010), Chem i cal In dex of Weath er ing 
– CIW (Harnois, 1988), Plagioclase In dex of Weath er ing – PIA
(Fedo et al., 1995), In dex of Compositional Vari abil ity – ICV
(Cox et al., 1995) and Al/Ti ra tio. The in di ces are de fined as fol -
lows:

CIA = [Al2O3/(Al2O3 + CaO* + Na2O + K2O)] ´ 100;
CIA* = Al2O3/( CaO* + Na2O + K2O);
CIW = [Al2O3/(Al2O3 + CaO* + Na2O] ´ 100;
PIA = {(Al2O3 – K2O)/[(Al2O3 – K2O) + CaO* + Na2O]} ́  100;
ICV = (Fe2O3 + K2O + Na2O + CaO + MgO + MnO +

TiO2)/Al2O3.
For cal cu la tion of chem i cal in di ces (ex cept ing ICV and

Al/Ti), raw abun dances of in di vid ual el e ments were con verted
into moles by di vid ing the weight per cent by mo lec u lar weight
(Retallack, 2001; Shel don and Ta bor, 2009). CaO* rep re sents
the Ca con tent in the sil i cate frac tion only. Ac cord ing to
McLennan (1993), if the CaO mo lar con tent is less than that of
Na2O, the CaO con tent mea sured can be used for CaO*; when
the CaO mo lar con tent is greater than that of Na2O, CaO* it is
as sumed to be equiv a lent to Na2O. Gen er ally, the val ues of
weath er ing in di ces in crease with re moval of mo bile cat ions rel -
a tive to sta ble re sid ual com po nents due to the grow ing in ten sity
of weath er ing (Nesbitt and Young, 1982; Harnois, 1988; Fedo
et al., 1995; Goldberg and Humayun, 2010) that is usu ally
linked to cli mate con di tions in the prov e nance ar eas. For ex am -
ple, the CIA (the most widely ap plied of weath er ing in di ces) in -
creases from ap prox i mately 50 for un al tered feld spar to 70–85
for illite and smectite, and al most 100 for kaolinite, chlorite and
gibbsite (Nesbitt and Young, 1982; Fedo et al., 1995). Fresh
rocks and min er als may have CIA val ues even lower than 50.
The av er age up per crust has a CIA value about 47 (Mc Lennan, 
1993). More over, the bulk rock Al/Ti ra tio may be used as a pre -
lim i nary in di ca tor of the source rocks. Low val ues sug gest mafic 
or ultra mafic rocks and high val ues in di cate fel sic source
(Nesbitt, 1979; Hayashi et al., 1997).

Fi nally, most of the new min er al og i cal and geo chem i cal
data was plot ted along with the li thol ogy, fa cies suc ces sion, and 
se quence stra tig ra phy es tab lished by Pieñkowski (2004;
Pieñkowski et al., 2012) for the all the bore hole sec tions stud ied 
(Figs. 5–8). In the Kamieñ Pomorski sec tion (Fig. 5), they were
also com pared to ex ist ing iso tope data re ported by Pieñkowski
et al. (2012).

RESULTS

Im por tant bulk rock data (gen eral min er al og i cal com po si -
tion, CI, TOC con tent, CIA, CIA*, CIW, PIA, ICV Al/K and Al/Ti
val ues) as well as clay frac tion data (clay min eral com po si tions,
K/I and K/I + Ch and K/Sm val ues) of the Wielichowo Beds and
Zagaje For ma tion are shown in Ta bles 2–4. Most of these are
also de picted on Fig ures 5–8. Av er age data have been es ti -
mated for each core. Se lected X-ray di a grams and the ex am -
ples of SEM im ages are shown in Fig ures 3 and 4, re spec tively.

BULK ROCK MINERALOGY

The bulk rock sam ples of claystone and mudstone from the
Rhaetian and Lower Hettangian ex am ined are mainly com -
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Fig. 3. Ex am ples of X-ray di a grams of se lected sam ples

 (<2 mm frac tion) from the Tri as sic–Ju ras sic bound ary in ter val 
(car ried out by W. Narkiewicz)

A – smectite-dom i nated claystone with ac com pa ny ing kaolinite
(Rhaetian, Wielichowo Beds, Niek³añ PIG-1 bore hole, depth
167.8 m); B – kaolinite-dom i nated claystone with sub or di nate illite
and chlorite (low er most Hettangian, Zagaje For ma tion, Niek³añ
PIG-1 bore hole, depth 158.9 m); C – kaolinite, berthierine and illite
in claystone (Rhaetian, Zagaje For ma tion, Kamieñ Pomorski IG 1
bore hole, depth 686.0 m); black line – air-dried sam ple, green line –
glycolated sam ple, red line – heated sam ple (550°C); clay min eral
con tent was de ter mined on the peak ar eas of char ac ter is tic basal
re flec tions (B – berthierine ~7 �, Ch – chlorite ~14 �, I – illite ~10 �,
K – kaolinite ~7 �, Sm – smectite 15–17 �)
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Fig. 4. Se lected SEM im ages (car ried out by L. Giro)

A – typ i cal Rhaetian claystone dom i nated by de tri tal kaolinite-smectite ma trix (Niek³añ PIG-1 bore hole, depth 166.4 m); B –  sub or -
di nate authigenic kaolinite (K) sur rounded by a de tri tal kaolinite-illite ma trix (low er most Hettangian, Zagaje Fm., Huta OP-1 bore -
hole, depth 183.5 m); C – Fine pieces of dis in te grated cal crete and silcrete eroded from Norian palaeosols and dis persed in
kaolinitic clay (Up per Rhaetian, Zagaje Fm. Niek³añ PIG-1 bore hole, depth 164.3 m); D – Or ganic car bon (C) in de tri tal kaolinite-illite 
ma trix (low er most Hettangian, Zagaje Fm., Niek³añ PIG-1 bore hole, depth 157.7 m)



posed of phyllosilicates (51–91%, av er age of 70–85% de pend -
ing on the bore hole stud ied and lithostratigraphic unit; Ta bles
2–4). Quartz is less abun dant but oc curs in var ied amounts
(7–45%, av er age of 10–26%). The clay in dex (CI) of sam ples
var ies from 1.1 to 13.0 (with an av er age of 2.7–8.7; Ta bles
2–4), ac cord ing to their po si tion within sed i men tary cy cles; al -
most all sam ples are rep re sented by claystones or clayey
mudstones. In the Lower–Mid dle Rhaetian Wielichowo Beds,
he ma tite, goethite, feld spars, cal cite and lo cally do lo mite are
ob served with pro por tions of 0–8%, but sid er ite is ab sent (Ta -
ble 2). The con tent of or ganic mat ter is very low and TOC value
does not ex ceed 0.42%. In the bulk rock sam ples of claystones
and mudstones ex am ined from the Zagaje Fm. (Up per
Rhaetian–Lower Hettangian) sid er ite is ob served with pro por -
tions of 0–8% (to as much as 24%). Other min er als (feld spars,
he ma tite and goethite) ap pear spo rad i cally and mostly in ac -
ces sory amounts (Ta bles 3 and 4). Cal cite and do lo mite are ab -

sent. The dis tri bu tion of or ganic mat ter is vari able and the to tal
or ganic car bon (TOC) con tent ranges from 0.14 to 4.20% (Ta -
bles 3 and 4). The abun dance of or ganic car bon is dis tinctly
higher in the Lower Hettangian than in the Rhaetian.

BULK ROCK CHEMISTRY – WEATHERING INDICES

The ma jor el e ment geo chem is try and the val ues of chem i -
cal in di ces gen er ally re flect bulk rock min er al ogy and clay min -
eral com po si tion. They are very di verse in the Lower–Mid dle
Rhaetian Wielichowo Beds and gen er ally high in the Up per
Rhaetian–Lower Hettangian Zagaje Fm. The CIA val ues fluc tu -
ate ex tremely (with lim its of 63.2–92.6) in the Wielichowo Beds
(Ta ble 2). In the Zagaje For ma tion the CIA var ies from 78.7 to
95.6, but in the vast ma jor ity of cases it ex ceeds 85, cor re -
spond ing to re sid ual clays with a high kaolinite con tent (Nesbitt
and Young, 1982). Av er age CIA val ues in the Zagaje For ma tion 
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Fig. 6. Bulk rock and <2 mm frac tion data from the Kaszewy 1 bore hole plot ted against a sim pli fied sedimentological log

Clay in dex (CI = CM/Q + F) spikes seem to be con sis tent with sed i men tary cy cles;  TOC con tent clearly in creases at the be gin ning of the
Hettangian; note the prom i nent kaolinite peak in the Wielichowo Beds that cor re lates with the high est val ues of chem i cal in di ces; in the
Zagaje For ma tion, the kaolinite con tent and val ues of the weath er ing in di ces are rel a tively low, prob a bly be cause of a mod er ate diagenetic
over print (illitisation); for the same rea son the fluc tu a tions in clay min eral ra tios and of chem i cal in di ces are less dis tinct; all bulk rock and clay 
min eral data (in clud ing TOC con tent) are from this study; for ex pla na tions see Fig ure 5

Fig. 5. Bulk rock and <2 mm frac tion data from the Kamieñ Pomorski IG 1 bore hole 
plot ted against a sim pli fied sedimentological log

In the top most part of the Wielichowo Beds a cru cial shift in clay min eral as sem blage is shown; note that the first kaolinite en rich ment co in -
cides with the “pre cur sor” neg a tive CIE (~699.3 m) but the next kaolinite peak (~692.9 m) slightly pre cedes the on set of the “ini tial” neg a tive
CIE (~691.0 m); note also dis tinct re ver sals of the kaolinite-illite ra tio in the Zagaje For ma tion; in the top most Rhaetian the kaolinite con tent
di min ishes (con cor dantly with the CIE pos i tive shift) and rises again in the low er most Hettangian; red as ter isk – berthierine pres ence, green
as ter isk – ser pen tine pres ence (close to clay min eral bands); all sim pli fied sedimentological logs (Figs. 6–9) are mostly adapted from
Pieñkowski (2004) and Pieñkowski et al. (2012); car bon-iso tope curve and Os-iso tope curves af ter Pieñkowski et al. (2012); TOC con tent in
the Kamieñ sec tion adapted from Marynowski and Simoneit (2009); other bulk rock data (min er al ogy and se lected chem i cal in di ces) and clay 
min er al og i cal data (clay min eral com po si tion, kaolinite/illite ra tio) are from this study; other ex pla na tions are in cluded in the text
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Fig. 7. Bulk rock and <2 mm frac tion data from the Niek³añ PIG-1 bore hole plot ted against a sim pli fied sedimentological log

Note the series of frequent and drastic changes in the clay mineral composition and weathering indices values that correspond to
inferred catastrophic climate reversals in Rhaetian–earliest Hettangian time; all bulk rock and clay minerals data are from this study;

 for explanations see Figure 5

Fig. 8. Bulk rock and <2 mm frac tion data from the Huta OP-1 bore hole plot ted against a sim pli fied sedimentological log

Note the spikes on TOC content curve and major kaolinite peak in the lowermost Hettangian that correlates with highest values 
of chemical indices (as in the Niek³añ PIG-1 borehole section); note also that the hiatus spans most probably the whole Rhaetian; 

all bulk rock and clay minerals data are from this study; for explanations see Figure 5
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Com po nents, in di ces
Bore hole

KAMIEÑ
POMORSKI IG 1 *KASZEWY 1 NIEK£AÑ PIG-1 HUTA OP-1

Bulk rock min er al ogy

clay min er als CM [%] 77–85 (80) 85 68–80 (73)

hi a tus

quartz + feld spar Q + F [%] 9–10 (10) 14 16–26 (21)

goethite, he ma tite [%] 3–4 (4)   0 3–6 (4)

cal cite, do lo mite [%] 0–8 (5)   0 0–3 (1)

CI = CM/Q + F 7.9–9.4 (8.7)     6.1 2.6–5.0 (3.7)

TOC [%] 0.18–0.42 (0.28)     <0.10 –

Clay min er als
(<2 mm frac tion)

kaolinite K [%] 0–69 (17) 86 30–90 (60)

illite I [%] 0–31 (8) 14 0–5 (1)

chlorite Ch [%] 0   0 0–5 (1)

smectite Sm [%] 0–100 (75)   0 0–70 (38)

K/I 0.0–2.2 (0.6)     6.1 –

K/I + Ch 0.0–2.2 (0.6)     6.1 –

Chem i cal in di ces
(bulk rock sam ple)

Al/K 5.3–41.5 (15.2)   30.7 29.7–55.8 (39.7)

CIA 63.2–90.9 (70.5)   92.6 84.8–92.5 (88.2)

CIA* 1.7–10.0 (3.8)   12.6 5.6–12.4 (10.2)

CIW 69.7–92.9 (76.3)   95.5 87.3–94.1 (90.3)

PIA 66.3–92.8 (73.9)   95.4 86.9–94.0 (90.0)

ICV 0.45–2.08 (1.53)       0.24 0.46–0.77 (0.60)

Al/Ti 18–28 (22) 31 11–30 (23)

The av er age val ues are given in pa ren the ses (bold font); other ex pla na tions are in the text; * – only sin gle sam ple

T a  b l e  2

Bulk rock and <2 mm frac tion data from the Wielichowo Beds (Lower–Mid dle Rhaetian) in the bore holes sam pled

Com po nents, in di ces
Bore hole

KAMIEÑ
POMORSKI IG 1 KASZEWY 1 NIEK£AÑ PIG-1 HUTA OP-1

Bulk rock min er al ogy

clay min er als CM [%] 51–91 (76) 52–90 (78) 64–78 (71)

hi a tus

quartz + feld spar Q + F [%] 7–45 (23) 9–45 (18) 21–35 (28)

sid er ite [%] 0 0–8 (2) 0–5 (1)

oth ers [%] 0–2 (<1) 0–2 (<1) 0

CI = CM/Q + F 1.1–13.0 (5.9) 1.2–10.0 (5.2) 1.8–3.7 (2.7)

TOC [%] 0.10–1.25 (0.51) 0.23–1.78 (0.65) –

Clay min er als
(<2 mm frac tion)

kaolinite K [%] 16–86 (52) 21–45 (31) 31–100 (60)

illite I [%] 14–84 (48) 48–75 (63) 0

chlorite Ch [%] 0 1–14 (6) 0

smectite Sm [%] 0 0 0–70 (40)

K/I 0.2–6.1 (1.6) 0.3–0.9 (0.5) –

K/I + Ch 0.2–6.1 (1.6) 0.3–0.8 (0.4) –

Chem i cal in di ces
(bulk rock sam ple)

Al/K 5.3–45.3 (15.9) 5.5–15.9 (8,2) 24.8–215.0 (104.6)

CIA 78.7–90.0 (85.1) 82.2–91.2 (85,5) 83.3–95.6 (88.6)

CIA* 3.2–9.0 (6.1) 4.6–10.4 (6.1) 5.4–18.7 (10.1)

CIW 88.9–93.7 (92.1) 94.6–97.1 (96.1) 86.5–95.4 (90.1)

PIA 86.7–92.9 (91.3) 93.8–96.8 (95.6) 86.2–95.4 (89.9)

ICV 0.28–0.83 (0.42) 0.27–1.05 (0.44) 0.21–0.73 (0.50)

Al/Ti 8–28 (18) 14–36 (22) 12–17 (15)

Ex pla na tion as in the Ta ble 2

T a  b l e  3

Bulk rock and <2 mm frac tion data from the Zagaje For ma tion (Up per Rhaetian part) in the bore holes sam pled



mudrocks range with nar row lim its, from 85.1 to 88.6 de pend ing 
on the sec tion stud ied (Ta bles 3 and 4). Av er age CIW and PIA
val ues reach as much as 90.0–97.1, with the ex cep tion of the
Wielichowo Beds sam ples from the Kamieñ sec tion, which are
strongly dom i nated by smectite (Ta bles 2–4). The high est val -
ues of CIA ex ceed 95, but max i mum CIW and PIA val ues may
be higher than 98. Over all rock geo chem is try is also shown in
the A-CN-K di a grams (Fig. 9).

CLAY MINERALS (<2 mm FRACTION)

Clay min er al og i cal com po si tion in the sec tions ana lysed is
very di verse in the <2 mm frac tion (Ta bles 2–4), re flected by the
K/I, K/I + Ch and in places the K/Sm ra tios (Figs. 5–8). In the
ear lier de scribed Norian clays from Po land (Kozydra and
Wyrwicki, 1977; Wiewióra and Wyrwicki, 1977; Brañski, 2007b)
illite pre dom i nates, ac com pa nied by var i ous but sub sid iary
amounts of illite-smectite mixed-lay ers, kaolinite, and chlorite.
In the Norian Zb¹szynek Beds stud ied in the Niek³añ PIG-1
bore hole (Fig. 7), illite (with sub sid iary chlorite) also pre dom i -
nates and the kaolinite con tent is in sig nif i cant. In the Huta OP-1
bore hole (Fig. 8), the clay min eral com po si tion of pre sumed
top most Norian beds seems to be more atyp i cal. The
Kaszewy 1 bore hole is still un der study and the sam ples from
Zb¹szynek Beds have not yet been ana lysed.

In the Lower–Mid dle Rhaetian Wielichowo Beds the clay
min eral as sem blage is quite dif fer ent. A high abun dance of
smectite is mostly ob served (Fig. 3A), though the smectite type
was not ana lysed. Ac cord ingly to Kozydra and Wyrwicki (1977), 
smectites from the Up per Tri as sic in south ern Po land are rep re -
sented by beidellite with Mg and Ca in ex change po si tions or by
beidellite-nontronite min er als. The kaolinite con tent is mostly

mod er ate, al though dis tinct kaolinite peaks al ready ap pear in
this part of the suc ces sion (Figs. 5–7). Small amounts of illite
and chlorite were de tected only in some beds.

In the Zagaje For ma tion (Up per Rhaetian–Lower Hettan -
gian) kaolinite and illite usu ally pre dom i nate, but the clay min er -
al ogy of Rhaetian and Hettangian part of this lithostratigraphic
unit is some what dif fer ent. The clay min eral com po si tion in the
Rhaetian part of the Zagaje For ma tion is par tic u larly di verse
(Ta ble 3). In gen eral, a high con tent of kaolinite is ob served
here. Illite is also abun dant in the Kamieñ and es pe cially in the
Kaszewy sec tion (Figs. 5 and 6), but in Niek³añ it is ab sent
(Fig. 7). Only in Kaszewy is the clay frac tion dom i nated by illite
(with an av er age of 63%) with subdominant amounts of
kaolinite (with an av er age of 31%). In Kamieñ and Niek³añ the
kaolinite pre dom i nates (with an av er age of 52% and 60%, re -
spec tively; Ta ble 3). Chlorite is still ab sent in both Kamieñ and
Niek³añ sec tions (Figs. 5 and 7), but is pres ent in Kaszewy in
small amounts (Fig. 6). In the low est part of this for ma tion in
Niek³añ, a sig nif i cant smectite con tent (up to 70%) is still ob -
served (Fig. 7). On the other hand, in Kamieñ smectite is ab sent 
(Fig. 5), while the kaolinite phase is quite un typ i cally ac com pa -
nied by sig nif i cant amounts of berthierine (Fig. 3C) and ser pen -
tine.

In the Lower Hettangian part of the Zagaje For ma tion the
clay min er al og i cal com po si tion is much more sta ble and con -
sists of illite and kaolinite with sig nif i cant amounts of sub sid iary
chlorite (Ta ble 4; Figs. 7 and 8). In Niek³añ, the clay frac tion is
still dom i nated by kaolinite (with an av er age of 50%) with
subdominant amounts of illite (av er age of 32%). In Huta illite
pre dom i nates (with an av er age of 53%) by com par i son with
kaolinite (av er age of 37; Ta ble 4). Smectite is al most ab sent
and only some sam ples con tain an in sig nif i cant illite-smectite
mixed-layer ad mix ture.

300 Pawe³ Brañski

Components, in di ces
Bore hole

*KAMIEÑ
POMORSKI IG 1 KASZEWY 1 NIEK£AÑ PIG-1 HUTA OP-1

Bulk rock min er al ogy

clay min er als CM [%] 51 84–86 (85) 56–88 (70) 62–80 (71)

quartz + feld spar Q + F 
[%] 47 10–12 (11) 9–43 (25) 15–34 (26)

sid er ite [%]   0 0 0–24 (4) 0–4 (1)

oth ers [%] <1 0 0 0–2 (<1)

CI = CM/Q + F       1.1 7.0–8.6 (7.8) 1.3–8.2 (3.4) 1.8–5.3 (3.1)

TOC [%]         0.28 3.63–3.69 (3.66) – 0.14–3.28 (1.45)

Clay min er als
(<2 mm frac tion)

kaolinite K [% 71 34–37 (36) 35–73 (50) 25–55 (37)

illite I   [%] 29 57–59 (58) 16–48 (32) 29–65 (53)

chlorite Ch [%]   0 6–7 (6) 5–32 (18) 5–19 (10)

smectite Sm [%]   0 0 0 0

K/I      2.4 0.6–0.7 (0.6) 0.7–3.3 (1.8) 0.4–1.9 (0.8)

K/I + Ch      2.4 0.5–0.6 (0.5) 0.5–2.7 (1.1) 0.3–1.2 (0.6)

Cchem i cal in di ces
(bulk rock sam ple)

Al/K      7.2 7.4–7.6 (7.5) 5.7–48.0 (13.2) 6.3–38.2 (14.2)

CIA    82.6 85.4–85.6 (85.5) 83.3–95.6 (88.6) 83.5–94.6 (87.3)

CIA*      4.7 5.8–5.9 (5.9) 6.2–21.6 (8.8) 5.1–17.4 (8.1)

CIW    93.2 96.3–96.5 (96.4) 95.4–98.4 (97.1) 93.8–97.6 (95.9)

PIA    92.7 95.8–96.0 (95.9) 94.9–98.1 (96.8) 92.9–97.1 (95.4)

ICV        0.35 0.35–0.37 (0.36) 0.23–0.81 (0.43) 0.22–0.90 (0.43)

Al/Ti 12 14–18 (16) 11–25 (17) 12–30 (19)

Ex pla na tions as in the Ta ble 2

T a  b l e  4

Bulk rock and <2 mm frac tion data from the Zagaje For ma tion (Lower Hettangian part) in the bore holes sam pled



Sys tem atic grad ual changes in kaolinite con tent dur ing the
Rhaetian are not vis i ble in the bore hole cores stud ied. How -
ever, the pro por tion of kaolinite seems to di min ish close to the
Tri as sic–Ju ras sic bound ary in the most com plete Kamieñ sec -
tion (Fig. 5) and to in crease again in the low er most Hettangian
(Figs. 5, 7 and 8). Higher in the Zagaje For ma tion the kaolinite
con tent sig nif i cantly de creases (Figs. 7 and 8). Nev er the less,
there have been ob served a few dis tinct vari a tions at the

10–20 m scale in the kaolinite con tent and in the K/I ra tio
(Brañski, 2011a, b). This is sue will be a topic of an other pa per.
In con trast to the Rhaetian, the Hettangian pro file is con tin u ous
and does not con tain any sig nif i cant time gaps (Pieñkowski,
2004) due to the much greater ac com mo da tion space of the ba -
sin con nected mainly with the dis tinctly higher sub si dence rate
of the MPT base ment in the Early Hettangian (Brañski, 2006,
2011a).
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Fig. 9. A-CN-K (Al2O3–CaO* + Na2O–K2O) ter nary di a grams de pict ing bulk rock data 
of the Rhaetian–low er most Hettangian strata in Pol ish Ba sin

Tri an gles – Zb¹szynek Beds (Norian), squares – Wielichowo Beds (Lower–Mid dle Rhaetian), empty cir cles – Zagaje
For ma tion (Up per Rhaetian), filled cir cles – Zagaje For ma tion (Lower Hettangian), UCC – av er age com po si tion of Up per
Con ti nen tal Crust and PAAS – av er age com po si tion of post-Archean Aus tra lian Shale (Tay lor and McLennan, 1985).
Solid ar rows mark the pre dicted av er age weath er ing trends of rock sam ples with UCC com po si tion, and dashed ar row in -
di cates in ferred slight diagenetic illitisation (cf. Fedo et al., 1995, 1997). Note that most sam ples are near the A apex in
ac cor dance with the rel a tively high kaolinite con tent and in tense weath er ing that re moved the large amounts of Ca, Na
and K. Part of the strata in the Kamieñ Pomorski and Kaszewy bore hole sec tions seem to be in flu enced by slight
metasomatic pro cesses. Note two dif fer ent weath er ing trends in Niek³añ that may in di cate dif fer ent pri mary rocks in the
Rhaetian and in the Early Hettangian (Rhaetian sam ples plot in ac cor dance with weath er ing trend of mafic rocks close to
the A-CN join)
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L.p. Bore hole 
sec tion

Sam ple/

depth [m]

Lithostrati-

graphy
Substage

S clay

min.

[%]

kaoli-
nite
[%]*

K/I K/I +
Ch K/Sm CIA CIW PIA Al/K Al/Na

1

Kamieñ
Pomorski

KP/676.8

Zagaje
For ma tion

L. Hettangian 51 71 2.4 2.4 – 82.6 93.2 92.2 7.2 17.6

2 KP/684.4
Up per

Rhaetian

64 70 2.3 2.3 – 80.9 92.9 91.6 6.3 15.4

3 KP/691.0 91 68 2.1 2.1 – 89.5 91.3 91.1 45.3 12.4

4 KP/692.9 83 86 4.8 4.8 – 90.0 93.1 92.9 27.0 16.2

5 KP/699.3 Wielichowo
 Beds L.–M. Rhaetian 85 69 2.2 2.2 – 90.9 92.9 92.8 41.5 15.6

6 Kaszewy K/1965.2 Wielichowo
 Beds L.–M. Rhaetian 85 86 6.1 6.1 – 92.6 95.5 95.4 30.7 30,7

7

Niek³añ

Nk/157,7
Zagaje

For ma tion

L. Hettangian 65 73 3.3 2.7 – 94.0 97.4 97.3 27.0 63.0

8 Nk/162.3 Up per
Rhaetian

64 ~100 – – – 94.9 95.4 95.4 206.0 41.2

9 Nk/164.3 65 ~100 – – – 93.9 94.3 94.3 215.0 35.8

10 Nk/169.3 Wielichowo
 Beds

Lower–Mid dle 

Rhaetian

80 87 – – 6.7 92.5 94.1 94.0 55.8 46.6

11 Nk/178.4 68 90 18.0 9.0 – 91.1 93.1 93.0 40.8 32.6

12 Huta Ht/183.5 Zagaje
For ma tion L. Hettangian 62 55 1.9 1.2 – 94.6 97.0 96.9 38.2 95.5

* – per cent age of to tal amount of clay min er als; other ex pla na tions are in the text

T a  b l e  5

Se lected min er al og i cal and geo chem i cal data that were ob tained from the kaolinite “event” lay ers

Fig. 10A – kaolinite/illite ra tio and B – CIA* val ues – a com par i son

Shaded area – Up per Rhaetian; dot ted lines – Norian–Rhaetian bound ary; note the se -
ries of fre quent and rapid shifts of both curves in the sec tion stud ied: the first one in the
ear lier Rhaetian, later ones in the Late Rhaetian and the last one in the ear li est
Hettangian



It should be strongly em pha sized the dis tinct surges of
kaolinite con tent ob served in some beds in the Rhaetian and at
the be gin ning of Hettangian (Ta ble 5) mark the kaolinite spikes
on clay min eral ra tio curves (set to gether in Fig. 10A). More -
over, the first rise of kaolinite con tent ap peared al ready ear lier
in Rhaetian, i.e. in the Wielichowo Beds (Figs. 5–7 and 10A).
Next, sim i lar peaks are ob served in some beds of the Zagaje
Fm. and cor re spond to rapid in creases in kaolinite dur ing the
Late Rhaetian (Figs. 5–7 and 10A) and later at the be gin ning of
the Hettangian (Figs. 5, 7, 8 and 10A). The kaolinite peaks usu -
ally cor re late with the high est val ues of weath er ing in di ces
(Figs. 5–8 and 10B) and in most cases CIA val ues are greater
than 90, and CIW and PIA val ues are even higher (Ta ble 5).
Nev er the less some dis crep an cies were also ob served, es pe -
cially in the Kamieñ bore hole sec tion (Fig. 5 and Ta ble 5).

INTERPRETATION AND DISCUSSION

DIAGENESIS

Be fore any palaeoenvironmental and palaeoclimatic in ter -
pre ta tion of clay min eral as sem blages, it is nec es sary to es ti -
mate the po ten tial diagenetic im pact. Most lithofacies in the Pol -
ish Ba sin cor re spond to mas sive claystones and mudstones
which are weakly per me able to fluid mi gra tion. There is no dis -
tinct and sys tem atic evo lu tion of clay-min eral as sem blages
from top to bot tom of the bore holes stud ied that would be in dic -
a tive of burial diagenesis. More over, se lected SEM ob ser va -
tions in di cate that clay min er als in the sam ples ana lysed are
mainly de tri tal (Fig. 4A) and show a weak diagenetic over print.
Signs of al ter ation of feld spar into kaolinite (Fig. 4B) are sparse
and authigenic kaolinite was rarely ob served. Fi brous illite was
not de tected at all. In most of the XRD data, nar row peaks of
illite and chlorite were ob served that in di cate good crystallinity
of these min er als. Al most ex clu sively the 2M1 illite polytype was 
ob served in the sec tions stud ied. The in her ited 2M1 illite is
mostly con sid ered to be of de tri tal or i gin (Grathoff and Moore,
1996). De tri tal, highly illitic I/S mixed-layer min er als are very
sparse and also seem to orig i nate from the ero sion of rock sub -
strates. Smectite and kaolinite com monly form dur ing weath er -
ing and soil-form ing pro cesses (Chamley, 1989; Weaver,
1989). Kaolinite de rived from highly weath ered soils is usu ally
dis or dered (Hughes and Brown, 1979). In deed, the kaolinite
ob served in the sec tions stud ied com monly rep re sents the 1Md 
polytype. Im por tantly, smectite is abun dant in the Lower–Mid -
dle Rhaetian Wielichowo Beds de spite its sen si tiv ity to
diagenetic al ter ation. Thus, the lack (or neg li gi ble amounts) of
smectite in the Up per Rhaetian–Lower Hettangian Zagaje For -
ma tion re flects rather its orig i nal ab sence than the ef fect of
burial diagenesis.

The to tal burial depth of up per most Tri as sic–low er most Ju -
ras sic de pos its in the Holy Cross Mts. area and in the Pom er a -
nian seg ment of MPT was mostly in the range of 1500–2000 m
(Resak et al., 2008; Brañski, 2009, 2011a; Narkiewicz et al.,
2010; S³owakiewicz and Poprawa, 2010), in di cat ing that the
Rhaetian–Hettangian strata stud ied were not sig nif i cantly mod i -
fied by ther mal diagenesis. In ad di tion, the time dur ing which
the lithostatic load in the MPT at tained max i mum val ues is es ti -
mated at only 20–30 My (Brañski, 2011a), which pre vented
long-last ing diagenetic con di tions. The max i mum burial tem -
per a ture of the Rhaetian–Hettangian in the Niek³añ and Huta
sec tions, as well as in the Kamieñ Pomorski sec tion, may be
es ti mated at 60–80°C. The low ther mal al ter ation of the
Rhaetian–Hettangian con ti nen tal strata in the Pol ish Ba sin was

con firmed by palynomorph colours (Pieñkowski and
Waksmundzka, 2009) and biomarkers (Marynowski and
Simoneit, 2009). More over, a fo cus of this study is the kaolinite
con tent that is re sis tant un der mod er ate diagenetic con di tions
(Koz³owska, 2004 and ref er ences therein). A burial tem per a ture 
of about 60–80°C ex cludes the kaolinite-to-illite trans for ma tion
in the bore hole sec tions: Kamieñ Pomorski, Niek³añ and Huta.
In the Kuyavyan seg ment of the MPT, burial his tory data are
sparse. How ever, burial depth was lo cally much greater and the 
burial tem per a ture of Rhaetian–Hettangian in vi cin ity of
Kaszewy bore hole seems to ex ceed 100°C (cf. Zielinski et al.,
2012). Re gard less of that, some oth ers metasomatic changes
can not be ex cluded. Sev eral au thors sug gest a wide spread
Early to Mid dle Ju ras sic hy dro ther mal event that was ex -
pressed subparallel to the ma jor struc tural trend of the MPT,
per haps along pre-ex ist ing trending faults (Koz³owska and
Poprawa, 2004; Zielinski et al., 2012). There fore, the thick ness
nec es sary for the given level of diagenesis may have been re -
duced in some places by el e vated heat flow along this ma jor
tec tonic zone.

Sum ming-up, the clay min er als in the sec tions stud ied are
largely de tri tal and show mostly an in sig nif i cant diagenetic over -
print, due to mod er ate burial and to the gen er ally closed
hydrologic sys tem. De tri tal clay min er als in Pol ish Ba sin are con -
sid ered to rep re sent for the most part a pri mary as sem blage de -
rived from the prov e nance area and then de pos ited in the al lu -
vial-lac us trine en vi ron ments that de vel oped dur ing Rhaet -
ian–Hettangian time. There fore, they may help to re con struct the
palaeoenvironmental and palaeoclimatic con di tions then ex ist -
ing. How ever, some metasomatic changes can not be lo cally ex -
cluded and a mod er ate diagenetic over print would weaken the
palaeoenvironmental sig nal in the Kaszewy sec tion.

GENERAL PALAEOENVIRONMENTAL AND PALAEOCLIMATIC REMARKS

Norian mudrocks were not ac tu ally the main goal of in ves ti -
ga tions here. A dis tinct dom i na tion of illite (with chlorite) in the
Zb¹szynek Beds and com par a tively low val ues of chem i cal in -
di ces (Fig. 7) are clearly re lated to hy dro ly sis in hi bi tion and to
phys i cal weath er ing in a hot, semi-dry cli mate in the Norian.
Some lay ers in the Huta sec tion are less typ i cal (cf. Wiewióra
and Wyrwicki, 1977; Brañski, 2007b) and may have been al -
tered by the early diagenesis that in creased the kaolinite con -
tent. The ero sion and redeposition of sup ple men tary kaolinite
from ear lier weath ered pro files (that de vel oped in the source ar -
eas) also can not be ex cluded.

The dom i nance of smectite in most of the Lower–Mid dle
Rhaetian Wielichowo Beds may in di cate some in crease in pre -
cip i ta tion and in sea son al ity com pared with the Norian.
Smectites are de tri tal and mostly rep re sented by beidellite
(Kozydra and Wyrwicki, 1977) that forms in soils. Warm and
sea son ally hu mid cli mate con di tions and tec tonic sta bil ity dur -
ing the Early–Mid dle Rhaetian fa voured the de vel op ment of
vertisols in the source ar eas, which led to the abun dance of
beidellite in sed i ments of the Pol ish Ba sin. In the up per part of
Wielichowo Beds, a ba sic change in the clay min eral as sem -
blage is ob served (Figs. 5–7 and 10A), which re flects a dis tinct
in crease in cli mate hu mid ity dur ing the Rhaetian with a shift
from smectite- to kaolinite-dom i nated mudrocks.

The fol low ing Zagaje For ma tion is cru cial to this pa per, be -
cause the Tri as sic–Ju ras sic bound ary was de ter mined here
(Pieñkowski 2004; Pieñkowski et al., 2012). Gen er ally, in the
Zagaje For ma tion, the kaolinite-illite as so ci a tion pre vails and it
sig ni fies the pre dom i nance of warm cli mate with high
round-year rain fall. In de tail, how ever, the Up per Rhaetian clay
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min er al ogy is more com pli cated. The clay frac tion of the lower
part of the Zagaje Fm. (Late Rhaetian in age) shows sig nif i cant
dif fer ences from one sec tion to an other. The time span of the
smectite en rich ment is not uni form. The smectite-dom i nated in -
ter val in the Niek³añ sec tion con tin ues in the low er most part of
the Zagaje For ma tion (Fig. 7). This sug gests the ex is tence of
ad di tional lo cal rea sons for smectite de po si tion that over lap
with the cli mate re cord. The weath er ing of mafic rocks may
have in duced the sec ond ary for ma tion of smectite in the
Niek³añ vi cin ity and other lo cal i ties what was also sug gested by
the Al/Ti ra tio and the A-CN-K di a gram (see be low). In turn, a
sig nif i cant con tent of berthierine and ser pen tine is ob served in
the up per Rhaetian part of the Zagaje Fm. in the Kamieñ sec -
tion (Figs. 3C and 5). The or i gin of berthierine is still con tro ver -
sial. Most prob a bly it forms very early in diagenesis (Hornibrook 
and Longstaffe, 1996), by re ac tion of kaolinite and Fe-ox ides
(Shel don and Retallack, 2002), as part of a lateritic weath er ing
pro file de vel oped on a broad, low-re lief pe ne plain par tic u larly in
a swampy en vi ron ment (Toth and Fritz, 1997). Pri mary crys tal li -
za tion of berthierine de mands a sup ply rich in iron, readily sol u -
ble vol ca nic rock ma te rial and a high or ganic mat ter con tent
(Hornibrook and Longstaffe, 1996); how ever, low lev els of sul -
fide and bi car bon ate are also re quired (Toth and Fritz, 1997;
Shel don and Retallack, 2002). Oth er wise, the for ma tion of py -
rite and sid er ite is fa voured, re spec tively. Ac cord ing to
Hornibrook and Longstaffe (1996), the re duc ing en vi ron ment
should be mar gin ally more oxic than the en vi ron ment in which
sid er ite pre cip i tates. Ac cord ing to Shel don and Retallack
(2002), the oc cur rence of berthierine in palaeosols may in di cate 
soil ox y gen con sump tion by the in flux of at mo spheric meth ane
to form car bon di ox ide, in turn giv ing rise to green house con di -
tions. In other words, soil ox y gen might be con sumed by the ox -
i da tion of meth ane to form car bon di ox ide, lead ing to dysoxia
and hypercapnia in Rhaetian soils. In the Pol ish Ba sin, the
berthierine- and ser pen tine-con tain ing sam ples are here re -
lated to mudrocks de pos ited in al lu vial-lac us trine en vi ron ments
(Fig. 5), but typ i cal swamp-re lated de pos its are ob served only
spo rad i cally in the Rhaetian (Pieñkowski et al., 2012). In ter est -
ingly, only the mudrocks from Kamieñ bore hole sec tion con tain
berthierine in sig nif i cant amounts. Most prob a bly, ero sion of
berthierine-con tain ing palaeosols and lateritic cov ers in the
source area (the Bal tic Shield) may have con trib uted de tri tal
berthierine to al lu vial-lac us trine sed i ments in Pomerania. The
de liv ery of ser pen tine is also prob a bly linked to the co-oc cur -
rence of weath ered ultra mafic rocks in the north ern hin ter land
of the Pol ish Ba sin (Fig. 2). The Al/Ti ra tio of some sam ples is
here even less than 10 (Ta ble 3). Other sec tions stud ied were
sup plied with de pos its from dif fer ent source ar eas (Fig. 2). Re -
gard less of that, berthierine is con sid ered to be eas ily trans -
formed into chlorite dur ing burial diagenesis (Hill ier, 1994;
Aagaard et al., 2000). In deed, chlorite does not oc cur in Kamieñ 
al though it is rather com monly ob served in other places in
which berthierine-to-chlorite trans for ma tion is not ex cluded.
One way or an other, the pres ence of berthierine (that like
kaolinite is con nected with lateritic cover) sug gests hu mid trop i -
cal con di tions north of the Pol ish Ba sin, thus at fairly high lat i -
tudes. This sup ports the idea of a global green house event (or
events) in the Late Rhaetian.

Af ter a prob a bly cooler and less hu mid in ter val around the
TJB (see Korte et al., 2009) the de gree of chem i cal weath er ing
in creased again in the ear li est Hettangian (Figs. 7, 8 and 10A)
due to a re turn of green house con di tions that is re corded in the
Niek³añ and Huta bore hole sec tions by a kaolinite abun dance.
Upsection, the amount of the kaolinite di min ishes (by con trast
with the illite and chlorite con tent), re flect ing a de crease in hu -
mid ity or in creas ing de liv ery of im ma ture ma te rial from source

ar eas, be cause of tec tonic re ju ve na tion and a sub si dence pulse 
in the MPT at the very be gin ning of Ju ras sic (Brañski, 2006,
2011a). A gen er ally sta ble kaolinite-illite-chlorite as sem blage in
the Hettangian may have re sulted from in creased run-off fol low -
ing tec tonic re ju ve na tion. Nev er the less, the rel a tive abun dance
of kaolinite sug gests this event could also have been ac com pa -
nied by sig nif i cant hydrolysis that masked tec tonic sig nal to
some ex tent.

The geo chem i cal data are gen er ally con sis tent with the clay 
min er al ogy re sults. Pro gres sive chem i cal weath er ing leaches
and re moves the sol u ble el e ments (Ca, Na, Mg and fi nally K)
rel a tive to Al and, in some cases, Fe and Ti (e.g., Nesbitt and
Young, 1982; Fedo et al., 1995, 1997; Tosca et al., 2010). This
re flects the de crease in abun dance of both non-clay sil i cate
min er als (plagioclases, K-feld spars) and compositionally im ma -
ture clay min er als such as smectite (cf. Weaver, 1989). The val -
ues of weath er ing in di ces (Ta ble 3 and 4) over lap sig nif i cantly in 
most cases with those char ac ter is tic of mod ern re sid ual clays or 
muds from rivers drain ing strongly weath ered trop i cal ar eas
such as Cen tral Uganda, where CIA val ues fluc tu at ing from 87
to 96 were re corded, and where the CIW val ues range be tween
96 to 99 (Nyakairu and Koeberl, 2001). Those sed i ments were
de rived mainly from highly acidic rocks (Nyakairu and Koeberl,
2001), thus gen er ally more fel sic than in the case of the sec -
tions de scribed in the pres ent pa per. In par tic u lar, the weath er -
ing in di ces val ues in Kamieñ are sig nif i cantly lower than in other 
sec tions due to the dif fer ent par ent-rock pe trol ogy in the source
ar eas.

The ex tent of weath er ing is clearly vis i ble in the tri an gu lar
A-CN-K di a grams (Fig. 9) that al low the dif fer en ti a tion of
compositional changes (cf. Fedo et al., 1995). In the fig ure, the
solid ar rows mark the pre dicted av er age weath er ing trends of
rock sam ples of UCC com po si tion. In A-CN-K compositional
space, the chem i cal weath er ing trends are roughly par al lel to
the A-CN bound ary, and sub se quent pro gres sive weath er ing is
di rected to wards the A apex (Fedo et al., 1997). Most of the
Rhaetian–low er most Hettangian sam ples are near the A apex
(Fig. 9) in ac cor dance with rel a tively high kaolinite con tent and
strong weath er ing that re moved large amounts of Ca, Na and
K. In the Niek³añ and Huta bore hole sec tions weath er ing took
place al most with out any diagenetic im pact (Fig. 9C, D). The
rel a tively wide vari a tion in the CIA val ues from the Niek³añ bore -
hole and the two dif fer ent weath er ing trends may in di cate dif fer -
ent source rocks in the Rhaetian and in the Early Hettangian.
Rhaetian sam ples plot in ac cor dance with the weath er ing trend
of mafic rocks close to the A-CN join (e.g., Nesbitt and Young,
1982; Fedo et al., 1995, 1997). This trend con curs with a lower
Al/Ti ra tio and with sur pris ingly large (also in the Up per
Rhaetian) con tent of smectite (Ta ble 3), which is fre quently a
chem i cal weath er ing prod uct of ferro mag nesi an alumino -
silicates (Chamley, 1989; Liu et al., 2012). Parts of the Kamieñ
and Kaszewy sec tions seem also to be in flu enced by
postdepositional pro cesses to some ex tent (Fig. 9A, B). This al -
ter ation has prob a bly re duced some what the val ues of CIA, and 
in places of other chem i cal in di ces. More over, Rhaetian ma jor
el e ments data from the Kamieñ bore hole (Fig. 9A) sug gest the
mix ing of clays de rived from dif fer ent source rocks. More mod -
er ate CIA, CIW and PIA val ues (Ta bles 2–5) may be ex plained
by pro gres sive de liv ery of unweathered ma te rial from the hin -
ter land. The in flu ence of postdepositional mod er ate
Na-metasomatism can not also be ex cluded be cause many bulk 
rock sam ples from this core are un ex pect edly en riched in Na
(the av er age Na con tent in sam ples from Kamieñ is two to three 
times higher than in the other sec tions stud ied). In the Kaszewy
bore hole sec tion the sam ple data lies in a fairly tight clus ter
along the A-K join, mostly quite near to the A apex (Fig. 9B).
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Nev er the less, some data are some what shifted from the pre -
dicted weath er ing trend to wards the mus co vite-illite field. This
small shift may sug gest some en rich ment in po tas sium most
prob a bly be cause of slight diagenetic illitization dur ing burial
(dashed ar row). This is con sis tent with the more illitic na ture of
sam ples from the Kaszewy sec tion (the amounts of illite al most
al ways ex ceed those of kaolinite; Fig. 6). The burial tem per a -
ture of the Rhaetian–Hettangian in this part of MPT prob a bly
ex ceeded sig nif i cantly 100°C (cf. Zielinski et al., 2012). Al ter na -
tively, the source rocks were here more fel sic than oth ers.

CATASTROPHIC CLIMATIC EVENTS

Firstly, we may con sider the prob lem of the time de mand of
palaeosol de vel op ment and de lay be tween the time of clay min -
er als for ma tion and their de po si tion in the sed i men tary ba sin.
Ac cord ing to Thiry (2000), this may be quite sig nif i cant and ex -
ceed 1 Ma. Such a long du ra tion may con cern in par tic u lar thick
an cient weath er ing cov ers. By con trast to Thiry (2000), many
re cent stud ies sug gest that clay min er als de pos ited in sed i men -
tary bas ins are re li able prox ies for high-fre quency cli mate fluc -
tu a tions (e.g., Dera et al., 2009; Srivastava et al., 2010; Alizai et 
al., 2012; Moiroud et al., 2012; Das et al., 2013). Dera et al.
(2009) sug gested that for ma tion of kaolinite in trop i cal soils and
its de po si tion in ma rine sed i ments could be al most con tem po -
ra ne ous, i.e. the elapsed time might have been less than
100 ka, dur ing the Early Ju ras sic in the Peritethyan do main.
Other pa pers have dem on strated the po ten tial of clay min er als
as a proxy for or bital cal i bra tion in Me so zoic times in clud ing
pre ces sion cy cles (e.g., Moiroud et al., 2012) and even Ho lo -
cene mon soonal os cil la tions of 1000 years (Das et al., 2013). A
soil-form ing in ter val of 8–13.5 ka was cal cu lated for the thick
ma ture palaeosols of the Gan ga Plains (Srivastava et al.,
2010). Im por tantly, new data from the Ho lo cene Indus
floodplain show that changes in clay min er al ogy post date the
cli mate shifts by only 3–5 ka, em brac ing the time needed for
new clay min er als to form and be trans ported to the river mouth
(Alizai et al., 2012). Nev er the less, the same au thors con clude
that clay min er als are not good weath er ing prox ies at time
scales of ~1000 yr or less. The pres ent pa per also sug gests a
short-du ra tion re sponse of de tri tal clay min er als to cli mate fluc -
tu a tions.

Im por tantly, some beds with very high K/I ra tio and strongly
el e vated val ues of chem i cal in di ces were ob served in the stud -
ied sec tions (Ta ble 5 and Fig. 10). The sharp in crease in
kaolinite con tent re cords an abrupt change in weath er ing re -
gime. Those lay ers par tic u larly rich in kaolinite with usu ally very
high CIA val ues were de vel oped as a re sult of ex treme chem i -
cal weath er ing of source ter rains in the af ter math of rapid
green house warm ing and abun dant rain fall. The ex treme
weath er ing of bed rock, and soil ero sion, was prob a bly ex ac er -
bated by acid rain and sub se quent de for es ta tion due to the
CAMP-re lated emis sion of sul fur and car bon di ox ide
(Schootbrugge et al., 2009). Dis tinct ep i sodic warm ing and con -
tem po ra ne ous hu mid events are in di cated by the high abun -
dance of kaolinite cou pled with dis ap pear ance of smectite,
which sug gests hot and wet trop i cal con di tions with low sea son -
al ity con trasts. Strong and rapid leach ing re moved al most all
mo bile al kali and al ka line earth el e ments. In tri an gu lar A-CN-K
di a grams (Fig. 9), the sam ples from these kaolinite lay ers, with
CIA val ues sig nif i cantly greater than 90, lie mostly the clos est to 
the A apex due to near-com plete al ter ation of their feld spars.
PIA and CIW val ues of 96–98 in di cate that al most all
plagioclase was con verted to clay min er als (es pe cially to
kaolinite). Sev eral char ac ter is tic kaolinite peaks mostly con -

firmed by high val ues of chem i cal in di ces may be de fined in the
sec tions stud ied. The first, Early to Mid dle Rhaetian green -
house event is re corded by the Wielichowo Beds; a few oc cur in 
the Late Rhaetian, and fi nally last dis tinct kaolinite ep i sode was
de tected in the low er most Hettangian (Figs. 5–8, 10A and Ta -
ble 5). How ever, the first and last of these are reg is tered par tic -
u larly clearly. The re cord of Late Rhaetian events is most vis i ble 
in the Kamieñ bore hole sec tion (Fig. 5) that is stratigraphically
most com plete (Pieñkowski et al., 2012). In other pro files, some 
events are less clear and more con tro ver sial be cause of the
ero sive char ac ter of this se quence and the di ver sity of the par -
ent rocks (Niek³añ – Fig. 7) or sus pected slight diagenetic mod i -
fi ca tion (Kaszewy – Fig. 6). As noted above, in the Huta bore -
hole sec tion the Rhaetian is most likely com pletely eroded
(Fig. 8).

High amounts of kaolinite were also re ported from the
Rhaetian–Hettangian sec tions in south ern Swe den (Ahlberg et
al., 2002, 2003), from the Tatra Mts. in Slovakia (Michalík et al.,
2010), and from the top most Tri as sic Triletes beds in the Ger -
man Ba sin (Schootbrugge et al., 2009). Re cently, dis tinct
kaolinite en rich ment has also been doc u mented from the top -
most Tri as sic Kössen For ma tion (Eiberg Ba sin) in Aus tria (Pálfy 
and Zajzon, 2012; Zajzon et al., 2012).

Sim i lar events were ob served by Pieñkowski et al. (2012)
on car bon iso tope curve in the Kamieñ sec tion (Fig. 5) as well
as in many sec tions world wide. The in cep tion of the CAMP ini ti -
ated mul ti ple phases of dis tur bance of global biogeochemical
cy cles. The “ini tial” and “main” neg a tive CIEs are sug gested by
most au thors to be tem po rally re lated to the ma jor vol ca nic
phase of CAMP de vel op ment (Hesselbo et al., 2002, 2007;
Korte et al., 2009; Deenen et al., 2010; White side et al., 2010).
Ini tial car bon re lease at the on set of CAMP em place ment may
have ac ti vated a strong pos i tive feed back re sult ing in fur ther re -
lease of meth ane from hy drates (Hesselbo et al., 2002, 2007;
Beerling and Berner 2002; Ruhl et al., 2011). The sud den in -
crease in at mo spheric green house gases con cen tra tions likely
caused a global super-green house (McElwain et al. 1999;
White side et al. 2010), at the end of the Tri as sic. The up per
“sub-peak” of the “ini tial” CIE in the Kamieñ sec tion is also as so -
ci ated with per tur ba tions of the os mium iso tope sys tem (at trib -
uted to vol ca nic fall out) and dark ened miospores sug gest ing
acid rains (Pieñkowski et al., 2012). Be tween the “ini tial” ex cur -
sion and the TJB, cli ma tic fluc tu a tions are in ferred, as so ci ated
with the chang ing K/I ra tio (Fig. 5), Os iso tope sys tem per tur ba -
tion, polycyclic ar o matic hy dro car bon (PAH) re leases and dark -
ened miospores (Pieñkowski et al., 2014). Dis tinct kaolinite en -
rich ment and abrupt shift of weath er ing in di ces in the low er most 
Hettangian sam ples (Figs. 5, 7, 8 and 10) may be cor re lated
with the on set of long-term warm ing fol lowed tran si tional cool -
ing at the TJB (cf. Korte et al., 2009).

How ever, the end-Rhaetian “ini tial” neg a tive CIE was pre -
ceded by prior Rhaetian neg a tive ex cur sions that in di cate pos -
si ble mul ti ple events in the Rhaetian car bon cy cle. In many sec -
tions world wide, as well as in the Pol ish Ba sin (Wielichowo
Beds – Pieñkowski et al., 2012), a dis tinct short-term neg a tive
C-iso tope ex cur sion re cords a green house meth ane re lease
trig gered by warm ing event ear lier in Rhaetian. Ex is tence of a
dis tinct Rhaetian “pre cur sor” neg a tive CIE (Ruhl and
Kürschner, 2011) or “West bury” neg a tive CIE (Suan et al.,
2011) or “Neg-1” CIE (Lindström et al., 2012) in di cate the be gin -
ning of en vi ron men tal per tur ba tions and sug gests that global
car bon cy cle dis tur bance pre dates by some 100–200 kyr the
on set of CAMP flood ba salt de po si tion (Blackburn et al., 2013).
Most prob a bly, ex ten sive Late Tri as sic dike and sill in tru sions
ini tially re leased thermogenic meth ane and other volatiles from
subsurface or ganic-rich de pos its (Ruhl and Kürschner, 2011).
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Al ter na tively, it is pos si ble that an ear lier flood ba salt ep i sode is
still to be dis cov ered (Pieñkowski et al., 2014). This ear lier
Rhaetian ep i sode is very well re flected in clay min eral and
chem i cal data from the Kamieñ, Kaszewy and Niek³añ bore hole 
sec tions. In Kamieñ Pomorski and Niek³añ, the smectite-rich
sed i men ta tion of Wielichowo Beds was in ter rupted by sud den
kaolinite in put (Figs. 5 and 7). In the Kaszewy bore hole,
kaolinite con tent also in creases rap idly at a sim i lar time (Fig. 6).

In the Kamieñ sec tion (Fig. 5), a pos i tive kaolinite peak ei -
ther co in cides with neg a tive car bon iso tope ex cur sion (just as in 
the case of the “pre cur sor” CIE) or it is ob served ap prox i mately
one me ter be low the d13C anom aly (in the case of the ma jor “ini -
tial” CIE). This lat ter case sug gests that on set of warm ing (pos -
si bly sub se quent to the vol ca nic CO2 de gas sing) may slightly
pre cede cat a strophic per tur ba tions of global car bon cy cle
caused most prob a bly by meth ane hy drate dis so ci a tion (cf.
Slujis et al., 2007; Hermoso et al., 2012; Brañski, 2012). The
for mer seems to in di cate an other mech a nism of car bon cy cle
dis tur bance, pos si bly thermogenic meth ane re lease dur ing the
in tru sive phase of ig ne ous prov ince de vel op ment and im me di -
ate warm ing. How ever, much higher sam pling res o lu tion is
needed to con strain this. More over, car bon iso topes have not
yet been ana lysed in other bore hole sec tions from Pol ish Ba sin.

Re gard less of the warm ing ep i sodes, pe ri ods of weaker
chem i cal weath er ing have also been re corded in some lay ers
char ac ter ized by lower kaolinite con tent and smaller val ues of
weath er ing in di ces. Be cause the Rhaetian was a time of tec -
tonic qui es cence, the rel a tive kaolinite de ple tions and dis tinct
en rich ments in illite and chlorite were re lated to weak ened hy -
dro ly sis and an in crease in phys i cal weath er ing in ten sity
caused by drier and prob a bly cooler ep i sodes. More over, the
al ter nat ing de po si tion of smectite-rich clay and of kaolinite-rich
clay that ap pears lo cally in the Late Rhaetian (Fig. 7) may re -
flect al ter nat ing phases of strong con tin u ous and less strong
dis con tin u ous hy dro ly sis, de ter mined by the al ter na tion of
round-year hu mid cli ma tic con di tions and sea sonal more arid
cli ma tic con di tions. How ever, in this case the par ent-rock di ver -
sity should be also taken in con sid er ation. The weath er ing of
mafic rocks may have in duced the sec ond ary for ma tion of
smectite at some lo cal i ties, re gard less of cli mate fluc tu a tions.

Sum ming-up, rapid and ep i sodic fluc tu a tions in the clay
min er al og i cal com po si tion and in the val ues of weath er ing in di -
ces (Fig. 10) point to a se quence of fre quent and marked cli ma -
tic re ver sals. Some of these (Fig. 5) seem cor re spond to the
ma jor Late Rhaetian “ini tial” d13C ex cur sion (Pieñkowski et al.,
2012). A pro found cli mate de sta bi li sa tion that man i fested in a
se ries of rapid, cat a strophic cli ma tic re ver sals, cou pled with
emis sion of di verse toxic com pounds re lated to CAMP de vel op -
ment, were most prob a bly the fun da men tal rea sons of the
end-Tri as sic eco log i cal di sas ter and mass-ex tinc tion (cf.
Schootbrugge et al., 2009; Pieñkowski et al., 2012, 2014).

CONCLUSIONS

Data pre sented in this pa per are based on a con ti nen tal re -
cord that has been cal i brated in terms of se quence stra tig ra phy, 
palynostratigraphy and chemostratigraphy (Pieñkowski, 2004;
Pieñkowski et al., 2012). In gen eral, the orig i nal Rhaetian–Low -
er Hettangian clay min eral as sem blage in the Pol ish Ba sin was

mildly mod i fied by diagenetic pro cesses and by the ero sion and
redeposition of an cient sed i men tary rocks. There fore, the clay
min eral re cord from the epicontinental Pol ish Ba sin al lows one
to fol low the evo lu tion of the strik ingly vari able weath er ing con -
di tions through the Rhaetian to Early Hettangian, al though gaps 
in the Rhaetian pro file are pres ent. The de tri tal clay min eral
com po si tion of the fine-grained de pos its (<2 mm frac tion) and
es pe cially ver ti cal vari a tions in kaolinite con tent were mostly
con trolled by a weath er ing re gime linked to cli ma tic con di tions
(es pe cially rain fall fluc tu a tions). How ever, other fac tors (dif fer -
ences in source area lithologies, sed i ment sup ply vari a tions,
and a strike-slip tec tonic event at the be gin ning of the
Hettangian) also con trolled the min er al ogy and geo chem is try of 
Rhaetian-Hettangian de pos its in the Pol ish Ba sin and lo cally
may over print a palaeoclimatic sig nals to some ex tent. Nev er -
the less, the fol low ing con clu sions may be made:

1. Gen er ally, af ter semi-dry cli mate con di tions in Norian
times (a dis tinct dom i na tion of illite, rel a tively low val ues of
weath er ing in di ces), smectite dom i na tion in most parts of the
Lower–Middle Rhaetian Wielichowo Beds points to some in -
crease in pre cip i ta tion and its dis tinct sea son al ity. In the up per
part of the Lower Rhaetian Wielichowo Beds and in the Up per
Rhaetian–lowermost Hettangian Zagaje For ma tion, a kaoli -
nite-illite as so ci a tion pre vails that sig ni fies the year-round rain -
fall. Ad di tion ally, the pres ence of sid er ite and lo cally of
berthierine (and the dis ap pear ance of car bon ates) also in di -
cates in creas ing hu mid ity. Higher in the Lower Hettangian, the
amount of kaolinite di min ishes, re flect ing some de crease in hu -
mid ity and/or in creas ing de liv ery of im ma ture ma te rial, be cause 
of tec tonic re ju ve na tion at the be gin ning of the Ju ras sic.

2. Re gard less of gen eral changes, some beds par tic u larly
rich in kaolinite with very high val ues of weath er ing in di ces point 
to ep i sodes of ex treme chem i cal weath er ing in the af ter math of
cat a strophic cli mate shifts (rapid warm ing and abun dant rain -
fall). More over, these kaolinite en rich ments in the Rhaetian and
at the be gin ning of the Hettangian are gen er ally con sis tent with
prom i nent neg a tive CIEs from sec tions in the Pol ish Ba sin and
in dif fer ent parts of the world that re cord super-green house
events at this level. Im por tantly, the Late Rhaetian–ear li est
Hettangian “green house” warm ing with grow ing hu mid ity was
punc tu ated by drier and most prob a bly cooler ep i sodes, as
shown by rel a tive kaolinite de ple tions, dis tinct en rich ments in
illite and chlorite, and de clines in val ues of weath er ing in di ces.
This destabilization, ex pressed by fre quent and cat a strophic cli -
ma tic re ver sals, cou pled with emis sion of toxic com pounds and
acid rains re lated to CAMP de vel op ment, seem to have been
an im por tant rea son for the end-Tri as sic eco log i cal di sas ter and 
mass ex tinc tion.

Ac knowl edge ments. This pa per is a part of the pro ject, fi -
nanced by the Pol ish Na tional Sci ence Cen tre, granted on the
ba sis of de ci sion no. DEC-2012/06/M/ST10/00478. Some data
from PGI pro ject no. 61.3608.0801.00.0 were also in cluded.
The stud ies were car ried out at Pol ish Geo log i cal In sti tute – Na -
tional Re search In sti tute in War saw. XRD, XRF, SEM and TOC
anal y ses were per formed by W. Narkiewicz, I. Iwa -
siñska-Budzyk, L. Giro and M. Jaskólska, re spec tively. I thank
B. Raucsik and O. Lintnerová for their con struc tive and in sight -
ful re views that im proved the orig i nal manu script. W. Markowski 
is ac knowl edged for his help with the draft ing of fig ures.

306 Pawe³ Brañski



REFERENCES

Aagaard, P., Jahren, J.S., Harstad, A.O., Nilsen, O., Ramm, M.,
2000. For ma tion of grain-coat ing chlorite in sand stones. Lab o -
ra tory syn the size vs. nat u ral oc cur rences. Clay Min er als, 35:
261–269.

Ahlberg, A., Arndorff, L., Guy-Ohlsson, D., 2002. On shore cli -
mate change dur ing the Late Tri as sic ma rine in un da tion of the
Cen tral Eu ro pean Ba sin. Terra Nova, 14: 241–248.

Ahlberg, A., Olsson, I., Šimkevièius, P., 2003. Tri as sic-Ju ras sic
weath er ing and clay min eral dis persal in base ment ar eas and
sed i men tary bas ins of south ern Swe den. Sed i men tary Ge ol ogy, 
161: 15–29.

Alizai, A., Hill ier, S., Clift, P.D., Giosan, L., Hurst, A.,  Laningham, 
S., van, Macklin, M., 2012. Clay min eral vari a tions in Ho lo cene
ter res trial sed i ments from the Indus Ba sin. Qua ter nary Re -
search, 77: 368–381.

Beerling, D.J., Berner, R.A., 2002. Biogeochemical con straints on
the Tri as sic–Ju ras sic bound ary car bon cy cle event. Global
Biogeochemical Cy cles, 16, art. no.1036.

Blackburn, T.J., Olsen, P.E., Bowring, S.A., McLean, N.M., Kent,
D. V., Puffer, J., McHone, G., Rasbury, T., 2013. Zir con U-Pb
geo chron ol ogy links the end-Tri as sic ex tinc tion with the Cen tral
At lan tic Mag matic Prov ince. Sci ence, 340: 941–945.

Bonis, N.R., Konijnenburg-Cittert, J.H.A., van, Kürschner, W.M., 
2010. Chang ing CO2 con di tions dur ing the end-Tri as sic in ferred
from stomatal fre quency anal y sis on Lepidopteris ottonis
(Goeppert) Schimper and Ginkgoites taeniatus (Braun) Har ris.
Palaeo ge ogra phy, Palaeoclimatology, Palaeo ec ol ogy, 295:
146–161.

Brañski, P., 2006. Lower Hettangian in the Holy Cross Moun tains
re gion – an ex am ple of tec toni cally-con trolled sed i men ta tion in
the epicontinental ba sin of Po land. Volumina Jurassica, 4:
80–81.

Brañski, P., 2007a. Zespo³y minera³ów ilastych jury dolnej z
po³udniowej czêœci epikontynentalnego basenu polskiego –
wp³yw paleoklimatu a inne czynniki. Tomy Jurajskie, 4: 5–18.

Brañski, P., 2007b. An es ti mate of pos si ble use of se lected pre-Ce -
no zoic clays from Po land for en vi ron men tal pro tec tion (in Pol ish 
with Eng lish sum mary). Przegl¹d Geologiczny, 55: 467–474.

Brañski, P., 2009. In flu ence of palaeoclimate con di tions and green -
house ef fect on the Hettangian clay min eral as sem blages (Holy
Cross Mts. area, Pol ish Ba sin). Geo log i cal Quar terly, 53 (3):
363–368.

Brañski, P., 2010. Kaolinite peaks in early Toarcian pro files from the 
Pol ish Ba sin – an in ferred re cord of global warm ing. Geo log i cal
Quar terly, 54 (1): 15–24.

Brañski, P., 2011a. Formacja zagajska i przysuska formacja
rudonoœna jury dolnej w regionie œwiêtokrzyskim:
paleotektoniczno-paleogeograficzne uwarunkowania genezy
surowców ceramicznych (in Pol ish). Ph.D the sis. NAG,
Warszawa.

Brañski, P., 2011b. Clay min eral com po si tion in the Tri as sic and Ju -
ras sic de pos its from the Pol ish Ba sin – a re cord of
palaeoclimatic and palaeoenvironmental changes (in Pol ish
with Eng lish sum mary). Biuletyn Pañstwowego Instytutu
Geologicznego, 444: 153–32.

Brañski, P., 2012. The min er al og i cal re cord of the Early Toarcian
stepwise cli mate changes and other en vi ron men tal vari a tion
(Ciechocinek For ma tion, Pol ish Ba sin). Volumina Jurassica, 10: 
1–24.

Callegaro, S., Rigo, M., Chiaradia, M., Marzoli, A., 2012. Lat est
Tri as sic ma rine Sr iso to pic vari a tions, pos si ble causes and im -
pli ca tions. Terra Nova, 24: 130–135. 

Chamley, H., 1989. Clay Sedimentology. Springer, Berlin.

Cirilli, S., Marzoli, A., Tan ner, L., Bertrand, H., Buratti, N.,
Jourdan, F., Bellieni, G., Kontak, D., Renne, P.R., 2009. Lat -
est Tri as sic on set of the Cen tral At lan tic Mag matic Prov ince
(CAMP) vol ca nism in the Fundy Ba sin (Nova Sco tia): new strati -

graphic con straints. Earth and Plan e tary Sci ence Let ters, 286:
514–525.

Cleve land, D.M., Nordt, L.C., Dworkin, S.I., Atchley, S.C., 2008.
Pedogenic car bon ate iso topes as ev i dence for ex treme cli ma tic
events pre ced ing the Tri as sic–Ju ras sic bound ary: im pli ca tions
for the bi otic cri sis? GSA Bul le tin, 120: 1408–1415.

Cohen, A.S., Coe, A.L., 2002. New geo chem i cal ev i dence for the
on set of vol ca nism in the Cen tral At lan tic Mag matic Prov ince
and en vi ron men tal change at the Tri as sic-Ju ras sic bound ary.
Ge ol ogy, 30: 267–270.

Cohen, A.S., Coe, A.L., 2007. The im pact of the Cen tral At lan tic
Mag matic Prov ince on cli mate and on the Sr- and Os-iso tope
evo lu tion of sea wa ter. Palaeo ge ogra phy, Palaeoclimatology,
Palaeo ec ol ogy, 244: 374–390.

Courtillot, V.E., Renne, P.R., 2003. On the ages of flood ba salt
events. Comptes Rendus Geoscience, 335: 113–140.

Cox, R., Lower, D.R., Cullers, R.L., 1995. The in flu ence of sed i -
ment re cy cling and base ment com po si tion on evo lu tion of
mudrock chem is try in the south west ern United States.
Geochimica et Cosmochimica Acta, 59: 2919–2940.

Dadlez, R., 1997. Epicontinental bas ins in Po land: De vo nian to Cre -
ta ceous re la tion ships be tween the crys tal line base ment and
sed i men tary infill. Geo log i cal Quar terly, 41 (4): 419–432.

Dadlez, R., Narkiewicz, M., Stephenson, R.A., Visser, M.T.M.,
Ven Wees, J.-D., 1995. Tec tonic evo lu tion of the Mid-Pol ish
Trough: mod el ling im pli ca tions and sig nif i cance for cen tral Eu -
ro pean ge ol ogy. Tectonophysics, 252: 179–195.

Dadlez, R., Narkiewicz, M., Pokorski, J., Wag ner, R., 1998. Sub si -
dence his tory and tec tonic con trols on the Late Perm ian and Me -
so zoic de vel op ment of the Mid-Pol ish Trough (in Pol ish with
Eng lish sum mary). Prace Pañstwowego Instytutu Geologicz -
nego, 165: 47–56.

Das, S.S., Rai, A.K., Akaram, V., Verma, D., Pandey, A.C., Dutta,
K., Prasad, R.G.V., 2013. Paleoenvironmental sig nif i cance of
clay min eral as sem blages in the south east ern Ara bian Sea dur -
ing last 30 kyr. Jour nal of Earth Sys tem Sci ence, 122: 173–185.

Deconinck, J-F., Hesselbo, S.P., Debuisser, N., Averbuch, O.,
Baudin, F., Bessa, J., 2003. En vi ron men tal con trols on clay
min er al ogy of an Early Ju ras sic mudrock (Blue Lias For ma tion,
south ern Eng land). In ter na tional Jour nal of Earth Sci ence, 92:
255–266.

Deenen, M.H.L., Ruhl, M., Bonis, N.R., Krijgsman, W.,
Kürschner, W.M., Reitsma, M., Bergen, M.J. van, 2010. A new 
chro nol ogy for the end-Tri as sic mass ex tinc tion. Earth and Plan -
e tary Sci ence Let ters, 291: 113–125.

Dera, G., Pellenard, P., Neige, P., Deconinck, J.-F., Puceat, E.,
Dommergues, J.-L., 2009. Dis tri bu tion of clay min er als in Early
Ju ras sic Peritethyan seas: Palaeoclimatic sig nif i cance in ferred
from multiproxy com par i sons. Palaeo ge ogra phy, Palaeoclimat -
ology, Palaeo ec ol ogy, 271: 39–51.

Fedo, C.M., Nesbitt, H.W., Young, G.M., 1995. Un rav el ing the ef -
fects of po tas sium metasomatism in sed i men tary rocks and
paleosols, with im pli ca tions for paleoweathering con di tions and
prov e nance. Ge ol ogy, 23: 921–924.

Fedo, C.M., Young, G.M., Nesbitt, H.W., Hanchar, J.M., 1997.
Potassic and sodic metasomatism in the South ern Prov ince of
the Ca na dian Shield: ev i dence from the Paleoproterozoic Ser -
pent For ma tion, Huronian Supergroup, Can ada. Pre cam brian
Re search, 84: 17–36.

Galli, M.T., Jadoul, F., Bernasconi, S.M., Weissert, H., 2005.
Anom a lies in global car bon cy cling and ex tinc tion at the Tri as -
sic/Ju ras sic bound ary: ev i dence from a ma rine C-iso tope re -
cord. Palaeo ge ogra phy, Palaeoclimatology, Palaeo ec ol ogy,
216: 203–214.

Ganino, C., Arndt, N.T., 2009. Cli mate changes caused by de gas -
sing of sed i ments dur ing the em place ment of large ig ne ous
prov inces. Ge ol ogy, 37: 323–326.

Climatic disaster at the Triassic–Jurassic boundary – a clay minerals and major elements record from the Polish Basin 307



Goldberg, K., Humayun, M., 2010. The ap pli ca bil ity of the Chem i -
cal In dex of Al ter ation as a paleoclimatic in di ca tor: an ex am ple
from the Perm ian of the Paraná Ba sin, Brazil. Palaeo ge ogra phy, 
Palaeoclimatology, Palaeo ec ol ogy, 293: 175–183.

Grathoff, G.H., Moore, D.M., 1996. Illite polytype quan ti fi ca tion us -
ing Wild fire cal cu lated X-ray dif frac tion pat terns. Clays and Clay
Min er als, 44: 835–842.

Guex, J., Bartolini, A., Atudorei, V., Tay lor, D., 2004. High-res o lu -
tion ammonite and car bon iso tope stra tig ra phy across the Tri as -
sic-Ju ras sic bound ary at New York Can yon (Ne vada). Earth and 
Plan e tary Sci ence Let ters, 225: 29–41.

Haas, J., Budai, T., Raucsik, B., 2012. Cli ma tic con trols on sed i -
men tary en vi ron ments in the Tri as sic of the Transdanubian
Range (West ern Hun gary). Palaeo ge ogra phy, Palaeoclimat -
ology, Palaeo ec ol ogy, 353–355: 31–44.

Hakenberg, M., Œwidrowska, J., 1997. Prop a ga tion of the
south-east ern seg ment of the Pol ish Trough con nected with
bound ing fault zones (from the Perm ian to the Late Ju ras sic).
Comptes Rendus de l’Académie des Sci ences, Se ries IIA –
Earth and Plan e tary Sci ence, 324: 793–803.

Hal lam, A., Wignall, P.B., 1999. Mass Ex tinc tions and their Af ter -
math. Ox ford Uni ver sity Press, Ox ford.

Hames, W.E., Renne, P.R., Ruppel, C., 2000. New ev i dence for
geo log i cally in stan ta neous em place ment of ear li est Ju ras sic
Cen tral At lan tic mag matic prov ince bas alts on the North Amer i -
can mar gin. Ge ol ogy, 28: 859–862. 

Harnois, L., 1988. CIW In dex: a new chem i cal in dex of weath er ing.
Sed i men tary Ge ol ogy, 55: 319–322.

Hautmann, M., 2004. Ef fect of end-Tri as sic CO2 max i mum on car -
bon ate sed i men ta tion and ma rine mass ex tinc tion. Fa cies, 50:
257–261. 

Hautmann, M., Benton, M.J., Tomasovych, A., 2008. Cat a strophic 
ocean acid i fi ca tion at the Tri as sic-Ju ras sic bound ary. Neues
Jahrbuch für Geologie und Paläontologie Abhandlungen, 249:
119–127.

Hayashi, K., Fujisawa, H., Hol land, H.D., Ohmoto, H., 1997. Geo -
chem is try of ~1.9 Ga sed i men tary rocks from north east ern Lab -
ra dor, Can ada. Geochimica et Cosmochimica Acta, 61:
4115–4137.

Hermoso, M., Minoletti, F., Rickaby, R.E.M., Hesselbo, S.P.,
Baudin, F., Jenkyns, H.C., 2012. Dy nam ics of a stepped car -
bon-iso tope ex cur sion: ul tra high-res o lu tion study of Early
Toarcian en vi ron men tal change. Earth and Plan e tary Sci ence
Let ters, 319–320: 45–54.

Hesselbo, S.P., Gröcke, D.R., Jenkyns, H.C., Bjerrum, C.J.,
Farrimond, P., Bell, H.S.M, Green, O.R., 2000. Mas sive dis so -
ci a tion of gas hy drate dur ing a Ju ras sic oce anic anoxic event.
Na ture, 406: 392–395. 

Hesselbo, S.P., Rob in son, S.A., Surlyk, F., Piasecki, S., 2002.
Ter res trial and ma rine ex tinc tion at the Tri as sic-Ju ras sic bound -
ary syn chro nized with ma jor car bon-cy cle per tur ba tion: a link to
ini ti a tion of mas sive vol ca nism? Ge ol ogy, 30: 251–254.

Hesselbo, S.P., McRoberts, C.A., Pálfy, J., 2007. Tri as sic-Ju ras sic 
bound ary events: prob lems, prog ress, pos si bil i ties. Palaeo ge -
ogra phy, Palaeoclimatology, Palaeo ec ol ogy, 244:1–10.

Hesselbo, S.P., Deconinck, J-F., Huggett, J.M., Morgans-Bell,
H.S., 2009. Late Ju ras sic palaeoclimatic change from clay min -
er al ogy and gamma-ray spec trom e try of the Kimmeridge Clay,
Dorset, UK. Jour nal of Geo log i cal So ci ety, 166: 1–11.

Hillebrandt, A., von, Krystyn, L., Kürschner, W.M., Bown, P.R.,
McRoberts, C., Ruhl, M., Simms, M., Tomasovych, A.,
Urlichs, M., 2007. A can di date GSSP for the base of the Ju ras -
sic in the North ern Cal car e ous Alps (Kuhjoch sec tion,
Karwendel Moun tains, Tyrol, Aus tria). In ter na tional
Subcommission on Ju ras sic Stra tig ra phy News let ter, 34: 2–20.

Hill ier, S., 1994. Pore-lin ing chlorites in siliciclastic res er voir sand -
stones: elec tron microprobe, SEM and XRD data, and im pli ca -
tions for their or i gin. Clay Min er als, 29: 665–679.

Hornibrook, E.R.C., Longstaffe, F.J., 1996. Berthierine from the
lower Cre ta ceous Clearwater for ma tion, Al berta, Can ada. Clays 
and Clay Min er als, 44: 1–21.

Hughes, J.C., Brown, G., 1979. A crystallinity in dex for soil ka olins
and its re la tion to par ent rock, cli mate and soil ma tu rity. Jour nal
of Soil Sci ence, 30: 557–563.

Jourdan, F., Marzoli, A., Bertrand, H., Cirilli, S., Tan ner, L.,
Kontak, D.J., McHone, G., Renne, P.R., Bellieni, G., 2009.
40Ar/39Ar ages of CAMP in North Amer ica: im pli ca tions for the
Tri as sic-Ju ras sic bound ary and the 40K de cay con stant bias.
Lithos, 110: 167–180.

Korte, C., Hesselbo, S.P., Jenkyns, H.C., Rickaby, R.E.M., Spötl,
C., 2009. Palaeoenvironmental sig nif i cance of car bon- and ox y -
gen-iso tope stra tig ra phy of ma rine Tri as sic-Ju ras sic bound ary
sec tions in SW Brit ain. Jour nal of Geo log i cal So ci ety, 166:
431–445.

Koz³owska, A., 2004. Diagenesis of the Up per Car bon if er ous sand -
stones oc cur ring at the bor der of the Lublin Trough and the War -
saw Block (in Pol ish with Eng lish sum mary). Biuletyn
Pañstwowego Instytutu Geologicznego, 411: 5–86.

Koz³owska, A., Poprawa, P., 2004. Diagenesis of the Car bon if er -
ous clastic sed i ments of the Mazowsze re gion and the north ern
Lublin re gion re lated to their burial and ther mal his tory (in Pol ish
with Eng lish sum mary). Przegl¹d Geologiczny, 52: 491–500.

Kozur, H.W., Weems, R.E., 2010. The biostratigraphic im por tance
of conchostracans in the con ti nen tal Tri as sic of the north ern
hemi sphere. Geo log i cal So ci ety Spe cial Pub li ca tions, 334:
315–417.

Kozydra, Z., Wyrwicki, R., 1977. Pre lim i nary data on the Up per Tri -
as sic clays as ce ramic raw ma te ri als (in Pol ish with Eng lish
sum mary). Biuletyn Instytutu Geologicznego, 299: 149–192.

Kuroda, J., Hori, R.S., Suzuki, K., Gröcke, D.R., Ohkouchi, N.,
2010. Ma rine os mium iso tope re cord across the Tri as sic-Ju ras -
sic bound ary from a Pa cific pe lagic site. Ge ol ogy, 38:
1095–1098.

Lindström, S., Schootbrugge, B., van de, Dybkj³r, K.,
Pedersen, G.K., Fiebig, J., Niel sen, L.H., Richoz, S., 2012. No 
causal link be tween ter res trial eco sys tem change and meth ane
re lease dur ing the end-Tri as sic mass ex tinc tion. Ge ol ogy, 40:
531–534.

Lintnerová, O., Michalík, J., Uhlík, P., Soták, J., Weissová, Z.,
2013. Lat est Tri as sic cli mate humidification and kaolinite for ma -
tion (West ern Carpathians, Tatric Unit of the Tatra Mts.). Geo log -
i cal Quar terly, 57 (4): 701–728.

Liu, Z., Wang, H., Hantoro, W.S., Sathiamurthy, E., Colin, C.,
Zhao, Y., Li, J., 2012. Cli ma tic and tec tonic con trols on chem i cal 
weath er ing in trop i cal South east Asia (Ma lay Pen in sula, Bor neo 
and Su ma tra). Chem i cal Ge ol ogy, 291: 1–12.

Marcinkiewicz, T., 1971. The stra tig ra phy of the Rhaetian and Lias
in Po land based on megaspore in ves ti ga tions (in Pol ish with
Eng lish sum mary). Prace Instytutu Geologicznego, 65: 1–58.

Marynowski, L., Simoneit, B.R.T., 2009. Wide spread Late Tri as sic
to Early Ju ras sic wild fire re cords from Po land: ev i dence from
char coal and pyrolytic polycyclic ar o matic hy dro car bons.
Palaios, 24: 785–798.

Marzoli, A., Renne, P.R., Piccirillo, E.M., Bellieni, G., Min, A., de
1999. Ex ten sive 200-mil lion-year-old con ti nen tal flood bas alts
of the Cen tral At lan tic Prov ince. Sci ence, 284: 616–618.

Marzoli, A., Bertrand, H., Knight, K. B., Cirilli, S., Buratti, N.,
Verati, C., Nomade, S., Renne, P. R., Youbi, N., Mar tini, R.,
Allenbach, K., Neuwerth, R., Rapaille, C., Zaninetti, L.,
Bellieni, G., 2004. Syn chrony of the Cen tral At lan tic Mag matic
Prov ince and the Tri as sic-Ju ras sic bound ary cli ma tic and bi otic
cri sis. Ge ol ogy, 32: 973–976.

Marzoli, A., Jourdan, F., Puffer, J.H., Cuppone, T., Tan ner, L.H.,
Weems, R.E., Bertrand, H., Cirilli, S., Bellieni, G., Min, A., de
2011. Tim ing and du ra tion of the Cen tral At lan tic mag matic prov -
ince in the New ark and Culpeper bas ins, east ern U.S.A. Lithos,
122: 175–188.

McElwain, J.C., Beerling, D.J., Wood ward, F.I., 1999. Fos sil
plants and global warm ing at the Tri as sic-Ju ras sic bound ary.
Sci ence, 285: 1386–1390.

McLennan, S.M., 1993. Weath er ing and global de nu da tion. Jour nal
of Ge ol ogy, 101: 295–303.

308 Pawe³ Brañski



Michalik, J., Biron, A., Lintnerova, O., Götz, A., Ruckwied, K.,
2010. Cli mate change at the Tri as sic-Ju ras sic bound ary in the
north west ern Tethyan realm, in ferred from sec tions in the Tatra
Moun tains (Slovakia). Acta Geologica Polonica, 60: 535–548.

Moiroud, M., Mar ti nez, M., Deconinck, J.-F., Monna, F.,
Pellenard, P., Riquier, L., Com pany, M., 2012. High-res o lu tion
clay min er al ogy as a proxy for or bital tun ing: ex am ple of the
Hauterivian-Barremian tran si tion in the Betic Cor dil lera (SE
Spain). Sed i men tary Ge ol ogy, 282: 336–346.

Moore, D.M., Reynolds, R.C., 1997. X-ray Dif frac tion and the Iden -
ti fi ca tion and Anal y sis of Clay Min er als. Ox ford Univ. Press.
New York.

Narkiewicz, M., Resak, M., Littke, R., Marynowski, L., 2010. New
con straints on the Mid dle Palaeozoic to Ce no zoic burial and
ther mal his tory of the Holy Cross Mts. (Cen tral Po land): re sults
from nu mer i cal mod el ling. Geologica Acta, 8: 189–205.

Nesbitt, H.W., 1979. Mo bil ity and frac tion ation of rare earth el e -
ments dur ing weath er ing of a granodiorite. Na ture, 279:
206–210.

Nesbitt, H.W., Young, G.M., 1982. Early Pro tero zoic cli mates and
plate mo tions in ferred from ma jor el e ment chem is try of lutites.
Na ture, 299: 715–717.

Nomade, S., Knight, K.B., Beutel, E., Renne, P.R., Verati, C.,
Feraud, G., Marzoli, A., Youbi, N., Bertrand, H., 2007. Chro -
nol ogy of the Cen tral At lan tic Mag matic Prov ince: Im pli ca tions
for the Cen tral At lan tic rift ing pro cesses and the Tri as sic-Ju ras -
sic bi otic cri sis. Palaeo ge ogra phy, Palaeoclimatology, Palaeo -
ec ol ogy, 244: 326–344.

Nyakairu, G.W.A., Koeberl, C., 2001. Min er al og i cal and chem i cal
com po si tion and dis tri bu tion of rare earth el e ments in clay-rich
sed i ments from cen tral Uganda. Geo chem i cal Jour nal, 35:
13–28.

Olsen, P.E., Kent, D.V., Sues, H.D., Koeberl, C., Huber, H.,
Montanari, A., Rainforth, E.C., Fowells, J., Szajna, M.J.,
Hartline, B.W., 2002. As cent of di no saurs linked to an irid ium
anom aly at the Tri as sic–Ju ras sic bound ary. Sci ence, 296:
1305–1307.

Pálfy, J., Zajzon, N., 2012. En vi ron men tal changes across the Tri -
as sic–Ju ras sic bound ary and co eval vol ca nism in ferred from el -
e men tal geo chem is try and min er al ogy in the Kendlbachgraben
sec tion (North ern Cal car e ous Alps, Aus tria). Earth and Plan e -
tary Sci ence Let ters, 335–336: 121–134.

Pálfy, J., Demény, A., Haas, J., Hetényi, M., Or chard, M.J., Vetõ,
I., 2001. Car bon iso tope anom aly and other geo chem i cal
changes at the Tri as sic-Ju ras sic bound ary from a ma rine sec -
tion in Hun gary. Ge ol ogy, 29: 1047–1050.

Pieñkowski, G., 2004. The epicontinental Lower Ju ras sic of Po -
land. Pol ish Geo log i cal In sti tute Spe cial Pa pers, 12: 1–154.

Pieñkowski, G., Schudack, M.E., co-ordinators, 2008. Ju ras sic.
In: The Ge ol ogy of Cen tral Eu rope. Vol ume 2: Me so zoic and Ce -
no zoic (ed. T. McCann): 823–922. Geo log i cal So ci ety, Lon don.

Pieñkowski, G., Waksmundzka, M., 2009. Palynofacies in Lower
Ju ras sic epicontinental de pos its of Po land: tool to in ter pret sed i -
men tary en vi ron ments. Ep i sodes, 32: 21–32.

Pieñkowski, G., NiedŸwiedzki, G., Waksmundzka, M., 2012.
Sedimentological, palynological, and geo chem i cal stud ies of
the ter res trial Tri as sic-Ju ras sic bound ary in north-west ern Po -
land. Geo log i cal Mag a zine, 149: 308–332.

Pieñkowski, G., NiedŸwiedzki, G., Brañski, P., 2014. CAMP-re -
lated rapid cli ma tic re ver sals caused the end-Tri as sic biota cri -
sis – ev i dences from con ti nen tal strata in Po land. GSA Spe cial
Pa per, 505: 1–24, doi:10.1130/2014.2505(13)

Poprawa, P., 1997. Late Perm ian to Ter tiary dy nam ics of the Pol ish
Trough. EUROPROBE TESZ-Meet ing, Potsdam. Terra Nos tra,
97: 104–109.

Racki, G., 2010. Cli mate changes caused by de gas sing of sed i -
ments dur ing the em place ment of large ig ne ous prov inces:
Com ment. Ge ol ogy, 38: e210.

Raucsik, B., Varga, A., 2008. Climato-en vi ron men tal con trols on
clay min er al ogy of the Hettangian-Bajocian suc ces sions of the
Mecsek Moun tains, Hun gary: an ev i dence for ex treme con ti nen -

tal weath er ing dur ing the early Toarcian oce anic anoxic event.
Palaeo ge ogra phy, Palaeoclimatology, Palaeo ec ol ogy, 265:
1–13.

Resak, M., Narkiewicz, M., Littke, R., 2008. New ba sin mod el ling
re sults from the Pol ish part of the Cen tral Eu ro pean Ba sin sys -
tem: im pli ca tions for the Late Cre ta ceous-Early Paleogene
struc tural in ver sion. In ter na tional Jour nal of Earth Sci ences, 97:
955–972.

Retallack, G.J., 2001. Soils of the Past: an In tro duc tion to
Paleopedology. Blackwell Sci ence, Ox ford.

Richoz, S., Schootbrugge, B., van de , Pross, J., Püttmann, W.,
Quan, T.M., Lindström, S., Heunisch, C., Fiebig, J., Maquil,
R., Schouten, S., Hauzenberger, C.A., Wignall, P.B., 2012.
Hy dro gen sul phide poi son ing of shal low seas fol low ing the
end-Tri as sic ex tinc tion. Na ture Geoscience, 5: 662–667.

Ruffell, A., Mc Kin ley, J.M., Worden, R.H., 2002. Com par i son of
clay min eral stra tig ra phy to other proxy palaeoclimate in di ca tors 
in the Me so zoic of NW Eu rope. Philo soph i cal Trans ac tions of
the Royal So ci ety of Lon don, Se ries A, 360: 675–693.

Ruhl, M., Kürschner, W.M., 2011. Mul ti ple phases of car bon cy cle
dis tur bance from large ig ne ous prov ince for ma tion at the Tri as -
sic-Ju ras sic tran si tion. Ge ol ogy, 39: 431–434.

Ruhl, M., Kürschner, W.M., Krystyn, L., 2009. Tri as sic–Ju ras sic
or ganic car bon iso tope stra tig ra phy of key sec tions in the west -
ern Tethys realm (Aus tria). Earth and Plan e tary Sci ence Let ters,
281: 169–187.

Ruhl, M., Deenen, M.H.L., Abels, H.A., Bonis, N.R., Krijgsman,
W., Kürschner, W.M. 2010. As tro nom i cal con straints on the du -
ra tion of the Early Ju ras sic Hettangian stage and re cov ery rates
fol low ing the end-Tri as sic mass ex tinc tion (St. Audrie’s
Bay/East Quantoxhead, UK). Earth and Plan e tary Sci ence Let -
ters, 295: 262–276.

Ruhl, M., Bonis, R.N., Reichart, G.J., Sinninghe-Damsté, J.S.,
Kürschner, W.M., 2011. At mo spheric car bon in jec tion linked to
end-Tri as sic mass ex tinc tion. Sci ence, 333: 430–434.

Schaller, M.F., Wright, J.D., Kent, D.V., 2011. At mo spheric pCO2

per tur ba tions as so ci ated with the Cen tral At lan tic Mag matic
Prov ince. Sci ence, 331: 1404–1409.

Schaller, M.F., Wright, J.D., Kent, D.V., Olsen, P.E., 2012. Rapid
em place ment of the Cen tral At lan tic Mag matic Prov ince as a net 
sink for CO2. Earth and Plan e tary Sci ence Let ters, 323–324:
27–39.

Schoene, B., Guex, J., Bartolini, A., Schaltegger, U., Blackburn,
T., 2010. Cor re lat ing the end-Tri as sic mass ex tinc tion and flood
ba salt vol ca nism at the 100 ka level. Ge ol ogy, 38: 387–390.

Schootbrugge, B., van de, Payne, J.L., Tomasovych, A., Pross,
J., Fiebig, J., Benbrahim, M., Föllmi, K.B., Quan, T.M., 2008.
Car bon cy cle per tur ba tion and sta bi li za tion in the wake of the
Tri as sic–Ju ras sic bound ary mass-ex tinc tion event. Geo chem is -
try Geo phys ics Geosystems, 9, doi:10.1029/2007GC001914

Schootbrugge, B., van de, Quan, T.M., Lindström, S., Püttmann,
W., Heunisch, C., Pross, J., Fiebig J., Petschick, R., Röhling, 
H.-G., Richoz, S., Rosenthal, Y., Falkowski, P.G., 2009. Flo ral
changes across the Tri as sic/Ju ras sic bound ary linked to flood
ba salt vol ca nism. Na ture Geoscience, 2: 589–594.

Self, S., Widdowson, M., Thordarson, T., Jay, A.E., 2006. Vol a tile
fluxes dur ing flood ba salt erup tions and po ten tial ef fects on the
global en vi ron ment: a Deccan per spec tive. Earth and Plan e tary
Sci ence Let ters, 248: 518–532.

Shel don, N.D., Retallack, G.J., 2002. Low ox y gen lev els in ear li est
Tri as sic soils. Ge ol ogy, 30: 919–922.

Shel don, N.D., Ta bor, J.N., 2009. Quan ti ta tive paleoenvironmental
and paleoclimatic re con struc tion us ing paleosols. Earth-Sci -
ence Re views, 95: 1–52.

Simms, M.J., 2003. Uniquely ex ten sive seismite from the lat est Tri -
as sic of the United King dom: ev i dence for bo lide im pact? Ge ol -
ogy, 31: 557–560.

Singer, A., 1984. The palaeoclimatic in ter pre ta tion of clay min er als
in sed i ments – a re view. Earth-Sci ence Re views, 21: 251–293.

Slujis, A., Brinkhuis, H., Schouten, S., Bohaty, S.M., John, C.M.,
Zachos, J.C., Sininnghe Damste, J.S., Crouch, E.M., Dick -

Climatic disaster at the Triassic–Jurassic boundary – a clay minerals and major elements record from the Polish Basin 309



ens, G.R., 2007. En vi ron men tal pre cur sors to rapid light car bon
in jec tion at the Paleocene/Eocene bound ary. Na ture, 450:
1218–1221.

S³owakiewicz, M., Poprawa, P., 2010. Fluid in clu sion micro -
thermometry and burial/ther mal his tory mod el ing com bined to
re veal hy dro car bon or i gin and ac cu mu la tion in the main do lo -
mite (Ca2) rocks of north west ern Po land (well Benice-3) (in Pol -
ish with Eng lish sum mary). Biuletyn Pañstwowego Instytutu
Geologicznego, 439: 181–189.

Srivastava, P., Rajak, M.K., Sinha, R., Pal, D.K., Bhattacharyya,
T., 2010. A high res o lu tion micromorphological re cord of the
Late Qua ter nary paleosols from Gan ga–Yamuna interfluve:
strati graphic and paleoclimatic im pli ca tions. Qua ter nary In ter -
na tional, 227: 127–142.

Steinthorsdottir, M., Jeram, A.J., McElwain, J.C., 2011. Ex -
tremely el e vated CO2 con cen tra tions at the Tri as sic/Ju ras sic
bound ary. Palaeo ge ogra phy, Palaeoclimatology, Palaeo ec ol -
ogy, 308: 418–432.

Stephenson, R.A., Narkiewicz, M., Dadlez, R., Vees, J.-D., van,
Andriessen, P., 2003. Tec tonic sub si dence mod el ing of the Pol -
ish Ba sin in the light of new data on crustal struc ture and mag ni -
tude of in ver sion. Sed i men tary Ge ol ogy, 156: 59–79.

Suan, G., Föllmi, K.B., Adatte, T., Bomou, B., Spangenberg, J.E., 
Schootbrugge, B., van de , 2011. Ma jor en vi ron men tal change
and bonebed gen e sis prior to the Tri as sic-Ju ras sic mass ex tinc -
tion. Jour nal of Geo log i cal So ci ety, 169: 191–200.

Œrodoñ, J., 2006. Iden ti fi ca tion and quan ti ta tive anal y sis of clay
min er als.  De vel op ments in Clay Sci ence, 1: 765–787. 

Tay lor, S.R., McLennan, S.M., 1985. The Con ti nen tal Crust: its
Com po si tion and Evo lu tion. Blackwell Ox ford.  

Thiry, M., 2000. Palaeoclimatic in ter pre ta tion of clay min er als in
ma rine de pos its: an out look from the con ti nen tal or i gin.
Earth-Sci ence Re views, 49: 201–221. 

Tosca, N.J., Johnston, D.T., Mushegian, A., Rothman, D.H.,
Sum mons, R.E., Knoll, A.H., 2010. Clay min er al ogy, or ganic
car bon burial, and re dox evo lu tion in Pro tero zoic oceans.
Geochimica et Cosmochimica Acta, 74: 1579–1592.

Toth, T.A., Fritz, S.J., 1997. An Fe-berthierine from a Cre ta ceous
laterite: Part I, char ac ter iza tion. Clays and Clay Min er als, 45:
564–579.

Ward, P.D., Gar ri son, G.H., Haggart, J.W., Kring, D.A., Beat tie,
M.J., 2004. Iso to pic ev i dence bear ing on Late Tri as sic ex tinc -
tion events, Queen Char lotte Is lands, Brit ish Co lum bia, and im -
pli ca tions for the du ra tion and cause of the Tri as sic/Ju ras sic
mass ex tinc tion. Earth and Plan e tary Sci ence Let ters, 224:
589–600.

Weaver, C.E., 1989. Clays, Muds and Shales. Elsevier, Am ster dam.

White side, J., Olsen, P.E., Eglin ton, T., Brookfield, M.E,
Sambrotto, R.N., 2010. Com pound-spe cific car bon iso topes
from Earth’s larg est flood ba salt erup tions di rectly linked to the
end-Tri as sic mass ex tinc tion. Pro ceed ings of the Na tional Acad -
emy of Sci ence U.S.A., 107: 6721–6726.

Wiewióra, A., Wyrwicki, R., 1977. Clay min er als in the Up per Tri as -
sic sed i ments in en vi rons of Kluczbork (in Pol ish with Eng lish
sum mary). Kwartalnik Geologiczny, 21: 269–278.

Williford, K.H., Ward, P.D., Gar ri son, G.H., Bu ick, R., 2007. An ex -
tended or ganic car bon-iso tope re cord across the Tri as sic-Ju -
ras sic bound ary in the Queen Char lotte Is lands, Brit ish Co lum -
bia, Can ada. Palaeo ge ogra phy, Palaeoclimatology, Palaeo ec -
ol ogy, 244: 290–296. 

Wil son, M., 1997. Ther mal evo lu tion of the Cen tral At lan tic pas sive
mar gins: con ti nen tal break-up above a Me so zoic super-plume.
Jour nal of Geo log i cal So ci ety, 154: 491–495.

Zajzon, N., Kristály, F., Pálfy, J., Németh, T., 2012. De tailed clay
min er al ogy of the Tri as sic-Ju ras sic bound ary sec tion at
Kendlbachgraben (North ern Cal car e ous Alps, Aus tria). Clay
Min er als, 47: 177–189.

Zielinski, G.W., Poprawa, P., Szewczyk, J., Grotek, I.,
Kiersnowski, H., Zielinski, R.L.B., 2012. Ther mal ef fects of
Zechstein salt and the Early to Mid dle Ju ras sic hy dro ther mal
event in the cen tral Pol ish Ba sin. AAPG Bul le tin, 96:
1981–1996.

310 Pawe³ Brañski


