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Kaolinite peaks in early Toarcian pro files from the Pol ish Ba sin – 
an inferred re cord of global warm ing 
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In lower Toarcian clay de pos its (Ciechocinek Fm., VIII depositional se quence of the Lower Ju ras sic) from three bore holes from the Pol -
ish Ba sin, illite-dom i nated sed i men ta tion rep re sent ing the lower part of stud ied in ter val was in ter rupted by en hanced kaolinite in put.
Lev els of high kaolinite/illite ra tio at the VIIIb/VIIIc parasequence bound ary sug gest strong con ti nen tal weath er ing in a hu mid-sub trop i -
cal to trop i cal cli mate re lated to the phase of the early Toarcian global warm ing re corded at the top of the tenuicostatum Zone and cor re -
lated with iso tope curves from a num ber of Eu ro pean sec tions. Kaolinite en rich ment may be lo cally en hanced by re work ing of
pre-Ju ras sic kaolinitic rocks and dif fer en tial set tling. Diagenetic pro cesses were not suf fi cient enough to trans form the ini tial kaolinite,
but may have al tered smectite and mixed-lay ers into illite and/or chlorite. 

Paweł Brański, Pol ish Geo log i cal In sti tute – Na tional Re search In sti tute, Rakowiecka 4, PL-00-975 Warszawa, Po land, e-mail:
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INTRODUCTION

The early Toarcian (Early Ju ras sic, ~183 Ma ago) was a
crit i cal time in Earth his tory, char ac ter ized by pro nounced neg -
a tive car bon iso tope ex cur sion (CIE) re corded in ma rine or -
ganic mat ter, ma rine car bon ate and ter res trial wood (e.g.,
Hesselbo et al., 2000, 2007; Schouten et al., 2000; Röhl et al.,
2001; Jenkyns et al., 2002; Kemp et al., 2005; Hermoso et al.,
2009) as well as per tur ba tions to other iso to pic sys tems. The
dis rup tions were as so ci ated with an oce anic anoxic event – the
Toarcian OAE (Jenkyns, 1988), a pro nounced trans gres sion
(Hal lam, 1997, 2001), car bon pro duc tion cri ses (e.g., Mattioli
et al., 2004, 2009; Tremolada et al., 2005), an in crease in at mo -
spheric CO2 con tent, global green house warm ing (Bailey et al., 
2003; Co hen et al., 2004; McElwain et al., 2005; Hesselbo et
al., 2007), and a sec ond-or der global mass ex tinc tion (e.g., Lit -
tle and Benton, 1995; Pálfy and Smith, 2000; Wignall et al.,
2005). Brief but ex treme cli ma tic events span ning mainly the
tenuicostatum-falciferum biochronozonal tran si tion were re -
lated to mas sive in jec tions of iso to pi cally light car bon most
prob a bly from oce anic meth ane hy drate and/or in tense vol ca -
nic de gas sing in the Karoo-Ferrar large ig ne ous prov ince of
south ern Gond wana (Hesselbo et al., 2000, 2007; Pálfy and

Smith, 2000; Kemp et al., 2005; Suan et al., 2008). Some au -
thors point to ther mal meta mor phism of or ganic-rich de pos its
(McElwain et al., 2005; Svensen et al., 2007), changes in
palaeoceanography (Bailey et al., 2003; van de Schootbrugge
et al., 2005; Wignall et al., 2005) or ex ten sive bio mass burn ing
(Finkelstein et al., 2006) as a main rea son. The sub stan tial in -
crease in global tem per a ture (McArthur et al., 2000; Bailey et
al., 2003; Rosales et al., 2004; Suan et al., 2008) and abun dant
rain fall caused a sub stan tial in crease in con ti nen tal weath er ing
and in sed i ment sup ply (Bailey et al., 2003; Co hen et al., 2004,
2007; Hesselbo et al., 2007).

Ma rine clays rep re sent a fi nal prod uct of the con ti nen tal
weath er ing pro cess and may re veal global cli ma tic fluc tu a tions.
Clay min er al ogy has been suc cess fully used in palaeoclimate in -
ter pre ta tions es pe cially of Me so zoic rocks (e.g., Singer, 1984;
Chamley, 1989; Ruffell et al., 2002; Ahlberg et al., 2003;
Deconinck et al., 2003; Schnyder et al., 2006; Raucsik and Varga,
2008; Godet et al., 2008; Dera et al., 2009; Hesselbo et al., 2009).
Re cently, the pres ent au thor used clay min er als in Hettangian
palaeoclimate in ter pre ta tion (Brański, 2009). The pres ent pa per
com prises the re sults of clay min er al og i cal re search into lower
Toarcian suc ces sions in two bore holes (Brody-Lubienia BL-1 and 
Suliszowice 38 BN; Fig. 1) from the south ern mar ginal part of the
Pol ish Ba sin and ad di tion ally of the Mechowo IG 1 bore hole in its
cen tral part (Pomerania re gion).
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Fig. 1. Lo ca tion of bore holes ex am ined

A – area shown on Fig ure 1B and the ex tent of the Toarcian ba sin in Po land (af ter Pieńkowski, 2004); B – geo log i cal sketch map of South ern Po land
with out Ce no zoic de pos its (af ter Dadlez et al., 2000, sim pli fied)

Fig. 2. Se lected X-ray di a grams of lower Toarcian sam ples (<0.002 mm frac tion) (car ried out by W. Narkiewicz)

A – kaolinite-dom i nated claystone with very sub or di nate illite and only trace amount of chlorite (Brody-Lubienia bore hole, depth 159.0 m);
B – kaolinite-dom i nated claystone with sub or di nate illite and chlorite (Suliszowice bore hole, depth 321.5 m); C – kaolinite-dom i nated claystone with sub -
or di nate illite and chlorite (Mechowo bore hole, depth 347.5 m); D – illite-dom i nated mudstone with mi nor amount of kaolinite and very sub or di nate
chlorite (Mechowo bore hole, depth 310.5 m); black line – air-dried sam ple, green line – glycolated sam ple, red line – heated sam ple (550°C)



MATERIAL AND METHODS

In the pres ent study 64 sam ples from clay-rich lower
Toarcian beds were ex am ined us ing X-ray dif frac tion
(Phillips PW diffractometer with CuKa ra di a tion) in the lab o -
ra tory of the Pol ish Geo log i cal In sti tute – Na tional Re search
In sti tute. The anal y ses ran on un treated, glycolated and

heated sam ples of the <2 mm frac tion (Fig. 2). Clay min eral
iden ti fi ca tion was made ac cord ing to the pro ce dure of Moore
and Reynolds (1997). Af ter wards, the pres ent au thor cal cu -
lated the in di ces: kaolinite/illite (K/I), kaolinite/illite+chlorite 
(K/I+Ch) and kaolinite/quartz+feld spar (K/Q+F). SEM anal -
y ses were also per formed.

RESULTS

Ac cord ing to Pieñkowski (2004), green ish-grey
mudstones, claystones and heterolithic de pos its of the
Ciechocinek Fm. (lower Toarcian – VIII depositional se -
quence) were de vel oped in a large, shal low, brack ish-ma rine
embayment and in la goons (see for de tails Figs. 3–6).

Pre vi ous min er al og i cal anal y ses lower Toarcian claystone 
and mudstones per formed on bulk rock sam ples only from
South ern Po land showed a dis tinct pre dom i nance illite over
kaolinite (Kozydra, 1968; Maliszewska, 1968; Leonowicz,
2005). They were briefly sum ma rized by the pres ent au thor
(Brañski, 2007). 
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Fig. 3. Ex pla na tions for the sedimentological pro files on Fig ures 4, 5 and 6 
(af ter Pieñkowski, 2004, mod i fied)
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Fig. 5. Lower Toarcian clay min eral com po si tions and min er al og i cal in di ces from the Suliszowice bore hole 
(with de tailed sedimentological pro file af ter Pieñkowski, 2004)

Note the grad ual in crease in kaolinite con tent but well ex pressed kaolinite max i mum above the VIIIb–VIIIc parasequence bound ary;
 for ex pla na tions see Fig ure 3

Fig. 4. Lower Toarcian clay min eral com po si tions and min er al og i cal in di ces from the Brody-Lubienia bore hole 
(with de tailed sedimentological pro file af ter Pieñkowski, 2004)

Note a kaolinite spike at 159.0 m sug gest ing ex treme con ti nen tal weath er ing in a hu mid-sub trop i cal to trop i cal cli mate 
(most prob a bly re lated to the on set of the main phase of early Toarcian global warm ing); for ex pla na tions see Fig ure 3
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The clay frac tion of re cently ex am ined sam ples com prises
kaolinite (16–82%), illite (14–70%) and chlorite (0–44%).
Smectite was al most never ob served. The sec tion cor re spond -
ing to the VIIIb and VIIIc parasequences was es pe cially ex am -
ined (Figs. 3–6). The age of parasequence VIIIb rep re sents the
tenuicostatum Zone, and parasequence VIIIc is roughly com -
prised of falciferum Zone de pos its (Pieńkowski, 2004). It
should be no ticed that a dif fer ence in clay min eral dis tri bu tion
oc curs be tween the lower in ter val of the sec tions (ap prox i -
mately from the se quence bound ary lo cated at the
Pliensbachian/Toarcian bound ary to the max i mum flood ing
sur face) and the up per in ter val (up to the VIIIc/VIIId
parasequence bound ary; Figs. 4–7; Ta ble 1). In the lower in ter -
val the av er age kaolinite amounts are mi nor (~23% in
Suliszowice and ~ 26% in Mechowo to ~43% in Brody-Lubie -
nia) while those of illite are ma jor (be tween 38 and 53%). In the 
up per in ter val kaolinite be comes dom i nant (on av er age 33% in
Mechowo and 41% in Suliszowice to ~56% in Brody-
 Lubienia) by com par i son with illite (50 and 37%, and 31%, re -
spec tively). The con tent of chlorite is con sid er able and ranges
from 13–19% (in Brody-Lubienia) and 17–21 (in Mechowo) to 
22–31% (in Suliszowice). 

At the base of the up per in ter val in Brody-Lubienia pro file
there is a surge of kaolinite (up to 82%) off set by a sig nif i cant
de ple tion of illite (~14%) and chlorite (~4%; Fig. 2A). The
kaolinite spike at 159.0 m is very well marked in the curves of
the kaolinite/illite and kaolinite/illite+chlorite ra tios (Fig. 4).
The abun dance of fine-grained de graded kaolinite is shown
also via SEM ob ser va tions (Fig. 8A and B). In the Suliszowice
sec tion, the kaolinite con tent in creases more grad u ally from the 
base of Ciechocinek Fm. to the lower part of the parasequence
VIIIc (Fig. 5). The kaolinite max i mum, though, (Fig. 2B) is
well ex pressed in the curves of the all min er al og i cal in di ces. In
Mechowo bore hole a few cy clic vari a tions at the 10–20 m scale 
in kaolinite/illite ra tios are ob served, but the most dis tinct in -
crease in kaolinite con tent is seen in the lower part of the
parasequence VIIIc (Figs. 2C and 6). It is note wor thy that, in all 
sec tions, the in ter val with the high est kaolinite con tent is rep re -
sented mostly by open embayment de pos its punc tu ated by
prograding nearshore sed i ments (Pieńkowski, 2004).

INTERPRETATION AND DISCUSSION

The au thor fo cuses on kaolinite con tent be cause of its
strong cli ma tic de pend ence and sig nif i cant re sis tance un der
mod er ate diagenetic con di tions. Kaolinite typ i cally dom i nates
in ma ture soils that de velop as a re sult of in tense chem i cal
weath er ing in a trop i cal or hu mid-sub trop i cal cli mate. The de -
tri tal clay min eral suites in the Toarcian mudstone and shale
sam ples show a weak diagenetic over print due to low
(Suliszowice) or mod er ate (Brody-Lubienia, Mechowo) burial
and to closed diagenetic sys tems (Brański, 2008). The burial

diagenesis was never strong enough to trans form the ini tial
kaolinite into illite and/or chlorite, but part of the illite and
chlorite may have come from trans for ma tion of smectite
(cf. Dera et al., 2009).

In the most cases iso tope and micropalaeontological data
from the tenuicostatum Zone sug gest mod er ate cli mate con trol
(e.g., Suan et al., 2008; Mattioli et al., 2008), al though there is a 
dis tinct neg a tive C-iso tope ex cur sion cor re lated with a pos i tive  
O-iso tope ex cur sion, that re cord a short-lived warm ing just at
the Pliensbachian–Toarcian bound ary (Hesselbo et al., 2007;
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Fig. 6. Lower Toarcian clay min eral com po si tions and min er al og i cal in di ces from the Mechowo bore hole 
(with de tailed sedimentological pro file af ter Pieñkowski, 2004)

Note a few kaolinite pulses in the up per in ter val of the lower Toarcian; for ex pla na tions see Fig ure 3

Fig. 7. Av er age clay min eral com po si tions in the early Toarcian
claystones and mudstones from lower and up per in ter vals 

in the bore holes stud ied 

Note the en hanced kaolinite en rich ment in the Brody-Lubienia bore hole
and the pre dom i nance of kaolinite in the up per in ter val of all stud ied sec -
tions; for “lower” and “up per” in ter vals see Fig ures 4–6 and ex pla na tions
in text



Suan et al., 2008). The mod er ate cli mate co in cides with the
higher illite and chlorite con tent in the lower in ter val stud ied
due to pre ven tion from ex tended hy dro ly sis. In the up per part
of the lower Toarcian in ter val kaolinite be comes the dom i nant
clay min eral, sug gest ing mostly warm and hu mid cli mate con -
di tions (Figs. 4–7; Ta ble 1). 

In the Brody-Lubienia bore hole ini tially illite-rich sed i -
men ta tion was in ter rupted by a sud den am pli fied kaolinite in -
put at the top of the VIIIb parasequence (Figs. 2A, 4 and 8).
A more grad ual min er al og i cal change was also re corded in
Suliszowice bore hole (Fig. 5). In the Mechowo bore hole the
kaolinite in crease is os cil la tory (Fig. 6). In this part of the
Ciechocinek Fm. one may ob serve de pos its rep re sent ing a con -
spic u ous shallowing event marked in the whole ba sin
(Figs. 4–6), that was con nected with a de crease in the ba sin
depth as a re sult of en hanced con ti nen tal weath er ing and sed i -
ment sup ply (Pieńkowski, 2004; Co hen et al., 2004;
Pieńkowski and Schudack, 2008). It is com pat i ble with the idea 
(Hesselbo et al., 2007), that the shallowing event at the
tenuicostatum-falciferum biochronozonal tran si tion may be

linked with early Toarcian global green house warm ing, but
may mis lead ingly sim u late the ef fects of sea level fall. The new
data pre sented in this pa per are also con sis tent with the re sults
of most re cent clay min eral stud ies on Toarcian de pos its from
other parts of Eu rope (cf. Raucsik and Varga, 2008; Dera et al.,
2009). Lev els of the high (up to 6.0!) kaolinite/illite ra tio at the
VIIIb/VIIIc parasequence bound ary in ter val (Fig. 4) sug gest
ex treme con ti nen tal weath er ing in a hu mid-sub trop i cal to trop i -
cal cli mate re lated to the on set of the main phase of global
warm ing that was re corded in Eu rope on many iso tope curves
at the top of the tenuicostatum Zone. In the more  densely sam -
pled Mechowo bore hole we may sus pect the ef fects of brief
palaeoclimatic fluc tu a tions (Fig. 6) that most prob a bly cor re -
spond to Milankovitch cy cles. The evo lu tion of kaolinite con -
tent in the de pos its may cor re spond to these short-term cli mate
vari a tions be cause the for ma tion of kaolinite on con ti nents and
its de po si tion in ma rine sed i ments seems to have been al most
con tem po ra ne ous dur ing the Early Ju ras sic (Dera et al., 2009).
Kaolinite en rich ment may be lo cally en hanced by ero sion and
re work ing of pre-Ju ras sic kaolinitic rocks and prox i mal de po si -
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Fig. 8. SEM im ages of kaolinite clay spec i men from the Brody-Lubienia BL-1 bore hole, depth 159.0 m (taken by L. Giro) 

Note very fine (0.2–2.0 mm) de graded kaolinite plates  and crys tals of py rite; K – kaolinite, Q – quartz, Py – py rite

Pro file
Com po si tion and in di ces

K [%] I [%] Ch [%] K/I K/I+Ch K/Q+F

Brody-Lubienia BL-1
up per in ter val 56 31 13 2.25 1.58 1.65

lower in ter val 43 38 19 1.24 0.79 0.86

Suliszowice 38 BN
up per in ter val 41 37 22 1.14 0.73 1.19

lower in ter val 23 46 31 0.49 0.30 0.73

Mechowo IG 1
up per in ter val 33 50 17 0.74 0.54 1.03

lower in ter val 26 53 21 0.51 0.36 1.03

K – kaolinite, I – illite, Ch – chlorite, Q – quartz, F – feld spar; for “lower” and “up per” in ter vals
see Figures 4–6 and ex pla na tions in text

T a  b l e  1

Av er age clay min er als com po si tion and min er al og i cal in di ces in the early Toarcian
claystones and mudstones from stud ied bore holes



tion of kaolinite due to dif fer en tial set tling in shal low ma rine
en vi ron ments sur rounded by con ti nents. Some de crease of
kaolinite rel a tive to the illite con tent above the kaolinitic in ter -
val dis cussed may re flect an in ter rup tion in the weath er ing cy -
cle or a change in the source of clay min er als as a re sult of ero -
sion. Al ter na tively it may re flect hot but less hu mid cli ma tic
con di tions that may have slowed chem i cal weath er ing. 

CONCLUSIONS 

Dis tinct changes in the clay min eral con tents in the
Brody-Lubienia, Suliszowice and Mechowo bore holes re flect
marked cli ma tic change dur ing the early Toarcian. Other fac -
tors (prov e nance, dif fer en tial set tling and diagenetic trans for -
ma tion of smectites) may, though, cloud the palaeoclimate sig -
nal. How ever, an in crease in kaolinite con tent is in ferred to be a 
di rect re sult of am pli fied chem i cal weath er ing even though part 
of kaolinite was de rived from older sed i men tary rocks.
Kaolinite abun dance at the VIIIb/VIIIc parasequence bound ary 

re flects an in crease in tem per a ture and es pe cially in year-round
rain fall re lated to the on set of the early Toarcian global warm -
ing that was re corded at the top of the tenuicostatum Zone on
iso tope curves in other Eu ro pean sec tions. The kaolinite pulses
in the up per in ter val of the lower Toarcian (Mechowo bore -
hole) were pos si bly con trolled by as tro nom i cally forced
changes in cli mate, su per im posed upon lon ger-term global
warm ing.
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