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The Tomanová For ma tion, of Rhaetian age, over ly ing the Norian Carpathian Keuper in the Tatra Mts. is built of cy clic
parasequences of mudstones  and sand stones. Quartz (15 to 70 wt.%), kaolinite (13 to 46 wt.%) and 2:1 Al dioctahedral
phyllosilicates (dioct 2:1: mus co vite, illite, illite/smectite: 5 to 39 wt.%) rep re sent the ma jor min eral phase. The kaolinite/dioct
2:1 ra tio de creases up wards in the sec tion (from 4.3 to 0.5) and sig nals vari abil ity in weath er ing/ero sion in ten sity and chang -
ing wa ter sa lin ity. Ma jor and trace el e ments (LILE, HSFS, REE) in di cate a uni form source – fel sic rocks lo cated prob a bly in
the Vindelician High lands. The sed i men ta tion rate (83 mm/ky) was con trolled by cli mate. Al ter na tion of dry and hu mid pe ri -
ods is refered by sed i men tary tex tures and by ma tu rity of quartz (ae olian vs. flu vial grains), and or ganic mat ter con tent and
com po si tion (Corg and d13Corg). Authigenic sid er ite or bethierine doc u ments wet and re duced con di tions in the up per part of
the Tomanová For ma tion. The sedimention rate of the ma rine Dudzinec For ma tion at tained 25 mm/ka and the char ac ter of
cy cles pre served in the se quence is sim i lar as that of the Tomanová For ma tion (fin ing up wards parasequences). How ever,
the dif fer ent clay min er al ogy, the re cy cled char ac ter of the sil i cates, the dif fer ent d13Corg and el e vated imput of car bon ate de -
tri tus with spe cific C and O iso to pic pat terns doc u ment a dis con ti nu ity in the sec tion. The transgressive char ac ter of the
Dudzinec Fm. was de duced from the strati graphic dis tri bu tion and en vi ron men tal char ac ter is tics of the ben thic foraminifera
pres ent. Involutinids and spirillinids dom i nate in the lower part, endothyrinids gov ern the mid dle part, and in the up per part
nodosariids and Ammodiscus-type micro fauna oc cur. These age-di ag nos tic microfossils in di cate a late Rhaetian age. Sea
level rise in the Tatric Zone trig gered by ther mal ex pan sion of the Cen tral At lan tic Rift was grad ual, be ing af fected by in put of
ter res trial clastic sed i ment both by fresh wa ter and by wind. The Tatric Tri as sic se quence in the West ern Carpathians helps
un der stand ing of the de vel op ment of sed i men ta tion, palaeoclimate (kaolinite weath er ing), and palaeo ge ogra phy of the
north ern most Tethyan Do main. 
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INTRODUCTION

The un der stand ing of Tri as sic cli ma tic re gimes has been
sig nif i cantly re fined by knowl edge gained over the past de cade
(e.g., Berra et al., 2010; Bonis et al., 2010; Preto et al., 2010).
Cli mate change at the end of the Tri as sic pe riod is usu ally as -
cribed to Pangea break-up as so ci ated with for ma tion of the At -
lan tic oce anic rift when Cen tral At lan tic Mag matic Prov ince
(CAMP) vol ca noes re leased large amounts of CO2 and/or meth -
ane (Beerling and Royer, 2002; Prochnow et al., 2006; Berner
and Beerling, 2007; Co hen and Coe, 2007; Hori et al., 2007;

Bonis et al., 2010; Preto et al., 2010) into the at mo sphere. Bi otic
ex tinc tion at the end of the Tri as sic (McRoberts, 1994;
McRoberts et al., 1997; Pálfy et al., 2001; Hautmann, 2004;
Ward et al., 2004, 2007; Huynh and Poulsen, 2005; McElwain
and Punyasena, 2007) was prob a bly caused by this cli mate
change.

Ap pre ci a tion of the re gion dis per sion of Up per Tri as sic
CAMP vol ca nic prod ucts from a nearly rift in a pas sive shelf is
con strained by the com po si tion of con ti nen tal de pos its along the 
north ern edge of the Tethyan shelf (Blackburn et al., 2013).
Tem per a ture, pre cip i ta tion, and the dy nam ics of the at mo -
sphere, and also the in ten sity of weath er ing pro cesses at the
Earth´s sur face were af fected by fluc tu a tions in CO2 con cen tra -
tion (Hesselbo et al., 2002; Ruhl et al., 2010, 2011). Clay-rich se -
quences with a high kaolinite con tent in south ern Swe den and
Po land doc u ment the for ma tion  of ex ten sive Up per Tri as -
sic/Lower Ju ras sic weath er ing pro files and palaeosols on
granitoids (Kraus, 1989; Ahlberg et al., 2003; Œrodoñ et al.,
2006). Rhaetian to Lower Ju ras sic con ti nen tal and paralic
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coal-bear ing se quences in Spitsbergen (Nagy et al., 2011),
Green land (McElwain et al., 2007, 2009), Den mark (Lund, 1977) 
and the Hun gar ian Mecsek Moun tains (Ruckwied et al., 2008;
Götz et al., 2011) in di cate cli mate hu mid ity. Warm ing dur ing the
T/J bound ary in ter val and as so ci ated in crease  in at mo spheric
car bon di ox ide lev els fa voured a dom i nance of broad leafved
plants that were burned by nu mer ous storm-trig gered fires
(Belch er et al., 2010). 

The Tomanová For ma tion, which filled a con ti nen tal ba sin in
the West Carpathian Tatric Zone, has been stud ied with re spect
to palaeoflora, palaeoichnology and sedimentology (Raciborski,
1890; Radwañski, 1968; Michalík, 2003; Michalik et al., 1976,
1988; NiedŸwiedzki, 2011). The pres ence of kaolinite and
smectite re flects the weath er ing re gime in a par tic u lar sed i men -
tary ba sin, and al lows its cor re la tion with pat terns in neigh bour -
ing ar eas (Weaver, 1989; Ahlberg et al., 2003; Ruffell et al.,
2002; Œrodoñ et al., 2006; Dera et al., 2009; Zajzon et al., 2012).

The in ten sity of weath er ing, the com po si tion of the par ent
rocks and the sed i ment prov e nance of the ma te rial can be in di -
cated by means of chem i cal anal y sis, par tic u larly by ra tios of
ma jor el e ments and by trace el e ment dis tri bu tion (Murray et al.,
1992; Cullers, 2000; Price and Velbel, 2003; Mongelli et al.,
2006; Prochnow et al., 2006; Ohta and Arai, 2007; Shel don and
Ta bor, 2009; Galbarczyk-G¹siorowska, 2010). The spe cific dis -
tri bu tion of REE known from ter res trial de pos its and palaeosols
may act as an an other in di ca tor of cli mate as well as of sed i men -
tary con di tions (e.g., Nesbit et al., 1990; Condie,1993; Hannigan 
and Sholkovitz, 2001; Haley et al., 2004; Shields and Webb,
2004; Ounis et al., 2008).

The strati graphic pat terns of car bon iso tope in or ganic mat -
ter may be com pared with ichnological and palynological data
(Kuerschner et al., 2007; Ruckwied et al., 2008; Ruckwied and
Götz, 2009; Michalik et al., 2010, Götz et al., 2011; Sha et al.,
2011) and with the geo chem is try of ter res trial shale. Car bon iso -
tope anal y sis is a gen er ally ac cepted in di ca tor of chages in the
global car bon cy cle es pe cially in ma rine se quences (e.g.,
McRoberts, 1994; Pálfy et al., 2001; Ward et al., 2004, 2007).
Car bon iso tope pat terns are also pres ent in con ti nen tal sed i -
ments but are sig nif i cantly less ex pres sive (Hesselbo et al.,
2002; Lucas and Tan ner, 2007).

The most com plete T/J bound ary se quences in the Cen tral
West ern Carpathians are pre served in the Fatric Zliechov Ba sin
(Michalik, 2007; Michalik et al., 2007, 2010, 2013). Be sides
biostratigraphy and C-iso tope stra tig ra phy, clay min er al ogy is
also con sid ered as a use ful tool for eval u a tion of cli ma tic and
weath er ing con di tions. Quan ti ta tive anal y sis of clay frac tions re -
sulted in the find ing of sharp in creases in kaolinite con tent in ma -
rine shales of the Hettangian Kopieniec For ma tion (Michalik et
al., 2010).

This pa per aims to in te grate sedimentological, min er al og i cal
and geo chem i cal stud ies of a ter res trial se quence in the
Èervený Úplaz sec tion of the Tatra Mts. and to sum ma rize Late
Tri as sic palaeoclimatic data. Al though the Tatric se quence con -
tains sed i men tary gaps and the re cord of the Tri as sic-Ju ras sic
tran si tion was ap par ently af fected by a trans gres sion,  de tailed
doc u men ta tion of the kaolinite weath er ing crust pro vides valu -
able palaeoclimatic in for ma tion. An other aim of this work is to
pres ent new data on the dis tri bu tion of or ganic car bon and on
the iso to pic com po si tion of or ganic mat ter in these con ti nen tal
de pos its in terms of in di ca tions of dis tur bances of the car bon cy -
cle dur ing cli mate change. The source of the ma te rial that ac cu -
mu lated in the se quence stud ied may be con strained by the dis -
tri bu tion of ma jor and trace el e ments, in clud ing rare earth el e -
ments. Fi nally, we dis cuss the palaeogeographic po si tion not
only of the Tomanová For ma tion within Tatric se quences in the

Cen tral West ern Carpathians, but also within a wider Tethyan
frame work. 

MATERIALS AND METHODS

SAMPLE PREPARATION 

 Sixty four rock sam ples were col lected (Figs. 1 and 2) from
the Èervený Úplaz ra vine sec tion in the Tichá Dol ina Val ley.
Sam pling (31 sam ples) in 2008 con cen trated on the Tomanová
Fm. argillites. An ad di tional thir teen sam ples (in clud ing thin sec -
tions) were col lected by M. Sýkora in 1975 from the Tomanová
Fm. sand stones have been in volved. Later, in 2011, a com ple -
men tary set of twenty sam ples was taken from over ly ing sandy
and de tri tal lime stone se quence of the Dudziniec Fm.  

Thin sec tions were ex am ined by trans mit ted light mi cro scope. 
Mea sure ments of quartz grain size and quan tity were made by
means of the NIS-El e ments sys tem of screen anal y sis. 

Sam ples for min er al og i cal and geo chem i cal anal y sis were
milled to than 0.16 mm; ho mogen ised and equiv a lent parts of
sam ples were used to ana lyse min eral and chem i cal com po si -
tions (Fig. 2). 
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Fig. 1A – lo ca tion of the Èervený Úplaz sec tion in Slovakia, B
– in ves ti gated area, C – the sec tion doc u mented on Fig ure 4

1, 5, 7, 10, 19 – num ber of the beds

https://geojournals.pgi.gov.pl/agp/article/view/9957
https://geojournals.pgi.gov.pl/agp/article/view/9959
https://geojournals.pgi.gov.pl/agp/article/view/9959
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Fig. 2. Strati graphic, lithostratigraphic di vi sion and se quence strati graphic di vi sion of the Èervený Úplaz sec tion A

AST – aggradational sys tems tract, DST – degradational sys tems tract, HST – highstand sys tems tract, LST – lowstand sys tems trac, TGS –
transgressive sys tems tractt, TST – tran si tional sys tems tract; sam ple num bers (both for thin sec tions and for chem i cal anal y ses) left col umn
– “new” sam ple set, right – a sam ple set kindly sup plied by Dr. M. Sýkora



MINERALOGICAL ANALYSIS

The min eral com po si tion of clastic and car bon ate en riched
sed i men tary rocks was ana lysed us ing X-ray dif frac tion tech -
niques. Both, clay and bulk rock frac tions were stud ied. The
iden ti fi ca tion of clay min er als in the less than 2 µm (clay) was
per formed in 25 sam ples. The mod i fied Jack son treat ment of
Šucha et al. (1991) was ap plied to 10 g of milled and ho mog e -
nized sam ple. Sam ples were ul tra son i cally dis in te grated in dis -
tilled wa ter and then chem i cally treated to elim i nate car bon ates,
free iron ox ides and or ganic mat ter sep a rated by grav ity set tling
in cyl in ders and by centrifugation re spec tively. The clay frac tion
was sat u rated with so dium ions. Fi nally, the sus pen sion was
poured into semi-per me able tub ing and all chlo ride ions were re -
moved by di al y ses in redistilled wa ter. The glass slide method
was used to pre pare ori ented spec i mens (Moore and Reynolds,
1997). Two X-ray dif frac tion pat terns of each sam ple were made 
in Na-sat u rated air-dried and eth yl ene gly col (EG – over night
vapor ised at 60°C) forms in or der to iden tify pos si ble ex pand -
able clay min er als. X-ray dif frac tion anal y ses were per formed on 
a Phillips PW1710 diffractometer us ing CuKa ra di a tion (40K, 20
mA) and a dif fracted beam graph ite mono chro ma tor. Sam ples
were scanned from 2–50°2Q with a step size of 0.02°2Q and us -
ing a 1 sec onds count ing time.

Quan ti ta tive min eral anal y sis of the clay frac tion was per -
formed on five se lected sam ples and on 29 bulk rock sam ples.
Three grams of each sam ple were mixed with 0.333 grams of
the in ter nal stan dard zincite (ZnO) and with 4 ml of de na tured al -
co hol. The mix ture was milled for 5 min utes in a McCrone
Micronizing Mill to di min ish grain size less to than 20 µm and to
elim i nate pref er en tial ori en ta tion of crys tals in the sam ple. Each
spec i men was dried and a side-loaded sam ple tech nique was
used (Œrodoñ et al., 2001). X-ray dif frac tion anal y ses were per -
formed on a Phillips PW1710 diffractometer. Sam ples were
scanned from 4-65°2Q with a step size of 0.02°2Q and us ing two 
a sec ond count ing time. The per cent ages of min er als were es ti -
mated from the XRD pat tern us ing RockJock soft ware. Mea -
sure ment er ror in the kaolinite and quartz mix ture was cal cu lated 
to ±4%. The er rors for min er als in many sam ples could be larger
than ±4%, as min er als in the sam ples were not iden ti cal with the
min er als used as stan dards (Eberl, 2003). 

TOTAL CARBON ANALYSIS  

The con tents of to tal or ganic car bon (TOC) and to tal in or -
ganic car bon (TIC) were de tected in 35 rock sam ples on a
C-MAT 5500 de vice of the Ströhlein firm in the Geo log i cal In sti -
tute Lab o ra tory of the Slo vak Acad emy of Sci ence in Banská
Bystrica. The TIC con tent was re-cal cu lated on the con tent of
CaCO3.

ISOTOPE ANALYSIS 

Eleven lime stone sam ples and four sam ples with sid er ite
were se lected for sta ble C and O iso tope anal y sis of the car bon -
ate min er als. The iso tope ra tio of ox y gen and car bon was ana -
lysed in CO2 af ter stan dard de cay of sam ples in 100% phos pho -
ric acid. The anal y ses were made in lab o ra to ries of both the
Czech Geo log i cal In sti tute in Prague on a Finigan MAT-2 mass
spec trom e ter, and at the Geo log i cal In sti tute of the Slo vak Acad -
emy of Sci ence in Banská Bystrica on a Mass Spec trom e ter
MAT253 equipped with the Gasbench de vice (Thermo Sci en tific 
Sam ples) of car bon ate finely ground to ca. 2 µm. The re sults are
given in stan dard del – no ta tion (d) in promille (‰) be ing re lated

to the Vi enna In ter na tional Iso to pic Stan dard (VPDB) with
0.01‰ ac cu racy. 

The car bon iso tope ra tio of or ganic car bon was ana lysed in
30 sam ples. To tal or ganic car bon iso tope anal y sis was car ried
out af ter car bon ate dis so lu tion. Sam ples were boiled in di lute
(10%) hy dro chlo ric acid, then re peat edly rinsed with de-ion ized
wa ter to re move chlo rides and dried at 60°C. Mea sure ments of
d13C were per formed by flash com bus tion in a Fisons 1108 El e -
men tal Ana lyser cou pled with a Mat 251 iso tope ra tio mass
spec trom e ter in a con tin u ous flow re gime. The sam ple size was
ad justed to con tain a suf fi cient amount of or ganic car bon to ob -
tain ex ter nal reproducibility of 0.15‰ for d13Corg for all types of
sam ples with NBS 22 as the ref er ence ma te rial. Iso tope data are 
re ported in the usual delta (d) no ta tion rel a tive to the VPDB (Lab -
o ra tory of the Czech Geo log i cal Sur vey in Prague).

TOTAL ROCK CHEMICAL ANALYSIS

In this study, four teen sam ples were ana lysed geochemi cally
us ing a Perkin Elmer Elan 6000 ICP at the ACME An a lyt i cal Lab -
o ra to ries, Ltd in Van cou ver, Can ada. To tal abun dances of the
ma jor ox ides and sev eral mi nor el e ments (SiO2, Al2O3, Fe2O3,
CaO, MgO, Na2O, K2O, MnO, TiO2, P2O5) are re ported on a 0.2 g
sam ple ana lysed by ICP-emis sion spec trom e try fol low ing a lith -
ium metaborate/tetraborate fu sion and di lute ni tric di ges tion. Loss 
on ig ni tion (LOI) is by weight dif fer ence af ter ig ni tion at 1000°C.
Both trace el e ments (Ba, Co, Cs, Ni, Rb, Sc, Sr, Th, V, Y, Zr) and
Rare Earth El e ments (REE) were de ter mined by ICP mass spec -
trom e try fol low ing a lith ium metabo rate/tetraborate fu sion and ni -
tric acid di ges tion of 0.2 g sam ples. In ad di tion, a sep a rate 0.5 g
split was di gested in Aqua Regia and ana lysed by ICP mass
spec trom e try for pre cious and base met als (the ACME An a lyt i cal
Lab o ra to ries, Ltd., 2008).

Sam ples for chem i cal anal y sis were se lected ac cord ing to
strati graphic po si tion (nine shale + four car bon ate sam ples) and
ac cord ing to the min eral com po si tion de ter mined. Data were
com pared to Post Archaean Aus tra lian Shale (PAAS) chem i cal
com po si tion (Tay lor and McLennan, 1985). Inter-el e men tal re la -
tion ships were eval u ated us ing the Pearson´s Cor re la tion Fac -
tor. The chem i cal In dex of Weath er ing CIW = [Al2O3/
Al2O3+Na2O]*100) was used to com pare the in ten sity of weath -
er ing of the shales stud ied (see e.g., Ohta and Arai, 2007, Shel -
don and Ta bor, 2009). The chem i cal In dex of Al ter ation (CIA =
[Al2O3/ Al2O3 + CaO + Na2O + K2O] ´ 100) was used to doc u -
ment sed i ment al ter ation (Nesbit and Young, 1984; Price and
Velbel, 2003). K2O vs. TiO2 and Al vs. Ti as ra tios of ma jor la bile
and sta ble el e ments in the weath er ing pro cess were cal cu lated
to check the in flu ence of trans port and re cy cling.  In di ces were
cal cu lated us ing mo lec u lar pro por tions of the ma jor el e ment ox -
ides in el e men tary ex pres sion. The chem i cal char ac ter of par ent 
rock was tested on the ba sis of trace el e ments. Con tents in ppm
were used in in di ces. REE were nor mal ized to chondrite and to
PAAS (Tay lor and McLennan, 1985). The Eu/Eu* ra tio (val ues
of Eu anom aly) was cal cu lated us ing Eu/Eu* = EuPAAS /(SmPAAS ́
GdPAAS)0.5 or Ce/Ce* = CePAAS/(LaPAAS  ´ PrPAAS)0.5 (val ues of Ce
anom aly), re spec tively.

GEOLOGICAL SETTING

The Tatra Mts. are sit u ated at the mar gin of the Cen tral
Carpathians. This moun tain sys tem con sists of imbricated
nappe units. The deep est (Tatric) part of the High Tatra Mts. is
formed by a Variscan crys tal line block with large granitoid bod ies 
cov ered by Lower Tri as sic–mid dle Cre ta ceous strata (Uhlig,
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1897; Dumont et al., 1996). This base ment is over lain by a su -
per fi cial nappe com plex con sist ing of the lower (Fatric) Krížna
Nappe and of the up per (Hronic) Choè Nappe (Andrusov et al.,
1973; Kotañski, 1979). Dur ing the Tri as sic, the Cen tral West ern
Carpathian units be longed to the north ern Tethyan shelf formed
of Variscan con sol i dated crust (Kozur 1991; Michalík, 1993,
1994, 2003; Michalík et al., 2007; Kuerschner et al., 2007). 

Raciborski (1890) de fined the “Tomanová Beds” as an up -
per most Tri as sic (Rha etic) com plex of var ie gated clastic de pos -
its (Michalík, 1977, 2003). The Tomanová For ma tion is un der -
lain by the Carpathian Keuper (Uhlig, 1897; Michalík et al.,
1976). Carpathian Keuper strata were de pos ited in a dry and hot 
cli mate on an emer gent Mid dle Tri as sic car bon ate ramp
(Al-Juboury and Ïuroviè, 1992; Jaglarz and Szulc, 2003;
Jaglarz, 2010). A var ie gated claystone suc ces sion of
Carpathian Keuper is de vel oped in two fa cies: a more prox i mal
red-bed fa cies con tains siliciclastic in ter ca la tions, while a more
dis tal vi o let suc ces sion is in ter ca lated by dolostone lay ers in di -
cat ing short-lived ma rine in gres sions (Michalík, 1994;
Rychliñski, 2008; Michalík et al., 2013). The Keuper strata are
mostly de void of in dex fos sils and so their age de ter mi na tion is
dif fi cult. They are over lain by ma rine transgressive de pos its of
the Fatra For ma tion in the Fatric Zliechov Ba sin (Michalík, 1977,
2007; GaŸdzicki, 1974; GaŸdzicki et al., 1979), and by con ti nen -
tal siliciclastic de pos its, lac us trine to palustrine black silty shales
and quartz sand stones with plant re mains in the Tatric Do main
(e.g., in the Èervený Úplaz sec tion; Michalík et al., 1976, 1988).

Sev eral sec tions of the Tomanová For ma tion both in the
Slovakian and Pol ish parts of the Tatra Mts. area have been
stud ied for more than a hun dred years (for re view see Michalík,
2003; NiedŸwiedzki, 2011). Pub lished data in di cated that the de -
pos its of the Tomanová Fm. ac cu mu lated from the lat est Tri as -
sic un til the ear li est Ju ras sic (Raciborski, 1890; Kotañski, 1959,
1961; Radwañski, 1968; Michalík et al., 1976, 1988; Fija³kowska 
and Uchman, 1993). Valu able strati graphic and ecologic a in for -
ma tion on this ter res trial sed i men tary se quence has been pro -
vided by ichnological study since the first di no saur traces were
dis cov ered in the Tichá Dol ina Val ley sec tion (Michalík et al.,
1976; NiedŸwiedzki, 2005). Michalík et al. (1976) de scribed a
new ichnospecies Coelurosaurichnus tatricus based on three
tridactyl ichnites pre served on a sand stone slab. NiedŸwiedzki
(2011) con cluded that ichnotaxa pre served in the Tomanová
Fm. are com pa ra ble with sev eral Tri as sic di no saur track types
and also with Early Ju ras sic ichnomorphotypes. 

Stud ied sec tion. The Èervený Úplaz ra vine is ex posed in a
steep side of the Tichá Dol ina Val ley in a cut of one of the trib u -
tar ies of the Tichý Potok Brook ap prox i mately 1350 m above sea 
level (E 19°56´51.36´´; N 49°13´35.04´´, alt. 1340 m above
sea l.) 700 m be low the Slo vak-Pol ish state fron tier (Fig. 1). 

This sec tion has been stud ied in de tail by sev eral au thors
deal ing with the Tatric Up per Tri as sic cover se quence (Gorek,
1958; Rabowski, 1959; Kotañski, 1961; Radwañski, 1968). Di -
no saur traces and macro and mi cro plant re mains were col -
lected by Michalík et al. (1976, 1988). Planderová (in Michalík et
al., 1976) de scribed two microfloral as so ci a tions: black
claystones in the lower (older) part of the sec tion con tain pre -
dom i nantly Taeniasporites, Protohaploxypinus, while the sand -
stone-shale part in the up per part yields pol len grains of
Classopollis and Gliscopollis. This fern flora in di cates sta bi liz ing
of a wet ter cli mate with a palustrine flora (Michalík et al., 1988).
The flora de scribed in di cates palaeo eco logi cal and
palaeoclimatic/palaeogeographic changes as so ci ated with
trans gres sion grad u ally af fect ing the Tatric sed i men tary ba sin. 

Uhlig (1897) rec og nized a con tin u a tion of the Tomanová
Fm. sed i men ta tion from the Carpathian Keuper de pos its, which
form un der ly ing beds in other re gions (the Czerwone ¯lebki, or

Tomaniarski Twardy Up³az ra vines on the Pol ish side of the
moun tains). Gorek (1958) sug gested that the base of the for ma -
tion is deeply ero sive, rest ing on Lower Tri as sic “Campilian”
strata in the Tichá Dol ina Val ley. This view was ques tioned by
Kotañski (1961) and Radwañski (1968), who noted the tec tonic
de for ma tion of this Tri as sic strata slice, overthrust by the
Goryczkowa Mt. granitoid body. Michalík et al. (1988) and
Michalík (2003) pre sented the re sults of a lithological and
cyclostratigraphic anal y sis and pro posed a sed i men tary model.
They rec og nized sev eral more or less com plete sed i men tary cy -
cles in about 60 m of strata (Fig. 2). 

The char ac ter of the up per bound ary of the Tomanová Fm
has not been doc u mented in de tail. In the sec tion, stud ied the
Tomanová Fm. is fol lowed by quartz sandy lime stones and cal -
car e ous sand stones (Michalík et al., 1976). Gorek (1958),
Rabowski (1959) and Kotañski (1961) as sumed a Hettangian
age, while Radwañski (1968) placed it in the up per Rhaetian.   

SEDIMENTOLOGY

LITHOLOGY OF THE ÈERVENÝ ÚPLAZ RAVINE SECTION

The Tomanová For ma tion is a se quence of fine-grained
clastic rocks – si li ceous pelites, sillstones and me dium-grained
sand stones (Figs. 2 and 3A, B). The ar chi tec ture of the ap prox i -
mately 80 m thick se quence is ar ranged in five more-or-less reg -
u lar prograding and fin ing-up wards parasequence cy cles
(Michalík, 2003; Fig. 2). Al though fre quent synsedimentary ero -
sion and gaps oc cur in the se quence (four of the cy cles are
merged into cou plets), a typ i cal com plete cy cle at tains a thick -
ness of 830 cm.

Each cy cle starts with a light col oured sand stone bed with an 
ero sive base, lo cally with Rhizocorallium traces. Quartz sand -
stone (with 55–75% of quartz; Fig. 4) with a quartzose
silty-clayey ma trix with Fe-ox ide ad mix ture is grad ing to lam i -
nated clayey sand stone and silty claystone (Figs. 3A, B and
5G, H). Michalík et al. (1988) noted that monocrystalline grains
from plutonic rocks pre vailed in the lower part of the se quence
while higher up in di vid ual polycrystalline grains were most prob -
a bly de rived from meta mor phic rocks. Some quartz grains are
pen e trated by nu mer ous par al lel fis sures.

A sub stan tial part of the Tomanová For ma tion is formed by
dark mudstones of fluviatile or i gin with a sig nif i cant con tent of
ae olian tiny (<0.2 mm) an gu lar quartz grains (Figs. 4 and 5A, B).
The ma jor part of the sec tion is formed by thick shaly beds. De tri -
tal quartz grain size de creases from 3 mm in the sand stones to
1 mm in the graded part and to less than 0.2 mm in silty
mudstones . 

Claystones con sist of mica, quartz kaolinite and or ganic mat -
ter (mostly plant frag ments stud ied by Michalík et al., 1988; Figs. 
4 and 5C, D). The autochthonous palustrine flora is rep re sented
by horse tails; other rem nants were more or less trans ported.
Coal oc curred as laminae or thin in ter ca la tions though only neg -
a tive im prints of fos sil wood were found at this lo cal ity (Fig. 3C).
Early fusinisation of many frag ments in di cates lo cal for est fires
sim i larly as de scribed by Belch er et al. (2010) or Petersen and
Lindström (2012).

Ac cu mu la tions of con cen tric ferruginous nod ules (up to 25
cm in di am e ter; Fig. 3D) form rec og niz able lev els in com pletely
de vel oped cy cles, be ing more ex pres sive in the up per part of the 
se quence (Figs. 3C and 4). They are com posed of tiny glob u lar
sid er ite bod ies (0.7–2 mm across; Fig. 5B) in a clayey ma trix.
Gorek (1958) re garded them as spher i cal heavily ox i dized py rite
con cen tra tions which pro vide the name of the Èervený Úplaz lo -
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Fig. 3. Field pho tos of typ i cal macrofacies

A – thin-bed ded sand stones and  mudstone  (beds 02–03); B – sand stone/silty  mudstone/si der it ic mudstones (beds 10–19); C – up per sur -
face of sand stone bed 05 with im prints of nu mer ous horse tail stems; D – silty mudstone with sphaeroidal con cre tions of sid er ite (bed 13); E –
sandy lime stone to cal car e ous sand stone with silty mudstone interbeds (beds 40–46); F – aleurolitic shale; G – sandy lime stone with bands
of fluviatile quartz grains (bed 53); length of ham mer 31 cm



cal ity (“Red Glen”). How ever, Radwañski (1968) ques tioned this
opin ion and stressed their car bon ate com po si tion. He com pared 
them with pisoliths in the Czerwone ¯lebki lo cal ity where their
ero sion and redeposition pre ceded the limonitization pro cess.
The con tent of quartz grains in si der it ic lay ers is low (18–22%),
and their small grain size (0.01 to 0.2 mm; Figs. 4 and 5B) sug -
gests an ae olian or i gin. This se quence is cov ered by scree and
brook al lu vial de pos its 

The Dudziniec For ma tion was de fined by Lefeld et al.
(1985). The se quence ex posed in the Èervený Úplaz sec tion
(32 m) con sists of five in for mal mem bers (Fig. 2) com posed of
prograding parasequences. Each parasequence shows a trend
par al lel with ter res trial cy cles of the Tomanová Fm., from fluvially 
de rived sand stone through cal car e ous rock in flu enced by ae -
olian dust, to fully ma rine lime stone. Radwañski (1968) men -
tioned lydite frag ments, zir con, tour ma line, and rutile grains
which oc cur spo rad i cally in a low di ver sity spec trum of heavy
min er als.

The lower mem ber com prises two parasequences (re sem -
bling the “Kopieniec Starorobociañski Bed” of Lefeld et al., 1985) 
and is built of grey cal car e ous sand stone fol lowed by shaly
argillites, sandy oolitic and organodetrital lime stone with frag -
ments of coral de ter mined by Prof. E. Roniewicz (2010, pers.
comm.) as Phacelostylophyllum cf. robustum, bi valves, cri noids
and gas tro pods. An gu lar quartz grains of ae olian size
(0.1–0.24 mm) are formed of monocrystalline undulose (rarely
non-un du late) quartz (Figs. 6G, H and 7). 

The mid dle mem ber is formed of cal car e ous sand stones.
They com prise graded beds, quartz grains in the basal parts of
the lay ers at tain ing di am e ters of 1 to 5 mm; they are subangular,
partly ar ranged in laminae. Subangular to suboval grains formed 
of polycrystalline quartz (Figs. 6E and 7). 

The up per mem ber is more clayey, of dark gray silty
mudstones in clud ing wood frag ments and quartz peb bles. Fre -
quent dark col oured (brown weath er ing) sandy biomicrite lime -
stone lay ers are also rich in pel lets, small peb bles and
monocrystalline quartz grains (Figs. 6A–D, F and 7).  
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Fig. 4. Lithostratigraphy of the Tomanová Formation, the Èervený Úplaz sec tion in the Tichá Dol ina Val ley, High Tatra Mts.

Left – sche matic se quence strati graphic di vi sion; in the lithological log, iron-rich mudstone ho ri zons (Fe), di no saur foot print (tridactyl) ho ri -
zons and con glom er atic beds (cir cles) are in di cated; in the dis tri bu tion of quartz grain di am e ter the min i mum (left line), me dian (thick line)
and max i mum di am e ter (right line) are marked; in the col umn of rock con stit u ents, the amount of micrite (mostly clay min er als) in creases to
the left, the amount of quartz and phytoclasts in creases to the right; the right two col umns in di cate changes in the an gu lar ity of clasts and the
con tent of polycrystalline and monocrystalline undulous/non-undulous quartz grains; other ex pla na tions as in Fig ure 2
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Fig. 5. Microfacies of the Tomanová For ma tion in the Èervený Úplaz sec tion

A, B – iron-rich mudstone beds (A – S-8 bed, B – S-4 bed with sid er ite ag gre gates and with abun dant ae olian
quartz grains); C – (04-c) beds with frag ments of wood and in de ter min able plant de bris; D – (13-b) mudstone with 
ae olian quartz sand grains; E – (01-b) sand stone with mixed ae olian and flu vial quartz sand grains; F – (S-6)
sand stone with  com mon large (fluviatile) sand quartz grains; G, H – (07 and 05) quartz grains of flu vial or i gin;
note dense par al lel frac tures in in di vid ual grains
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Fig. 6. Microfacies of the Dudziniec For ma tion in the Èervený Úplaz sec tion

A – (40 bed) biodetrital shelly lime stone; B – (42 bed) sandy oolitic lime stone, fluviatile sand stone (beds 01b and
04c, re spec tively); C, D – (55 and 41,1 beds, re spec tively) laminae of flu vial quartz grains in mudstone with
strong ae olian quartz ad mix ture; E – (38.5 bed, crossed nicols) large polycrystalline well-rounded quartz grain;
F – (38.5 bed, crossed nicols) biomicritic silty lime stone with ae olian quartz; G – (46 bed) sand stone com posed
of flu vial monocrystalline quartz grains; H – (36 bed) sand stone with fluviatile quartz grains dom i nant over ae -
olian grains



REMARKS RECORDING CYCLOSTRATIGRAPHIC INTERPRETATION

The cy cli cal vari a tion of rock com po si tion and the stra tal ar -
chi tec ture of the up per most Tri as sic se quences were driven by
or bital forc ing of cli mate and/or ocean cir cu la tion (Blackburn et
al., 2013). The char ac ter of the de pos its build ing the Tomanová
For ma tion cy cles in di cates that their de po si tion was con trolled
by mega-mon soonal cli mate vari a tions (mas sive fresh wa ter
sup ply dur ing pe ri odic plu vial events) rather than by eustatic
fluc tu a tions of the wa ter ta ble. 

The sand stone lay ers rep re sent a re cord of flu vial ep i sodes
dur ing deg ra da tion phases of sed i men tary cy cles (Fig. 4). The
dy nam ics of their ac cu mu la tion may be doc u mented by di no saur 
track casts (the foot prints were made on the sur face of siltstone
lay ers and im me di ately filled and cov ered by flu vial sand), or by
dis con tin u ous peb ble ho ri zons on the bases of sand stone
benches, as well as by many frag ments of horse tail stems con -
cen trated on the up per sur faces of sand stone lay ers (Fig. 3C).

As the sandy ma te rial ac cu mu lated dur ing brief events, a
proxy of elapsed time is re corded by mudstone be tween the
sand stone lay ers. They were laid down in a calm lac us trine
(paludal) with in put of both fine flu vial  mud  and ae olian dust.
Over all the sed i men ta tion rate of the Tomanová For ma tion may
have at tained 83 mm/ky. If cy cles are at trib uted to or bital short
ec cen tric ity, the sec tion doc u mented would rep re sent a time pe -
riod of about 0.78 My. 

As al ready stated, the trend from flu vial-dom i nated to
fine-grained sed i ments is com mon both in ter res trial and ma rine
cy cles. This re flects a per sistent prin ci pal char ac ter of the cli -
mate dur ing sed i men ta tion of the Tomanová and Dudziniec for -
ma tions. The sed i men tary rate of the Dudziniec For ma tion has
been es ti mated as 25 mm/ky. If we as sume a short ec cen tric ity
char ac ter of these cy cles, the ex posed part of the se quence rep -
re sents a time span of 0.5 My. 
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Fig. 7. Lithostratigraphic scheme of the Dudziniec For ma tion in the Èervený Úplaz sec tion

Left – sche matic se quence strati graphic di vi sion (ex pla na tions as in Fig. 2); in the lithological log dis tri bu tion of quartz grain di am e ter the
min i mum (left line), me dian (thick line) and max i mum di am e ter (right line) are marked; in the col umn of rock con stit u ents, the amount of
micrite (mostly clay min er als) in creases to the left, the amount of quartz, pel lets and bioclasts to the right; the right two col umns in di cate
changes in the an gu lar ity of clasts and in con tents of polycrystalline and monocrystalline undulose non-undulose quartz grains



TRANSGRESSIVE MARINE LITHOFACIES 
AND RECOVERY OF BENTHIC LIFE 

The transgressive se quence of the Dudziniec For ma tion re -
veals grad ual sta bi li za tion of the ma rine en vi ron ment and re cov -
ery of ben thic life. This trend may be in ferred from the strati -
graphic dis tri bu tion and en vi ron men tal sig nif i cance of the ben -
thic foraminifera pres ent. 

The Èervený Úplaz sec tion can be di vided to three ben thic
foraminifer as sem blage zones: a lower one with pre dom i nance
of involutinids and spirillinids; a mid dle one with pre dom i nance
od endothyrinids; and an up per one with pre dom i nance of
nodosariids and Ammodiscus-type micro fauna (Fig. 8A–J). The
lower as sem blage zone (beds 36–39) con tain spe cies of
Semiinvolutina clari Kristan, Trocholina blaui Senowbari-
 Daryan, Rashidi and Torabi, Trocholina umbo Frentzen,
Aulotortus? sp., Spirillina oberhauseri Styk (Fig. 8A–K) and
Ophthalmidium sp. Endothyracean foraminifera dom i nate in the
mid dle as sem blage zone (beds 39–40), com pris ing spe cies of
Endothyra badouxi Zanninetti and Bronnimann, Endothyra
keupperi Oberhauser, E. austrotriadica Oberhauser, E.
gruenbachensis Oberhauser and Endothyra salaji GaŸdzicki
(Fig. 8D–H). These spe cies likely in di cate a Rhaetian age, since
the lat est oc cur rence of Endothyra is known from the Late Tri as -
sic. The endothyrid foraminifers are as so ci ated with Reophax
sp., Trochammina alpina Kristan-Tollmann, Agathammina
austroalpina Kristan-Tollman and Tollmann, Duotaxis inflata
(Kristan), and Siphovalvulina sp. Foraminiferal as sem blages in
the up per part of the sec tion are en riched in nodosariid and ag -
glu ti nated spe cies – Ammodiscus parapris cus Ho, Nodosaria
sim plex (Terquem), Dentalina zlambachen sis Kristan,
Pseudonodo saria sp., Geinitzinita sp. (Fig. 8A–C).

The transgressive se quence started with sand-rich de pos its, 
which con tain a high por tion of ooids and other coated grains
(ini tial ooids with mi cro bial rims around quartz grains, Fig. 8K).
The mix ture of siliciclastic and car bon ate par ti cles in a high-en -
ergy en vi ron ment may re flect storm-in flu enced oolitic shoals.
Mi cro bial encrustations and stromatolitic rims on the quartz
grains im ply in creased trophic re sources due to riverine in put
(Fig. 8L, M). The se quence grades up to a fully ma rine shelf en -
vi ron ment (no. 38–39) with foraminifers of the discoidal-flat tened 
and plano-con vex morphogroups (Spirillina, Trocholina). These
foraminifers be long to a graz ing her bi vore and detritivore ben thic 
epifauna (Tyszka, 1994; Reolid et al., 2008), which de pends on
food avail abil ity (phytodetritus, bac te rial pop u la tions) and tol er -
ates ox y gen de ple tion (Tyszka, 2001; Reolid and Martínez-Ruiz, 
2012).

The max i mum flood ing of the transgressive cy cle is re corded 
in in ter vals of lime stone beds (bed 40; Fig. 8), which were de -
pos ited in the low-en ergy en vi ron ment of a car bon ate ramp.
These muddy lime stones con tain skel e tal and coated grains,
black peb bles, oolitic and peloidal sands, off shore tempestites
(gas tro pod oo lites) and a small ad mix ture of siliciclastic ma te rial. 
The sta bi li za tion of ma rine con di tions is also re corded by rich
ben thic foraminifera, which im ply an ini tial col o ni za tion of bot tom 
sub strates by an epifaunal biota. The most com mon are
Endothyra-type foraminifera, the acme of which oc curs in bed
40. Endothyra-bear ing lime stones rep re sent the re cov ery in ter -
val of a ma rine en vi ron ment. In crease in foraminiferal ben thic
pro duc tiv ity re sulted from food avail abil ity and bot tom-wa ter ox y -
gen a tion (Tyszka, 1994; Jorrisen et al., 1995; Reolid and
Martínez-Ruiz, 2012). The shell mor phol ogy of Endothyra with
streptospiral coil ing may re flect of shal low infaunal hab i tats
(Olóriz et al., 2003), and a feed ing strat egy of detritivores and

bac te rial scav en gers (Reolid et al., 2008). Con sid er ing that, the
Endothyra acme in the Èervený Úplaz sec tion (bed 40) may
have re sulted from in crease of or ganic mat ter pro duc tiv ity and
phytodetritus, the  de com po si tion of which pro vided nu tri ents
(mesotrophic con di tions) and led to ox y gen de ple tion of bot tom
wa ters (dysoxic con di tions).

A new sed i men tary cy cle started with re gres sion and high-en -
ergy de po si tion of sand-rich sed i ments (beds 43–50). The sand -
stones con tain rare cri noid par ti cles, echinoid spines, thick-walled
bi valves (oys ters), ostracods and other skel e tal grains. The
transgressive phase is ex pressed by up wards in creas ing cal car e -
ous allochems and a tran si tion to car bon ates.  The micro fauna of
the car bon ate beds (beds 52–56) con tains both ag glu ti nated and
cal car e ous foraminifera, in di cat ing a low-en ergy en vi ron ment with
nodosariids (cf. Tyszka, 2001), in flu enced by deltaic as sem blages
with Ammodiscus (cf. Nagy et al., 2010).  

MINERALOGY OF MUDSTONES

Kaolinite is a ma jor min eral phase in the clay frac tion of the
shales stud ied (Fig. 9A). The sec ond most fre quently oc cur ring
min eral phases in the clay frac tion are 2:1 dioctahedral clay min -
er als (illite and mixed-lay ered illite-smectite – I–S). Dis tinc tive
basal peaks of illite as an unswelling phase with out changes ap -
pear af ter eth yl ene gly col (EG) sat u ra tion (001 ~1nm and 002 ~
5nm in Fig. 9). On the other hand, small changes in the 8-9°,
17–18° and 27–28° 2 theta ar eas af ter EG sat u ra tion re veal the
pres ence of I–S with small amounts of swell ing smectite
interlayers. Long-range or der ing R3 with 10–15% of smectite
interlayers was de ter mined by po si tion of the I–S peaks af ter EG
sat u ra tion (Dudek and Œrodoñ, 1996; Moore and Reynolds,
1997). 2:1 dioctahedral clay min er als dom i nate over kaolinite in
sam ple 15 only. The amount of kaolinite is sig nif i cantly higher
than that of 2:1 dioctahedral clay min er als in all other shale sam -
ples stud ied. The pres ence of a small, broad ~1.4 nm peak sug -
gests to pres ence of the small amount of chlorite in prac ti cally all
sam ples. A low dis crete 0.426 nm peak in di cates  an ad mix ture of
quartz in all sam ples (Fig. 9A). 

An other clay min eral phase was dis tin guished si mul ta -
neously with kaolinite, illite and I–S in a more sig nif i cant amount
in sam ple 14. It was the sec ond 0.7 nm phase (0.707 nm) af ter
kaolinite (0.719 nm; Fig. 9B). For dis tinc tion of Fe-chlorite
(chamosite, that has odd basal peaks in clud ing ~1.4 nm peak),
sig nif i cantly less in tense than even basal peaks) and berthierine
(1:1 ser pen tine min eral with Fe2+ dom i nant as the oc ta he dral
cat ion). The sam ple was heated to 550°C. This con firmed the
pres ence of kaolinite and also showed the pres ence of
berthierine (Odin et al., 1988; Hornibrook and Longstaffe, 1996;
Moore and Reynolds, 1997). Both phases col lapsed af ter heat -
ing (Fig. 9B). A small amount of a chlorite sim i lar phases is also
de tect able in the Fig ure 9B. It is not known whether this is
chlorite be cause an un usual low d-spac ing was de ter mined for
that phase in com par i son to com mon chlorite (1.41–1.42 and
0.7–0.7 nm). 

Five sam ples of the clay frac tion were se lected for quan ti ta -
tive anal y ses. The re sult of XRD quan ti ta tive anal y ses con -
firmed the dom i nance of kaolinite in the clay frac tion. The
kaolinite con tent var ies from 28 to 61 wt.% (Ta ble 1). The data
and rel a tive wide ranges of the main min eral con tents con firmed
a more var ied clay com po si tion in sam ple 15. De crease in the
kaolinite con tent (28 wt.%) is coun ter bal anced by in crease of
illite and illite-smectite (46 wt.%; Ta ble 1).
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Fig. 8. Dis tri bu tion of microfaunal el e ments in the Dudziniec Formation of the Èervený Úplaz sec tion

Quan ti ta tive data are com pleted by il lus tra tions of the most char ac ter is tic spe cies of foraminiferal as sem blages, al gal
encrusters, coated grains and other allochems in se lected beds; A – Ammodiscus parapriscus Ho; B – Nodosaria sim -
plex (Terquem); C – wackestone with thin-walled ostracod shells; D – Endothyra badouxi Zanninetti et Bronnimann; E –
Endothyra austrotriadica Oberhauser; F – Endothyra keupperi Oberhauser; G – Endothyra gruenbachensis Oberhauser; 
H – Endothyra salaji GaŸdzicki; I – Trocholina blaui Senowbari-Daryan, Rashidi et Torabi; J – Trocholina umbo Frentzen; 
K – ra dial ooids and coated grains with serpulids and cri noids sug gest ing  their storm-in duced mix ture with large-sized
quartz grains; L – quartz grains with dark mi cro bial rims de vel oped as ini tial coated grains; M – quartz grains with mi -
cro-stromatolitic over growth show ing  the struc ture of cyanobacterial fil a ments; other ex pla na tions as in Fig ure 2



MINERALOGY OF THE BULK ROCK 

Quan ti ta tive min eral com po si tions of the bulk rock in ter -
preted from XRD pat terns of ran domly ori ented spec i mens with
in ter nal stan dard are shown in Ta ble 2 and Fig ure 10. Quartz,
kaolinite and 2:1 Al dioctahedral phyllosilicates (dioct 2:1: mus -
co vite, illite, illite/smectite) rep re sent the ma jor min eral phases.
These phases are in ter preted as their sum be cause a pre cise
quan ti ta tive dis tinc tion be tween dioct 2:1 phases is prob lem atic.
Quartz con tent is var ies be tween 15 to 70 wt.%. This wide range
re flects a typ i cal com po si tion vs. grain size de pend ency of
quartz in (silici)clastic sed i ments only (Fig. 10). 

Kaolinite is the ma jor clay min eral in the bulk frac tion. Ac -
cord ing to XRD pro files, the struc ture of the kaolinites stud ied is
dis or dered. Its con tent changed from 13 to 46 wt.% with av er age 
32 wt.% of 22 shale sam ples stud ied. Dioct 2:1 phyllosili cates
are also pres ent in sig nif i cant amounts. The con tent of dioct 2:1
ranges from 5 to 39 wt.% with av er age 17 wt.% (Ta ble 2). Gen -
er ally, mul ti ple sources and trans port pro cesses to gether with
mu tual di lu tion of in di vid ual clay min er als make it dif fi cult to as -
sign ver ti cal changes of one clay min eral in the se quence as in -
di ca tor of a sin gle palaeoclimatic change. The com par i son of
two com po nents by their ra tio in di cates the ad van tage of elim i -
nat ing di lu tion ef fects by other com po nents (Gingele et al.,
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Fig. 9A – ori ented XRD pat terns of the clay frac tion of the sam ples 3, 5, 15, 
B – ori ented XRD pat tern of sam ple 14

AD – air dried, Ber – berthierine, CH – chlorite, EG – eth yl ene gly col evaporised (B – heated at 550°C), I – illite,
I–S – illite-smectite, K – kaolinite, Q – quartz



1998). The autor used a kaolinite/smectite ra tio to es ti mate the
ex ten sion of the river plume and in ten sity of wa ter dis charge in
late Qua ter nary de pos its. Here, the kaolinite/dioct 2:1 ra tio is
used as proxy of the par ent rock com po si tion and palaeoclimate
and of the depositional en vi ron ment and diagenesis. Val ues of
the kaolinite/dioct 2:1 ra tios show a de creas ing trend up sec tion
(from 4.3 to 0.5) and in creased dioct 2:1 con tent in the up per part 
of the sec tion (Fig. 10), re spec tively. 

The berthierine and prob a bly the Fe-chlorite (chamosite)
that are pres ent in all sam ples rep re sent the fourth min eral
phase. How ever, ac cord ing to the heat ing test and pat tern fit ting
of the quan ti ta tive anal y ses berthierine is the dom i nant phase of
these two Fe phyllosilicates. It is sig nif i cant mainly in the part of
the sec tion that con tains a larger amount of Fe phyllosilicates
(from 5 to 24 wt.%; sam ples 8–19). The high est amount is re -
corded in sam ples 14 and 15 (24 and 14 wt.%). Fe car bon ate
(sid er ite) is the dom i nant phase in sam ple 13R (39 wt.%). Sid er -
ite was de ter mined in this sam ple to gether with other Fe min er -
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Min er als 

Sam ples

CU3 CU6c CU8a CU13 CU15

[wt.%]

Quartz     3     4     4     4     5

Kaolinite   57   58   58   65   41

2:1 Al dioctahedral
mica (illite + I–S)   29   35   37   28   48

Chlorite (Berthierine + 
Fe chlorite)   11     3     1     3     6

Sum [%] 100 100 100 100 100

T a  b l e  1

Quan ti ta tive min eral com po si tion of the clay frac tion
 in se lected sam ples

Min er als of the
Tomanová

Fm.

Quartz Kaolinite Mica* Chlorite K-feldsp. Bi o tite Goethite** Cal cite Sid er ite Kaolinite
ra tio[wt.%]

CU1 70 19   6 3 1 3.2

CU2 44 43 10 3 4.3

CU3 40 46 11 0 1 4.2

CU4 40 26   9 6 2 1 16  2.9

CU5 38 38 14 3 2 2 1 2.7

CU6 62 23 12 2 1 1.9

CU6b 28 38 28 3 1 1.4

CU7 25 43 23 3 2 1 1.9

CU8a 25 43 23 5 1 1 1.9

CU8b 21 36 27 5 2 6 1.3

VU9a 24 42 21 6 2 1 2.0

CU9b 36 40 13 6 1 2 1 3.1

CU10a 36 30 18 6 2 1 2 1.7

CU10b 41 30 14 11  1 1 2.1

CU11a 29 35 26 7 1 1 1.3

CU11b 56 20 11 7 0 0 1.8

CU12 49 25 13 5 1 2 4 1.9

CU13 40 35 16 7 1 1 1 2.2

CU13R 15 13   5 7 1 2 11 + 4** 39  2.6

CU14 27 21 24 24  1 1 1 0.9

CU15 20 20 39 14  3 2 2 0.5

CU19 26 45 20 6 1 2 2.3

Dudziniec Fm.        Cal cite Do lo mite  

CU36 63   1   6 1   1 26 2 0.2

CU37 71   1   3 0 24 0.3

CU40 14   1   4 1 79 0.3

CU44 69   1   3 0 26 0.3

CU51 52 16 3 21 4 0.0

CU55 28  14 4    49 3 0.0

* – 2.1 Al dioctahedral phyllosilicates, ** – geothite + he ma tite

T a  b l e  2

Quan ti ta tive min eral com po si tion of the Tomanová For ma tion mudstones (beds 1–15) 
and from the Dudziniec For ma tion car bon ates (beds 37–55)



als only: goethite (11 wt.%) and he ma tite (4 wt.%). Goethite was
fre quently iden ti fied in the sam ples stud ied but usu ally not in
amounts more than 2 wt.%. How ever, 9 wt.% of goethite was de -
ter mined in sam ple 4a, to gether with Fe phyllosilicates and
lepidocrocite both at 6 wt.%. This rep re sents the high est pro por -
tion of Fe phyllosilicates in the lower part of the sec tion in ves ti -
gated (Fig. 10; Ta ble 2). 

Bi o tite and K-feld spar were de ter mined in most sam ples stud -
ied sam ples but they do not ex ceed 2 wt.%. Al bite, oligoclase, do -
lo mite, ana tase, rutile, il men ite were de tected only in trace
amounts (<1%) and these min er als are not shown in Ta ble 2. 

Quartz (14 to 71%) and DO-M (6–4%) were eval u ated in the
se quence over ly ing the Tomanová shale. Chlorite (0–4%) and

traces of kaolinite were only iden ti fied in the bulk rock sam ples.
The beds are en riched in cal cite (21 to 70%; Ta ble 2, Fig.11).

CHEMISTRY

TOTAL CARBON AND C ISOTOPE ANALYSES

Anal y ses doc u ment the con tent of the re sid ual or ganic car -
bon (Corg) as proxy of or ganic mat ter pro duc tion and ac cu mu la -
tion (Fig. 11). In con trast to the state ment of Radwañski (1968),
mudstones of the Tomanová Fm. are car bon ate-free (Fig. 11).
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Fig. 10. Quan ti fied con tent curves of quartz, kaolinite, dioctahedral 2:1 phyllosilicates (DO-M), chlorite, goethite in the bulk
rocks and dis tri bu tion of kaolinite/dioctahedral 2:1 phyllosilicate ra tio (kaolinite/DO-M) in te grated with sedimentology 

and lithofacies

Ex pla na tions as in Fig ure 2



Only in iron-rich mudstone (13R, 13R1) was car bon ate iden ti fied 
and 39% of sid er ite has been quan ti fied by XRD anal y sis (Ta -
ble 2). In this min er al og i cal (Ta ble 2) and mi cro scop i cal study,
in or ganic car bon con tent has been ad justed to “stoichiometric
cal cite” in the sam ples from beds 36 to 55 (Fig. 10). The cal cite
con tents vary widely (from 18 to 78%, Fig. 11), mostly from 25 to
50%. De spite that a con tent higher than 50% oc curred only in
two sam ples (40 and 51.5; Figs. 6 and 11) rocks of the Dudziniec 
Fm. des ig nated as “car bon ates” in the text bel low. 

Al though the con tent of re sid ual or ganic car bon is rel a tively
low (Corg 0.1–1.5%) it lo cally in creases (2.5% or 8.12%), in di cat -
ing higher bio-pro duc tion and/or or ganic mat ter in put into the ba -
sin (Fig. 11). The high est Corg con tent is in bed 5 in which di no -
saur traces have been dis cov ered (Michalík et al., 1976;
Michalík, 2003). Dis tri bu tion of Corg or or ganic mat ter could co in -
cide with the for ma tion of sed i men tary cy cles as the os cil la tion of 
wa ter level in a con ti nen tal ba sin must have been strongly re -
lated to cli mate. 

 The shale d13Corg iso tope ra tios are showen in the range
from –27 to –25‰ (VPDB; Fig. 11) and dem on strate that the or -
ganic mat ter de rived from ter res trial plant de bris was mixed with
subaquatic or ganic mat ter in the sed i ments. The high est (more
pos i tive) val ues, which in di cate plant de bris dom i nance (Cerling
et al., 1991; Shulte et al., 2011), were as cer tained in beds 13
and 5. The d13Corg val ues of beds 46–55 are more neg a tive (–27
to –28‰; Fig. 11), be ing com pa ra ble e.g., with val ues of or ganic
mat ter ana lysed from shal low-ma rine car bon ate and sil i cate
rocks across the Tri as sic–Ju ras sic bound ary se quence doc u -
mented in the Zliechov Ba sin of the Fatric Unit (Michalík et al.,
2011, 2013) and else where (Pálfy et al., 2001; Hesselbo et al.,
2002; Kuerschner et al., 2007). How ever, any spec u la tion on the 
sig nif i cance of the rel a tive shift of d13Corg is lim ited by our abil ity
to prove the strati graphic con ti nu ity of the Tomanová Fm.
mudstones and the car bon ate se quence of the Dudziniec Fm. in
the sec tion stud ied. 
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Fig. 11. Di a grams of to tal con tents of or ganic (TOC) and in or ganic car bon ex pressed as CaCO3, 

and C iso tope com po si tion of the or ganic mat ter (d13Corg) in te grated with sedimentology and lithofacies

Ex pla na tions as in Fig ure 2



SIDERITE – A PROXY OF HUMIDITY 

The car bon iso tope data of the sid er ite d13Csid –12.0 to
–16.4‰ VPDB (Fig. 12: 13R, 13R1) fall into data range of
sphaerosiderite palaeosols (+ 8 to –45‰) as sum ma rised by
Shel don and Ta bor (2009). This wide span of data in di cates re -
cy cling of mi cro bial and es pe cially methanogenic car bon in wa -
ter-sat u rated (and dysoxic-anoxic) sed i ments or soils (White et
al., 2001). Ac cord ing to this, the neg a tive d13Csid val ues of the
Tomanová For ma tion sug gest  a com plex C-iso tope sys tem
where me te oric and soil CO2 were equil i brated with CO2 which
came from bac te rial meth ane ox i da tion. Corg is not el e vated in
bed 13 (Fig. 11), but meth ane and/or CO2 gases could lo cally
have been eas ily re leased and pen e trated through soil/sed i -
ment. In hu mid and Eh-reductive con di tions, iron as fer rous ion
was mo bi lised and sid er ite could pre cip i tate in still, rel a tive acid
wa ter/sed i ment con di tions (for re view see Shel don and Ta bor,
2009). The d18O val ues (–6.7 to –7.0‰ VPDB) in sid er ite are
more neg a tive as found in Ce no zoic or re cent soil
sphaerosiderites (? –2.0‰ PDB; Shel don and Ta bor, 2009). As
usu ally ob served, a heat per me ated through bur ied (Rhaetian)
beds for a sub stan tially lon ger time and d18O was shifted to more 
neg a tive val ues. Al though the d18O shift sug gests rel a tive weak
diagenetic al ter ation, the d18Osid (or soil d18O cal cite gen er ally)
val ues usu ally was not used as an in de pend ent ther mom e ter
(Cerling et al., 1991; Retallack, 2009). The sid er ite C and O iso -
tope data (Fig. 12) doc u ment wa ter-sat u rated con di tions when
iron rich mudstones formed in a hu mid cli mate (An drews, 2006;
Shel don and Ta bor, 2009). 

STABLE C AND O ISOTOPES OF CALCITE 

The iso tope com po si tion of the cal cite-rich beds (37 to 55) is
un usual (d13C from –1.98 to +0.28‰ VPDB, d18O from –10.69 to
–9.34‰ VPDB; Fig. 12) in com par i son with ma rine lime stones
and also with cal cite pre cip i tates from me te oric wa ter (riverine
tufas, An drews, 2006). More pos i tive d13C val ues oc curred in
bed 40 only with about a 80% con tent of CaCO3. Data are com -
pa ra ble to that of the sid er ite (Fig. 12). Re-equil i brated C and O

iso tope data are not in line with the typ i cal iso tope trend of me te -
oric wa ter (An drews, 2006; Schulte et al., 2011). Smith et al.
(2004) found a sim i lar shift of data in Pleis to cene spring tufas
(car bon ates from the cur rently hyperarid West ern Desert of
Egypt) as in di ces of an ear lier hu mid (plu vial) cli mate. In our sec -
tion the strongly de creased d18O iso tope data to gether with the
microstructural char ac ter (Figs. 6 and 12) may in di cate
diagenetic iso tope frac tion ation in the wa ter-sed i ment sys tem. A
large vol ume of bur ied me te oric wa ter (plu vial events dur ing
trans gres sion) may have mod i fied the iso tope com po si tion of
the ma rine car bon ates. In se quel a large (as d13Ccal) neg a tive
d18Ocal shift re flects tem per a ture-de pend ent iso tope frac tion -
ation of O iso topes dur ing diagenesis.

BULK ROCK CHEMICAL ANALYSES 

The bulk rock anal y ses (Ta ble 3) of the se lected sam ples
were used to the com pare sed i men tary rock com po si tion in the
se quences and to test ma te rial and strati graphic con ti nu ity of the 
se quences. Geo chem i cal data may also be used as proxy for cli -
mate changes as dis cussed be low. 

Ma jor and trace el e ments com po si tion showed the chem i cal
ho mo ge ne ity of the mudstones and their dif fer ence to that of the
over ly ing car bon ates (Ta ble 3). En rich ment of sta ble (Si, Al, Ti)
and de ple tion of la bile (K, Na, Ca, Mg) ma jor el e ments are typ i -
cal fea tures of deeply weath ered sil i cate rocks (Ta bles 3 and 4;
Fig. 13). This was taken into ac count when com par ing the chem -
is try of the sam ples with PAAS or with val ues of cal cu lated in di -
ces (Ta bles 3 and 4). Low Na con tents and rel a tive weak
Na2O-K2O covariance (Fig. 13B) are the re sult of pref er en tial Na 
re moval from rock-min er als, in com par i son to K (McLennan,
1993). High con tents of Fe (23–48%) are doc u mented only at
cer tain lev els and sig nal ised short-lived in put of iron into the sed -
i ments (Fig. 13A). This “Fe event” re flects a wet cli mate (Shel -
don and Ta bor, 2009). Iron con tent is ex pressed as to tal Fe2O3

and only ap prox i mates Fe con tent in Fe-min er als (Ta bles 2 and
3). Be cause both fer ric and fer rous ions are in the Fe-min er als,
the to tal iron con tent could be lower than shown in the iron rich
(Price and Velbel, 2003; Ohta and Arai, 2007). In com par i son
with the PAAS, in creased TiO2 con tents doc u ment TiO2 ac cu -
mu la tion in mudrocks due to weath er ing. Min i mal (about de tec -
tion limit) con tents of to tal S and P2O5 in the se quence are typ i cal 
of prod ucts of in tense chem i cal weath er ing in con ti nen tal con di -
tions (Otha and Arai, 2007; Shel don and Ta bor, 2009). The
higher MnO in Fe- rich mudrock may be linked with spe cific re -
dox de pend ent mo bi li za tion of Fe and Mn in sed i men tary or
diagenetic con di tions in lac us trine bas ins (Ta ble 3). 

Con tents of the large ion lithophile el e ments (LILE: Rb, Cs,
Sr and Ba) as el e ments with high af fin ity to al kali bases (Ta ble 3) 
are frac tion ated by weath er ing. Fig ure 13C doc u ments high
co-vari a tion of Rb with K. The K/Rb ra tio val ues lower than
PAAS (Ta ble 4) also in di cate rel a tive Rb en rich ment in the
mudroks. The high est Rb con tent oc curs in bed 15 with higher
dioctahedral 2:1 phase (mus co vite, illite) con tent. Con tent
changes of other LILE – Cs, Sr and Ba ana lysed are not as ev i -
dent as of Rb through the sec tion. Cs has ac cu mu lated in the
clay ma trix while Ba is de pleted as in PAAS (Ta ble 3). Car bon -
ate con tents are linked with Sr and prob a bly with Ba con tents in
the up per part of the sec tion only. 

High field strength el e ments (HFSE): Y, Hf, Nb, Th, U, Zr and 
REE in the mudstones are en riched as in PAAS, slightly de -
pleted in the Fe-rich mudstones  and de pleted in the lime stone
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Fig. 12. Scat ter di a gram of car bon ate iso to pic com po si tion

Com par i son of C and O iso tope com po si tion of sid er ite (13R1
iron-rich mudstone ore sam ple) and other car bon ates from beds 37
to 55, disequlibrated by plu vial me te oric wa ter dur ing trans gres sion
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Sam ples CU1 CU3 CU5 CU7 CU10A CU13 CU13R CU13R1 CU15 CU37 CU40 CU44 CU55 PAAS

Analyte [wt.%]

SiO2 57.24 62.94 56.33 54.73 58.61 63.02 23.77 43.12 51.5 75.55 20.71 70.74 63.54 62.80

Al2O3 25.94 23.3 19.5 26.2 21.55 21.82 7.13 13.33 25.75 2.29 2.37 2.15 11.67 18.90

Fe2O3 2.08 1.07 2.95 4.06 6.44 2.56 48.31 24.3 5.65 1.42 1.14 1.02 2.35 6.50

MgO 0.49 0.38 0.23 0.65 0.65 0.75 0.98 1.92 0.81 0.15 0.73 0.22 0.98 2.20

CaO 0.05 0.1 0.03 0.19 0.09 0.13 0.19 0.77 0.32 10.79 39.55 13.41 7.66 1.30

Na2O 0.26 0.31 0.21 0.4 0.27 0.25 0.01 0.05 0.45 0.05 0.04 0.03 0.10 1.20

K2O 1.32 0.63 0.78 1.21 0.93 0.89 0.21 0.41 2.83 0.43 0.70 0.54 3.24 3.70

TiO2 1.28 1.6 1.14 1.39 1.46 1.18 0.42 0.82 0.89 0.12 0.13 0.15 0.82 1.00

P2O5 0.03 0.03 0.04 0.04 0.03 0.02 0.02 0.03 0.03 <0.01 0.03 0.02 0.07 0.11

MnO <0.01 <0.01 <0.01 <0.01 0.02 <0.01 0.51 0.18 0.01 0.08 0.10 0.03 0.03 0.16

S tot 0.04 <0.02 0.05 <0.02 <0.02 <0.02 <0.02 <0.02 0.02 <0.02 0.02 <0.02 0.7  

LOI 11.2 9.5 18.6 11 9.8 9.2 18.4 15.9 11.6 9.1 34.4 11.6 9.3  

C tot 0.4 0.27 7.4 0.53 0.22 1.46 3.96 3.51 1.46 2.24 9.43 2.85 1.76  

Analyte [ppm]

Ba 317 255 239 231 225 206 49 82 231 119 74 43 216 650

Co 8.7 8.8 2.7 8.7 26.7 11.5 25.3 18.3 11.8 1.2 1.8 2.3 7.4 23

Cs 19.2 9.9 15.2 16.1 13.5 11.6 2.9 4.6 16.9 0.3 1 0.7 8.3 4.6

Cr 76 90 86 66 62 83 41 45 66 6.9 6.9 10.35 41.4 110

Ga 32.4 30.8 25.6 32.2 27.8 27.7 8.4 15.3 34.3 0.8 1.4 1.4 12.8 20

Hf 7.0 12.8 9.6 5.6 8.1 11.6 5.1 10.0 3.5 2.5 4.4 6.4 19.9 5.8

Nb 35.4 42.2 30.3 34.9 35.4 29.1 12.2 19.2 23.9 2.2 2.5 2.1 18.2 19

Ni 50 56 <20 36 75 59 30 25 22 4.7 4.8 6.4 15.4 55

Rb 84 40 64 88 68 59 13 26 158 13 21 18 111 160

Sc 20 18 17 21 20 16 11 20 7 1 2 2 8 16

Sr 41 39 46 48 36 35 15 29 58 44 272 62 82 200

Th 22.5 24.5 18.7 25.9 32.7 24.5 8.8 17 14.7 3.2 4.5 5.9 16.1 14.6

U 6.7 15.6 23.3 5.5 5.6 4.3 4.5 4.5 3.7 0.7 1.1 1.5 4.4 3.1

V 132 199 169 161 177 121 46 78 130 8 10 13 83 150

Zr 245 460 357 207 297 411 180 363 120 99 164 252 730 210

Y 33.5 44.4 49.6 41.8 44.1 44 28.2 39.1 28.7 5.1 8.1 8.6 26.2 27

La 48.9 41.5 70.8 88.1 71.8 34.7 18.0 23.5 39.5 8.5 13.7 16.5 45.4 38.2

Ce 102.6 96.2 154.2 165.5 187 72.5 40.5 51.8 79.5 14.7 27.5 32.4 90.8 79.6

Pr 10.88 10.70 16.50 17.45 19.97 9.74 4.32 6.03 9.87 1.77 3.13 3.72 9.81 8.83

Nd 41.3 37.5 58.1 61.5 73.1 41.3 16.4 25.1 37.0 5.5 11.4 15.2 34.8 33.9

Sm 7.09 6.01 10.10 10.54 12.67 9.01 3.39 4.61 7.17 1.28 2.22 2.71 5.92 5.55

Eu 1.27 1.08 1.97 1.91 2.31 2.50 1.93 1.49 1.28 0.20 0.35 0.26 0.76 1.08

Gd 6.17 5.72 9.00 8.18 9.04 8.27 3.69 4.60 5.42 1.02 1.67 2.06 4.98 4.66

Tb 1.07 1.19 1.60 1.38 1.47 1.31 0.73 0.94 0.89 0.13 0.26 0.29 0.77 0.774

Dy 6.15 7.22 8.41 7.44 7.71 7.18 4.41 5.92 4.93 0.95 1.36 1.61 4.69 4.68

Ho 1.23 1.58 1.68 1.51 1.59 1.46 1.00 1.35 0.99 0.15 0.26 0.27 0.93 0.991

Er 3.52 4.65 4.54 4.21 4.50 4.16 2.84 3.74 2.97 0.49 0.70 0.87 3.21 2.85

Tm 0.50 0.71 0.66 0.61 0.67 0.63 0.43 0.57 0.45 0.07 11.00 13.00 48.00 0.405

Yb 3.34 4.66 4.09 3.76 4.43 3.94 2.69 3.67 2.92 0.42 0.81 0.93 3.44 2.82

Lu 0.51 0.71 0.62 0.55 0.66 0.62 0.40 0.55 0.45 0.05 0.13 0.15 0.54 0.433

TREE 234.5 219.4 342.3 372.4 396.9 197.3 100.7 133.9 193.3 35.23 63.6 77.1 206.53 184.77

LREE 218.2 198.7 320.7 353.2 375.9 178.0 88.2 117.1 179.7 32.97 59.97 72.85 192.47 167.16

HREE 16.3 20.7 21.6 19.5 21.0 19.3 12.5 16.7 13.6 2.26 3.69 4.25 14.06 17.613

T a  b l e  3

Re sults of bulk rock sam ple chem i cal anal y ses
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 Mo lec u lar
in di ces CU1 CU3 CU5 CU7 CU10A CU13 CU13R CU13R1 CU15 CU37 CU40 CU44 CU55 PAAS

CIW 98     97     98     96     97     97     95     89     95     nd nd nd nd 0.81

CIA 93     94     94     92     93     93     92     86     85     nd nd nd nd 0.69

K2O/TiO2   0.87   0.33   0.58   0.74   0.54   0.64   0.43   0.43   2.70 3.04 4.57 3.06 3.36 3.14

Ti/Al   0.12   0.16   0.14   0.12   0.16   0.13   0.11   0.16   0.08 0.13 0.13 0.17 0.17 0.13

wt.% in di ces 

K/Rb 65     65     50     57     56     62     65     65     73     135   134   125   119   95     

Rb/Sr 2.0 1.0 1.4 1.8 1.9 1.7 0.9 0.9 2.7     0.3     0.1     0.3     1.4 0.8

V/V + Ni 0.7 0.8 0.9 0.8 0.7 0.7 0.8 0.7 0.7    0.7     0.7     0.7     0.9 0.7

Zr/Hf 35     36    37     37     37     35     35     36     34     40  37 39 37  

Zr/Sc 12     26    21     10     15     26     16     18     17     99  82 126   91 13      

Th/U 3.4 1.6 0.8 4.7 5.8 5.7 2.0 3.8 4.0     4.6     4.1     3.9     3.7 4.7

Th/Sc 1.1 1.4 1.1 1.2 1.6 1.5 1.3 1.6 0.7     3.2     2.3     2.3     2.0 0.9

Cr/V 0.6 0.5 0.5 0.4 0.4 0.7 0.9 0.6 0.5     0.9     0.7     0.8     0.5 0.7

Cr/Th 0.7 0.8 2.5 1.2 0.6 0.8 1.3 1.3 1.2     1.1     1.7     1.3     1.7 7.5

Y/Ni 3.4 3.4 4.6 2.5 1.9 3.4 4.7 2.6 4.5     2.6     1.5     1.8     2.6 0.5

La/Th 2.2 1.7 3.8 3.4 2.2 1.4 2.0 1.4 2.7     2.7     3.0     2.8    2.8 2.6

The data are used in di a grams; CIW – Chem i cal In dex of Weath er ing, CIA – Chemical Index of Alteration

T a  b l e  4

List of in di ces cal cu lated from data in the Ta ble 3 (as mo lec u lar or wt.% mass ra tios and nor mal ized to PAAS)

Fig. 13A – ma jor el e ment ox ide dis tri bu tions in the sec tion, K2O vari a tion doc u ments dif fer ent weath er ing 
and diagenetic his tory of bed 15 and in creased sil i cate ma trix in the beds 37 to 55; B – vari a tion di a grams 

of K2O vs. Na2O; C – K2O vs. Rb val ues



sam ples (Ta ble 3). Y, Hf, Nb, Th, U and Zr have been dif fer en ti -
ated in the weath er ing pro cess as sug gested by strong
covariance of TiO2 with Nb, Y and Th (R2 ?0.9, R2 ?0.7, R2 ?0.8)
and weak with U, Zr and Hf (R2 ?0.3, R2 ?0.2, R2 ?0.2). Max i mum 
Zr (460 ppm) and Nb (42.2 ppm) con tents oc curred in bed 3 with
a high kaolinite con tent, and de ple tion of Zr and Nb oc curred in
bed 15 with high dioct 2:1 phyllosilicates and some K-feld -
spar.This could sug gest Nb, Y, Th fix a tion to gether with Ti in the
clays. Higher Th/U val ues (>4, Ta ble 4) doc u ments in tense
weath er ing (McLennan et al., 1993), but ura nium pos i tive vari a -
tion with Corg in di cates ad di tional re dox-re lated U dif fer en ti a tion
in the sed i men tary ba sin (Fig. 14).

To tal REE (TREE) con tent of sam ples is higher than in
PAAS (Nesbitt and Markovics, 1997; Galbarczyk-G¹siorowska,
2010), es pe cially the con cen tra tion of the light REE (LREE) in
beds 5, 7 and 10, as is also re flected by rel a tive higher Ce* val -
ues there (Ta ble 3; Fig. 15). TREE de ple tion rel a tive to PAAS
and no or pos i tive Eu-anom a lies char ac ter ise Fe rich mudstone

sam ples (Ta ble 3; Fig. 15B, D). REE ac cu mu lated in sil i cates
and only Eu as a re dox sen si tive el e ment was mo bi lised in fa -
vour able con di tions, as noted above (Shel don and Ta bor, 2009). 
TREE con tent in creased with raised dioct 2:1 sil i cate con tents in
car bon ate beds (Fig. 15A, C). 

DISCUSSION

CHEMICAL ANALYSIS AS A PROXY OF SOURCE ROCK WEATHERING

The high CIW and CIA val ues, higher than in PAAS (Ta ble 4)
are quite gen er ally typ i cal of weath ered kaolinite-en riched pro files 
(e.g., Nesbitt and Young, 1984; Condie, 1993; Cullers, 2000;
Ohta and Arai, 2007) gen er ated in a tem per ate hu mid cli mate.
The higher K2O con tent slightly de creased the CIA value of bed
15 in com par i son with other (car bon ate free) mudrocks. Chem i cal 
in dex of al ter ation val ues are in ac cor dance with the bed min er al -
ogy (K-feld spar, dioctahedral 2:1 phyllosilicates; Ta ble 2). The
shifts of CWI and CIA val ues re flect Ca-Fe sub sti tu tion in sid er ite
of the Fe-rich mudrocks sam ples (13R, 13R1). Be cause cal cite
oc curred in beds 37, 40, 44 and 55 (Ta ble 2; Figs. 10 and 11) the
CIW and CIA in di ces were not cal cu lated and other in di ces have
been used for com par i son. 

Ti and Al can be used as prox ies of rel a tive chem i cal and
me chan i cal weath er ing in ten sity of source rocks in mudstones
and car bon ate se quences (McLennan et al., 1993; Mongelli et
al., 2006). Ti is fractioned in Ti-ox ides (iden ti fied in XRD pat tern)
and clays as in di cated by low but var ied Ti/Al val ues in the
mudstones (Ta ble 4). De creased Ti/Al to gether with higher
K2O/TiO2 in bed 15 re flects rel a tive weath er ing in ten sity. An a -
log i cally, K2O/TiO2 and Ti/Al val ues in bed 37–55, higher than in
PAAS in di cate a dif fer ent “his tory” of weath er ing and sed i men ta -

720 Otília Lintnerová, Jozef Michalík, Peter Uhlík, Ján Soták and Zuzana Weissová

Fig. 14. Th, U and Corg dis tri bu tion in mudstones 
of the Tomanová Fm.

Fig. 15. N–chondrite and N-PAAS pat terns from the Èervený Úplaz sam ples
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tion. In ten sity of par ent rock weath er ing is in di cated by the Rb/Sr 
ra tio, or K/Rb ra tio is used re spec tively be cause of the po ten tial
Sr af fin ity to Ca in cal cite (McLennan et al., 1993; Vïaèný et al.,
2013). The Rb/Sr val ues are higher than in PAAS (Ta ble 4) and
in com bi na tion with mudstones  min er al ogy they may de note the 
depth of weath ered rock ero sion and ma te rial sort ing if the same 
rock source is in formed. Changes in mudstones K/Rb ra tios are
smaller (on av er age 61, 73 in bed 15) as in sil i cate of the lime -
stone beds (119–134). 

There is rel a tive good cor re la tion be tween LREE and quan ti -
fied clay con tent (R2 = 0.34) of shale beds. Nev er the less, LREE
ac cu mu la tion in kaolinite or in illitic min er als could not be sim ply
doc u mented (Nesbitt et al., 1990; Honty et al., 2008). Cor re la tion 
be tween quartz con tents and HREE is more tight (R2 = 0.78).

HREE cor re lates better with Ti, Th, Y, Zr and in di cates oc cur -
rence in “heavy min er als”.   

REWORKING

The chem i cal com po si tion of the de pos its has been af fected
by me chan i cal sort ing and re cy cling (Cullers, 2000; Mongelli et
al., 2006; Vïaèný et al., 2013). Be sides vary ing Ti-HFSE dis tri -
bu tions, raised Zr con tent and near-chondrite val ues of Zr/Hf ra -
tio (34–40) in all sam ples (Ta ble 4) in di cate zir con oc cur rence or
me chan i cal sort ing in the se quence, re spec tively. The Al-Ti-Zr
di a gram (Fig. 16A) in di cates shales (cir cles) sim i lar  to PAAS
and slight vari a tion in the sand/clay ra tios (Figs. 4 and 6; Ta ble 2; 

Latest Triassic climate humidification and kaolinite formation (Western Carpathians, Tatric Unit of the Tatra Mts.) 721

Fig. 16A – tri an gu lar Ti-Al-Zr plot of Èervený Úplaz sam ples; B–E – scat ter di a grams 
of trace el e ment dis tri bu tion as weath er ing and prov e nance proxy

PAAS – stan dard con tent



Gar cia et al., 1994). As usual, Al-en riched (dioct 2:1 mica and
illite) bed 15 is shifted more, but Fe-rich mudstones
(sphaerosiderite – empty cir cles; Fig 16A) is lo cated in side of the 
shale set. The po si tions of sam ples 37-55 (tri an gles) are rel a tive
shifted to sand stones in the di a grams, in di cat ing re cy cled ma te -
rial. This could be sup ported also by the sam ple set po si tion in
Fig ure 16D, E. Th/Sc vs. Zr/Sc di a gram (Fig. 16D; Mongelli et
al., 2006) shows two sets and sug gest Zr (prob a ble as zir con)
ac cu mu la tion in grav ity sorted quartz sand-frac tion. A fresh wa -
ter event at the be gin ning of the ma rine trans gres sion is in di -
cated by lithological data and by sta ble iso topes (Figs. 4, 8 and
12). La/Th vs. Hf (Fig. 16E) also in di cates sort ing and in creased
Hf con tent in re cy cled sed i men tary ma te rial from the hin ter land. 

PROVENANCE 

The chondrite-nor mal ised (N-chondrite) REE di a grams
show two po ten tial sources, be cause a neg a tive “Eu-anom aly” is 
typ i cal of fel sic (gran ites) and an ab sent  or pos i tive Eu anom aly
char ac ter izes mafic par ent rocks (Fig. 15A, B). How ever, the
pat terns with out the Eu anom aly be long to Fe-rich mudstones
(13R, 13R1), where Eh-re dox con di tion and prob a ble Fe ox ides
(MacRae et al., 1992; Galbarczyk-G¹siorowska, 2010) changed 
REE pat terns (Fig. 15B, D). REE pat terns of the com mon shale
where LREE are hun dred times higher and HREE are ten times
higher than in a chondrite with typ i cal neg a tive Eu anom a lies are 
typ i cal to mudrocks. This trend doc u ments the mix ing of con ti -
nen tal sources dur ing ero sion and de po si tion of ma te rial
(Condie, 1993; Cullers, 2000). Cal car e ous sand stones are de -
pleted in REE but de tailed N-PAAS pat terns (Fig. 15A, C) did not 
re cover the REE trend typ i cal of ma rine car bon ate where MREE
ac cu mu late (in phos phates) or are en riched by diagenesis
(Shields and Webb, 2004; Haley et al., 2004; Ounis et al., 2008;
Michalík et al., 2013). The REE-pat tern of beds 37 to 44 can be
re garded as a sign of re cy cled sil i cates only (Fig. 16A, D, C). As
dioct 2:1 mica and illite con tent in creased the REE pat tern (bed
55) has taken the char ac ter of con ti nen tal shales. 

The char ac ter of the protolith is also in di cated by met als
com pat i ble to Mg and Fe (Ni, Co, Cr, V, and Sc) and other HFSE 
(Y, Hf, Th, Zr). The di a gram of Th/Sc vs. Cr/Th ra tios shows
(Fig. 16B) that shales fall into the field of fel sic par ent rocks
(Condie, 1993; Cullers, 2000; Mongelli et al., 2006). The Cr/V vs. 
Y/Ni (Fig. 16C) vari a tion sig nal ises a com po si tion com pa ra ble to 
PAAS and a fel sic source again. The iron-rich mudstones with
dom i nant Fe2+ min er als are rel a tively de pleted in V, Ni (and U),
but their val ues do not change and in di cate that these el e ments
were con cen trated in weath ered sil i cates de rived from fel sic
protolith. The re cy cled char ac ter of the up per part of the se -
quence sug gests a dif fer ent source and prov e nance of the sed i -
ment (Fig. 16D, E). How ever, a rel a tive in crease Hf and a higher
Zr/Sc ra tio in the beds sug gest only fel sic or mixed fel sic (mag -
matic or meta mor phic) ma te rial from pas sive con ti nen tal
sources but not vol ca nic rocks (Floyd and Leveridge, 1987). 

SEDIMENTARY AND CLIMATIC CONDITIONS

Or ganic mat ter ac cu mu la tion was fa cil i tated by a hu mid cli -
mate when larger flooded ar eas cre ated op ti mal con di tions for
palustrine veg e ta tion. Coal ho ri zons and laminae with plant root
re mains could in di cate palaeosols (fos sil soils) which have been
sub se quently eroded (Michalík et al., 1988). The cy cle li thol ogy
is con sis tent with pe ri odic changes (deep en ing and shallowing)
with flu vial in put of or ganic mat ter from spo rad i cally flooded ar -
eas. Dis tri bu tion of re dox-sen si tive el e ments and or ganic mat ter
are used to spec ify sed i men tary con di tions. While the lack of sul -

phur or the Fe-en rich ment in the se quence can not rep re sent a
sim ple sed i men tary sig nal (be ing a prob a ble re sult of deep
weath er ing, lac us trine wa ter sat u ra tion, vol ca nic in put, oxic con -
di tions), trace el e ments – U, V, Ni, Eu and their ra tios are more
re call ing (Ta ble 3 and 4). Higher con tents of U and other el e -
ments were re corded in these “black shales” by Michalík et al.
(1988). The con tent of U (higher than in PAAS) in di cates U mo -
bi li za tion in a sed i men tary ba sin due to pro duc tion of bio mass
and ac cu mu la tion of or ganic mat ter (Ta ble 4; Fig. 14). Low to
neg a tive U vs. V and V/V + Ni with Corg vari a tion oc curred in the
suc ces sion. The V/V + Ni (Ta ble 4) data do not change through
the sec tion in di cat ing con sis tent link of V and Ni with the par ent
rock weath er ing and gen er ated clays and no mo bi li za tion due to
or ganic mat ter ac cu mu la tion in a sed i men tary ba sin.  The
iron-rich mudstones sam ples are rel a tive more de pleted in V
and Ni be cause new-formed sid er ite di luted the clay. Mudstones 
sam ples are slightly en riched in U, Mn and Co (Ta ble 3) and
some U, Mn and Co mo bi li za tion in the sed i men tary ba sin can
be sup posed. The palaeosol sid er ite (Shel don and Ta bor, 2009)
formed in Eh-re duced and pH-acidic chem i cal sys tems which
de vel oped dur ing wet and bio-pro duc tive times. The el e ments
may have been leached and gained by newly formed or sur -
face-ac tive min er als. The Eu dis tri bu tion in the sec tion (Ta ble 3;
Fig. 15B, D) and high pos i tive Eu anom aly in the Fe-rich
mudstones  sam ples re flects the more Eh-re duced but mainly 
HCO3

-  sat u rated realm where Eu was se lec tively re mobi lised
and en riched  the Fe-en riched mudstones. Other REE dis tri bu -
tions (Ta ble 3; Fig. 15) in di cates an en rich ment dur ing weath er -
ing pro cess only. 

BURIAL HISTORY AND PALAEO-RECONSTRUCTION 

As sem blages of clay min er als are used as a tool for re con -
struc tion of palaeoclimate and palaeoenvironment in var i ous
sed i men tary mod els (e.g., Chamley, 1989; Weaver, 1989;
Gingele et al., 1998; Heimhofer et al., 2008; Bristow et al., 2009). 
Kaolinite, illitic min er als, berthierine and chlorite have been de -
ter mined in the Tomanová Fm. of the Èervený Úplaz ra vine (Ta -
ble 2; Figs. 9 and 10). They can be authigenic but also de tri tal. 

Con tin u ous illitization of smectite via in ter me di ate
mixed-layer illite-smectite (I–S) is among to the most im por tant
phe nom ena of burial his tory of shales (Kisch, 1983; Œrodoñ and
Eberl, 1984). Illitic I–S (10–15% of smectitic interlayers) was de -
ter mined in the sec tion stud ied. This stage of illitization could re -
sult from the burial tem per a ture (about 180–200°C; Polastro,
1993; Šucha et al., 1993). How ever, we do not in fer that the
stud ied sed i ments ex pe ri enced late diagenesis be cause of the
pres ence of berthierine which is a  typ i cal min eral of very early
diagenesis (Odin et al., 1988; Morad et al., 2000). It is trans -
formed to chamosite at tem per a ture over 70°C (Hill ier, 1994;
Hornibrook and Longstaffe, 1996). I–S and chlorite are as sumed 
as de tri tal min eral phases that did not un dergo sig nif i cant
changes af ter de po si tion. The pres ence of dis or dered kaolinite,
the ma jor clay min eral in the sec tion stud ied, also sup ports the
as sump tion that the Èervený Úplaz ra vine clay min er als were
not mark edly trans formed af ter de po si tion. Kaolinite is a typ i cal
prod uct of lateritic weath er ing in a warm cli mate where pre cip i ta -
tion is greater than 80–120 cm per year (Chamley, 1989;
Weaver, 1989). The triclinic struc ture of kaolinite from the weath -
er ing zone is de stroyed dur ing ero sion, trans port, sed i men ta tion
and early diagenesis to dis or dered kaolinite (Shutov et al., 1970;
Kisch, 1983). The ini tial struc ture is re cov ered and con sec u tively 
trans formed to dickite. Kaolinite is very of ten neo-formed at an
early stage of diagenesis and, sub se quently, it may be trans -
formed to illite dur ing late diagenesis. How ever, these pro cesses 
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are char ac ter is ti cally of po rous, sandy rocks. Kaolinite dis ap -
pears with burial depth (Kisch, 1983; Lanson et al., 2001). None
of these fea tures were ob served, ex cept the pres ence of dis or -
dered kaolinite. This in di cates rather a re sid ual or i gin of the
kaolinite.

As men tioned above, berthierine is an authigenic clay min -
eral in the sec tion stud ied. Berthierine forms in shal low-wa ter
mar ginal ma rine or estuarine and deltaic sed i ments in a warm
sub trop i cal cli mate (Odin et al., 1988; Weaver, 1989; Hornibrook 
and Longstaffe, 1996; Morad et al., 2000). It re quires an iron
sup ply and anoxic con di tions, but they should be mar gin ally
more oxic than the en vi ron ment in which sid er ite pre cip i -
tates.The amount of sid er ite (39 wt.%; Ta ble 4, Fig. 10) in sam -
ple 13R is a proxy of in creas ing an oxia. A sig nif i cant amount of
kaolinite, over 30 wt.% on av er age, also in di cates a mar ginal
depositional en vi ron ment be tween con ti nen tal and ma rine in a
warm and hu mid cli mate.  A de crease in the kaolinite vs. 2:1 Al
dioctahedral phyllosilicates ra tio up wards in the sec tion re flects
changes in the weath ered host rock and/or in creas ing sa lin ity of
the trans port ing river. Illite floc cu la tion and de po si tion rate in -
crease with in creases in sa lin ity in com par i son with kaolinite
(Weaver, 1989) and set tle out a lit tle faster. Com pa ra ble clay
min eral dis tri bu tions ex cept for pres ence of the berthierine have
been re ported by sev eral au thors (Ahlberg et al., 2003; Michalík
et al., 2010; Zajzon et al., 2012) from Tri as sic-Ju ras sic bound ary 
sec tions. How ever, the strik ing dif fer ence be tween the min er al -
ogy of the Rhaetian Tomanová and Dudziniec for ma tions (Ta -
ble 2) sug gests a sed i men tary gap con nected with a ma rine
trans gres sion. 

PALAEOGEOGRAPHICAL POSITION OF THE AREA

Ka olin weath er ing crusts formed dur ing the lat est Tri as sic to
Early Ju ras sic world wide can be po ten tially used as cli ma tic and
palaeogeographic proxy of the T/J bound ary se quence and
long-dis tance ba sin cor re la tion (Ruffell et al., 2002; Prochnov et
al., 2006; Dera et al., 2009; Michalík et al., 2010; Zajzon et al.,
2012). In Cen tral Eu rope, the ka olin prov ince com prised a part of 
the Bo he mian Mas sif and part of the Bal tic Shield (e.g.,
Chamley, 1989; Kraus, 1989; Ahlberg et al., 2002, 2003;
Brañski, 2009). By con trast ka olin and ka olin clays oc cur ring in a 
wider area along the north ern Tethyan shore are
stratigraphically un cer tain, be ing mostly re de pos ited. The com -
plex geo log i cal evo lu tion of the Al pine Belt was not fa vour able
ei ther for pres er va tion of ka olin weath er ing crust or for iden ti fi ca -
tion of hypergene kaolinitization.  

Dur ing lat est Tri as sic and early Ju ras sic times, re de pos ited
kaolinite was pre served in the West ern Carpathians only (Kraus, 
1989). Quan ti ta tive sedimentological, min er al og i cal and geo -
chem i cal char ac ter is tics in di cate redeposition of ka olin sed i -
ments from the for mer weath er ing crusts. They orig i nated from
par ent fel sic rocks of the ad ja cent con ti nent in a warm hu mid cli -
mate. Both the trans port and the ac cu mu la tion of ma te rial in
sed i men tary bas ins were cli mate-con trolled as shown by the cy -
clic sed i men ta tion, dis tri bu tion and de tri tal char ac ter of the clay,
prop er ties of the quartz grains and geo chem i cal pa ram e ters. 

The in ten sity of diagenetic change of the sed i ment doc u -
mented by clay min er als is no ta bly low and suit able for
palaeoclimatic and palaeogeographic de duc tions. The pres ence 
of kaolinite, mainly berthierine, doc u ments sed i men tary con di -
tions. Berthierine along with sid er ite points to re duc tion con di -
tions in sed i ment re flect ing ac cu mu la tion of or ganic mat ter. This
con clu sion is sup ported by geo chem i cal pa ram e ters such as the 
dis tri bu tion of re dox-sen si tive el e ments. Thus, the Tomanová
For ma tion was de pos ited in a re gime af fected by in creas ing hu -

mid ity (if com pared with Carnian and Norian mod els) and by at -
mo spheric changes as so ci ated with the be gin ning of CAMP vol -
ca nism world wide (McRoberts et al., 1997; Pálfy et al., 2001;
Hautmann, 2004; Huynh and Poulsen, 2005; McElwain et al.,
2007; Berner and Beerling, 2007; Ruckwied and Götz, 2009;
Haas et al., 2010).      

In the Tethyan shelf area, the Tatric Zone as a part of
Variscan con sol i dated belt oc cu pied a spe cial po si tion (Fig. 17).
Due to its thick sialic base ment this block was el e vated, emerged
and ex posed to ka olin weath er ing dur ing the Late Tri as sic (Szulc
in Feist-Burkhardt et al., 2008). Ka olin bear ing sed i ments oc cur in
a sec ond ary po si tion on sev eral lo cal i ties, but with the ex cep tion
of the Tomanová Fm. (Michalík et al., 1976, 1988; Œrodoñ et al.,
2006) they have not been stud ied in de tail yet.

The re sult ing model re sem bles the con clu sions of Feist-
 Burkhardt et al. (2008, in clud ing their fig ure 13.15) ex plain ing
the re gime in the Ger man Keuper Ba sin by pe ri odic (400 ka ec -
cen tric ity cy cles) “mega-mon soonal” cir cu la tion from the
Tethyan Ocean im ping ing on the Vindelician moun tain belt. This
model (Fig. 17) would ex plain the cli mat i cally con trolled cyclicity
with semiarid and hu mid in ter vals ob served in our sec tion and
“pluvialized” con di tions (Feist-Burkhardt et al., 2008) trig ger ing
kaolinite crust for ma tion, its de struc tion and flu vial trans port.  

Sim i lar cli ma tic fluc tu a tions in flu enced also the ma rine sed i -
ments of the Dudziniec Fm. Sed i men ta tion was pe ri od i cally in -
flu enced by ae olian in put, and, in ter mit tently by freshwa ter in put
bring ing coarse quartz grains and resedimented fel sic ma te rial.
How ever, there is a lack of kaolinite, and the clay con tent in the
ma trix is re duced. 

These facts con cern the ques tion of the age of the ma rine
trans gres sion at the end of the Tri as sic. Szulc (in Feist-Burkhard
et al., 2008) pro posed a mid-Rhaetian trans gres sion in the Ger -
man Ba sin. The lithostratigraphy of top Tri as sic se quence of Al -
pine-Carpathian shelf does not sup port this  age de ter mi na tion
due to the lack (or rar ity) of in dex fos sils: the ma rine Koessen For -
ma tion over lies the Plattenkalk in the Al pine Bajuvaric Zone, the
Fatra For ma tion fol lows the Carpathian Keuper in the Fatric Zone
(Michalík et al., 2013). The Hybe and Norovica for ma tions oc cur
on top of the Dachstein Lime stone in the Hronic Zone of the West -
ern Carpathians. In all ar eas, trans gres sion (pre sum ably) started
dur ing the mid-Rhaetian. In the south ern most zones only, with a
con tin u ous fully ma rine se quence, Sevatian strata yield a
ammonite and cono dont fauna (Pálfy et al., 2001; Haas et al.,
2010; Csaszár et al., 2013). The mar ginal Tatric zone may have
been flooded some what later, but prob a bly be fore the end of the
Tri as sic (in ac cor dance with the coclusion of Radwañski, 1968): it
is sup ported by pre vi ous find ings of Rhaetian bi valves in the basal 
lime stone lay ers near to Valaská Belá in the Strážovské Vrchy
Mts. (Kochanová in Mahe¾, 1966). Ad di tional stud ies such as
(palyno- and magnetostratigraphy) are needed to re solve the pre -
cise tim ing of the transgressive event.

CONCLUSIONS

De spite the trun ca tion of the Tri as sic/Ju ras sic sed i men tary
re cord by ero sive events a de tailed study of the Èervený Úplaz
se quence of fers valu able data on palaeoclimate, sed i men tary
de vel op ment and palaeo ge ogra phy of the Tatric Unit in the
north ern most part of the Tethyan Do main.

1. The Tomanová For ma tion is built of shale with a high
kaolinite con tent (kaolinite » dioctahedral 2:1 phyllosilicates ±
chlorite), in di cat ing a wet cli mate dur ing late Rhaetian times con -
sis tent with con di tions else where across the Eu ro pean con ti nent 
(Rhaetian–Hettangian kaolinization pe riod). 
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2. Kaolinite crusts of in tensely weath ered el e vated ar eas
were eroded and trans ported into bas ins as in di cated by
lithofacies, by the min er al og i cal ho mo ge ne ity of the rock and by
its chem i cal com po si tion. The ra tio of kaolinite vs. dioctahedral
2:1 phyllosilicates in the shale in di cates  changes in the pat tern
of ero sion and sed i men ta tion. The chem i cal com po si tion in di -
cates a uni form source of strongly weath ered fel sic rocks.  

3.  The sand stone lay ers con tain mixed ae olian and flu vial
quartz grains with tex tural im ma tu rity of the sed i men tary ma te -
rial. Clastic grains reached min er al og i cal ma tu rity due to pro -
longed chem i cal weath er ing. The cy clic char ac ter (prob a bly
400 kyr ec cen tric ity cy cles) of the lithofacies, min er al ogy and
chem i cal prop er ties in di cate pe ri odic ero sion of kaolinite crusts
from a dis tant source area and their trans port down river.

4. The sedimention rate (83 mm/kyr ac cord ing to the
cyclostratigraphic anal y sis) re flect pat tern of rain fall. The pro -
duc tion and de cay of or ganic mat ter was con trolled by hu mid ity.
Chem i cal el e ments (U, V, and Eu) in clud ing large Fe in puts with
suc ces sive sid er ite and berthierine for ma tion were mo bi lized by
re duced con di tions. 

5. The char ac ter is tic C iso tope com po si tion in di cates a con ti -
nen tal or i gin of the or ganic mat ter. A rel a tive de crease in d13Corg

val ues of the Dudziniec For ma tion car bon ates in di cates ma rine
or ganic mat ter in puts and, in prin ci ple, it doc u ments ma rine

trans gres sion. The strati graphic dis tri bu tion and en vi ron men tal
sig nif i cance of the ben thic foraminifera are used to char ac ter ize
a grad ual sta bi li za tion of ma rine biota. Foraminifera in di cated a
late Rhaetian age. 

6. The cy cles pre served in these transgressive beds are of
sim i lar char ac ter as fin ing up wards parasequences of the
Tomanová For ma tion, be ing also of long ec cen tric ity type. How -
ever, the min er al ogy and geo chem i cal in di ces in di cate dif fer ent
sources  and trans port pro cesses. Their sed i men ta tion  rate at -
tained 25 mm/ka. Val ues of d18O and d13C in car bon ates doc u -
ment me te oric re-equil i bra tion within parasequences. 

7. Sands and clays of the Tomanová For ma tion orig i nated
from me chan i cal and chem i cal weath er ing of the Vindelician
High land. Pe ri od i cal cli ma tic changes (“megamonsoons” from
the Tethyan Do main) pro vided trans port of eroded ma te rial and
enroused palaeosoils for ma tion and bioproductivity in lac us trine
bas ins. Sea-level rise trig gered by ther mal ex pan sion of the
Cen tral At lan tic Rift was grad ual in the Tatric re gion be ing af -
fected by in put of ter res trial clastic sed i ment   both via fresh wa ter 
and by wind. 
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