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Ab stract: The pa per sum ma rizes the re sults of author’s stud ies on the en vi ron mental changes around the
Ce no ma nian–Tu ro nian Bound ary Event (CTBE) in the Outer Car pa thian ba sins lo cated close to the north ern
mar gin of the West ern Te thys, whose sea floor was situated be low the cal cite com pen sa tion depth. The sedi men -
tary, bi otic and chemi cal rec ords al lowed to rec og nize the suc ces sions re lated to the oce anic an oxic event (OAE-2) 
and trace changes around this event sedi ments within the frame of the sta ble car bon iso tope ex cur sion and
bi os tra tigraphic da tum events. The changes so traced in cluded changes in: type of deep- water sedi men ta tion,
ac cu mu la tion rate, pro duc tiv ity, oxy gena tion of bot tom wa ter and ben thic fo rami nif eral as sem blages.

Cor re la tion of the pa laeoen vi ron men tal changes with the car bon iso tope curve and bi os tra tigraphic da tum
events al lowed the com pari sons be tween the vari ous sedi men tary ar eas in the Outer Car pa thi ans, and with other
ar eas of the West ern Te thys. Most of the in ter preted events around the CTBE were syn chro nous in the north ern
branch of the West ern Te thys that ex tended to the Um bria–Marche and Sic ily car bon ate plat forms. These events
in cluded: (1) an in crease in pro duc tiv ity be fore the in ter val with the high est shift in d13C val ues, (2) the main
in ter val of organic- rich sedi men ta tion (Bonar elli level), (3) a rapid change to oxy gen ated sedi ments near the
Ce no ma nian–Tu ro nian (C–T) bound ary and con tin ued dur ing the Early Tu ro nian, (4) fluc tua tions in oxy gen
con tent in bot tom wa ters with short in ter vals of an oxia dur ing the ear li est Tu ro nian, (5) depo si tion of a thick
ben to nite layer, near the start of the d13C ex cur sion, roughly syn chro nous with the phase of a posi tive shift in Pb
iso topic com po si tions in the sili cate sedi ment frac tion in one of the Um bria–Marche sec tions, (6) an in ter val of
ex tremely low hemipe la gic sedi men ta tion with hia tuses near the base of the C–T bound ary and dur ing the ear li est
Tu ro nian, cor re lated with the maxi mum rise of the sea level.

The pre sented data from the Outer Car pa thi ans sug gest that the OAE-2 could be trig gered by en hanced
pro duc tiv ity; how ever, sub aer ial vol canic erup tions, ac com pa nied by hy dro ther mal ac tiv ity and for ma tion of large 
ig ne ous prov inces could also be a fac tor which en riched the ocean- atmosphere sys tem in CO2. Slug gish deep- 
water cir cu la tion, proba bly de te rio rat ing through the Late Ce no ma nian, fa voured pres er va tion of or ganic mat ter
dur ing the lat est Ce no ma nian. The mecha nism of rapid oxy gena tion of bot tom wa ters near the C–T bound ary was
re lated to re cur rent in flows of (?)sa line warm and oxy gen ated wa ters.
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IN TRO DUC TION

The wide spread ac cu mu la tion of or ganic car bon-rich
sed i ment ac com pa nied by a pos i tive d13C ex cur sion in ma -
rine car bon ates and or ganic mat ter across the Cenomanian–
Turonian bound ary (Late Cre ta ceous) is one of the most
prom i nent ep i sodes of the Me so zoic, de scribed as the Oce -
anic Anoxic Event (OAE-2) by Schlanger and Jenkyns

(1976) or as the “Cenomanian–Turonian Bound ary Event”
(CTBE) by Thurow and Kuhnt (1986). This event rep re -
sents pe riod dur ing which oce anic bot tom wa ters be came
de pleted in ox y gen for a long time and it in volved dis tur -
bances in var i ous groups of or gan isms (e.g., Kaiho, 1994;
Hal lam & Wignall, 1997; Peryt, 2004). The CTBE was also



time of cli mate per tur ba tion on a global scale, linked with
changes of oce anic wa ter tem per a ture (Ar thur et al., 1988;
Norris & Wil son, 1998; Norris et al., 2002; Voigt et al.,
2003; Gustafsson et al., 2003) re lated to changes in at mo -
spheric CO2-par tial pres sure (e.g., Barron et al., 1995;
Huber et al., 1995; Bice & Norris, 2002). Var i ous trig ger ing 
mech a nisms have been pro posed so far for OAE-2: (1) in -
creased oce anic CO2 de rived from ac tiv ity of large ig ne ous
prov inces (e.g., Sinton & Duncan, 1997; Kerr, 1998) in -
volv ing subaerial vol ca nism (Kuroda et al., 2007) and hy -
dro ther mal ac tiv ity (Snow et al., 2005), (2) in creased pro -
duc tiv ity (e.g., Larson & Erba, 1999; Kuhnt et al., 2005;
Mort et al., 2007), and (3) in creased po ten tial for or ganic
mat ter pres er va tion due to wa ter-col umn strat i fi ca tion and
low bot tom-wa ter cir cu la tion (e.g., Bralower & Thierstein,
1984; Sinninghe Damsté & Köster, 1998).

The CTBE was re corded mostly from epi con ti nen tal
seas, mar ginal shelves, and car bon ate plat forms of the Te -
thyan and At lan tic oceans (e.g., Jenkyns, 1980; Ar thur &
Premoli- Silva, 1982; Her bin et al., 1986; Kuhnt et al., 1990; 
Lu ciani & Co bi an chi, 1999; Strasser et al., 2001; Lün ing et
al., 2004; Scopel liti et al., 2004; Er bacher et al., 2005;
Kolo nic et al., 2005; B¹k K. et al., 2005; Wójcik- Tabol,
2006). Scarce data are known about this event in deep- water 
en vi ron ments be low the cal cium com pen sa tion depth
(CCD). Most of them are re lated to the North and Cen tral
At lan tic, where sec tions are strongly con densed (e.g.,
Kuhnt et al., 1990) or, most fre quently, hia tuses are pres ent
(e.g., Gra ci an sky et al., 1987). Deep- basin sedi ments are
also known from other parts of the West ern Te thys (Her bin

et al., 1986; Thurow et al., 1988; Kuhnt et al., 1990), but
only black shales from these suc ces sions have been stud ied
so far, for or ganic mat ter con tent and type of kero gene. The
sedi men tary and bi os tra tigraphic stud ies car ried out in the
Outer Car pa thi ans (B¹k K. et al., 2001) al lowed to rec og -
nize those parts of the deep- water sedi men tary suc ces sions
which rep re sent the CTBE from an en vi ron ment close to the 
north ern mar gin of the West ern Te thys. The later stud ies
were car ried out by the author (B¹k K., 2006, 2007a, b, in
press) in se lected sec tions in three tectonic- facies units of
the Pol ish Outer Car pa thi ans (Fig. 1) that cor re spond to two
mar ginal ba sins and a sub merdged ridge. The stud ies were
fo cused on in ter pre ta tion of pa laeoen vi ron men tal changes
around the CTBE. This pa per sum ma rizes the sedi men tary,
bi otic and chemi cal rec ords across the C–T bound ary (CTB) 
in the Outer Car pa thi ans and shows the cor re la tion of the
en vi ron mental changes at that time with the or bital time
scale, based on the sta ble carbon- isotope and bi os tra -
tigraphi cal data.

FA CIES SUC CES SION AROUND THE
CENOMANIAN–TURONIAN BOUND ARY

IN THE OUTER CARPATHIANS

All the sec tions in the Outer Car pa thi ans around the
CTB dis play a simi lar fa cies suc ces sion that in cludes a se -
ries of organic- rich shales, fol lowed by fer ro man ga nese
sedi ments. The CTB sedi ments in this area were in cluded
into the Bar na siówka Ra dio lar ian Shale For ma tion (BRSF;
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Fig. 1. Geo log i cal sketch-map of the Pol ish Carpathians (af ter ¯ytko, 1999) with lo ca tion of the stud ied sec tions: 1 – Zasañ, 2 –
Trzemeœnia, 3 – Barnasiówka-Ostra Góra and Barnasiówka-Jasienica, 4 – Sp³awa



B¹k K. et al., 2001). This unit was re corded in three of the
four nap pes in the Pol ish part of the Outer Car pa thi ans (the
Skole, Sub sile sian and Sile sian nap pes; Fig. 2). It proba bly
oc curs also in an other ma jor tec tonic unit, the Ma gura
Nappe, but strongly tec toni cally sheared sec tions from this
nappe (Oszc zypko et al., 2004) pre clude such cor re la tion.

The sec tions of the CTB sedi ments come from two
basi nal set tings: the Skole Ba sin (Sp³awa sec tion; B¹k K.,
2007b, in press), the Sile sian Ba sin (Barnasiówka-Jasie-
nica, Barnasiówka- Ostra Góra and Trze meœnia sec tions;
B¹k K., 2007a), and the the Sub sile sian sub ma rine ridge
(Zasañ sec tion; B¹k, K., 2006) (Fig. 3). In all these sec tions, 
the Up per Ce no ma nian suc ces sions con sist of thin- bedded
tur bid ites which con tain mainly bio genic ma te rial, rich in
sponge spic ules, ra dio lari ans, cal care ous ben thic fo ra mini -
fers, non- keeled plank tonic fo ra mini fers and cal care ous
nan no plank ton. Sili ci clas tic grains in clude mainly quartz
and glau co nite. The tur bid ites were laid down in deep- water 
con di tions, on a sea floor be low the CCD. The hemipe la gic
sedi ments that al ter nate with the tur bid ites are non-
 calcareous radiolarian- rich green shales. This suc ces sion in -
cludes also thin lay ers of black organic- rich shales, whose
number in creases sig nifi cantly up the sec tions.

There is a grad ual pas sage from the tur bid ite (or cal ci -
tur bid ite) to the organic- rich fa cies, which is 2–3 m thick.
This fa cies con tains organic- rich shales with TOC val ues at -
tain ing 8%, in ter ca lated with green ra dio lar ian shales and
ben to nites. This fa cies is cor re lated with the Bonar elli level
of the Um bria–Marche area, It aly (Ar thur & Pre moli Silva,
1982).

In all the stud ied sec tions, the organic- rich sedi ments
are fol lowed by a Fe- Mn layer with macronod ules, up to
9 cm thick. The nod ules are built of Ca- rhodochrosite crys -
tals in their cores, and of Fe- Mn oxides- hydroxides, as
pseu do morphs af ter Mn car bon ates, in their outer black
rims. These Fe- Mn sedi ments are fol lowed by red and green 
par al lel- lam i nated shales (40–90 cm) which in clude Fe and
Fe- Mn in crusta tions and mi cro nod ules, fol lowed in turn by
orga- nic-rich shale and the sec ond Fe- Mn layer with ma-
cronodules at the top. The over ly ing suc ces sion of Varie -
gated Shales con sists of hemipe la gic red and green non-cal -
car e ous shales and of tur bid ites with sponge spic ules and
siliciclastic ma te rial, with spo radic in ter ca la tions of or -
ganic-rich shales.
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Fig. 2. Lithostratigraphy of the Cenomanian–Turonian sed i ments in the Pol ish part of the Outer Carpathians (af ter Koszarski &
Œl¹czka, 1973; Kotlarczyk, 1978; Gucik, 1987; Gucik et al., 1991; B¹k K. et al., 2001

Ta ble 1

Num ber of sam ples used in var i ous micropalaeontological and geo chem i cal stud ies (B¹k, 2006, 2007a, b, in press)

Microfossil
analyses from

extracted samples

Microfacies
analyses from thin

sections
d13C analyses

Pyrolitic analyses
and TOC

measurements

Bulk chemical
analyses

XRD analyses

Trzemeœnia -
Barnasiówka
composite section

77 106 30 46 59 4

Sp³awa section 47 46 18 13 45 6

Zasañ section 28 15 23 6 6 16



MA TE RIAL AND METH ODS

This syn the sis is based on vari ous mi cro pa lae on to logi -
cal and geo chemi cal stud ies in four sec tions (Ta ble 1). Mi -
cro fos sils (fo ra mini fers and ra dio lari ans) were ex tracted

from 152 sam ples. Mi cro fa cies were ana lysed in 167 thin
sec tions. Car bon iso tope analy ses of or ganic car bon were
per formed on 71 sam ples. Rock- Eval analy ses were per -
formed on 65 sam ples to ob tain to tal or ganic car bon (TOC)
con tent and py ro litic in di ces. Bulk chemi cal com po si tion of
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Fig. 3. Cor re la tion of the stud ied Up per Cenomanian–Lower Turonian sec tions in the Pol ish Outer Carpathians with foraminiferal and
radiolarian da tum events; arg – ar gil la ceous, C. cach. – Crucella cachensis, CTB – Cenomanian–Turonian bound ary in ter val, DWAF –
deep-wa ter ag glu ti nated foraminifers, H. helv. – Helvetoglobotruncana helvetica, Mikusz. – Mikuszowice, P. andr. – Patellula andrusovi, 
P. ecl. – Patellula ecliptica, R. cush. Z. – Rotalipora cushmani Zone, sil – si li ceous, Si-Mn – si li ceous – manganiferous. Note that the CTB 
is placed here bas ing on the chemostratigraphic data (for de tails – see Fig. 6). Hor i zon tal lines along the sec tions point to the sam ples po si -
tion (for num ber ing – see B¹k K., 2006, 2007a, in press)



sedi ments was meas ured in 110 sam ples and sup ple mented
by point chemi cal analy ses us ing EDS. Min eral com po si -
tion of 26 sam ples was de ter mined by X- ray dif frac tion
analy sis (XRD).

STRA TIG RA PHY OF THE C–T
BOUND ARY IN TER VAL IN THE OUTER

CARPATHIANS

Biostratigraphy

Bi os tra tigra phy of the CTB in ter val in the Outer Car pa -
thi ans is based on fo rami nif eral and ra dio lar ian da tum
events (Fig. 3). The tur bid ite suc ces sion at the base of the
stud ied sec tions and the over ly ing organic- rich fa cies
(Bonarelli- equivalent level) rep re sent the time pe riod af ter
ex tinc tion of Ro tali pora mor pho types, cor re spond ing to the
lower part of fo rami nif eral Whitei nella ar chaeo cre ta cea
Zone (Up per Ce no ma nian). Five ra dio lar ian spe cies ap pear
suc ces sively in this suc ces sion (B¹k M., 1999, 2000, 2004;
B¹k K. et al., 2001; B¹k K. et al., 2005; B¹k M. et al.,
2005), in clud ing Hemicryp to capsa pre poly he dra, H. poly -
he dra, Pseu do dic tyo mi tra ti ara, Pa tel lula an dru sovi and P.
eclip tica. Both Pa tel lula spe cies ap pear near the base of the
si li ceous part of the organic- rich fa cies (see be low). These
ra dio lar ian da tum events, char ac ter is tic also of sec tions
from Um bria–Marche, the North At lan tic Ocean and the Pa -
cific Ocean (e.g., Fore man, 1975; Pes sa gno, 1976; Take-
tani, 1982; Thurow, 1988; Marcucci- Passerini et al., 1991;
O’Dog herty, 1994; Musavu- Moussavou & Dan el ian,
2006), cor re spond to the Up per Ce no ma nian (sum mary in
B¹k M., 2000, 2004).

The base of the Turonian could not be here un equiv o -
cally lo cated be cause of the rare oc cur rence of microfossils
and their poor state of pres er va tion. The Cenomanian–Turo- 
nian bound ary lies within a 3–5 m thick suc ces sion (Fig. 3)
as shown by the da tum events of foraminiferal spe cies, such 
as the ex tinc tion of deep-wa ter ag glu ti nated foraminifers
and the first oc cur rences (FOs) of Uvigerinammina jankoi
and Helvetoglobotruncana helvetica. The FO of radiolarian
spe cies such as Crucella cachensis and Alievum superbum,
re garded as the mark ers of the Lower Turonian (Pessagno,
1976; Schaaf, 1985; Thurow, 1988; O’Dogherty, 1994;
Erbacher & Thurow, 1997; B¹k M. & B¹k K., 1999; B¹k
M., 2000, 2004), con firm the po si tion of the CTB within
this in ter val; it is lo cated in the in ter val be tween the top of
the or ganic-rich fa cies and some where in the low er most
part of the Variegated Shales.

Chemostratigraphy

More pre cise stra tig ra phy of the CTB in ter val in the
Outer Carpathians is en abled by sta ble car bon iso tope data.
This is re lated to the world wide car bon ex cur sion which
took place in the lat est Cenomanian (e.g., Scholle & Ar thur,
1980; Ar thur et al., 1988; Peryt & Wyrwicka, 1991, 1993;
Gale et al., 1993; Jenkyns et al., 1994; Paul et al., 1999;

Voigt, 2000; Stoll & Schrag, 2000; Keller et al., 2001,
2004; Bow man & Bralower, 2005; Erbacher et al., 2005;
Fischer et al., 2005; Gale et al., 2005; Kuhnt et al., 2005;
Sageman et al., 2006; Voigt et al., 2007). The struc ture of
this curve, re corded at the GSSP sec tion at Pueblo (Col o -
rado, USA; Sageman et al., 2006) and in the ref er ence key
sec tions of this bound ary at Wadi Bahlul, Tu ni sia (Caron et
al., 2006) and Eastbourne, Eng land (Gale et al., 2005), en -
ables cor re la tion of these geo chem i cal data with the FO of
the ammonite Watinoceras devonense, a biomarker of the
CTB (Bengston, 1996; Ken nedy et al., 2005; Gradstein et
al., 2004). This bound ary lies close to the max i mum peak of 
d13C that ter mi nates d13C high val ues in this sec tion (pla -
teau in ter val sensu Pratt, 1985). A cor re la tion of the or ganic 
car bon curves from the Outer Carpathians with the high res -
o lu tion data from the Pueblo (Sageman et al., 2006), Wadi
Bahlul (Caron et al., 2006), Gubbio (Tsikos et al., 2004)
and Calabianca (Scopelliti et al., 2004) sec tions was pre -
sented by B¹k K. (2007a, in press). The CTB lies within the
0.5–0.9 m thick in ter val in the Outer Carpathian sec tions,
be tween the base of the first Fe-Mn layer and the base of the 
first or ganic-rich shale, which di rectly un der lies the sec ond
Fe-Mn layer (Fig. 4).

EN VI RON MEN TAL CHANGES DUR ING
THE C–T BOUND ARY EVENT IN THE

OUTER CARPATHIAN BAS INS

Or ganic-rich sed i men ta tion

Black or ganic-rich shales and mudstones are the most
char ac ter is tic lithologies in the CTB sec tions (Fig. 5). The
thick est in ter val with the black shales, 1.8–2.4 m thick, lies
be tween the turbidite (or calciturbidite) suc ces sion and the
first Fe-Mn layer in all Outer Carpathian nappes (its higher
thick ness – 3.1 m – in the Trzemeœnia sec tion is due to tec -
tonic rep e ti tion). This fa cies, cor re spond ing to the Bonarelli 
level in the Umbria–Marche (Appeninnes), con tains a
dozen or so black shale (mudstone) lay ers, in ter ca lated with
green shales (mudstones, partly bentonites). The microfa-
cies of the green shales (B¹k K, 2006, 2007a, b, in press)
dis play fea tures char ac ter is tic of hemipelagic sed i ments
(en riched in radio lar ians). How ever, thin laminae in these
shales may have re sulted from di luted grav ity flows or from
ac tion of bot tom cur rents. Black shales are par al lel-lam i -
nated and less rich in radio lar ians. In all sec tions, two parts
of or ganic-rich fa cies could be dis tin guished in re la tion to
the sil ica con tent, which in creases by about 20% in its
higher part (up to 77% in the Barnasiówka-Ostra Góra sec -
tion). The lower part in cludes thick ben ton ite lay ers, which
are prac ti cally ab sent in the up per part.

Tim ing of the main phase of or ganic-rich sed i men ta tion
with re spect to OAE-2 in the Outer Carpathians

The du ra tion of anoxic con di tions and black shale sed i -
men ta tion dur ing the C–T tran si tion var ied from ba sin to
ba sin, due to dif fer ences in re gional re lief, wa ter depth, cir -
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cu la tion and sur face pro duc tiv ity (as in shelf bas ins and
slopes across North Af rica and deep-sea bas ins of the ad ja -
cent oceans; Lüning et al., 2004). Con se quently, there is a
ques tion about the re la tion of the or ganic-rich strata from
the Outer Carpathian bas ins to the OAE-2, whose def i ni tion
is based not on the “black shale event” (Herbin et al., 1986)
but on the pos i tive car bon-iso tope ex cur sion and its com -
plex struc ture. Re cently, two def i ni tions of the OAE-2 were
pre sented in lit er a ture. In both the lower bound ary is de -
fined sim i larly, at the be gin ning of the d13C ex cur sion (e.g.,
Kuhnt et al., 2005). The dif fer ences con cern the end of the
OAE-2. In a con ser va tive es ti mate (Kuypers et al., 2002),
the OAE-2 ex tends up to the end of the “pla teau in ter val” of
Pratt (1994) that cor re sponds to the lower part of the W.
devonense Zone (Sageman et al., 2006). In the sec ond def i -

ni tion (Sageman et al., 2006), the end of the OAE-2 is
placed at the base of the in ter val with higher d13C val ues
within the post-pla teau iso tope in ter val.

The cor re la tion of the car bon iso tope pro files from the
Outer Carpathians with other CTB sec tions (B¹k K., 2007a,
in press) shows that de po si tion of the or ganic-rich fa cies is
an ex pres sion of OAE-2 and it rep re sents the main phase of
this event (Fig. 6). The base of the OAE-2 lies within the
up per most part of the turbidite suc ces sion (1–1.5 m be low
its top). Sim i lar po si tion of the base is also re corded from
the Bonarelli level in the Umbria–Marche sec tions (cf.
Tsikos et al., 2004). The ter mi na tion of this event was not
rec og nized here, be cause of the lack of or ganic car bon sta -
ble iso tope data from the ox i dized se ries that over lies the or -
ganic-rich fa cies, and be cause of the pres ence of hi a tuses re -
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Fig. 4. Cor re la tion of car bon iso tope data around the Cenomanian–Turonian bound ary in ter val (CTB) in the Pol ish Outer Carpathians
(B¹k K., 2007a, in press). A, B, C, D – chemostratigraphic points used for this cor re la tion



flected, among oth ers, by the Fe-Mn layer. The cor re la tion
of the car bon curve struc ture and lithological suc ces sions in
the Prealpes (Strasser et al., 2001), Umbria–Marche (Tsikos 
et al., 2004) and Sic ily (Scopelliti et al., 2004) sec tions

shows that the main phase of or ganic rich sed i men ta tion
was nearly syn chro nous in the West ern Tethys. It
corresponds to the youngest 400–500 kyr of the Late Ceno-
manian.
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Fig. 5. Cor re la tion of the Up per Cenomanian or ganic-rich fa cies (Bonarelli-equiv a lent level) in the Pol ish Outer Carpathians. Note that 
the OAE-2 or ganic-rich sed i ments at the Zasañ sec tion are pre sented on the ba sis of new field stud ies in 2006
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Cor re la tion of or ganic-rich shales in the Outer
Carpathian CTBE sec tions

Cor re la tion of the or ganic-rich shales be tween the
Outer Carpathian sec tions is not pos si ble in the Up per
Cenomanian turbidite suc ces sions be cause of the lo cal sea
floor re lief. Even in the neigh bour ing sec tions at the
Barnasiówka Ridge (Ostra Góra is 2 km away from the
Jasienica sec tion), the num ber and thick ness of black shale
lay ers var ies in this suc ces sion. The same is true for the or -
ganic-rich fa cies of the Bonarelli-equiv a lent level. How -
ever, in this case, three parts have been dis tin guished in the
black shale in ter val, bas ing on chang ing sil ica con tent and
thick ness of the green shales (Fig. 5). The best cor re la tive
black shale ho ri zon oc curs at the base of the sec ond Fe-Mn
layer, near the top of the BRSF (Fig. 4). It is well rec og niz -
able in all stud ied sec tions. Most prob a bly this ho ri zon may
be cor re lated with the or ganic-rich shale in the post-Bona-
relli fa cies, found in the Rot ter Satel sec tion of the Prealps
(Strasser et al., 2001), and the Rottergraben sec tion of the

Helvetic Zone (Wagreich et al., in press) sec tions. This ho -
ri zon re cords de crease in ox y gen con tent dur ing the ear li est
Turonian high sea level stand. In the Var ie gated Shales, the
num ber and thick nesses of the black or ganic-rich shales
vary from sec tion to sec tion, be ing de pend ent on the size
and fre quency of tur bid ity cur rents.

Or i gin, con tents and ac cu mu la tion rate of or ganic mat ter
Pyrolitic anal y ses of or ganic-rich shales (B¹k K., 2006,

2007a, in press) dem on strate changes in or i gin of or ganic
mat ter sup plied to the sea floor dur ing the Late Cenoma-
nian–Early Turonian (Fig. 7). The black shales in the Up per
Cenomanian turbidite (or calciturbidite) suc ces sion con tain
rel a tively small amount of or ganic mat ter (TOC val ues be -
tween 1 and 3.5%) of mixed land and ma rine or i gin (mainly
III type of kerogen). Con tent of or ganic mat ter of ma rine or -
i gin (II type of kerogen) is sig nif i cantly higher in the black
shales of the Bonarelli-equiv a lent level (TOC val ues be -
tween 3 and 8%). The same type of or ganic mat ter oc curs in
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Fig. 7. Rock-Eval hy dro gen in dex ver sus tem per a ture of max i mum hy dro car bon evo lu tion of Up per Cenomanian–Lower Turonian or -
ganic-rich shales in the Pol ish Outer Carpathians; type IIb, III, and type IV in di cate ap prox i mate evo lu tion for dif fer ent end-mem ber types 
of sed i men tary or ganic mat ter as de fined by Tissot and Welte (1985)



thin black shale lay ers that di rectly un der lie the sec ond
Fe-Mn layer (the top of the BRSF) and in the low er most
part of the Var ie gated Shales cor re spond ing to the low er -
most Turonian. The TOC con tent in these sed i ments is the
high est in the whole CTB in ter val, reach ing even 18%. The
youn ger, but still Early Turonian, black shales con tain less
or ganic mat ter (TOC be tween 1 and 3%), and most of them
are land-de rived.

The pre sented changes in the type of or ganic mat ter in
hemipelagic sed i ments, co in ci dent with fluc tu a tions of ac -
cu mu la tion rate, are re lated to sea level changes around the
CTBE and to low tec tonic ac tiv ity in the sur round ing ar eas.
Eustatic sea level rise dur ing this event, with its max i mum
in the ear li est Turonian (cf. Jarvis et al., 2006), caused a de -
crease in sup ply of siliciclastic ma te rial to the Tethyan mar -
ginal bas ins and could pro mote in creased nu tri ent sup ply to
sur face wa ters that would have sup ported in creased pro duc -
tiv ity in epicontinental seas and marginal deep basins.

Dur ing the Bonarelli-equiv a lent in ter val, the cal cu lated
mean ac cu mu la tion rate of or ganic mat ter for the black
shales was 0.5 g/m2/year in the Silesian and Skole nappes
(de tails in B¹k K., in press). This is slightly higher than in
other mar ginal bas ins of the West ern Tethys (cf. Kuhnt et
al., 1990) sug gest ing en hanced pro duc tiv ity in surface
waters.

Re cords of pri mary pro duc tiv ity

Palaeoproductivity around the CTBE in the Outer
Carpathians was dis cussed in de tails by B¹k K. (2007a, b).
Ac cord ing to this dis cus sion, in creased pro duc tiv ity dur ing
the OAE-2 is well sup ported by data. The sig nif i cant in -
crease in sur face pro duc tiv ity took place in the in ter val of
the larg est pos i tive car bon-iso tope shift (in ter val be tween
points ‘A’ and ‘B’ in Fig. 3). In this in ter val, the sil ica and
bar ium in di ces (Ba/Al and Si/Al ra tios), re garded as prox ies 
of pri mary pro duc tiv ity, show in creases of nearly 40% and
20%, re spec tively. The shift of these val ues is re lated to the
be gin ning of the larg est eustatic sea level rise (even 40 m
dur ing the OAE-2; Jarvis et al., 2006), which fa voured or -
ganic and si li ceous plank ton pro duc tion in the epicontinen-
tal seas and mar ginal bas ins.

The in crease in pro duc tiv ity near the base of the d13C
pos i tive ex cur sion in ter val could be nearly syn chro nous in
the Tethyan bas ins as shown by Mort et al. (2007), who an a -
lyzed ac cu mu la tion rates of phos pho rus, or ganic mat ter, and 
authigenic phos phate. The rates were ris ing and ar rived at a
dis tinct max i mum at the on set of the OAE-2.

A high en rich ment in bar ium, a proxy of pro duc tiv ity,
oc curs also in the first Fe-Mn layer, ly ing di rectly above the
Bonarelli-equiv a lent level at the Sp³awa sec tion, the Skole
Nappe. This en rich ment is three times higher than that re -
ported from the Pa cific and At lan tic oceans (Dymond et al.,
1992) and sim i lar to that in well-ox y gen ated sed i ments in
the Ara bian Sea, an area of high pri mary pro duc tiv ity
(Schenau et al., 2001). This sup ports the sug ges tion that the
in creased pro duc tiv ity, at least in the Skole Ba sin lasted also 
af ter the OAE-2, during the earliest Turonian.

The oc cur rence of nu mer ous radiolarian-rich lay ers in
the whole CTB in ter val, dom i nated by small op por tu nis tic
spec i mens of the ge nus Holocryptocanium may re flect an
in crease in upwelling. How ever, a com par i son of the con -
tents of pro duc tiv ity-sen si tive el e ments in the deep-wa ter
sec tions of the West ern Tethys seems to show that pri mary
pro duc tiv ity in the Outer Carpathian bas ins was lower than
in the Umbria–Marche and Sic ily bas ins. These dif fer ences
could be re lated to dif fer ences in palaeogeographic sit u a -
tions of these ar eas, namely the more dis tal po si tion of the
Outer Carpathian ba sin floor in re la tion to the mar ginal
shelves of the Eu ro pean Plat form, which could be ar eas of
high sur face pro duc tiv ity. The Up per Cenomanian sed i -
ments with abun dant radio lar ians and cop ro lites drilled in
the Zagórzyce-6 well (Moryc, 1997) may con firm the
existence of coastal upwelling with highly pro duc tive
surface water during this time on the shelf of the European
Platform.

Ox y gen a tion of bot tom wa ter

The changes in ox y gen con tent at the sea floor have
been in ter preted on the ba sis of deep-wa ter ag glu ti nated
foraminiferal (DWAF) as sem blages, chem i cal in di ces, mi -
crofa cies and or ganic mat ter con tent in the sed i ment. Gen er -
ally, three in ter vals of var i ous state of ox y gen a tion could be
dis tin guished around the CTBE of the Outer Carpathian
bas ins (see Fig. 8): the first one, char ac ter is tic for sed i men -
ta tion of the Up per Cenomanian turbidite (or calciturbidite)
suc ces sion, the sec ond one, typ i cal of the lat est Cenomanian 
or ganic-rich sed i men ta tion, and the third one, char ac ter is tic
of the ear li est Turonian.

Dur ing the first in ter val, Eh fluc tu ated at the sea floor
from oxic to anoxic val ues. Light-green hemipelagic shales
in clud ing rel a tively well di ver si fied DWAF as sem blages
with infaunal forms re cord oxic-dysoxic con di tions. The
mod er ate-low val ues of re dox in di ces, such as U/Th and
V/(V+Ni), and oc cur rence of abun dant bioturbation of
struc tures con firm this in ter pre ta tion. On the other hand, the 
black or ganic-rich shales (TOC: 1–3.5%) de void of ben thic
foraminifers or con tain ing rare and poorly di verse as sem -
blages of Biofacies B sensu Kuhnt and Kaminski (1989),
with very small sil ica-ce mented forms, are char ac ter is tic of
ox y gen-de pleted con di tions. High val ues of chem i cal re dox
in di ces sug gest in this case even anoxic con di tions. This
disagree ment with the bi otic sig nal about the Eh val ues is
here in ter preted as the long-termed an oxia which caused the 
or ganic-rich sed i men ta tion, al ter nat ing with short in ter vals
of better ox y gen a tion, prob a bly in duced by bot tom cur rent
ac tiv ity, which en abled col o ni za tion of ben thic foramini-
fers. Dur ing the late phase of this in ter val, tem po rary dis ap -
pear ance of DWAF is noted; some taxa also be came extinct. 
The abundance and diversity of DWAF gradually decreases
(from 15–19 species to 5–7 species).

This Late Cenomanian in ter val of gen er ally ox y gen-de -
pleted con di tions could be re lated to en hanced (?fluc tu at -
ing) pro duc tiv ity with fluxes of or ganic mat ter to the sed i -
ments from one side, and to a rel a tively high po ten tial of ox -
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i da tion in bot tom wa ters from the other side, which re sulted
in dysoxic con di tions at the sea floor (sim i lar fluc tu a tions of 
phos pho rous con tents are de scribed by Mort et al., 2007).

Dur ing the main phase of the OAE-2, re corded by the
main phase of or ganic-rich sed i men ta tion (Bonarelli-equiv -
a lent level), the num ber and tim ing of anoxic (euxinic) pe ri -
ods in creased. Taking into ac count the bi otic and chem i cal
re dox in di ces (B¹k K., 2007a, b), this in ter val could be di -
vided into three subintervals. Firstly, an oxia has been in ter -
rupted by lon ger pe ri ods with better ox y gen a tion, marked
by de po si tion of green shales. The dysoxic con di tions,
prob a bly short-termed, oc curred also dur ing the sed i men ta -
tion of black or ganic-rich shales (TOC up to 3%), as shown
by the oc cur rence of Pseudobolivina-dom i nated as sem -
blages in this sed i ment. Such biofacies could be re lated to
the Cre ta ceous Gabonita-biofacies (e.g., Holbourn et al.,
1999) and to mod ern buliminid-bolivinid as sem blages in
ox y gen-de pleted ar eas with en hanced sup ply of or ganic
mat ter (e.g., Schumacher et al., 2007). Green shales in the
first subinterval of OAE-2 rep re sent pe ri ods of low ox y gen
lev els at the sea floor as in di cated by the pres ence of low
ox y gen tol er ant ben thic foraminifers of the Biofacies B. The 
sec ond subinterval with lon gest last ing anoxic (euxinic)
con di tions is re flected by a dozen or so thick lay ers of par al -
lel-lam i nated black or ganic-rich shales (TOC: 3–8%), de -
void of DWAF. This subinterval be gun at the level of the
high est shift in d13C. An oxia was in ter rupted by short-
termed (?)dysoxic con di tions, re flected by dark-green
shales. Chem i cal in di ces point to slightly better ox y gen a tion 
dur ing sed i men ta tion of the green shales, though no ben thic
foraminifers have been found in this sed i ment. Rare op por -
tu nis tic DWAF (Biofacies B) ap peared dur ing the third,
short est subinterval of OAE-2; they have been found in the
thick green shales. The du ra tion of an oxia in this subinterval 
was shorter, as marked by the thin black shales with a high
TOC con tent (above 5%).

A dis tinct change in ox y gen a tion is re flected by the ear -
li est Turonian si li ceous-manganiferous shale suc ces sion
that in cludes the two Fe-Mn lay ers. This change is marked
by the be gin ning of the Fe-Mn pre cip i ta tion (for de tails –
see chap ter be low). The first Fe-Mn layer is over lain by the
first red shale lay ers. Nu mer ous small infaunal DWAF are
pres ent at the base of this first red shale, in di cat ing that sea
floor was then well ox i dized. This DWAF as sem blage may
be cor re lated with the ini tial phase of re cov ery in ter val (for
data from neritic–bathyal sec tions see Peryt & Wyrwicka,
1991, 1993). Dis tinct neg a tive shift in val ues of re dox
chem i cal in di ces at the base of this suc ces sion con firms well 
ox y gen ated up per most part of the sea floor sed i ment. Sur -
pris ingly, the ben thic foraminifers dis ap peared above the
men tioned in ter val, and only a sin gle bed with poorly pre -
served (?re de pos ited) spec i mens is pres ent in the over ly ing
suc ces sion of the green and red shales. The chem i cal re dox
in di ces point to de crease in Eh near the sed i ment sur face,
which could have in flu enced the ben thic com mu ni ties.
Other fac tors such as high tem per a ture of bot tom wa ter (cf.
Gustafsson et al., 2003) and soft sub strate (soupground)
could be also un fa vour able for the DWAF col o ni za tion.

Short-termed pe ri ods of an oxia, marked by thin or -
ganic-rich black shales (TOC up to 18%) ap peared again in
this in ter val. The well-ox y gen ated con di tions which en -
abled col o ni za tion of diversified DWAF assemblages (late
phase of recovery interval) appeared later, during the
?Early–Middle Turonian.

Sources and or i gin of detritic ma te rial

Turbidites and calciturbidites
Most of the siliciclastic and bi otic grains in the arenite,

siltite and lutite frac tions of the CTB in ter val suc ces sions
oc cur in thin turbidite lay ers. This detritic ma te rial was sup -
plied by di luted and slow sus pen sion flows, as shown by the 
pre dom i nance of par al lel lam i na tion and by rare cross lam i -
na tion in the siltstone and sand stone lay ers. The thick ness
and num ber of the turbidites are high est in the Silesian
Nappe, chang ing from sec tion to sec tion, prob a bly due to
var i ous sources of clastic sup ply and to un even re lief of the
Silesian Ba sin bot tom and its sur round ing slopes. Com po si -
tion of the re de pos ited ma te rial and pro por tion of arenite
and siltite to lutite frac tions in turbidites changes in the stud -
ied CTB in ter val suc ces sions. The Mid dle–Up per Cenoma-
nian spicule-rich turbidites in the Silesian and Subsilesian
nappes (Mikuszowice Chert Beds) are grad u ally re placed
by quartz-glauconitic sand stones rich in sil ica and biomicri- 
tes with nu mer ous plank tonic and cal car e ous ben thic fora-
minifers, radio lar ians and some ad mix ture of sponge spicu-
les (B¹k K., 2007a). The sim i lar fa cies change takes place in 
the Mid dle–Up per Cenomanian of the Skole Nappe, where
fine-grained and thin-bed ded turbidites are re placed by
calciturbidites (si li ceous marls) built of quartz, cal cite,
glauconite and frag mented foraminiferal tests, and sponge
spicules (B¹k K., 2007b). Lutite frac tion of turbidites in -
creases in the Up per Cenomanian suc ces sions in all stud ied
sec tions; marly shales dom i nate over sand stone (or silt-
stone) in most turbidite cou plets. Biogenic par ti cles are the
main com po nents of the turbidites and calciturbidites in the
Up per Cenomanian, dom i nated by non-keeled plank tonic
foraminifers and as so ci ated by cal car e ous ben thic forami-
nifers, sponge spicules and radio lar ians. The num ber of
radio lar ians in creases up wards in the stud ied sec tions, prob -
a bly re flect ing the ex pan sion of ox y gen min i mum zone at
the neritic depths, which re sulted in dis so lu tion of cal car e -
ous grains in the outer shelf–up per slope en vi ron ment.

The turbidite sed i men ta tion ceased dur ing the OAE-2
and the ear li est Turonian. Only ex tremely rare cur rents
(?bottom cur rents) trans port ing glauconite, quartz and
sponge spicules in siltite frac tion are re corded in the orga-
nic-rich fa cies and the over ly ing low er most part of the Var -
ie gated Shales. In the Bonarelli-equiv a lent level, increased
val ues of chem i cal in di ces such as Al/(Al+Fe+Mn) ra tio
and Rb/Al and good cor re la tion be tween Al2O3 and SiO2

have been found in green shales, sug gest ing times of in -
creased terrigenous sup ply to the ba sin floor or in creased
ve loc ity of bottom currents (B¹k K., 2007a, b).
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The de po si tion of di luted grav ity flows re turned dur ing
the Early–Mid dle? Turonian. Very fine-grained turbidites
in clude mostly quartz and glauconite; some lay ers are spi-
culites; cal car e ous biogenic par ti cles are absent.

The share of land-de rived siliciclastic ma te rial was
fairly con stant dur ing the CTB in ter val as is shown by the
nearly con stant val ues of Rb/Al and Ti/Al ra tios along the
sec tions and the strong cor re la tion of Al2O3 and TiO2 (B¹k
K., 2007a, b).

The siliciclastic and biogenic par ti cles were sup plied to
the Outer Carpathian bas ins from at least two dif fer ent
sources dur ing the CTB in ter val. Biogenic par ti cles with ad -
mix ture of de tri tal quartz and glauconite grains were trans -
ported from the north ern mar gin of the Silesian and Skole
bas ins. The re de pos ited cal car e ous ben thic foraminifers,
con sist ing mainly of gavelinellids were sup plied from
neritic-up per bathyal zones (B¹k K., 2007a, b). The source
area of this ma te rial was the shelf of the mar ginal part of the
Eu ro pean Plat form, as in ferred from flute cast ori en ta tions
and from the pub lished data on the trans port di rec tions from 
the neigh bour ing area (Ksi¹¿kiewicz, 1962). Glauconite-
rich sand stones de void of any bi otic com po nents, the sec -
ond most fre quent type of re de pos ited sed i ments, may have
come from the Silesian Ridge, which was the main source
area of this ma te rial in youn ger Turonian through Santonian 
times. These turbidite lay ers are here a pre cur sor of the
Godula Beds, a thick for ma tion (300–600 m in the stud ied
area) of turbidite glauconitic sand stones and grey-green ish
shales de pos ited in a shift ing sys tem of sub ma rine fans,
interfingered with non-channelized aprons (S³omka, 1995).
Prob a bly, a third source area of re de pos ited ma te rial was an
(?)iso lated pla teau (mound), with floor ris ing above the
CCD. The turbidite layers built of planktonic foraminiferal
wackestones may have come from such areas.

Volcanoclastic ma te rial
Thin lay ers of ben ton ite (blue-green ar gil la ceous shale)

oc cur in all stud ied sec tions of the CTB in ter val. Their num -
ber and thick ness rise in the lower part of the Bonarelli-
equiv a lent level (Fig. 3). The num ber of ben ton ite lay ers in
this suc ces sion var ies in the stud ied sec tions and their cor re -
la tion is not clear. Some of these ho ri zons in the Trzemeœnia 
sec tion are tec toni cally du pli cated. The only cor re la tive ho -
ri zons of ben ton ite oc cur di rectly be low and above the first
Fe-Mn layer (B¹k K. et al., 2001). Pe trog ra phy of the
bentonites in the CTB in ter val suc ces sions have been stud -
ied by Koszarski et al. (1962), Gucwa (1966), Burtan and
Turnau-Morawska (1978) and by B¹k K. (2006). Ac cord ing 
to Wieser (in Koszarski et al., 1962), all the bentonites have
sim i lar min er al og i cal com po si tions and come from the same 
group of volcanics.

The thick ben ton ite layer in the low er most part of the
Bonarelli-equiv a lent level could be cor re lated with a neg a -
tive shift near the base of the d13C pos i tive ex cur sion in ter -
val (Fig. 4). This is con sis tent with a short-termed neg a tive
shift in or ganic car bon at the base of the Bonarelli level in
Umbria–Marche that is as so ci ated with shifts in Pb iso to pic
com po si tions of the sil i cate frac tion (Kuroda et al., 2007).

Ac cord ing to Kuroda et al. (2007), both shifts can be ex -
plained by abrupt in crease in rel a tive sup ply of vol cano-
genic sil i cate min er als and CO2 from mas sive subaerial vol -
ca nism, as so ci ated with for ma tion of large ig ne ous prov -
inces.

Ac cu mu la tion rate

The cal cu la tion of ac cu mu la tion rate for the Up per
Cenomanian turbidite and calciturbidite suc ces sion is dif fi -
cult be cause of scarce of biostratigraphic and chemostrati-
graphic data in the Outer Carpathian sec tions. How ever,
tak ing into ac count the as sump tion that this suc ces sion rep -
re sents most of the Up per Cenomanian and at least the up -
per part of the Mid dle Cenomanian (cf. B¹k M. et al., 2005), 
the ac cu mu la tion rate could be es ti mated as ca. 5–7 mm/kyr
on the ba sis of re vised Me so zoic chro nol ogy (Gradstein et
al., 2004). Be cause the to tal thick ness of turbidite lay ers is
more than 90% in this suc ces sion, the es ti mated value
shows that the ac cu mu la tion rate of hemipelagic sed i ments
dur ing this time was ex tremely low, not exceed ing
1 mm/kyr.

The pre cise cal cu la tion of the ac cu mu la tion rate is pos -
si ble for the or ganic-rich fa cies (Bonarelli-equiv a lent level), 
bas ing on the cor re la tion of the d13C data with the car bon
iso tope curve and or bital time scale at Pueblo (Sageman et
al., 2006; see detailes in B¹k K., 2007a, in press). Us ing this 
cor re la tion and tak ing into ac count that the pres ent thick -
ness was far ther re duced af ter the early diagenesis, the mean 
ac cu mu la tion rate of these sed i ments may be cal cu lated at
ca. 3–4 mm/kyr in the Skole Ba sin and 5–6 mm/kyr in the
Silesian Ba sin. These re sults show that the ac cu mu la tion
rate in creased a few times dur ing the OAE-2 in com par i son
to the Mid dle–Up per Cenomanian hemipelagic sed i ments.
The cal cu lated val ues for the OAE-2 sed i ments are com pa -
ra ble with other deep-wa ter sec tions in the West ern Tethys
(cf. Scopelliti et al., 2004; Kuroda et al., 2005) and much
lower than in outer shelf en vi ron ments, such as Dem er ara
Rise (equa to rial North At lan tic; Erbacher et al., 2005),
Tarfaya (Mo rocco shelf; Kuhnt et al., 2005) and shelves in
North Af rica (Lüning et al., 2004), where ac cu mu la tion rate 
was one or der of mag ni tude higher dur ing the lat est Ceno-
manian.

The si li ceous var ie gated shales with the two Fe-Mn lay -
ers rep re sent an in ter val of much lower ac cu mu la tion rate
than the un der ly ing or ganic-rich fa cies. The pre cip i ta tion of 
Fe-Mn lay ers with nod ules and the oc cur rence of the Fe-Mn 
hardgrounds in this suc ces sion (B¹k, K., 2007a, in press)
prove the pres ence of hi a tuses dur ing the lat est Cenomanian 
and the ear li est Turonian. Du ra tion of the hi a tuses re lated to 
the for ma tion rhodochrosite lay ers (nod ules) may be es ti -
mated as at least one hun dred thou sand years, by com par i -
son with the growth time of rhodochrosite nod ules in deep
pe lagic sed i ments on the Galapagos Ridge (Morad & Al-
Aasm, 1997). This growth time was rel a tively short com -
par ing to pre cip i ta tion of Mn oxide-hydroxide in deep-sea
nodules and crusts.

The cal cu la tion of the ac cu mu la tion rate for the stud ied
part of the Turonian Var ie gated Shales is im pos si ble due to
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the lack of bio- and chronostratigraphic mark ers. It seems
likely that this rate was lower than dur ing the Mid dle–Late
Cenomanian and slightly higher than dur ing the ear li est
Turonian, tak ing into ac count the microfacies ob served in
this suc ces sion, dom i nated by hemipelagic sed i ments (B¹k
K., 2006, 2007a, b, in press). The ac cu mu la tion rate grad u -
ally in creased up sec tion as a con se quence of more frequent
gravity flows.

Ferro manga nese sed i ments vs CTBE

The char ac ter is tic lithological el e ments in the CTB sec -
tion of the Outer Carpathians are ferro manga nese lay ers
with nod ules. Two of them oc cur in the same strati graphic
po si tion in all stud ied sec tions, di rectly above the top of the
Bonarelli-equiv a lent level, and are sep a rated by a thin (0.5–
1.0 m thick) suc ces sion of var ie gated si li ceous-mangani-
ferous shales.

The mineralogic and chem i cal com po si tion of these two 
lay ers with nod ules, their sed i men tary struc tures and their
strati graphic po si tion in re la tion to the un der ly ing ox i dized
sed i ments (B¹k K., 2006, 2007a, in press) sug gest that their
pres ent form is mainly due to diagenesis, but their or i gin
was re lated to changes in sea floor en vi ron ment. Both
Fe-Mn ho ri zons pre cip i tated as the Ca-rhodochrosite (partly 
sid er ite) lay ers. The mech a nism of their for ma tion (for de -
tails see B¹k K., 2006) was re lated to the ini tial stage of bot -
tom wa ter ox y gen a tion in the Outer Carpathian bas ins, in
the ter mi nal in ter val of the OAE-2. Ini tially, re cur rent in -
flows of warm, sa line oxic wa ter caused pre cip i ta tion of the
Fe-Mn oxy-hy drox ides di rectly above the man ga nese re -
duc tion zone in sed i ment (or at the sed i ment/wa ter in ter -
face), and the re cur rent an oxia caused re duc tion of the ox -
ides in the high al ka lin ity environment, facilitating rhodo-
chrosite precipitation at the sediment surface.

The Ca-rhodochrosite lay ers could be later diagene-
tically al tered to Fe-Mn and Ba-Mn ox ides-hy drox ides
(even re cently within the supergene zone) or pre cip i ta tion
of these ox ide-hy drox ides could be su per im posed on
chemogenic car bon ate pre cip i ta tion, as is doc u mented for
the mod ern met al lif er ous crusts in the Kebrit Deep in the
Red Sea (Dekov et al., 2007). In such case, the al ter ation of
Mn car bon ates to Mn ox ide-hy drox ides could be re lated to
long-termed ox y gen a tion of bot tom and pore-wa ter, due to
in crease in deep-wa ter cir cu la tion. This sug ges tion is pre -
sented on the ba sis of the oc cur rence of var ie gated clays
with nu mer ous small infaunal ben thic foraminifers in sed i -
ments di rectly above the first Fe-Mn layer. These are the
first red shale (ox i dized) laminae above the or ganic-rich fa -
cies, and the first ap pear ance of ben thic foraminifers in the
post-OAE-2 in ter val. The pre sented data may re flect sig nif -
i cant changes in bot tom wa ter hy dro dy nam ics in the Outer
Carpathian bas ins, prob a bly linked with the re or ga ni za tion
of the West ern Tethyan palaeo ge ogra phy, which re sulted in
ex tremely low sed i men ta tion rate or even hi a tuses, pos tu -
lated also for the con densed Turonian suc ces sions on the
Eu ro pean Plat form (e.g., Marcinowski & Szulczewski,
1972; Marcinowski, 1974; Jasionowski, 1995; Krajewski et

al., 2000). These changes in bot tom wa ter ac tiv ity could be
syn chro nous in the West ern Tethys and in the ad ja cent ar -
eas, as is shown by the cor re la tion of manganese maxima
around the CTBE that correspond to the end of the
carbon-isotope excursion (B¹k K., 2006).

Hy dro ther mal ac tiv ity dur ing the CTBE
Some chem i cal in di ces of the Fe-Mn lay ers, stud ied in

de tail in the Zasañ and Sp³awa sec tions, dis play fea tures
typ i cal of hy dro ther mal or i gin of Mn, Fe and other met als.
How ever, an un am big u ous an swer on the ex is tence of such
source of met als is not pos si ble be cause of mask ing by the
pro longed hy drog e nous and diagenetic in flu ences. These
changes are es pe cially vis i ble when the two lay ers in the
Sp³awa sec tion are com pared: the first dis plays fea tures of
hy drog e nous to diagenetic sed i ment, while the sec ond one
has fea tures of hy dro ther mal de posit, sim i larly as the first
Fe-Mn ho ri zon in the Zasañ sec tion (B¹k K., 2007 in press).

The pro por tions of Mn, Fe and (Ni+Cu+Co) place these 
two Fe-Mn lay ers in the do main of hy dro ther mal Fe-Mn
nod ules and shal low-wa ter diagenetic con cre tions in the tri -
an gu lar di a gram of Bonatti et al., 1972, 1976). A rel a tively
low con tent of Co, Cu and Zn in the stud ied Fe-Mn lay ers is
char ac ter is tic of hy dro ther mal crusts (Glasby, 2000). The
low value of Co/Zn ra tio re sem bles that of hy dro ther mal
sed i ments. The low Rare Earth El e ments con tent and a low
pos i tive eu ro pium (Eu) anom aly with re spect to the up per
con ti nen tal crust may also sug gest a con tri bu tion of a hy -
dro ther mal source. On the other hand, the Fe/Mn ra tio is
lower than in Mn crusts and nod ules of the pres ent-day
oceans (Glasby, 2000). The stud ied Fe-Mn lay ers do not
dis play a dis tinct neg a tive ce rium (Ce) anom aly, and the
pos i tive Eu anom aly is not as large as in the mod ern nod ules 
and crusts of hy dro ther mal or i gin. Con clud ing, some geo -
chem i cal fea tures may sug gest hy dro ther mal ac tiv ity
around the CTBE. Such ac tiv ity could have begun dur ing
the Albian and lasted through the Turonian, if we take into
ac count the data from var i ous sec tions in the Outer Carpa-
thians (Gucwa, 1966; Wieser, 1982a, b; Geroch et al.,
1985). Hy dro ther mal ac tiv ity dur ing the CTBE in ter val,
with max i mum near the end of the car bon iso tope ex cur -
sion, was de scribed from the Pa cific and At lan tic oceans
and also from epicontinental seas (sum mary in B¹k K.,
2006). Most au thors linked these hy dro ther mal vents with
rapid for ma tion of the Ca rib bean ig ne ous prov ince and with 
ac tiv ity on mid-oce anic ridges. In the stud ied area, hy dro -
ther mal ac tiv ity could be fa cil i tated by the max i mum rate of
the con ti nen tal crust ex ten sion un der the Carpathian bas ins
(e.g., Oszczypko, 2004), prob a bly gen er ated by a hot spot,
which ac cord ing to Golonka (2004), now gen er ates vol ca -
nism in west ern Tur key and north ern Aegean.

CON CLU SIONS

The sed i men tary, bi otic and chem i cal re cords across the 
CTB in the Outer Carpathian bas ins al lowed to dis tin guish
the suc ces sions cor re lated to the OAE-2, and point to the
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Fig. 8. Sche matic model to ex plain biogeochemical ob ser va tions around the CTB in ter val in the Outer Carpathian bas ins. EP – shelves
of Eu ro pean Plat form, hv – hy dro ther mal vents, OMZ – ox y gen min i mum zone, SC – Silesian Cordilliera; h – hi a tus



fol low ing changes in palaeoenvironment around this event
(Fig. 8):

– changes in type of sed i men ta tion, from si li ceous
hemipelagic sed i men ta tion with rare turbidite (and calci-
turbidite) events dur ing the Late Cenomanian, through
hemipelagic or ganic-rich sed i men ta tion dur ing the lat est
Cenomanian, cor re spond ing to the in ter val of d13C pos i tive
ex cur sion, to hemipelagic si li ceous sed i men ta tion in the
Early Turonian;

– changes in ac cu mu la tion rate, which was gen er ally
very low but in creased a few times dur ing the lat est
Cenomanian or ganic-rich sed i men ta tion up to 3–5 mm/kyr,
and de creased (with nu mer ous hi a tuses) di rectly above the
CTB;

– changes in pro duc tiv ity, which in creased sig nif i cantly 
in the Late Cenomanian (0.5 g/m2/year) near the base of the
car bon iso tope ex cur sion, and re mained high also in the ear -
li est Turonian;

– changes in Eh at the sea floor, from low to mod er ate
dur ing the Late Cenomanian with ten dency to low er ing, in -
clud ing a pro longed phase of an oxia and short-last ing
dysoxia at the base of d13C ex cur sion in ter val; rapid ox y -
gen a tion took place di rectly above the CTB and con tin ued
through youn ger Turonian times with short anoxic in ter -
vals;

– changes in ben thic foraminiferal as sem blages which
fol lowed the changes in ox y gen a tion of the sea floor, with
in ter val of tem po rary dis ap pear ance, which be gun near the
base of the larg est shift in d13C and fin ished within the pla -
teau of the d13C ex cur sion, dur ing the lat est Cenomanian.

The com par i son of the men tioned above palaeoenviron- 
men tal changes with the car bon iso tope curve and bio-
strati graphic da tum events al lowed cor re la tion be tween var -
i ous sed i men tary ar eas in the Outer Carpathians, and with
other ar eas of the Western Tethys:

– an in crease in pro duc tiv ity be fore the in ter val with the 
high est shift in d13C val ues could be nearly syn chro nous in
the West ern Tethyan bas ins;

– an in ter val of the main or ganic-rich sed i men ta tion
(Bonarelli level) was also syn chro nous, at least in the north -
ern branch of the West ern Tethys, as far as the Umbria–
Marche and Sic ily car bon ate platforms;

– a phase of ox y gen a tion which began near the C–T
bound ary and con tin ued dur ing the Early Turonian was also 
syn chro nous in the north ern branch of the West ern Tethys.
The fluc tu a tions of ox y gen in bot tom wa ters with short in -
ter vals of an oxia dur ing the ear li est Turonian could occur in 
the same time;

– a thick ben ton ite layer near the base of the d13C ex -
cur sion (2nd or der neg a tive shift) can be roughly cor re lated
with the phase of a pos i tive shift in Pb iso to pic com po si -
tions in the sil i cate sed i ment frac tion in one of the
Umbria–Marche sec tions (Kuroda et al., 2007). This shift
was in ter preted by these au thors as a sig nal of sub stan tial in -
crease in the sup ply of sil i cate min er als from mas sive
subaerial vol ca nism as so ci ated with large ig ne ous prov -
inces in the Pa cific and In dian oceans.

– an ex tremely low ac cu mu la tion rate with hi a tuses

near the base of the CTB and dur ing the ear li est Turonian
post-ex cur sion in ter val of d13C val ues, re flected by pre cip i -
ta tion of Fe-Mn sed i ments, is cor re lated with the max i mum
rise of the sea level, in ter preted from epicontinental sec -
tions.

Con clud ing, the pre sented data from the Outer Carpa-
thians sug gest that the OAE-2 could be trig gered by en -
hanced pro duc tiv ity, but slug gish deep-wa ter cir cu la tion,
prob a bly de cel er at ing through the Late Cenomanian, fa -
voured pres er va tion of or ganic mat ter dur ing the lat est
Cenomanian. It is also pos si ble that subaerial vol ca nic erup -
tions as so ci ated with hy dro ther mal ac tiv ity and for ma tion
of large ig ne ous prov inces, re corded near the base of the
d13C ex cur sion, caused mas sive CO2 de gas sing, which
would have pre vented or slowed the for ma tion of deep wa -
ter, re sult ing in ocean strat i fi ca tion, as sug gested by Kuroda 
et al. (2007).

The mech a nism of rapid ox y gen a tion of bot tom wa ters
near the CTB was re lated to re cur rent in flows of ?sa line
warm ox y gen-rich wa ters, com ing prob a bly from mar ginal
epicontinental seas, tak ing into ac count the mech a nism of
Fe-Mn layers precipitation.
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Streszczenie

ZMIANY W ŒRODOWISKU BASENÓW KARPAT
ZEWNÊTRZNYCH W CZASIE GLOBALNEGO
ZDARZENIA OCEANICZNEGO NA GRANICY

CENOMANU I TURONU; SYNTEZA WYNIKÓW
BADAÑ Z RÓ¯NYCH JEDNOSTEK

TEKTONICZNO-FACJALNYCH

Krzysztof B¹k

Rozprzestrzeniona globalnie sedymentacja osadów orga-
nicznych w basenach morskich w pobli¿u granicy cenomanu
i turonu (kreda), której towarzyszy³y zaburzenia w zawartoœci
izotopów trwa³ych wêgla w morskich wêglanach i materii orga-
nicznej by³y jednym z wyj¹tkowych epizodów w czasie mezo-
zoiku, które opisano w literaturze jako oceaniczne zdarzenie
beztlenowe (OAE-2; Schlanger & Jenkyns, 1976) lub jako
zdarzenie na granicy cenomanu i turonu (CTBE; Thurow &
Kuhnt, 1986). W literaturze obszaru medyterañskiego jest równie¿ 
ono znane jako zdarzenie Bonarelli (Bonarelli Event). Ten
d³ugotrwa³y epizod niedotlenienia wód dennych, trwaj¹cy kilkaset 
tysiêcy lat by³ miêdzy innymi przyczyn¹ zaburzeñ œwiata
organicznego, zarówno planktonu jak i bentosu morskiego (Kaiho, 
1994; Hal lam & Wignall, 1997; Peryt, 2004). By³ to jednoczeœnie
okres najwy¿szego poziomu oceanu œwiatowego w historii fane-
rozoiku oraz okres du¿ych zmian klimatycznych w skali globalnej, 
zwi¹zany z perturbacjami w zawartoœci CO2 w atmosferze i oce-
anie (Barron et al., 1995; Huber et al., 1995; Bice & Norris, 2002), 
prowadz¹cy do du¿ego wzrostu temperatury wód powierzchnio-
wych i dennych w basenach oceanicznych (Ar thur et al., 1988;
Norris & Wil son, 1998; Norris et al., 2002; Voigt et al., 2003;
Gustafsson et al., 2003). Inny ni¿ obecnie typ cyrkulacji g³ê-
bokowodnej w tym czasie by³ przyczyn¹ niskiego gradientu
temperatur wód oceanicznych, zarówno w przekroju pionowym
jak i w rozci¹g³oœci geograficznej.

Przyczyny zaistnienia zdarzenia beztlenowego na granicy
cenomanu i turonu s¹ kontrowersyjne i niejednoznaczne. Jako
pierwotn¹ przyczynê najczêœciej wymienia siê wzrost CO2

zwi¹zany z aktywnoœci¹ magmow¹ i hydrotermaln¹ w obrêbie tak
zwanych du¿ych oceanicznych prowincji magmowych, aktyw-
noœci¹ wulkanizmu subpowierzchniowego czy te¿ aktywnoœci¹ na 
grzbietach œródoceanicznych (e.g., Sinton & Duncan, 1997; Kerr,
1998; Snow et al., 2005; Kuroda et al., 2007). Niezale¿nie od
przyczyny pierwotnej, kontrowersyjne jest pochodzenie i zacho-
wanie w osadach du¿ej iloœci materii organicznej. Jako przyczynê
tego zjawiska wskazuje siê tutaj na wzrost produktywnoœci w wo-
dach powierzchniowych oceanu œwiatowego (Larson & Erba,
1999; Kuhnt et al., 2005; Mort et al., 2007) ale i równie¿ na wzrost 
potencja³u zachowania materii organicznej w kolumnie wody,
zwi¹zany z jej stratyfikacj¹ i ograniczon¹ cyrkulacj¹ g³êboko-
wodn¹ (Bralower & Thierstein, 1984; Sinninghe Damsté &
Köster, 1998).

Zapis oceanicznego zdarzenia beztlenowego na granicy ceno- 
manu i turonu jest znany g³ównie z osadów mórz epikontynen-
talnych i obszarów oceanicznych z sedymentacj¹ wêglanow¹
(Jenkyns, 1980; Ar thur & Premoli-Silva, 1982; Herbin et al.,
1986; Kuhnt et al., 1990; Luciani & Cobianchi, 1999; Strasser et
al., 2001; Lüning et al., 2004; Scopelliti et al., 2004; Erbacher et
al., 2005; Kolonic et al., 2005; B¹k et al., 2005a; Wójcik-Tabol,
2006). O wiele mniej wiadomo jest na temat natury tego zdarzenia
w g³êbokich basenach, z dnem poni¿ej strefy kompensacji wêgla-
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nowej, g³ównie z powodu niewielu ods³oniêtych profili osadów
lub te¿ kondensacji stratygraficznej i erozji podmorskiej, jakie
mia³y miejsce w tym czasie (Herbin et al., 1986; Graciansky et al., 
1987; Thurow et al., 1988; Kuhnt et al., 1990).

Badania terenowe wespó³ z badaniami biostratygraficznymi
prowadzone na obszarze polskiej czêœci Karpat Zewnêtrznych
(Fig. 1) pozwoli³y rozpoznaæ sukcesjê osadów z zapisem
zdarzenia z granicy cenomanu i turonu z g³êbokich œrodowisk
oceanicznych (B¹k K. et al., 2001). Sukcesywne studia wybra-
nych profili osadów z ró¿nych jednostek tektoniczno-facjalnych
tego obszaru (B¹k K., 2006, 2007a, b, in press) da³y mo¿liwoœæ
interpretacji zapisu tego zdarzenia w kontekœcie zmian œrodowiska 
i jego przyczyn, jakie mia³y miejsce w ró¿nych czêœciach
g³êbokich basenów, po³o¿onych w pó³nocnej czêœci Zachodniej
Tetydy. Badania te stworzy³y ponadto mo¿liwoœæ korelacji zmian
w ró¿nych œrodowiskach g³êbokowodnych w oparciu o porów-
nanie danych bio- i chemostratygraficznych (Fig. 2). Niniejsza
praca stanowi syntezê tych badañ.

Pro file osadów wokó³ granicy cenomanu i turonu wykazuj¹
bardzo du¿e podobieñstwa we wszystkich badanych jednostkach
tektoniczno-facjalnych Karpat Zewnêtrznych, odpowiadaj¹cych
trzem strefom sedymentacji w karpackiej czêœci Zachodniej
Tetydy, to jest w basenie œl¹skim, skolskim i na podmorskim
grzbiecie podœl¹skim (Fig. 3, 4). Prawdopodobnie, podobny typ
sedymentacji charakteryzowa³ równie¿ basen magurski, ale silnie
stektonizowane osady jednostki magurskiej (Oszczypko et al.,
2004) nie pozwalaj¹ na jednoznaczn¹ ich korelacjê z innymi
obszarami Karpat Zewnêtrznych.

Szczegó³owe badania osadów z zapisem zdarzenia z granicy
cenomanu i turonu prowadzono w profilach: Zasañ (jednostka
podœl¹ska; B¹k K., 2006), Barnasiówka-Ostra Góra, Barna-
siówka-Jasienica, Trzemeœnia (jednostka œl¹ska; B¹k K., 2007a)
i Sp³awa (jednostka skolska; B¹k K., 2007b, in press). Zestawienie 
rodzaju analiz oraz ich rozdzielczoœci przedstawiaj¹ Tabela 1
i Fig. 3.

We wszystkich profilach najbardziej charakterystyczn¹ suk-
cesj¹ litologiczn¹ jest seria czarnych ³upków or ganicznych
z prze³awicaj¹cymi je zielonymi ³upkami radiolariowymi (ok. 2 m
mi¹¿szoœci), odpowiadaj¹ca poziomowi Bonarelii w profilach
“œrodkowej” kredy z pelagicznych plat form wêglanowych Za-
chodniej Tetydy. Sukcesja ta reprezentuje maksimum inten-
sywnoœci sedymentacji organicznej w basenach karpackich w cza- 
sie zdarzenia oceanicznego na granicy cenomanu i turonu; za-
wartoœæ materii organicznej siêga tam do 8% (Fig. 5). Innym
charakterystycznym elementem wszystkich badanych profili s¹
dwa poziomy Fe-Mn (z konkrecjami) w serii silnie krzemion-
kowych pstrych ³upków (0,5–1 m mi¹¿szoœci), których powstanie
mia³o miejsce bezpoœrednio po zakoñczeniu sedymentacji orga-
nicznej. Te dwie charakterystyczne sukcesje osadów le¿¹ w obrê-
bie serii turbidytowych górnego cenomanu–dolnego turonu,
zawieraj¹cych hemipelagiczne ³upki radiolariowe (zielone w gór-
nym cenomanie i pstre w dolnym turonie) oraz cienkie horyzonty
³upków organicznych.

Stratygrafia osadów górnego cenomanu–dolnego turonu
(Fig. 3) jest oparta na zasiêgach gatunków wskaŸnikowych
otwornic (B¹k K., 2006, 2007a, in press) i promienic (B¹k M.,
2000, 2004; B¹k K. et al., 2001; 2005b; B¹k M. et al., 2005) oraz
na analizie krzywej izotopowej d13C (Fig. 4; B¹k K., 2007a, in
press). Badania chemostratygraficzne da³y wiêksz¹ rozdzielczoœæ
stratygraficzn¹ dziêki korelacji uzyskanych krzywych z krzywymi 
d13C w innych profilach morskich (Fig. 6), w tym z profilem
stratotypowym granicy cenomanu i turonu (GSSP) w Pueblo
(Sageman et al., 2006). Na tej podstawie powsta³a mo¿liwoœæ
okreœlenia pozycji granicy cenomanu i turonu w profilach karpac-

kich; znajduje siê ona w serii pstrych ³upków krzemionkowo-
manganowych (0,5–0,9 m mi¹¿szoœci), bezpoœrednio powy¿ej
serii osadów organicznych. Porównanie krzywych izotopowych
z orbitaln¹ skal¹ czasu opracowan¹ dla profilu GSSP w Pueblo
(Sageman et al., 2006) pozwoli³o na oszacowanie czasu sedymen-
tacji organicznej odpowiadaj¹cej zdarzeniu anoksycznemu, na ok.
400–450 tys. lat.

Interpretacja struktur sedymentacyjnych, mikrofacji, sk³adu
chemicznego i mineralnego osadów, skorelowana z danymi bio-
i chemostratygraficznymi wskazuje na liczne zmiany, jakie zasz³y
w œrodowisku g³êbokowodnych basenów Karpat Zewnêtrznych
w czasie i wokó³ zdarzenia oceanicznego na granicy cenomanu
i turonu (Fig. 8). S¹ to:

– zmiany w typie sedymentacji; od sedymentacji hemipela-
gicznej z rzadkimi sp³ywami rozcieñczonych pr¹dów zawiesino-
wych zawieraj¹cych bogaty materia³ biogeniczny w czasie póŸ-
nego cenomanu, poprzez sedymentacjê organiczn¹ (odpowiada-
j¹c¹ okresowi wzrostu d13C) do krzemionkowej sedymentacji
hemipelagicznej w czasie wczesnego turonu. Charakter tych
zmian jest podkreœlony przez ró¿ne pochodzenie materii organicz- 
nej dostarczanej na dno basenów karpackich (Fig. 7);

– zmiany w tempie akumulacji osadów, które by³o generalnie
bardzo niskie w póŸnym cenomanie, wzros³o kilkakrotnie w cza-
sie najm³odszego cenomanu (okres wzrostu d13C) do 3–5 mm/tys.
lat i obni¿y³o siê znacz¹co (z przerwami w sedymentacji) we
wczesnym turonie;

– zmiany w produktywnoœci wód powierzchniowych base-
nów karpackich, ze wzrostem w czasie najm³odszego cenomanu
(do ok. 0.5 g/m2/rok), który rozpocz¹³ siê na pocz¹tku okresu
z najwy¿szymi wartoœciami d13C i trwa³ przynajmniej do wczes-
nego turonu;

– zmiany w natlenieniu wody dennej, od warunków dys-
oksycznych (z krótkotrwa³ymi epizodami anoksycznymi) w póŸ-
nym cenomanie, poprzez d³ugotrwa³e okresy anoksyczne z krót-
kimi interwa³ami lepszego natlenienia w najm³odszym cenomanie
(okres sedymentacji facji organicznych), do warunków dobrego
natlenienia dna we wczesnym turonie (z krótkotrwa³ymi epizo-
dami warunków beztlenowych);

– zmiany w zespo³ach bentosu otwornicowego, które by³y
pochodn¹ zmian natlenienia wód dennych. Okresy maksimum
niedotlenienia dna w czasie interwa³u z najwy¿szymi wartoœciami
d13C (najm³odszy cenoman) wi¹za³y siê z zanikiem mikrofauny
bentosowej. W czasie wczesnego turonu, warunki stresowe jak
wysoka temperatura wód i niesprzyjaj¹ca zasiedleniu wodnista
konsystencja osadu pomimo dobrych warunków natlenienia dna
ogranicza³y mo¿liwoœæ zasiedlenia dna przez bentos otworni-
cowy.

Porównanie zmian w œrodowisku basenów karpackich w cza-
sie i wokó³ zdarzenia oceanicznego z krzyw¹ izotopow¹ d13C
i danymi biostratygraficznymi pozwoli³o na korelacjê zdarzeñ
w ró¿nych basenach Zachodniej Tetydy. Wynika z niej, ¿e kilka
ze zdarzeñ w basenach Zachodniej Tetydy (przynajmniej w jej
pó³nocnej, karpacko-alpejskiej “ga³êzi”) by³o równoczasowych;
dotyczy to: (1) wzrostu produktywnoœci w najm³odszym ceno-
manie (tu¿ przed okresem wysokich wartoœci d13C), (2) okresu
maksimum sedymentacji organicznej (poziom Bonarelli), (3)
okresu wzrostu natlenienia wód dennych w najm³odszym turonie i
krótkotrwa³ych okresów anoksycznych na dnie w czasie wczes-
nego turonu. Obecnoœæ grubej warstwy bentonitu w najni¿szej
czêœci osadów organicznych (w pobli¿u poziomu z najwy¿szymi
wartoœciami d13C) mo¿e byæ korelowana ze wzrostem zawartoœci
izotopów o³owiu w krzemianowych minera³ach pochodzenia
wulkanicznego wystêpuj¹cych w poziomie Bonarelli w Pó³noc-
nych Apeninach (Kuroda et al., 2007), co mo¿e potwierdzaæ
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sugestie o du¿ym wp³ywie wulkanizmu powierzchniowego, jako
pierwotnej przyczyny, która wywo³a³a perturbacje w zawartoœci
CO2 w póŸnym cenomanie. Bardzo niskie tempo sedymentacji
(z przerwami w sedymentacji) w pobli¿u granicy cenomanu i tu-
ronu oraz w czasie najstarszej czêœci turonu, które w osadach
odzwierciedla obecnoœæ serii pstrych ³upków krzemionkowo-
manganowych z dwoma poziomami warstw Fe-Mn jest korelo-
wane z najwy¿szym poziomem morza w czasie maksymalnej fazy
transgresji.

Prezentowana synteza badañ w profilach górnego cenomanu– 
dolnego turonu w polskiej czêœci Karpat Zewnêtrznych wskazuje,
¿e akumulacja du¿ej iloœci materii organicznej w czasie zdarzenia
oceanicznego OAE-2 mog³a wynikaæ z podwy¿szonej produktyw- 
noœci wód powierzchniowych, aczkolwiek s³aba cyrkulacja g³ê-
bokowodna sprzyja³a zachowaniu materii organicznej. Powierzch- 
niowy wulkanizm oraz równoczasowa dzia³alnoœæ hydrotermalna

(równie¿ w basenach karpackich) a tak¿e wzrost aktywnoœci
w obrêbie du¿ych oceanicznych prowincji magmowych, jakie
mia³y miejsce w najm³odszym cenomanie (w okresie poprzedza-
j¹cym wyst¹pienie wysokich wartoœci d13C w osadach morskich)
mog³y byæ pierwotn¹ przyczyn¹ wzrostu CO2 w oceanie
i atmosferze, który z kolei wp³ywa³ na zmiany temperatur wód
(obni¿enie gradientu pomiêdzy niskimi i wysokimi szerokoœciami
geograficznymi), prowadz¹c do zmian w cyrkulacji g³êbokowod-
nej, w tym do ich stratyfikacji (por. Kuroda et al., 2007). Mecha-
nizm nag³ej zmiany w natlenieniu wód g³êbinowych w pobli¿u
granicy cenomanu i turonu, interpretowany tutaj w oparciu o me-
chanizm powstawania rodochrozytowych warstw manganowych
by³ zwi¹zany z powtarzaj¹cymi siê sp³ywami pr¹dów gor¹cej,
zasolonej i natlenionej wody, pochodz¹cych najprawdopodob-
niej z otaczaj¹cych mórz epikontynentalnych.

CTBE IN THE OUTER CAR PA THIAN BA SINS: A SYN THE SIS 191


