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Ju ras sic and Cre ta ceous global palaeogeographic re con struc tions show a chang ing con fig u ra tion of moun tains, land, shal low seas and
deep ocean bas ins, and these are used as in put for paleoclimatic mod el ling. We have gen er ated Oxfordian-Kimmeridgian,
Tithonian-Berriasian and Barremian-Hauterivian paleoclimatic maps, show ing air pres sure, wind di rec tions, hu mid ity zones and ar eas
fa vour able to upwelling con di tions, mod elled by the PALEOCLIMATE pro gram and plot ted on the palaeogeographic back ground.
Paleoclimate mod el ling sug gests that pre vail ing Ju ras sic-Cretaceous winds in the north ern Tethys area came from south-south-west, and
may have been par al lel to the Czorsztyn Ridge, up lifted as a re sult of ex ten sion dur ing the Ju ras sic supercontinental breakup. Upwelling
may have been in duced at the south east ern mar gin of the ridge. The model is con sis tent with the rock re cords within the ear li est Cre ta -
ceous de pos its. The pres ence of phosphates and a palaeoenvironmental anal y sis of ben thic fauna sup port the upwelling model. 
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INTRODUCTION

This pa per com pares a com puter model with paleoclimatic
in di ca tions in the rock re cord of the Pol ish Carpathians. It com -
prises two parts: global com puter mod el ling maps and a case
study based on field ob ser va tions, fau nal and fa cies anal y sis in
the Pieniny Klippen Belt. 

Cli mate mod el ling was in tro duced by Parrish (1982) and
Parrish and Curtis (1982). Since then sev eral dif fer ent so phis ti -
cated com puter pro grams have been de vel oped (see e.g. Moore 
et al., 1992a, b, 1995; Valdes and Sellwood, 1992; Valdes,
1994; Price et al., 1995). We have con cen trated on a sin gle as -
pect of the paleoclimate — upwelling as an im por tant cause of
or ganic pro duc tiv ity. There fore, in stead of uti lis ing the more
so phis ti cated (and slow and ex pen sive) gen eral cir cu la tion
model, we have used the fast, in ex pen sive PALEOCLIMATE
soft ware. We have fo cussed on the qual ity of the in put for mod -
el ling, us ing the most ad vanced palaeogeographic maps for the
Ju ras sic-Cretaceous of the Earth and the Tethys (see Golonka

et al., 1994, 1996, 2000); the maps used as in put by gen eral
cir cu la tion mod el ers (see e.g. Moore et al., 1995) were gen er al -
ised. This study in te grates mod el ling, palaeo ge ogra phy,
sedimentology and palae on tol ogy to com pare com puter gen er -
ated maps with the rock re cord.

PALEOCLIMATIC MODELLING MAPS —
METHODOLOGY

The paleoclimatic mod ell ing pro gram is based on the meth -
ods first de vel oped by Judy Parrish and her col leagues then at
the Uni ver sity of Chi cago (Parrish, 1982; Parrish and Curtis,
1982), later adapted by Chris Scotese (Scotese and
Summerhayes, 1986) and mod i fied by Malcolm Ross.

The PALEOCLIMATE pro gram quan ti fies the Parrish ap -
proach us ing al go rithms of the cli ma tic con trol pa ram e ters.
Palaeogeography, the zonal pres sure sys tem over the oceans,
the ther mally dom i nated pres sure sys tem over the con ti nents,
and sea sonal shifts in pres sure val ues are at the heart of this
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com puter model. The model also takes into ac count the ef fects
of continentality, ocean-dominated set tings, and the in ten si fi -
ca tion of high-pressure cells off the coasts of con ti nents.

Paleoclimate reads digit ised palaeogeographic out lines (see 
Golonka, 1991; Golonka et al., 1994, 1996; Golonka and
Gahagan, 1997; Golonka and Ford, 2000) and con verts them to 
grid cells at the res o lu tion spec i fied by the user. The size of grid 
cells should match the res o lu tion of the palaeogeography. For
these global maps 5 de gree sizes were used.

Paleoclimatic maps (Figs. 1–6) de pict plate po si tions,
palaeo ge ogra phy, cli mate in for ma tion such as rel a tive air pres -
sure, wind di rec tions, hu mid ar eas, and the cal cu lated po si tions
of an cient upwelling sys tems which may cor re late with hy dro -
car bon source rock oc cur rences through space and time. Be -
cause of the Coriolis force in duced by the Earth’s ro ta tion,
sur face wa ter moves off to the right of the wind di rec tion in the
North ern Hemi sphere, and to the left in the South ern Hemi -
sphere. This means that if winds blow par al lel to the shore, the
sur face wa ters are forced to move ei ther on shore or off shore,
de pend ing on wind di rec tion. Where the sur face wa ters move
off shore, nu tri ent-rich subsurface wa ters well up to take their
place. This pro cess stim u lates high ma rine pro duc tiv ity, which
may form or ganic-rich muds that then may be come pe tro leum
source rocks. 

Paleoclimatic in for ma tion — pres sure con tours, wind vec -
tors, prob a bil ity of fa vour able con di tions for coastal upwelling, 
and equa to rial hu mid ar eas are su per im posed on
palaeogeographic tem plates. These tem plates il lus trate the
chang ing con fig u ra tion of moun tains, land, shal low seas and
deep ocean bas ins. Gen erally, the in di vid ual maps il lus trate the
con di tions pres ent dur ing the max i mum ma rine trans gres sions
of high fre quency cyclicity within the Absaroka and Zuni se -
quences of Sloss (Golonka et al., 1997a; Golonka and Ford,
2000). Rel a tive sea-level cyclicity (Haq et al., 1988),
chronostratigraphy (Harland et al., 1990; Berggren et al., 1995; 
Gradstein et al., 1995; Gradstein and Ogg, 1996) and re gional
un con formi ties pro vide the ba sis to par ti tion the higher fre -
quency depositional cy cles into sub di vi sions rang ing from 11
to 25 Ma. The maps are named by the most rep re sen ta tive
stages within the mapped depositional cy cle. The fol low ing
time-slice maps were con structed:

— Oxfordian-Kimmeridgian (Figs. 1, 2) — ten ta tive age
range 166–146 Ma, be gins at the Mid dle Bathonian un con -
formity and ends at the Mid dle Tithonian un con formity;
mapped on a 152 Ma plate tec tonic re con struc tion;

— Tithonian-Berriasian (Figs. 3, 4) — ten ta tive age range
146–135 Ma, be gins at Mid dle Tithonian un con formity and
ends at the Mid dle Valanginian un con formity; mapped on a
140 Ma plate tec tonic re con struc tion;

— Barremian-Hauterivian (Figs. 5, 6) — ten ta tive age
range 135–117 Ma, be gins at the Mid dle Valanginian un con -

formity and ends at the Mid dle Aptian un con formity; mapped
on a 126 Ma plate tec tonic re con struc tion.

We com pare the com puter model with paleoclimate in di -
ca tions found in the rock re cord in the Pieniny Klippen Belt in 
Po land. 

PALAEOGEOGRAPHY OF THE NORTHERN TETHYS
AND POSITION OF THE CZORSZTYN RIDGE

A de tailed palaeoenvironment and lithofacies map of the
north ern Tethys and ad ja cent Eu rope and North At lan tic area
was con structed for the Tithonian-Berriasian age slice (Fig. 7).
De tailed dis cus sion of the plate tec ton ics of the area and full
ref er ences are given by Golonka et al. (2000). 

The Ju ras sic-Early Cre ta ceous geodynamic evo lu tion of
the Circum-Carpathian Tethyan re gion re flects the plate tec -
tonic his tory of the Earth dur ing the breakup of Pangea. Tri as -
sic and Ju ras sic rift ing re sulted in the for ma tion of oce anic
bas ins along the north ern mar gin of the Tethys Ocean
(Fourcade et al., 1996). The Tri as sic Meliata and Tri as sic-Ju -
ras sic Pieniny Klippen Belt Oceans were formed in the west ern
part of the re gion (Birkenmajer et al., 1990; Kozur, 1991;
Dercourt et al., 1993; Channell, 1996; Channell and Kozur,
1997; Golonka et al., 2000). The Tauric and Greater Cau ca -
sus-Cas pian Oceans were lo cated east of the Moesian Plat form
(Zonenshain et al., 1990; Kazmin, 1991; Golonka et al., 2000).
The Cen tral At lan tic was in an ad vanced drift ing stage dur ing
the Mid dle Late Ju ras sic (Golonka et al., 1996). Rift ing con tin -
ued in the North Sea and in the north ern Proto-At lan tic. The
pro gres sive breakup of Pangea re sulted in a sys tem of spread -
ing axes, trans form faults, and rifts. This sys tem con nected the
ocean floor spread ing in the Cen tral At lan tic and
Ligurian-Piedmont Ocean to the open ing of the Pieniny
Klippen Belt Ba sin and to the rift ing which con tin ued through
the Pol ish-Dan ish Graben to Mid-Nor way and the Barents Sea.
The old est oce anic crust in the Ligurian-Piedmont Ocean is
dated as late Mid dle Ju ras sic in the South ern Apennines and in
the West ern Alps (Ricou, 1996). The old est known de pos its in
the basinal part of the Pieniny Klippen Belt are of Early Ju ras -
sic age (Birkenmajer, 1986). The Pieniny Klippen Belt Ba sin
was fully opened by Mid dle Late Ju ras sic time. The basinal
parts of north ern Tethys are sur rounded by sev eral car bon ate
plat forms, cov er ing the shal low parts of the Adria,
Umbria-Marche, East ern Al pine, In ner Carpa thian, and
Moesian Plates. Spread ing in the Ligurian- Pieniny Klippen
Belt Ocean con tin ued un til the  Tithonian. Ma jor plate re or -
gani sa tion took place dur ing Tithonian time (Fig. 7). The Cen -
tral At lan tic be gan to prop a gate into the area be tween Ibe ria
and the New Foundland shelf (Ziegler, 1988).
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The Ligurian-Pieniny Ocean reached its max i mum width and
the oce anic spread ing stopped. The subduction of the
Meliata-Halstatt Ocean and the col li sion of the Tisa Block with
the In ner Carpathian ter ranes was con cluded dur ing the lat est
Late Ju ras sic-ear li est Early Cre ta ceous. Dur ing the Tithonian,
subduction jumped to the north ern mar gin of the In ner
Carpathian ter ranes and be gan to con sume the Pieniny Klippen
Belt Ocean (Birkenmajer, 1986). The Tethyan plate re or gani -
sa tion re sulted in ex ten sive grav i ta tional fault move ments. Sev -
eral horsts and grabens were formed, re ju ve nat ing some older,

Eo- and Meso-Cim mer ian faults (Birkenmajer, 1986; Krobicki, 
1996). The Outer Carpathian (Silesian and Magura) Ba sin had
de vel oped, with extensional vol ca nism (Golonka et al., 2000).
To the west, these troughs ex tended into the Valais Ocean,
which en tered a sea floor spread ing phase (Froitzheim et al.,
1996), and fur ther on into the area be tween Spain and France
and to the Bay of Biscay (Stampfli, 1996). East ward it was con -
tin ued into the East ern Carpathians in Ukraine and Ro ma nia
(Golonka et al., 2000). 
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Fig. 7. Palaeoenvironment and lithofacies of the Circum-Carpathian Tethys area dur ing Tithonian-Berriasian time (af ter Golonka et al., 2000, mod i fied)

En vi ron ment: 1 — moun tains/high lands (ac tive tec toni cally), 2 — top o graphic me dium-low (in ac tive tec toni cally, non-deposit), 3 — ter res trial un dif fer -
en ti ated, 4 — coastal, tran si tional, mar ginal ma rine, 5 — deltaic, 6 — shal low ma rine, shelf, 7 — slope, 8 — deep ocean ba sin with sed i ments (con ti nen tal,
tran si tional, or oce anic crust), 9 — deep ocean ba sin with lit tle to no sed i ments (pri mar ily oce anic crust); li thol ogy: 10 — sand stone, siltstone, 11 — shale,
clay, mudstone, 12 — lime stone, 13 — evaporite, 14 — interbedded or mixed sand/shale, 15 — interbedded or mixed car bon ate/shale; qual i fi ers: 16 —
evaporite; tec tonic el e ments: 17 — oce anic spread ing cen ter and trans form faults, 18 — ac tive subduction zone, 19 — nor mal fault, ac tive or sig nif i cant to 
time, 20 — vol ca noes (red — subduction re lated, black — extensional or hotspot re lated); ab bre vi a tions of oceans and plates names: Ib — Ibe ria, Li —
Ligurian (Piemont) Ocean, OC — Outer Carpathian Ba sin (Magura and Silesian), PKB — Pieniny Klippen Belt Ba sin, Cr — Czorsztyn Ridge, EA — East -
ern Alps, IC — In ner Carpathians (Meliata su ture is lo cated be tween In ner Carpathian re gion and Tisa), Ti — Tisa, Ba — Balearic, Si — Sic ily, Ca —
Calabria-Campania, UM — Umbria-Marche, Ad — Adria (Apulia), Di — Dinarides, Mo — Moesia, Rh — Rhodopes, WP — West ern Pontides, EP —
East ern Pontides, BS — proto-Black Sea-Greater Cau ca sus Ocean, Sa — Sakariya, Ki — Kirsehir, LC — Lesser Cau ca sus, Pe — Pelagonian, Pi — Pindos
Ocean, Gr — Greece, Ta — Taurus, EM — East ern Med i ter ra nean



The Pieniny Klippen Belt is a nar row, elon gated tec tonic
unit which fol lows the Carpathian subduction zone be tween the 
In ner and Outer Carpathians and ex tends from the vi cin ity of
Vi enna (Aus tria) through west ern Slovakia, Po land, east ern
Slovakia and the Trans-Carpathian Ukraine to Ro ma nia
(Fig. 8A). The Late Ju ras sic-Early Cre ta ceous Pieniny Klippen
Belt Ba sin (Figs. 7, 9) is well-marked by NE–SW trending fa -
cies zones which cor re spond to ridges and troughs in the sea
floor (from north-west to south-east: the Czorsztyn Ridge,
Czorsztyn, Czertezik, Niedzica, Branisko-Pieniny and
Haligovce suc ces sions and the Andrusov Ex otic Ridge)
(Birkenmajer, 1977, 1986, 1988) (Fig. 9). 

The di rec tion of the Czorsztyn Ridge re mains some what
spec u la tive. Two al ter na tive mod els ex ist in the lit er a ture on
the sub ject:

1. A ESE–WNW ori en ta tion given for ex am ple by
Michalík (1994), Vašíček et al. (1994), Channell and Kozur
(1997).

2. A NE–SW di rec tion (pre ferred in this pa per), agreeing
with re con struc tions pre sented for ex am ple by Plašienka
(2000, fig. 3).

A slight dif fer ent “com pro mise” E–W po si tion of
Czorsztyn Ridge is also pos si ble (e.g. Golonka et al., 2000,
fig. 5).

A NE–SW di rec tion of the ridge is sug gested by:
— the par al lel di rec tion of the ma jor bas ins and ridges

within the north ern Carpathian realm sug gested first by
Książkiewicz (1960) and more re cently by Burtan et al. (1984), 
Krobicki (1993), Krobicki and Słomka (1999);

— wid en ing of the Magura and Silesian units west ward
(e.g. Żytko et al., 1989; Kováč et al., 1998; Golonka et al.,
2000). These units are sig nif i cant in Slovakia, Czech Re pub lic
and Po land, pinch ing out at the Ukrai nian-Romanian bor der;

— the mu tual po si tion of the Pieniny and Magura Ba sins,
which re late to the breakup of Pangea. Their open ing is linked
to the open ing of the Cen tral At lan tic-Ligurian sys tem (e.g.
Dercourt et al., 1993; Golonka et al., 1994, 1996; Ricou, 1996;
Kiesling et al., 1999). The At lan tic-Ligurian trend is NE–SW;

— Laurasian plate ro ta tion. The dif fer ence be tween the
pres ent day and palaeo-position of Laurasia (at the end of the
Palaeozoic) is 43 de grees (Walker et al., 1995). Laurasia ro -
tated clock wise dur ing Me so zoic-Cenozoic time. The trend of

24 Jan Golonka and Michał Krobicki

Fig. 8. A — lo ca tion of the Pieniny Klippen Belt within the Carpathians with po si tion of the in ves ti gated area (rect an gle); B — lo ca tion of the sec tions
stud ied (men tioned in text) with Tithonian-Berriasian brachi o pods and phos phates in the Pieniny Klippen Belt, Po land; sam pling sites: R — Rogoźnik
Klippes; C — Czorsztyn-Sobótka Klippe; phos phatic lo cal i ties (P): CzS — Jaworki-Homole Gorge-Czajakowa Skała Klippe; B — Biała Woda-Brysztan



the Laurasian mar gin dur ing the on set of Carpathian rift ing is
NE–SW (e.g. Kiessling et al., 1999). The Czorsztyn Ridge
rifted away from Laurasia in the Early Ju ras sic (Birkenmajer,
1986; Golonka et al., 2000). Its original NE–SW trend was per -
haps re tained un til the Late Cre ta ceous-Paleogene ba sin
closure;

— palaeogeographic space con straints. It is not pos si ble to
move the In ner Carpathian Block too far to the west and south
(the op tion sug gested e.g. by Michalík, 1994; Vašíček et al.,
1994). This kind of move ment would re quire the re moval of
sev eral plates and pro duce se vere prob lems in for mu lat ing a
step-by-step Me so zoic-Cenozoic plate tec tonic model. The
plate po si tion pre sented in this pa per agrees with a con sis tent
Phanerozoic global plate model (Golonka, 2000).

Dur ing the Ju ras sic and Cre ta ceous (pe lagic stage C —
sensu Birkenmajer, 1986) the sub ma rine Czorsztyn Swell (“pe -
lagic swell” — Mišík, 1994) was an elon gated struc ture, nearly
500 kilo metres long and some tens of kilo metres wide. This
swell was lim ited to the north-west and south-east by bas ins in
which deep-wa ter de po si tion of cherty lime stones of the
Maiolica Nannoconus fa cies took place (Golonka and Sikora,
1981; Wieczorek, 1988). The end-Ju ras sic Tethyan plate re or -
gani sa tion re sulted in the ex ten sive grav i ta tional fault ing of this 
area (Neo-Cim mer ian move ments) (Birkenmajer, 1986). Ef -
fects of the Neo-Cim mer ian move ments are par tic u larly well
pro nounced in Tithonian-Berriasian de pos its (syn-sed i men tary 
brec cias, nep tu nian dykes, re work ing of fos sils, e.g.
Birkenmajer, 1975; Krobicki and Słomka, 1999). Ini tial stages
of subduction of oce anic crust un der the north ern, ac tive mar -
gin of the In ner Carpathian plate along the Andrusov Ex otic
Ridge are re lated to these move ments (Birkenmajer, 1986,
1988) (Fig. 9). It is also pos si ble to en vis age south-dip ping
subduction un der the In ner Carpathian re gion with out an ac -
knowl edge ment of Andrusov Ex otic Ridge ex is tence (e.g.
Plašienka, 1995). We fol low Birkenmajer’s model, al though
there are var i ous al ter na tive mod els ex plain ing the clos ing of

the Pieniny Klippen Belt Ocean (Ślączka and Golonka, in
prep.):

1. Subduction at the north ern mar gin of the In ner
Carpathian ter ranes (the model pre ferred in this pa per). The lat -
est Cre ta ceous-earliest Paleocene was the time of the clo sure of
the Pieniny Ocean and the col li sion of the In ner Carpathians
ter ranes with the Czorsztyn Ridge. The subduction zone
jumped from the south ern mar gin of the Pieniny Ba sin to the
north ern mar gin of the Czorsztyn Ridge and be gan to con sume
the Magura Ba sin. The Ju ras sic-Early Cre ta ceous Magura Ba -
sin was the part of the Me so zoic Tethyan oce anic sys tem con -
nected with the Ligurian-Pieniny Ocean. The Silesian and other 
Outer Carpathian Ba sins de vel oped as rifts on the Eu ro pean
mar gin.

2. Subduction de vel oped at the south ern mar gin of the Eur -
asian plate. The Outer Carpathian Ba sin had de vel oped as a
back-arc. By Albian time, a part of the Pieniny Klippen Belt
Ocean (Grajcarek-Hulina Ba sin) was con sumed, and the new
Magura Ba sin had de vel oped. 

3. Subduction de vel oped at both mar gins of the
Pieniny-Magura Ba sin. The Outer Carpathian realm is a com -
bi na tion of oce anic (part of Magura) and con ti nen tal rifted bas -
ins. The rifted sub-basins, such as the Dukla, Silesian,
Sub-Silesian, Skole, Tarcau, were sep a rated by up lifted ar eas. 

PALEOCLIMATE mod el ling (Figs. 1–6) sug gests pre vail -
ing north-north-east Ju ras sic-Cre ta ceous wind di rec tions in the
north ern Tethys area, par al lel to the axis of the Czorsztyn Ridge 
(Figs. 14A, B). Upwelling may have been in duced at the south -
east ern mar gin of the ridge. This model is con sis tent with the
rock re cord, es pe cially from the up per most part of the
Calpionella lime stone — type Dursztyn Lime stone For ma tion
(Sobótka Lime stone Mem ber) of the Niedzica Suc ces sion
(Birkenmajer, 1986; Krobicki, 1994, 1996; Golonka and
Krobicki, 1995) (Fig. 11B).
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Fig. 9. Palinspastic re con struc tion of the Pieniny Klippen Belt Ba sin dur ing the Tithonian-Berriasian (based on Birkenmajer, 1977, 1986)

Mg — Magura Ba sin, Outer Carpathians, CR — Czorsztyn Ridge; suc ces sions: C — Czorsztyn, Cz — Czertezik, N — Niedzica, B — Branisko, P —
Pieniny, H — Haligovce, AER — Andrusov Ex otic Ridge



THE GLOBAL-LOCAL RELATIONS

The fau nal as sem blages, as well as the ex is tence of phos -
phates, in di cate links be tween sed i men ta tion on the Czorsztyn
Ridge, wind di rec tion, wa ter cir cu la tion and upwelling zones.
The fol low ing de tailed anal y sis of brachi o pod fau nas serve as a 
case study doc u ment ing palaeoenvironmental change con -

nected with Neo-Cim mer ian up lift of the Czorsztyn Ridge.
This lo cal up lift re flects the global trends of plate re or gani sa -
tion. Si mul ta neously, de po si tion of phos phates hap pened as a
re sult of palaeoceanographic changes. This case study dem on -
strates the va lid ity of global paleoclimatic mod el ling and sug -
gests the ap pli ca tion of this method to the other ar eas of the
world (see Figs. 1–6).
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Fig. 10. Cor re la tion of Tithonian-Berriasian de pos its from Rogoźnik Klippes and Czorsztyn-Sobótka out crops with pie charts of brachi o pod as sem blages
(af ter Krobicki, 1996, mod i fied; stra tig ra phy af ter Kutek and Wierzbowski, 1986 and Wierzbowski and Remane, 1992; lithostratigraphy af ter
Birkenmajer, 1977)

1 — Rogoźnik Co quina Mem ber (Dursztyn Lime stone For ma tion): A — red sparitic co quina, B — white micritic co quina; 2 — Czorsztyn Lime stone For -
ma tion; 3 — Sobótka Lime stone Mem ber (Dursztyn Lime stone For ma tion) (white Calpionella lime stone); 4–6 — Łysa Lime stone For ma tion: 4 —
Harbatowa Lime stone Mem ber, 5 — Walentowa Brec cia Mem ber, 6 — Kosarzyska Lime stone Mem ber; 7 — Spisz Lime stone For ma tion



ANALYSIS OF BRACHIOPOD MATERIAL

De tailed biostratigraphic stud ies of Czorsztyn Suc ces sion
have led to the sub di vi sion of Tithonian and Berriasian de pos its 
us ing ammonite and calpionellid zones (Kutek and
Wierzbowski, 1986; Wierzbowski and Remane, 1992;
Wierzbowski, 1994). The best stud ied se quences con tain ing
brachi o pods are the Rogoźnik Klippes and the
Czorsztyn-Sobótka Klippe (Fig. 8B) where suc ces sions of
Tithonian and Berriasian brachi o pods were stud ied bed-by-bed 
(Fig. 10). Strati graphic ranges of the taxa are based mostly on
the stud ies of Barczyk (1991) and Krobicki (1994). The ranges
show that the taxa ana lysed oc cur in both the Tithonian and the

Berriasian, sug gest ing that palaeo eco logi cal con di tions
(bathy metry, hydroenergy, and oce anic pro duc tiv ity) were the
stim u lat ing fac tors for the di ver si fi ca tion of the brachi o pod as -
sem blages in suc ces sions and/or fa cies. Quan ti ta tive and qual i -
ta tive changes in fau nal as sem blages may help de ter mine
palaeo eco logi cal con di tions. These con di tions de pend on the
palaeogeographic po si tion of spe cific fa cies in the palinspastic
re con struc tion of the Pieniny Klippen Belt Ba sin. The dom i -
nance/pres ence/ab sence of given taxa in suc ceed ing lithofacies
has been ana lysed. The grad ual re place ment of ini tially dom i -
nant pygopids (Pygope and Nucleata) by rhynchonellids
(Lacunosella) as sem blages was re corded.

Lacunosella rhynchonellids com monly oc cur in shal -
low-water, reef-like, Tithonian-Berriasian and Lower
Valanginian sed i ments (so-called Štramberk Lime stones)
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Fig. 11. A — Czajakowa Skała Fold and Bukowiny Fold, west ern wall of
the Homole Gorge near Jaworki vil lage with lo ca tion of phos phate de pos -
its (P) (ge ol ogy af ter Birkenmajer, 1970; mod i fied by Jurewicz, 1994); B
—  lithostratigraphical col umns of the Niedzica Suc ces sion (Czajakowa
Skała Klippe) with lo ca tion of phos phate de pos its (P) on the up per most
sur face of the Sobótka Lime stone Mem ber; for mal units as the same as
above (af ter Birkenmajer, 1977)

Czorsztyn Suc ces sion: 1 — Smolegowa Lime stone For ma tion (white cri -
noid lime stone), 2 — Krupianka Lime stone For ma tion (red crinoidal lime -
stone), 3 — Czorsztyn Lime stone For ma tion (red nod u lar — Ammonitico
Rosso-type — lime stone), 4 — Dursztyn Lime stone For ma tion (red and
white Calpionella lime stones); 5 — Pomiedznik For ma tion (marly lime -
stones), 6 — Jaworki For ma tion (var ie gated marls); Niedzica Suc ces sion:
7 — Krempachy Marl and Skrzypny Shale For ma tions
(Fleckenmergel-type de pos its lo cally with sphaerosiderite con cre tions), 8
— Krupianka Lime stone For ma tion (red crinoidal lime stone), 9 —
Niedzica Lime stone For ma tion (red nod u lar — Ammonitico Rosso-type —
lime stone), 10 — Czajakowa Radiolarite For ma tion (red and green
radiolarites), 11 — Czorsztyn Lime stone For ma tion (red nod u lar —
Ammonitico Rosso-type — lime stone), 12 — Dursztyn Lime stone For ma -
tion (red and white Calpionella lime stones), 13 — Pieniny Lime stone For -
ma tion (white and grey cherty — Maiolica-type — lime stones), 14 —
Kapuśnica For ma tion (green ish, spot ted lime stone), U1–U3 — lon gi tu di nal 
faults



(Wójcik, 1914; Książkiewicz, 1974; Nekvasilová, 1977). Ac -
cord ing to Ager (1965), these are typ i cal sub-littoral forms.

Pygopids (the gen era Pygope and Nucleata) were usu ally
in ter preted as deep-water or gan isms (Ager, 1965, 1976). Dieni
and Middlemiss (1981) de scribed an abun dant col lec tion of
these brachi o pods from the Ve ne tian Alps, from pe lagic lime -
stones of Maiolica fa cies which are the fa cies equiv a lent of the
cherty lime stones of the Branisko-Pieniny Suc ces sion (Pieniny
Lime stone For ma tion) (Wieczorek, 1988). Pygope, with its
deep-water pref er ence, could be in dic a tive rather of colder than 
warmer wa ter, thus sug gest ing upwelling zones (cf. Sandy,
1991; Michalík, 1996). It has also been sug gested that pygopids 
could also oc cupy shal low wa ters over seamounts (Ager, 1986, 
1993). The Czorsztyn pe lagic swell rep re sents such a chain of
seamounts. The eurybathic char ac ter of both Pygope and
Nucleata sug gests op por tu nis tic, r-selected taxa (Krobicki,
1993, 1994). The dom i na tion of these brachi o pods points to
deeper de po si tion en vi ron ments in which the re main ing taxa
were elim i nated from the biocenosis.

In the Czorsztyn Suc ces sion, sig nif i cant amounts of
Lacunosella sug gest a gen er ally shal lower depositional en vi -
ron ment of the en clos ing sed i ments in com par i son with those
strata in which rhynchonellids are rare or ab sent. On the other
hand, the in creas ing per cent age of pygopids in the stud ied as -
sem blage sug gests deeper en vi ron ments (Fig. 10). Usu ally, if
Lacunosella rep re sen ta tives con sti tute about 25% of the as -
sem blage, both Pygope and Nucleata are sub or di nate and vice
versa. Abrupt shallowing trends in sed i men tary ba sin at the
Tithonian-Berriasian bound ary have been noted in var i ous
parts of the Czorsztyn Suc ces sion. This in di cates that palaeo -
eco logi cal fac tors (mainly bathymetry) stim u lated dif fer en ti a -
tion of the brachi o pod as sem blages in time and space,
cor re spond ing to a shallowing-up wards trend (Krobicki, 1994,
1996). Ad di tion ally, in the ammonite as sem blage of the Lower
and Mid dle Tithonian, nektopelagic forms pre vail over

nektobenthic ones, sug gest ing a deep-wa ter sed i men tary en vi -
ron ment (see Cecca et al., 1993).

Such phe nom ena are the re sult of pro nounced Neo-Cim -
mer ian tec tonic move ments (Osterwald Phase — af ter
Birkenmajer, 1958, 1975, 1986) which af fected the Czorsztyn
pe lagic swell. These move ments are ex pressed by fa cies di ver -
si fi ca tion, hardgrounds and con densed beds with ferro manga -
nese-rich crusts and/or nod ules, sed i men tary-strati graphic
hi a tuses, sed i men tary brec cias, nep tu nian dykes and/or fau nal
redeposition. These pro cesses were caused by orig i na tion and
sub se quent de struc tion of the sub ma rine tec tonic horsts at trib -
uted mainly to the Neo-Cim mer ian ep i sode of tec tonic ac tiv ity
in the Carpathians (Birkenmajer, 1986; Krobicki, 1996;
Krobicki and Słomka, 1999) (Figs. 7, 13).

PHOSPHATE DISTRIBUTION

The pres ent pa per in cludes data from the Ju ras sic/Cre ta -
ceous bound ary de pos its. The se quences were stud ied in nat u -
ral out crops of the Niedzica Suc ces sion sit u ated in the east ern
part of the Pol ish sec tor of the Pieniny Klippen Belt. The
Dursztyn Lime stone For ma tion, sub di vided into the Korowa
Lime stone Mem ber and the Sobótka Lime stone Mem ber
(Birkenmajer, 1977), rep re sents the Tithonian/Berriasian
bound ary strata of the Niedzica Suc ces sion. In the vi cin ity of
Niedzica, the Niedzica Suc ces sion forms iso lated tec tonic
wedges, strongly folded to gether with Up per Cre ta ceous marly
de pos its of the Czorsztyn Suc ces sion. East of Jaworki
(Figs. 8B, 11) the Niedzica Suc ces sion oc curs as a large sheet
(nappe) thrust over the Czorsztyn Suc ces sion. The out crops
stud ied ex pose white, mas sive, micritic lime stone which grades 
up wards into thin-bed ded, micritic lime stone rich in bioclasts
(cri noids, brachi o pods, ammonites, small gas tro pods) of the
Sobótka Lime stone Mem ber. At the top part (in 7 ex po sures) of 
this mem ber, a 10–20 cm thick layer com posed of green
micritic lime stone, rich in phosphorite oc curs. At this level (in
all sec tions) large (8–10 cm across), phos phatic macrooncoids
form an oncolitic pave ment (see Krobicki, 1993, 1994, pl. VIII, 
1996). On bed ding sur faces, large ammonites (up to 30 cm in
di am e ter) are vis i ble. The rock is strongly frac tured; Fe-Mn
crusts cover the ir reg u lar sur faces of the sed i men tary dis con ti -
nu ities (Figs. 11, 12).

DISCUSSION AND CONCLUSIONS

Paleoclimatic mod el ling maps for Ju ras sic and Cre ta ceous
times show wind di rec tions fa vour able for upwelling con di -
tions, which ex isted over a long time span. The best ex am ple of
such con tin u ous con di tions is the west ern coast of the Amer i -
cas (Figs. 1–6), where upwelling hap pens from time to time
(Par ish and Curtis, 1982). Palaeozoic, Me so zoic and Ce no zoic
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Fig. 12. Biała Woda-Brysztan sec tion; Dursztyn Lime stone For ma tion,
Sobótka Lime stone Mem ber (Berriasian), Niedzica Suc ces sion; in en large -
ment: top of last bed (af ter Krobicki, 1993, 1994)

Fe-Mn — Fe-Mn crusts, P — phosphorites, On — phosphatic macrooncoids 



or ganic-rich de pos its and as so ci ated phos phatic beds re flect the 
upwelling events along the coast.

The rock re cord from Pieniny Klippen Belt shows that
upwelling hap pened in low er most Cre ta ceous time. The in cep -
tion of upwelling may be as so ci ated with the time of plate tec -
tonic re or gani sa tion. Tec tonic move ments gen er ated shal low
plat forms and is lands along the NE–SW trending ridges be -
tween the main part of Tethys and the Eur asian Plat form.
Paleoclimate mod el ling (Figs. 14A, B) sug gests that the Ju ras -
sic-Cre ta ceous pre vail ing wind di rec tions in the
Circum-Carpathian Tethys area were north-north-east, par al lel
to the ridges. Upwelling may have been in duced at the south -
east ern mar gin of the ridges.

This type of oce anic cir cu la tion has been re corded in a spe -
cific association of deposits. These are, given the ex tremely
high bi o log i cal pro duc tiv ity as so ci ated with upwelling, mainly
biogenic rocks with high con tents of or ganic mat ter, sil ica, and
phos phates in dif fer ent forms, and de pos its with elevated con -
tents of some trace el e ments. The co in ci dence of these fac tors
in a given palaeogeographical sit u a tion might help to re con -

struct the palaeoceanographical con di tions of a spe cific type of
upwelling cir cu la tion.

Upwelling ar eas are ma rine re gions, in which masses of
cold sea wa ters, rich in nu tri ents, are lifted from ocean depths
to ward more shal low zones, sit u ated most of ten along the con -
ti nent mar gins. Such a nu tri ent-rich wa ter cir cu la tion fa cil i tated 
growth of zoo- and phytoplankton (which was, in turn, the ba -
sic food source for brachi o pods — see Rudwick, 1970). Or -
ganic pro duc tion at the low est trophic level might have been
very high, as it caused flour ish ing growth of ben thic or gan isms
along sev eral hun dreds of the kilo metres-long, intraoceanic
Czorsztyn pe lagic swell. At the same time, at the
Tithonian-Berriasian bound ary, a microplankton (mainly
calpionellids) ex plo sion took place in the sed i men tary bas ins of 
the West ern Carpathians, trig gered by palaeogeographic
changes re lated to Neo-Cim mer ian tec ton ics (Reháková and
Michalík, 1994). The pres ence of phos phate-rich de pos its
(phosphorites and mi cro bial phos phate struc tures —
macrooncoids) in the Berriasian de pos its of the Niedzica Suc -
ces sion, which in a palinspastic re con struc tion rep re sents a
shelf-edge/slope bound ary, sup ports this idea (Figs. 9, 13).
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Fig. 13. Model of sed i men ta tion on the intraoceanic Czorsztyn pe lagic swell in Berriasian with ef fects of pronounced Neo-Cimmerian tec tonic move -
ments and upwelling cur rents (af ter Krobicki, 1996, mod i fied)

1 — Rogoźnik Co quina Mem ber (Dursztyn Lime stone For ma tion): A — sparitic co quina, B — micritic co quina; 2 — Czorsztyn Lime stone For ma tion
(Ammonitico Rosso fa cies); 3 — Sobótka Lime stone Mem ber (Dursztyn Lime stone For ma tion); 4, 5 — Łysa Lime stone For ma tion: 4 — Harbatowa Lime -
stone Mem ber, 5 — Walentowa Brec cia Mem ber; suc ces sions: C — Czorsztyn, Cz — Czertezik, N — Niedzica



Sim i lar phos phate sed i ments, known from re cent and fos sil
sed i men tary en vi ron ments, sug gests upwelling in such places.

Anal y sis of this pro posed sed i men ta tion model for the
Tithonian-Berriasian car bon ate rocks of the Czorsztyn pe lagic
swell (Fig. 13), par tic u larly the com par i son of brachi o pod pie
charts and phos phate dis tri bu tion, sug gests that the grad ual tec -
tonic up lift of the Czorsztyn Ridge, par tic u larly in
post-Tithonian time (Neo-Cim mer ian move ments), caused a
sig nif i cant shallowing over vast ar eas of the Czorsztyn realm.
The re sult ing shal low, sub ma rine ridges were par al lel to wind
di rec tions and sep a rated var i ous zones of oce anic cur rents and
this could have led to upwelling (Birkenmajer, 1986; Krobicki,
1993, 1994, 1996). The nu tri ent sup ply in creased dur ing the
Late Ju ras sic Oce anic Anoxic Events and was per haps re lated
to vol ca nic ac tiv ity. Mass oc cur rences of Tithonian and
Berriasian brachi o pods in the Czorsztyn Suc ces sion were prob -
a bly con trolled by upwelling-in duced trophic re la tion ships,
which re sulted in in tense growth of ben thic or gan isms. Sim i lar
ef fects of upwelling cur rents are known from mod ern, ma rine
en vi ron ments with this type of cir cu la tion (ac cu mu la tion of
turitellids in Cal i for nia — Allmon, 1988; brachi o pod shell de -
bris in Namibia — Hiller, 1993; e.g. also Thiel, 1978).

Upwelling cur rents last, as a rule, over tens to hun dreds of
thou sands of years, as can be de duced from anal y sis of the Ce -
no zoic ter rains where upwelling oc curred. Many facts sug gest

other “upwelling events" in the Pieniny Klippen Belt Ba sin
history. This may be con cluded both from Ju ras sic and from Cre ta -
ceous de pos its (Bajocian, Valanginian and Albian/Cenomanian (?)
phosphorites and/or phos phatic stromatolites) and fauna (Krobicki,
1997). 

Geo log i cal ob ser va tions here upheld the pre dic tion of
upwelling zones based on com puter mod ell ing gen er ated maps. 
This sug gests the de sir abil ity of in ves ti gat ing the ar eas where
pre dicted upwelling and or ganic pro duc tiv ity might have con -
trib uted to the de vel op ment of pe tro leum sys tems along the
north ern mar gin of the Tethys (see Golonka et al., 1997b).
Com puter mod ell ing maps may help to un der stand the
palaeoenvironment and lithofacies pat tern in basinal as well as
in up lifted fa cies in the Tethys Ocean.
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Fig. 14. Palaeoenvironments, wind di rec tion and upwelling zones of the Carpathian area dur ing Tithonian-Berriasian time (palaeo ge ogra phy af ter
Golonka et al., 2000, mod i fied): A — sum mer North ern Hemi sphere, B — win ter North ern Hemi sphere 

1 — moun tains/high lands (ac tive tec toni cally), 2 — top o graphic me dium-low (in ac tive tec toni cally, non-deposit), 3 — ter res trial un dif fer en ti ated, 4 —
coastal, tran si tional, mar ginal ma rine, 5 — shal low ma rine, shelf, 6 — slope, 7 — deep ocean ba sin with sed i ments (con ti nen tal, tran si tional, or oce anic
crust), 8 — deep ocean ba sin with lit tle to no sed i ments (pri mar ily oce anic crust), 9 — wind di rec tions, 10 — upwelling zone; ab bre vi a tions of oceans
and plates names: Bl — Balcans, Br — Briançonnais terrane, Bu — Bucovinian terrane, Cr — Czorsztyn Ridge, EA — East ern Alps, Hv — Helvetic
zone, IC — In ner Carpathians, Li — Ligurian (Piemont) Ocean, Me — Meliata su ture, Mg — Magura Ba sin, Mo — Moesia Plate, PKB — Pieniny Klippen 
Belt Ba sin, RD — Rheno-Danubian Ba sin, Rh — Rhodopes, SC — Silesian Ridge (cor dil lera), Si — Siret, Sl — Silesian Ba sin, Ti — Tisa Plate, Vl —
Valais Trough
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