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Ab stract: A sink hole, de vel oped in Mid dle Tri as sic lime stones and filled with clastic and or ganic de pos its,
in clud ing lig nite, was stud ied, in terms of its or i gin and age. The sink hole rep re sents a so lu tion sink hole, which
orig i nated through the sub si dence of surficial de pos its into an un der ly ing cave sys tem. The study per mit ted the
rec og ni tion of three main stages of sink hole evo lu tion. Dur ing the ini tial stage, sub ter ra nean and sur face kars-
tification pro ceeded con cur rently. As a re sult, a terra rossa cover de vel oped at the sur face and a cav ern sys tem was 
formed in the un der ly ing bedrocks. Dur ing the sec ond phase, both sys tems be came con nected and the soil cover
sub sided. This, in turn, in volved the for ma tion of a de pres sion at the land sur face and ponding of the drain age
wa ter. The pond was filled with plant de bris, later giv ing rise to lig nite for ma tion. Dur ing the third and fi nal stage,
the sink hole was filled with quartz sands with kaolinite, de rived from eroded, Up per Cre ta ceous sand stones and
marls.

Re sults of pol len anal y sis from the sink hole in di cate the pres ence of mesophytic for ests and show a sig nif i cant 
role of ri par ian for ests and her ba ceous veg e ta tion. The oc cur rence of abun dant, fresh wa ter al gae and the pol len of
aquatic plants ev i dences sed i men ta tion of the infill in a wa ter body (pond). The ap par ent dom i nance of arcto-
tertiary and cos mo pol i tan, palaeofloristical el e ments, as well as the oc cur rence of only sparse, palaeotropical el e -
ments (mainly sub trop i cal), in di cate a warm-tem per ate cli mate (cooler than dur ing the Early and Mid dle Mio -
cene pe riod). A com par i son of the sporomorph as so ci a tion from the sink hole with those from other Neo gene sites
pro vides ev i dence of its Late Mio cene age (Late Pannonian–Early Pontian).
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IN TRO DUC TION

The Up per Silesian-Cra cow Up land abounds in palaeo-
karstic forms, filled with a va ri ety of in ter nal sed i ments.
The palaeokarst phe nom ena in clude both cov ered and un -
cov ered karst forms, filled with flowstones and clastic and
or ganic de pos its (G³azek, 1989; Szulc, 1998, 2012).

Most com mon palaeokarstic forms are sink holes (do-
lines), reach ing 30 m in depth and up to 300 m in di am e ter.
Field stud ies led to the rec og ni tion of var i ous kinds of the
sink hole. Two main types of sink hole oc cur: dis so lu tion
sinkholes, open de pres sions at the bed rock sur face, re sult -
ing from chem i cal ero sion of lime stone (open sink holes,
exokarst); and sub si dence sink holes, formed by move ment
of the cover ma te ri als into subsurface cave sys tems (endo-
karst). Both types dif fer also in com po si tion and the sed i -
men tary fab rics of their fills. As a rule, the open sink holes
are filled with un dis turbed, well bed ded clays, sands and a

thicker com plex of lig nite. In con trast, the sed i men tary fill
of the sub si dence sink holes dis plays com mon de for ma tions
of the pri mary, sed i men tary struc tures, in clud ing the orig i -
nal lam i na tion. Brown coal forms thin ner, dis con tin u ous in -
ter ca la tions in the clastic de pos its (Worobiec and Szulc,
2012).

It is re mark able that dif fer ent types of sink holes and
their fill ings may oc cur next to each other, at a dis tance of
sev eral hun dred metres. This, in turn, raises the ques tion of
ge netic con trols and the time suc ces sion (stra tig ra phy) of
the dif fer ent palaeokarst sys tems.

The pres ent study is fo cussed on a sub si dence sink hole
in the Góra¿d¿e Quarry (Figs 1, 3A). In or der to re con struct
the or i gin and age of the sink hole, the au thors ex am ined in
de tail its sed i men tary fill, the diagenetic fab rics of the fill
and the par ent rocks and the sporomorph com po si tion of the 



sink hole fill ing. One of the pre vi ous stud ies dealt with an
open sink hole in this re gion (Worobiec and Szulc, 2010a,
b), so the new data may be viewed in the con text of the pre -
vi ous study.

GEO LOG I CAL SET TING

Palaeokarst forms, oc cur ring in the west ern part of Up -
per Silesia, are de vel oped mostly within two in ter vals of the 
Mid dle Tri as sic Muschelkalk car bon ates, namely in the Gó- 
ra¿d¿e Beds and in the Karchowice–Diplopora Beds (Fig. 2).
Such a dis tri bu tion is clearly con trolled by the lithological
properties of the rocks in volved. Both of the com plexes men -
tioned are com posed of pure lime stones, un der lain by less
per me able, marly de pos its. Such a layer-cake ar range ment
im plies the lo cal iza tion of karst pro cesses, con fined to the
two in ter vals noted above.

The sink hole un der con sid er ation de vel oped in thick-
bed ded and coarse-grained, bioclastic, oncolithic and oolitic 
lime stones, interbedded with fine-grained, nod u lar limesto-
nes, mak ing up a suc ces sion, 15 m thick, in the Góra¿d¿e
Beds. Pure lime stones of the Góra¿d¿e Beds are un der lain
by marly sed i ments of the Up per Gogolin Beds. The marls
form a poorly per me able ho ri zon, which re stricted the cir cu -
la tion of de scend ing ground wa ter and thus lim ited the
downward prog ress of the karstic pro cesses.

The karstic pro cesses were en hanced by rel a tively in -
tense fault ing of the Muschelkalk rocks dur ing the late Tri -
as sic and Ter tiary tec tonic move ments in the re gion (Ass-
mann, 1944).

The palaeosinkholes and their fills are post dated by
Quater nary tills and flu vio gla cial sands.

PRE VI OUS STUD IES

Palaeokarst from Up per Silesia has not re ceived any ad -
vanced and com pre hen sive study. The only pa per on me te -
oric weath er ing of the base ment car bon ates, by D¿u³yñski
and Kubicz (1971) con cerned the diagenetic dis in te gra tion
(“sandyfication”) of the Muschelkalk lime stones. In ad di -
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Fig. 1. Lo ca tion map of Góra¿d¿e Quarry (as ter isk) and gen -
eral, geo log i cal map of re gion

Fig. 2. Lithostratigraphical log of Mid dle Tri as sic from Up per
Silesia. Ab bre vi a tions for lithostratigraphic units: L. Gg – Lower
Gogolin Beds; U. Gg – Up per Gogolin Beds; Gr. – Góra¿d¿e
Beds; T – Terebratula Beds; Kr – Karchowice Beds; D – Diplo-
pora Beds



tion, some short re ports and com ments have been pub lished
in the book let of the 32nd Speleological Sym po sium, or ga -
nized in 1998 by Speleological Sec tion of the Pol ish Co per -
ni cus So ci ety of Nat u ral ists (e.g., Koszara and Szynkiewicz, 
1998). Some older pub li ca tions, deal ing with karst of the
east ern part of Up per Silesia, did not in clude any def i nite
results, con cern ing the age and or i gin of the palaeokarst sys -
tems of the re gion (Assmann, 1943; Hornig, 1956; Gers,
1963; Gilewska, 1964; Górzyñski, 1964). Ac cord ing to better 
rec og nized ex am ples from the Cra cow Up land, Sudetes Mts.
and Holy Cross Mts. (Gradziñski, 1962, 1977; G³azek, 1989),
it may be pre sumed that they formed both in Paleogene and
Neo gene times.

The pre vi ous, palaeobotanical ex am i na tions of the or -
ganic frac tion, fill ing the karstic de pres sions in Silesia, gave 
very ap prox i mate, strati graphic in for ma tion, de fin ing them
as Neo gene (Rogala and Sadowska, 2003) or gen er ally as
Ter tiary in age (Baranowska-Zarzycka, 1980; Wojtanowska 
and Szynkiewicz, 1998).

The most re cent stud ies on the paleokarst, con cern ing
mainly the age of the karst fill ing, have been made for only
one open sink hole, oc cur ring some 7 km SW from the Gó-
ra¿d¿e site, at Tarnów Opolski (Worobiec and Szulc, 2010a, 
b; Worobiec, 2011). The re sults per mit ted de ter mi na tion of
the age of the lig nite-filled sink hole as Mid dle Mio cene and
re con struc tion of the gen e sis of one type of open sink hole.

The pres ence of some Neo gene sites in SW Po land that
were pre vi ously ex am ined with re spect to palynology per -
mits the com par i son of the sporomorph as so ci a tion stud ied
with other pol len as sem blages, as well as an age de ter mi na -
tion for the sink hole infill. Some of the de pos its orig i nated
from wa ter bod ies (e.g., Józefina – Worobiec et al., 2009;
Worobiec and Gedl, 2010). How ever, with the ex cep tion of
the sink hole at Tarnów Opolski (Worobiec and Szulc,
2010a, b; Worobiec, 2011), no de tailed, palynological re -
search has been con ducted on the palaeosinkholes.

MA TE RI ALS AND METH ODS

A de tailed study was car ried out on the larg est sink hole, 
de vel oped in the NW part of the quarry (Fig. 3A, GPS
coordinates – N: 50°32'3.58"; E: 18°2'23.29"). The fill of this 
sink hole was the sub ject of care ful field ex am i na tion, con -
cern ing its stra tig ra phy, depositional and deformational stru-
ctures, min er al og i cal com po si tion, diagenetic fea tures (Figs
3–5), palynological and palaeoenvironmental con text, and
age de ter mi na tion. Since a sig nif i cant part of the sink hole
fill was cov ered by scree ma te rial, ex ten sive ex ca va tion
work was nec es sary be fore the sedimentological and strati -
graphi cal stud ies. Af ter the field work, 36 sam ples of the
sink hole de pos its were taken for lab o ra tory work, in clud ing
thin-sec tion anal y sis, SEM ex am i na tion and X-ray dif frac -
tion. This lab o ra tory work led to rec og ni tion of the dom i -
nant mineralogies of the fill, its early and late diagenetic
changes and their palaeoenvironmental con trols.

The par ent rocks were ex am ined by means of op ti cal and 
scan ning mi cros copy, in or der to re cog nise the diagenesis,
ac com pa ny ing the sink hole for ma tion and infill de po si tion.

Palynology

The ma te rial for pol len anal y sis was col lected from the
sink hole (Fig. 6) in May, 2009. In ad di tion, in the years
2010–2012, sam ples were col lected from the de pos its, ly ing 
above the palaeokarst. A to tal of 15 sam ples of the sed i -
ment, fill ing the sink hole (num bered 1–7), and more than 20 
sam ples from the cov er ing de pos its (named GL) were taken
(Fig. 4I). Sam ples no.: 1, 2a, 2b, 3a–3d, 4a–4c, 5a, 5b, and 6 
were taken from the dark coaly sed i ment, vis i ble in the
walls of the sink hole. Sam ples no. 7a and 7b were taken
from the yel low sed i ment in the mid dle part of the sink hole
(Fig. 6). The sam ples were pro cessed in the Lab o ra tory of
the W. Szafer In sti tute of Bot any, Pol ish Acad emy of Sci -
ences, Kraków, ac cord ing to the mod i fied Erdtman’s aceto-
lysis method (Faegri and Iversen, 1975; Moore et al., 1991), 
us ing hy dro flu oric acid to re move min eral mat ter. Ad di tion -
ally, the ma te rial was sieved at 5 µm on a ny lon mesh. Mi -
cro scope slides were made, us ing glyc er ine jelly or glyce-
rine as a mount ing me dium. Four mi cro scope slides from
each sam ple were stud ied. The rock sam ples, palynolgical
res i dues and slides are stored in the W. Szafer In sti tute of
Bot any, Pol ish Acad emy of Sci ences, Kraków.

Data from the spore-pol len spec tra were used to con -
struct a sim pli fied di a gram, pre sent ing the fre quen cies of
sporomorphs (pol len grains and spores), char ac ter is tic for
various plant com mu ni ties, and al gae (Fig. 7A). The per -
cent age shares of the sporomorph groups, pre sented in the
di a gram, were cal cu lated from the to tal sum of pol len grains 
and spores; the pro por tion of al gal mi cro-re mains was com -
puted sep a rately in re la tion to the to tal sum, us ing the
POLPAL com puter pro gram (Nalepka and Walanus, 2003).

The iden ti fied sporomorph taxa were clas si fied to an
ap pro pri ate palaeofloristical el e ment, mainly on the ba sis of 
the At las of Pol len and Spores of the Pol ish Neo gene (Stu-
chlik et al., 2001, 2002, 2009), and the check list of se lected
pol len and spore taxa from the Neo gene de pos its, pro posed
by Ziembiñska-Tworzyd³o et al. (1994). In the ma te rial stu-
died, the fol low ing palaeofloristical el e ments were distin-
guished: palaeotropical (P), in clud ing: trop i cal (P1) and
subtrop i cal (P2), and arctotertiary (A), in clud ing: warm-
temperate (A1) and tem per ate (A2), as well as cos mo pol i tan 
(P/A). The pro por tions of sporomorphs of the par tic u lar pa-
laeofloristical el e ments are pre sented in Fig ure 7B.

Mi cro pho to graphs of se lected sporomorphs and non-
pol len palynomorphs (Figs 8, 9) were taken, us ing a NIKON
Eclipse mi cro scope, fit ted with a Canon dig i tal cam era.

DE SCRIP TION OF SINK HOLE
AND ITS FILL ING

The au thors stud ied an as sem blage of three large sink -
holes, de vel oped within pure lime stone rocks of the Gó-
ra¿d¿e Beds (Fig. 3A). Sec ond ary, rem nant crests di vide the 
sink hole into smaller fur rows. It is worth not ing that the
sinkholes are grouped around a con cen tra tion of faults and
frac tures, af fect ing the NW part of the quarry.

For de tailed ex am i na tion the au thors chose the larg est,
sink hole with an hour-glass shape, reach ing 17 m across
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and more than 12 m deep. The to tal depth is un known ow -
ing to a scree that cov ers the low est part of the out crop.

The sink hole fill shows a char ac ter is tic suc ces sion (Figs
3, 5); the top most part of the host lime stones (headrock) is
dis in te grated and built of weakly ce mented, min ute cal cite
crys tals, which fell into a pow der on ham mer ing (Figs 3B;
4A, B, H). The weath ered de bris of lime stones, which may
reach up to 1 m in thick ness, is cov ered with a firm, brown -
ish crust, com posed of clays and iron hy drox ides that im -
preg nate the floor ma te ri als of the sink hole (Fig. 3B). Since
this im preg na tion lines the mar gins of the sink hole, it could
be rec og nized as in trin sic part of the par ent rock, buff er ing
the un al tered lime stones from the sed i men tary fill. Me rino
and Banerjee (2008) called this zone the metasomatic front.

The fer ric im preg na tion is cov ered by terra rossa-type
var ie gated clays (mostly illite and kaolinite) and muds,
interlayered with thin streaks of sands, 1.5 m-thick (Fig. 3C).
Limonitic con cre tions and coated grains, form ing ag gre -
gates up to 0.5 m in size (Fig. 3D), are a com mon com po -
nent of this pack age. Some di ag nos tic fab rics (glaebules
and rhizoliths) are ubiq ui tous in this part of fill and typ i cal
for pedogenic pro cesses.

The next part of the fill is a com plex of grey clays and
lig nite de pos its (Figs 3E, F). The youn gest com plex of the
sink hole fill is 4 metres of light-col oured quartz sands with
kaolinite, known in the iron in dus try as “mould ing sands”
(Fig. 3B). In the lig nite de pos its, large (up to 40 cm in size)
chert peb bles oc cur, leached from the Tri as sic par ent rocks
(Fig. 4F). The cherts dis play com mon strip ing and black-
ening, which re sulted from the in tro duc tion of a very fine or -
ganic dark pig ment and py rite into the micropores (Fig. 4G).
It is note wor thy that the cherts come from the Karchowice
Beds, which means from lime stones, ly ing at least 20 metres
above the pres ent po si tion of the cherts and ab sent in the
Góra¿d¿e sec tion (see Fig. 2). An other com mon, microsco-
pic com po nent of this com plex is chal ce dony ce ment, de -
vel oped mostly within the lig nite de pos its (Fig. 4E).

The palaeokarst rug ged sur face is cov ered with flu vio -
gla cial sands and clays, com pris ing or ganic-rich palaeosoils 
(Fig. 4H).

RE SULTS OF PALYNOLOGICAL
STUD IES

Sam ples from the sink hole

Five sam ples, nos. 5a, 5b and 6, taken from dark sed i -
ment, as well as sam ples nos. 7a, and 7b, taken from yel low
sed i ment in the mid dle part of the palaeosinkhole (Fig. 6),
were bar ren or they yielded only sparse sporomorphs. Rich
and very well pre served sporomorphs were found in six sam -
ples from (2a, 2b, 3a–3c, and 4c), col lected from the dark col -

oured ma te rial. Pol len spec tra from these sam ples are tax o -
nom i cally di ver si fied (Tab. 1). In four sam ples nos. 1, 3d, 4a,
and 4b, the same taxa were found as in the best six sam ples,
but fre quen cies of the sporomorphs were dis tinctly lower.
Also the sporomorphs and al gae were of ten cor roded.

Among co ni fers, the pol len grains of Pinus (mainly Pi-
nus sylvestris type) are the most fre quent. Pol len of Tsuga,
Sciadopitys, Picea, Cathaya, and Taxodium/Glyptostrobus
reg u larly oc curs. De cid u ous trees are rep re sented mainly by 
Betula, Alnus, Salix, Quercus, Ulmus, Carpinus, Castanea/
Castanopsis, Fagus, Pterocarya, and Carya. Among
shrubs, the pol len of Ericaceae and Myrica pre dom i nates.
Herbs are very abun dant (up to 40%); among them, Poa-
ceae, Cyperaceae, Asteraceae, Polygonaceae, and Apiaceae
reg u larly oc cur. Aquatic and near-wa ter plants are rep re -
sented by Sparganiaceae, Potamogeton, Typha, Nymphaea- 
ceae, and Alismataceae. Among spores, Polypodiaceae s.l.
(ferns) and Sphag num are the most fre quent. In some sam -
ples, other moss spores (Bryidae) are also very nu mer ous.

Or ganic-walled, al gal microfossils, in clud ing mainly
Sigmopollis, Botryococcus, Pediastrum, and Zygnemata-
ceae zy go spores (e.g., re lated to the re cent gen era Spi ro gy -
ra, Mougeotia and Zygnema), are rel a tively fre quent. All
iden ti fied, al gal re mains rep re sent fresh wa ter taxa. The fre -
quency of the al gal microfossils in par tic u lar sam ples var ies
from 12–32% (Fig. 7A). In ad di tion, one sporocarp of the
epi phyl lous mi cro-fungi Microthyriales has been re corded.
In all sam ples, fun gal spores and plant tis sues are very rare.

The com po si tion of sporomorph as so ci a tions from the
sam ples stud ied shows an ap par ent dom i nance of arctoter -
tiary (in clud ing warm-tem per ate and tem per ate) and cos mo -
pol i tan, palaeofloristical el e ments (Fig. 7B). Palaeotropical
el e ments are rep re sented mainly by sub trop i cal and palaeo-
trop i cal/warm-tem per ate taxa (e.g., spores of Leiotriletes
wolffi and Neogenisporis sp., as well as pol len grains of Cu-
puliferoipollenites oviformis, Ilexpollenites iliacus, Momi-
pites sp., Quercoidites henrici, Reevesiapollis triangulus,
Symplocoipollenites sp., Tricolporopollenites exactus, T.
fallax, T. indeterminatus, and T. liblarensis).

Sam ples from flu vio gla cial de pos its

Eigh teen sam ples, taken from the de pos its ly ing above
the palaeokarst, were bar ren or yielded sparse sporomorphs. 
The most fre quent and best pre served sporomorphs were
found in 2 sam ples: GL 4B(1) and GL 12(2). All sam ples
stud ied were strongly dom i nated by bisaccate pol len,
mainly Pinus with an ad mix ture of Picea and Abies. Among 
de cid u ous trees and shrubs, pol len grains of Betula and
Alnus are the most fre quent. Ad di tion ally, pol len of Ulmus,
Quercus, Corylus, Carpinus, Fraxinus, Salix, Tilia, and oth -
ers, is pres ent. Herbs are rep re sented mainly by Cyperaceae
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Fig. 3. Sink hole at Góra¿d¿e and its sed i men tary fill. A. Sink holes in quarry. Mid dle sink hole stud ied in de tail, B. Con tact be tween dis -
in te grated par ent lime stones and terra rossa fill (metasomatic zone), C. Terra rossa de pos its. D. Li mo nite con cre tion from terra rossa de -
pos its. E. De formed grey clays. F. Slab of grey clays, show ing plas tic slump and creep ing de for ma tions. G. Synsedimentary faults (black
ar rows) af fect ing lig nite-bear ing (green ar rows) grey clays. Pho to graph taken from mar ginal part of sink hole fill. H. Cross-strat i fied
mould ing sands
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Ta ble 1

Re sults of palynological anal y sis (num ber of sporomorphs) of sam ples from sink hole fill and cov er ing Qua ter nary de pos its

TAXON/SAMPLE
GL
4B
(1)

GL
12
(2)

2a 2b 3a 3b 3c 4c

MOSSES

Sphagnaceae: Sphagnum 3 1 19 13 15 17 30 3

HORNWORTS

Anthocerotaceae 1

CLUB MOSSES

Lycopodiaceae: Lycopodium 15 14 3

FERNS

?Gleicheniaceae (Neogenisporis sp.) 2

Lygodiaceae (Leiotriletes wolffi) 1 2 1

Osmundaceae 1 1 1 2

Polypodiaceae 1 1

Polypodiaceae, Davalliaceae 19 2 24 18 18 35 21 9

CONIFERS

Cupressaceae

 Sequoia/Sequoiadendron/
Metasequoia

1

 Taxodium/Glyptostrobus 6 3 4 6 20 1

Pinaceae

 Abies 4 3 3 2 3 1

 Cathaya/Pinus haplohylon type 1 4 4 2 3 12 7

 Cedrus 2

 Keteleeria 2 1 1

 Picea 12 91 7 4 1 4 2 22

 Pinus sylvestris type 153 97 45 92 44 66 34 176

 Tsuga 8 15 1 14 11 19

Sciadopityaceae: Sciadopitys 4 2 6 9 12 4

DECIDUOUS TREES AND SHRUBS

Adoxaceae 1 1

Altingiaceae: Liquidambar 2 3

Aquifoliaceae: Ilex 1 1 1 1

?Arecaceae, ?Butomaceae 2

Betulaceae

 Alnus 21 214 25 9 20 14 22 6

 Betula 58 80 5 1 72 13 11 1

 Carpinus 3 7 1 4 1 7 4 1

 Corylus 5 6 4 1 1

Clethraceae, Cyrillaceae 1 1

Cornaceae: Nyssa 1 3 1

Ericaceae 1 19 26 17 28 33 5

Eucommiaceae: Eucommia 1 1

Fabaceae 

 (Tricolporopollenites fallax) 1 3 1

 (Tricolporopollenites liblarensis) 1 2

Fagaceae

 Castanea/Castanopsis/Lithocarpus 6 3 2 3 4

 Fagus 3 3 2 2 3 5 3 1

 Quercoideae (Quercoidites henrici) 3 2 1

 Quercus 9 7 12 8 12 10 4 10

Hamamelidaceae: Parrotia/Distylium 1

Juglandaceae

 Carya 1 2 1 2 2

TAXON/SAMPLE
GL
4B
(1)

GL
12
(2)

2a 2b 3a 3b 3c 4c

  Engelhardia/Alfaroa/Oreomunnea 1 2

  Juglans 1 3 1 1

 Pterocarya 5 3 2 1 1 2

Magnoliaceae: Liriodendron 1

Malvaceae: Tilioideae 3 5 1 2

Myricaceae: Myrica 3 3 3 3 3

Oleaceae: Fraxinus 2 5 1 1 4

Rhamnaceae 1

Rosaceae 1 2 1 1

Salicaceae: Salix 9 2 3 29 5 6

Sapindaceae

 Acer 1

 Aesculus 2

Santalaceae

 Arceuthobium 2 1

 Viscum 1

Symplocaceae: Symplocos 1

Ulmaceae

 Ulmus 14

 Ulmus/Zelkova 9 7 1 4 3 1

HERBS

Alismataceae: Sagittaria 1

Amaranthaceae, incl. Chenopodiaceae 1 1 1

Apiaceae 2 5 1 2 4 1

Asteraceae

 Asteroideae 1 2 1 4 1 1

 Cichorioideae 3 1 1 1 1

Caryophyllaceae 1 1

Cyperaceae 18 12 10 9 3 18 3 3

Lamiaceae 2 1 3 2 1

Nymphaeaceae

 Nuphar 8 8 1 8 14

 Nymphaea 2 1 1 5

Onagraceae 1 1

Poaceae: Pooideae 8 6 59 75 66 88 55 47

Plantaginaceae: Plantago 2

Polygonaceae: Polygonum persicaria
type

2 2 6 1 2

Potamogetonaceae: Potamogeton 1 1 3 2 1

Ranunculaceae: Thalictrum 1

Sparganiaceae, Typhaceae 2 8 34 14 33 26 36 10

Typhaceae: Typha latifolia type 1 1

Urticaceae 3 1 3

Other pollen and spores 4 11 5 11 1 22 6

Sum of sporomorphs 362 582 343 341 386 406 367 362
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Fig. 4. Sink hole at Góra¿d¿e and its sed i men tary fill (other fea tures). A, B. SEM pho to graphs of dis in te grated lime stones from
metasomatic zone. C. Close up view of lig nite sed i ments com pris ing some de tri tal quartz grains. D. Thin-sec tion pho to graph of lig nite.
An gu lar quartz grains are coated with or ganic mat ter. X nicols. E. Neomorphic chal ce dony, pre cip i tated in lig nite de pos its. F, G. Tri as sic
cherts, en closed in sink hole fill. H. Top most part of paleokarst sur face, eroded and cov ered by Qua ter nary, flu vio gla cial sands (Q). In sert
– see Fig. 4 I. I. Small rem nant knob of lime stones (Terebratula Beds), dis in te grated (ar row) and cov ered by var ie gated clays and silts. GL
– lo ca tion of sam ples, col lected for palynological ex am i na tion



and Poaceae, as well as Sparganium, Asteraceae, Urtica-
ceae and Apiaceae. Among spores, Polypodiaceae s.l. and
Lycopodium are most fre quent. No palaeotropical (or even
“Ter tiary”) taxa have been re corded (Fig 7B). Al gae are
rep re sented mainly by Sigmopollis, Zygnemataceae zy go -
spores (e.g., re lated to the Re cent gen era Spi ro gy ra, Zyg-
nema and Mougeotia), Botryococcus, and Pediastrum (dif -
fer ent spe cies than Pediastrum pres ent in the sink hole). The
fre quency of al gal microfossils is about 15–20% (Fig. 7A).
In these sam ples, no epi phyl lous mi cro-fungi were en coun -
tered, but some an i mal re mains (e.g., prob a bly oocytes of
Neorhabdocoela flatworms) were found.

DIS CUS SION OF PALYNOLOGICAL
RE SULTS

Palynoflora from sink hole fill – palaeoenvironmental
data

The re sults of pol len anal y sis from the sink hole in di cate 
the pres ence of mixed, mesophytic for ests and show a sig -
nif i cant role of her ba ceous and ri par ian veg e ta tion (Fig.
7A). The oc cur rence of abun dant fresh wa ter al gae and pol -
len of aquatic plants in di cates the pres ence of a wa ter body
(pond). Green al gae (Chlorophyta), such as Zygnemataceae, 
Botryococcus and Pediastrum, as well as Sigmopollis, were
ma jor com po nents of the al gal com mu nity. Most of the al -
gae iden ti fied pre fer mesotrophic to eutrophic con di tions
and are char ac ter is tic of stag nant or slowly flow ing, shal low 
wa ter (Kad³ubowska, 1972; Pals et al., 1980; van Geel et
al., 1983; van Geel and Grenfell, 1996; Worobiec and Wo-
robiec, 2008; Worobiec, 2010, 2011). In the wa ter body,
Nuphar, Nymphaea, and Potamogeton grew, along with
Typha and Sparganium in shal low wa ter and in the mar ginal 

zone. The pond was sur rounded by veg e ta tion, com posed of 
herbs (sedges, grasses, and oth ers), and ri par ian for ests,
dom i nated by Alnus, Salix, Ulmus, Pterocarya, Carya, and
Betula. Drier ter rains pre sum ably were cov ered by mixed
for ests, com posed of: Pinus, Tsuga, Picea, Quercus, Carpi-
nus, Castanea, Fagus, Betula, and oth ers. In these for ests,
only a small ad mix ture of thermophilous plants was pres ent. 
Ericaceae were prob a bly the main com po nents of bush
swamps that oc curred in the vi cin ity or they were com po -
nents of the ground cover of the for ests. Sparse pol len
grains of Nyssa and Taxodium/Glyptostrobus, en coun tered
in the ma te rial studied, suggest that swamp forests were not
significant plant communities at that time.

The pre dom i nance of trees of the gen era, grow ing now
un der tem per ate and warm tem per ate cli ma tic con di tions,
and ac count ing for a very low pro por tion of trop i cal plants,
is well dem on strated (Fig. 7B). All these ob ser va tions in di -
cate that the cli mate dur ing de po si tion of the sed i ments in
the sink hole was warm-tem per ate (cooler than dur ing the
Early and Mid dle Mio cene pe riod, but still warmer than the
pres ent-day cli mate of Po land), mild (without severe win-
ters) and mid-wet.

Palynoflora from sink hole fill – com par i son with other 
Neo gene sites

The dif fer ences be tween the Góra¿d¿e and the pre vi -
ously stud ied Tarnów Opolski sink hole palynofloras (Fig.
10; Worobiec and Szulc, 2010a, b) are mainly quan ti ta tive.
The com po si tion of pol len as sem blages of aquatic plants
and herbs, sur round ing the wa ter body, is sim i lar in both
sink holes. The dif fer ences are clearly vis i ble in the com po -
si tion of for est taxa. In Tarnów Opolski, swamp for ests
were im por tant com po nents of the veg e ta tion (Worobiec
and Szulc, 2010a, b), whereas in the palynoflora stud ied,
taxa char ac ter is tic of mesophytic and ri par ian for ests pre -
dom i nate. Also herbs and Ericaceae are dis tinctly more fre -
quent, which is pre sum ably con nected with pres ence of
open-land scape plant com mu ni ties. In the Góra¿d¿e ma te -
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Fig. 5. Scheme di a gram of sink hole and its fill. For sake of cla-
rity, fi nal col lapse de for ma tions ne glected. Gg – marls of Up per
Gogolin Beds; Gr – bioclastic lime stones of Góra¿d¿e Beds; T –
marls of Terebratula Beds. 1. Terra rossa pedogenic de pos its, 2.
lig nite, 3. Grey clays and silts, 4. Moulding sands and clays, 5.
Qua ter nary till and sands, F. Metasomatic zone fab rics

Fig. 6. Sam pling points for palynological ex am i na tion. Yel low
– sam ples with rich and very well pre served sporomorphs, white
sam ples bar ren or with only sparse sporomorphs



rial, sporomorphs, rep re sent ing so-called “Ter tiary” el e -
ments, are less com mon. Also the fre quen cies of palaeotro-
pical taxa are lower. Such dif fer ences in di cate that the ma te -
rial studied is younger than the Middle Miocene deposits at
Tarnów Opolski.

The Góra¿d¿e palynoflora shows sim i lar i ties to the
Late Mio cene palynoflora from Józefina (Fig. 10), Kraków- 
Silesia Up land (Worobiec et al., 2009; Worobiec and Gedl,
2010), which also co mes from sed i ment, de pos ited in a wa -
ter body. In both palynofloras, the fre quen cies of palaeotro-
pical taxa are sim i lar (about a few per cent of the spore-pol -
len spec tra). The Józefina palynoflora is dom i nated by Pi-
nus (mainly Pinus sylvestris type) as well as Tsuga, Scia-
dopitys, Abies, Picea and Cathaya, while pol len grains of
Taxodium/Glyptostrobus are very rare. The main dif fer ence
be tween the Góra¿d¿e and Józefina palynofloras is the com -
po si tion of de cid u ous trees. In the Józefina ma te rial, pol len
of Fagus, Carpinus, Pterocarya, Carya and Liquid ambar
pre dom i nate. In ad di tion, in the ma te rial stud ied, the pol len
grains of herbs are distinctly more frequent.

The palynoflora stud ied is also sim i lar to Late Mio cene
palynofloras from Soœnica, SW Po land (Stachurska et al.,
1973) and Gnojna (Fig. 10), SW Po land (Sadowska, 1991).
In these palynofloras, sparse, palaeotropical el e ments oc cur. 
The main com po nents of the Soœnica and Gnojna as sem -
blages are trees, grow ing in mesophytic and ri par ian for ests
(e.g., Pinus, Carpinus, Ulmus, Quercus, Alnus, Betula,
Fagus, Liquid ambar, Pterocarya, and Carya). Pol len grains 
of Taxodium/Glyptostrobus and Nyssa are sparse. The Soœ-
nica and Gnojna palynofloras are very sim i lar to each other;
the dif fer ences be tween them seem to have mainly a fa cies
char ac ter. In the con trast to these two lo cal i ties, the pol len
of herbs is dis tinctly more fre quent in the ma te rial stud ied.

In each sam ple from the Góra¿d¿e sink hole, the pol len
grains of herbs ex ceed 20% of the spore-pol len spec trum,
whereas in the Soœnica and Gnojna palynofloras, herbs are
not numerous, amounting to a few per cent.

The Góra¿d¿e palynoflora is also slightly sim i lar to the
Late Mio cene palynoflora from Gozdnica (pro file 4), SW
Po land (Fig. 10; Stachurska et al., 1971), which is also
dom i nated by arctotertiary el e ments. The main com po nent
of the Gozdnica palynoflora is Pinus. Among an gio sperms,
Liquid ambar, Fagus, Clethraceae-Cyrillaceae, Symplocos,
and Ilex pol len pre dom i nates. The pol len grains of palaeo-
trop i cal taxa do not ex ceed 1–2% of pol len spec tra. Herbs
are rep re sented mainly by grasses, but their grains are not
nu mer ous. The main dif fer ence be tween the Góra¿d¿e and
Gozdnica palynofloras is the abun dance of Ilex, Symplocos,
and Taxodium/Glyptostrobus pollen grains in the latter.

On the other hand, the pol len as sem blage stud ied dif -
fers from the Plio cene palynoflora from K³odzko (Fig. 10),
the K³odzko Ba sin, Cen tral Sudetes (Jahn et al., 1984),
which is dom i nated by co ni fers, with a high pro por tion of
Picea pol len. The other dif fer ence is the abun dance of Aes-
culus pol len in the K³odzko II pro file. The as sem blage stud -
ied dif fers from the Plio cene palynoflora of the flu vial sed i -
ments at Tu³owice (Fig. 10), SE Silesian Up land (Badura et
al., 2006), mainly in the pres ence of Taxodium/Glyptostro-
bus, Quercoidites henrici, Tricolporopollenites liblarensis,
T. fallax and Myrica, a higher fre quency of Tsuga, Sciado-
pitys, as well as the ab sence of Theligonum and Hippophae
pol len in the lat ter.

The palynoflora from Góra¿d¿e is also richer in palaeo-
trop i cal and warm-tem per ate taxa than the Plio cene palyno-
flo ras of Mizerna-Nowa, West Carpathians (Birkenmajer and 
Worobiec, in press), Kroœcienko on the Dunajec (Oszast,
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Fig. 7. A. Sim pli fied di a gram, pre sent ing fre quen cies of pol len grains and spores, char ac ter is tic of var i ous plant com mu ni ties, and al -
gae; B. di a gram pre sent ing pro por tions of sporomorphs of par tic u lar palaeofloristical el e ments
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Fig. 8. Pol len grains from Góra¿d¿e sink hole. All scale bars – 10 µm. A. Pinus sylvestris type. B. Cathaya. C. Tsuga. D. Taxodium/
Glyptostrobus. E. Fagus. F. Betula. G. Alnus. H. Ericaceae. I. Nyssa. J. Castanea/Castanopsis. K. Tricolporopollenites fallax. L.
Cyperaceae. M. Poaceae. N. Nuphar
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Fig. 9. Spores and non-pol len palynomorphs from Góra¿d¿e sink hole. All scale bars – 10 µm. A. Neogenisporis sp.. B. Poly-
podiaceae/Davalliaceae. C. Sphag num type 1. D. Sphag num type 2. E. Botryococcus braunii. F. Sigmopollis pseudosetarius. G.
Pediastrum sp.. H. Spi ro gy ra zygospore. I. sporocarp of Microthyriales epiphylous fun gus. Non-pol len palynomorphs from sed i ment cov -
er ing palaeokarst. J. prob a bly Neorhabdocoela oocyte cf. Strongylostoma radiatum. K. Zygnema zygospore



1973), and Domañski Wierch near Czarny Dunajec, Nowy
Targ-Orawa Ba sin, West ern Carpathians (Oszast, 1973;
Oszast and Stuchlik, 1977). These Plio cene palynofloras
(Fig. 10) are dom i nated by co ni fers, with a high pro por tion
of Picea pol len. There fore, a Late Mio cene age is pro posed
for the Góra¿d¿e palynoflora.

The palynoflora stud ied is most sim i lar in com po si tion
to the spore-pol len spec tra of the Late Mio cene XI cli ma tic
phase – Betulaepollenites-Cyperaceaepollis spore-pol len
zone sensu Ziembiñska-Tworzyd³o (in Piwocki and Ziem-
biñska-Tworzyd³o, 1995; see also Ziembiñska-Tworzyd³o,
1996, 1998; Piwocki and Ziembiñska-Tworzyd³o, 1997).
De pos its, bear ing such as sem blages, oc cur within the
Poznañ For ma tion, and they were de pos ited dur ing the Late
Pannonian and Early Pontian. Un for tu nately, pro files with a 
well doc u mented XI cli ma tic phase are in fre quent in Po -
land. The as sem blages of the XI phase are known e.g. from
a thin brown-coal seam in the Or³owo pro file (Doktoro-
wicz-Hrebnicka, 1957), as well as from sev eral sec tions in
the Warmia and Mazury re gion (S³odkowska, 2009). At that 
time, swamp for ests with Nyssa and Taxodium did not play
any im por tant role. They were re placed by moist, ri par ian
for ests with Alnus. Drier ter rains were oc cu pied by mixed
for ests, with a high ra tio of co ni fers (es pe cially pine) and
only with sparse, palaeotropical rel ics. In the ex ten sive ar -
eas of the Pol ish Low land and in part of the up lands, only a
few shal low bas ins were over grown with peat-pro duc ing
sedge-moss, rush and alderwood com mu ni ties. They yiel-
ded small lenses of lig nite, called the 0 (zero) Or³owo seam
group (Wa¿yñska, 1998; Ziembiñska-Tworzyd³o, 1998).

Palynoflora from flu vio gla cial de pos its

The pol len spec tra from the de pos its, ly ing above the
palaeokarst, dis tinctly dif fer from the spec tra of the sink -
hole. Their com po si tion is char ac ter is tic for Qua ter nary de -
pos its. The re sults of pol len anal y sis also in di cates the pres -
ence of wa ter bod ies, in which e.g. Sigmopollis, Zygnema-
taceae, Pediastrum, and Botryococcus oc curred. In the vi -

cin ity, herbs (mainly Cyperaceae, Poaceae and Sparga-
nium), as well as mixed and ri par ian for ests, com posed of
Pinus, Picea, Betula, Alnus, and Ulmus, Quercus, Corylus,
Carpinus, Fraxinus, Salix, Tilia and oth ers, grew. The pres -
ence of such taxa as Quercus, Carpinus, and Tilia in di cates
that the de posit orig i nated dur ing warmer phase(s) of the
Qua ter nary inter gla cial(s). Un for tu nately, sparse palynolo-
gical data do not per mit precise age determinations for these 
deposits.

OR I GIN OF THE SINK HOLE
AND ITS FILL DE POS ITS

The most strik ing fea ture of the sink hole fill is its lack
of hor i zon tal strat i fi ca tion. Pri mary, sed i men tary struc tures
(e.g. lam i na tion) are dis turbed and the sed i ments are plas tic -
ally de formed (Figs 3F, G). De for ma tions are most in ten -
sive within the bound ary zone, be tween the fill and rock-
head, where a steep in cli na tion of pri mary strata is vis i ble
(Fig. 3F). The dip of the strata be comes more and more gen -
tle to ward the sink hole cen tre. Such a suc ces sion of de for -
ma tion and the ge om e try of the sed i men tary fill in di cate
sub si dence of the sink hole sed i ments (Fig. 5). The hour -
glass-shape of the sink hole in di cates that sub si dence re -
sulted from the open ing of an un der ly ing cav ern, with sink -
ing of some of the over ly ing sed i ments into the opened cave 
space. Some an gu lar lime stone blocks, found in the sink -
hole sed i men tary fill, sug gest that a col lapse event should
be also taken into account, as a possible factor in sinkhole
development.

The above fea tures and the lithological suc ces sion of
the sink hole fill ing in di cate the fol low ing se quence of
palaeokarst evo lu tion in Ter tiary times (Fig. 11). Dur ing the 
first phase, both sub ter ra nean and sur face forms de vel oped
con cur rently (Fig. 11A). The sur face of lime stone rocks un -
der went de com po si tion and a pedo-sed i men tary com plex of 
terra rossa, 1.5 m. thick, ac cu mu lated. With time, the cave
sys tem and the over ly ing sur face karst de pres sion be came
con nected and the sur face karst de pos its – var ie gated clays,
silt sands and limonitic con cre tions – sank down into the un -
der ly ing cav ern (sec ond phase, Fig. 11B). As a re sult, an
open de pres sion formed. The de pres sion plugged by im per -
me able, failed clays, gave way to the for ma tion of a small
pond (Fig. 11B). The pond grad u ally was filled with grey
clays and lig nite sed i ments. The very fine frac tion of clay
and lig nite de pos its, the lack of car bon ate com po nent, the
lack of fos sils (ver te brates), and the black en ing (pyritisa-
tion) of the chert lithoclasts, in di cate that the pond was
filled with stag nant, dysoxic and acidic wa ter. Since this
part of the sink hole fill also displays plastic deformations, it
may be assumed that the subsidence process continued.

With time and cli mate changes (cool ing?), the de pres -
sion was filled with white sands and clays (third phase, Fig.
11C), de rived most prob a bly from the rewashed and re de -
pos ited, Up per Cre ta ceous sand stones and marlstones (Ro-
gala, 2006; Kazik and Mierzwiñski, 2010). The sands are
partly ce mented by sec ond ary calcite.

From the study of re cent sink holes (Waltham et al.,
2005; Ford and Wil liams, 2007), it is known that the sub si -
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Fig. 10. Lo ca tion map of Góra¿d¿e palaeosinkhole, against
some pre vi ously palynologicaly stud ied sites from SW Po land



dence within sink holes pro gresses at a grad ual rate, reach -
ing sev eral cm a year, but more dras tic fail ure events are
quite com mon. Ac cord ing to synsedimentary de for ma tions
(slump and creep ing struc tures, small faults), rec og nized in
the sink hole fill at Góra¿d¿e, it seems rea son able to as sume
a spo radic mech a nism of sub si dence; slow sink ing was in -
ter rupted by oc ca sional events, marked by sud den roof col -
lapse of the underlying cave system.

Since the Ter tiary sink hole sys tem is eroded and cov -
ered by flu vio gla cial, Pleis to cene sands, it is dif fi cult to say
what hap pened be tween the third phase and the Pleis to cene.

With re gard to the sink hole fill com po si tion and in par -
tic u lar the or ganic com po nent, the ab so lute lack of di a tom
opal frustules, a ubiq ui tous com po nent of Ce no zoic fresh -
wa ter al gae as sem blages, is very re mark able. The lack of di -
a tom si li ceous rem nants may be sat is fac to rily in ter preted as
be ing a re sult of postsedimentary sil ica dis so lu tion un der
high pH con di tions. The dis solved, di a tom-de rived sil ica has
been reprecipitated as chal ce dony ce ment and ag gre gates,

com monly found in the lig nite de pos its (Fig. 4E). This, in
turn, ev i dences fluc tu at ing pH con di tions in the sink hole en -
vi ron ment. Chem i cal con di tions ranged from acidic dur ing
the first and sec ond phase to al ka line dur ing the third phase.
It is very prob a ble that dur ing the lat ter phase, the al ka line
ground wa ter dis solved del i cate di a tom frustules. Af ter ward,
pH be came again acid or neu tral, which led to reprecipitation 
of sil ica as chal ce dony ce ment.

CON CLU SIONS

1. The stud ied karstic sink hole de vel oped dur ing Mio -
cene time. It rep re sents a sub si dence type of karstic sink -
hole.

2. Three main stages of sink hole evo lu tion were rec og -
nized. Dur ing the first phase, a terra rossa-type soil de vel -
oped at the sur face and a cav ern sys tem was formed in the
un der ly ing lime stones. Dur ing the sec ond phase, ow ing to a
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Fig. 11. Model of de vel op ment of sink hole stud ied and its de pos its. A. First phase. Con cur rent pro cesses of cave sys tem for ma tion and
subaerial de po si tion of clayey terra rossa. B. Sec ond phase. Open ing con nec tion be tween sur face de pres sion and cave. Sub sid ing of terra
rossa soil. Re sult ing de pres sion gave rise to pond cre ation and phytoclast de po si tion. C. Third phase. Fi nal col lapse and de po si tion of
mould ing sands



con nec tion be tween the sur face and the cave sys tem and the
en su ing sub si dence, a wa ter-filled de pres sion formed and a
small pond came into be ing. The de pres sion even tu ally was
filled with mould ing sands, de rived from rewashed, Cre ta -
ceous clastics and marls, as the climate became cooler.

3. The com po si tion of pol len spec tra from the palaeo-
sink hole in di cates the pres ence of mixed mesophytic for ests 
and shows a sig nif i cant pres ence of her ba ceous and ri par ian 
veg e ta tion dur ing the sed i men ta tion of the sink hole infill.
The oc cur rence of nu mer ous fresh wa ter al gae and the pol -
len of aquatic plants (Nymphaeaceae) ev i dences the pre-
sence of a water body (pond).

4. A char ac ter is tic fea ture of the sporomorph as so ci a -
tion is an ap par ent dom i nance of arctotertiary (in clud ing
warm-tem per ate and tem per ate) as well as cos mo pol i tan,
palaeofloristical el e ments. Palaeotropical el e ments are rep -
re sented mainly by sub trop i cal and palaeotropical/warm-
tem per ate taxa. This in di cates a warm-tem per ate and a mid-
wet cli mate dur ing de po si tion of the sediments, filling the
Góra¿d¿e sinkhole.

5. The re sults of palynological stud ies of the palaeo-
sinkhole fill ing in di cate its Late Mio cene age. Its composi-
tion makes it com pa ra ble to the Betulaepollenites-Cypera-
ceaepollis spore-pol len zone, typ i cal for the XI cli ma tic phase,
dis tin guished in Late Pannonian and Early Pontian de pos its.

6. The re sults of pol len anal y sis of sam ples, taken from
de pos its ly ing above the palaeokarst, con firm their Qua ter -
nary age.

Ac knowl edge ments

The au thors would like to ex press spe cial thanks to the Gó-
ra¿d¿e Hei del berg Ce ment Group for grant ing per mis sion for our
field work in the quarry. We also thank to Grzegorz Worobiec (W.
Szafer In sti tute of Bot any, Pol ish Acad emy of Sci ences, Kraków)
for his help in col lect ing sam ples and pho to graph ing palyno-
morphs. The au thors are in debted to Ryszard Gradziñski (Pol ish
Acad emy of Sci ences, Kraków) and the anon y mous re viewer for
help ful com ments. We thank Karol Jewu³a (Jagiellonian Uni ver -
sity) for his as sis tance by draw ing works.

The study was sup ported by Pol ish Na tional Sci ence Cen tre
grant no 2011/01/B/ST10/04052.

REF ER ENCES

Assmann, P., 1943. Die Geologie und Landeskunde des ober-
schlesischen Industriegebietes. Breslau, 78 pp.

Assmann, P., 1944. Geologische Karte des Deutschen Reiches
1:25 000. Erlaeuterungen zu den Blaettern Gross Strehlitz
und Himmelwitz. Berlin, 46 pp.

Badura, J., Przybylski, B., Salamon, T. & Win ter, H., 2006. Sedi-
mentological and palaeobotanical re cords of cli ma tic changes 
within Plio cene flu vial sed i ments in the south east ern Silesian
Low land. Biuletyn Pañstwowego Instytutu Geologicznego,
421: 1–14. [In Pol ish, Eng lish sum mary].

Baranowska-Zarzycka, Z., 1980. Sarmatian mosses, fruits and
seeds from Nowa Królewska Wieœ near Opole. Prace Mu-
zeum Ziemi, 33: 31–37. [In Pol ish, Eng lish sum mary].

Birkenmajer, K. & Worobiec, E., 2013. Plio cene fresh wa ter pol -
len-bear ing de pos its in the Mizerna-Nowa bore hole, West
Carpathians, Po land. Geo log i cal Quar terly, 57, (in press).

Doktorowicz-Hrebnicka, J., 1957. In dex pol len spec tra of Plio -
cene coal-bear ing sed i ments. Instytut Geologiczny, Prace, 15: 
87–165.

D¿u³yñski, S. & Kubicz, A., 1971. Recrystallized and disaggre-
gated lime stones in the Tri as sic of Silesia. Rocznik Polskiego
Towarzystwa Geologicznego, 41: 519–528.

Faegri, K. & Iversen, J., 1975. Text book of Pol len Anal y sis.
Blackwell, Ox ford, 250 pp.

Ford, D. & Wil liams, P., 2007. Karst Hydrogeology and Geo mor -
phol ogy. John Wiley, Chichester, 576 pp.

Gers, J., 1963. Karst phe nom ena in Tarnowskie Góry – Radzion-
ków re gion. Przegl¹d Geologiczny, 11: 108–110. [In Pol ish,
Eng lish sum mary].

Gilewska, S., 1964. Fos sil karst in Po land. Erdkunde, 18: 124–135.
G³azek, J., 1989. Paleokarst in Po land. In: Bosak, P. (ed.), Paleo-

karst a Sys tem atic and Re gional Re view. Elsevier – Ac a de -
mia, Prague, Am ster dam, pp. 77–105.

Górzyñski, Z., 1964. Re sults of study on the clay de pos its from
kartsic de pres sions in Mierzêcice re gion. Kwartalnik Geolo-
giczny, 8: 417–418. [In Pol ish, Eng lish sum mary].

Gradziñski, R., 1962. Or i gin and de vel op ment of sub ter ra nean
karst in the south ern part of the Kraków Up land. Rocznik
Polskiego Towarzystwa Geologicznego, 32: 429–492. [In Pol -
ish, Eng lish sum mary].

Gradziñski, R., 1977. Sed i men ta tion of “Mould ing Sands” on
karstified lime stone sur face in the Mid dle part of Kraków-
Wieluñ Up land. Kras i Speleologia, 1: 59–70. [In Pol ish,
Eng lish sum mary].

Hornig, A., 1956. Z zagadnieñ krasu w górnoœl¹skim triasie. Cza-
sopismo Geograficzne, 27: 327–347. [In Pol ish].

Jahn, A., £añcucka-Œrodoniowa, M. & Sadowska, A., 1984. The
site of Plio cene de pos its in the K³odzko Ba sin, Cen tral Su-
detes. Geologia Sudetica, 18: 7–43. [In Pol ish, Eng lish sum -
mary].

Kad³ubowska, J., 1972. Chlorophyta V. Conjugales: Zygnema-
ceae. Zrostnicowate. In: Starmach, K. & Siemiñska, J. (eds),
Flora s³odkowodna Polski. Tom 12A. Pañstwowe Wydaw-
nictwo Naukowe, Polska Akademia Nauk, Kraków, pp. 1–
431. [In Pol ish].

Kazik, ¯. & Mierzwiñski, A., 2010. Kras kopalny regionu Strzelec 
Opolskich. Un pub lished MSc. The sis, Jagiellonian Uni ver -
sity, 70 pp. [In Pol ish].

Koszara, J. & Szynkiewicz, A., 1998. Tarnów Opolski – kras w
kamienio³omach ZG “Tarnów Opolski”. Materia³y 32. Sym-
pozjum Speleologicznego, Kamieñ Œl¹ski, 23-25.10.1998.
Sekcja Speleologiczna Polskiego Towarzystwa Przyrodni-
ków im. Kopernika, Kraków, p. 72. [In Pol ish].

Me rino, E. & Banerjee, A., 2008. Terra rossa gen e sis, im pli ca tions 
for karst, and eolian dust: A geodynamic thread. Jour nal of
Ge ol ogy, 116: 62–75.

Moore, P. D., Webb, J. A. & Collinson, M. E., 1991. Pol len Anal y -
sis. Blackwell, Ox ford, 216 pp.

Nalepka, D. & Walanus, A., 2003. Data pro cess ing in pol len ana-
lysis. Acta Palaeobotanica, 43: 125–134.

Oszast, J., 1973. The Plio cene pro file of Domañski Wierch near
Czarny Dunajec in the light of palynological in ves ti ga tions
(Western Carpathians, Po land). Acta Palaeobotanica, 14: 3–
42.

Oszast, J. & Stuchlik, L., 1977. The Neo gene veg e ta tion of the
Podhale (West Carpathians, Po land). Acta Palaeobotanica,
18: 45–86. [In Pol ish, Eng lish sum mary].

Pals, J. P., van Geel, B. & Delfos, A., 1980. Paleoecological stud -
ies in the Klokkeweel bog near Hoogkarspel (prov. of Noord-
Hol land). Re view of Palaeobotany and Palynology, 30: 371–
418.

384 J. SZULC & E. WOROBIEC



Piwocki, M., & Ziembiñska-Tworzyd³o, M., 1995. Litostratigra-
phy and spore-pol len zones in the Neo gene of Pol ish Low -
land. Przegl¹d Geologiczny, 43: 916–927. [In Pol ish, Eng lish
sum mary].

Piwocki, M., & Ziembiñska-Tworzyd³o, M., 1997. Neo gene of the 
Pol ish Low lands – lithostratigraphy and pol len-spore zones.
Geo log i cal Quar terly, 41: 21–40.

Rogala, W., 2006. Osady wype³niaj¹ce kopalne formy krasowe
Garbu Che³ma – znaczenie dla rekonstrukcji paleogeograficz- 
nych i nastêpstwo stratygraficzne. In: Materia³y 40. Sympo-
zjum Speleologicznego. Nowiny-Sitkówka, 20-22.10.2006,
Sekcja Speleologiczna Polskiego Towarzystwa Przyrodni-
ków im. Kopernika, Kraków, pp. 46–48. [In Pol ish].

Rogala, W. & Sadowska, A., 2003. Wiek mu³ów wêglistych wy-
pe³niaj¹cych leje krasowe Garbu Che³ma (zachodnia czêœæ
Wy¿yny Œl¹skiej) w œwietle analizy palinologicznej. In: Ma-
teria³y 37. Sympozjum Speleologicznego, Wojcieszów, 24-26.
10.2003. Sekcja Speleologiczna Polskiego Towarzystwa Przy-
rodników im. Kopernika, Kraków, pp. 54–55. [In Pol ish].

Sadowska, A., 1991. Prob lem of the Mio cene/Plio cene bound ary
as aris ing from palynostratigraphic stud ies from Gnojna
(South-west ern Po land). In: Pro ceed ings of the Pan-Eu ro -
pean Palaeobotanical Con fer ence, Vi enna, 19-23 Sep tem ber
1991. Mu seum of Nat u ral His tory, Vi enna, pp. 211–217.

S³odkowska, B., 2009. Palynology of the Palaeogene and Neo gene 
from the Warmia and Mazury ar eas (NE Po land). Geologos,
15: 219–234.

Stachurska, A., Sadowska, A. & Dyjor, S., 1973. The Neo gene
flora of Soœnica near Wroc³aw in the light of geo log i cal and
palynological in ves ti ga tions. Acta Palaeobotanica, 14: 147–
176.

Stachurska, A., Dyjor, S., Kordysz, M. & Sadowska, A., 1971.
Paleobotanic char ac ter is tics of Late Ter tiary sed i ments at
Gozdnica (Lower Silesia). Rocznik Polskiego Towarzystwa
Geologicznego, 41: 359–386. [In Pol ish, Eng lish sum mary].

Stuchlik, L., Ziembiñska-Tworzyd³o, M., Kohlman-Adamska, A.,
Grabowska, I., S³odkowska, B., Wa¿yñska, H. & Sadowska,
A., 2009. At las of Pol len and Spores of the Pol ish Neo gene.
Vol ume 3 – An gio sperms (1). W. Szafer In sti tute of Bot any,
Pol ish Acad emy of Sci ences, Kraków, 233 pp.

Stuchlik, L., Ziembiñska-Tworzyd³o, M., Kohlman-Adamska, A.,
Grabowska, I., Wa¿yñska, H. & Sadowska, A., 2002. At las of
Pol len and Spores of the Pol ish Neo gene. Vol ume 2 – Gym no -
sperms. W. Szafer In sti tute of Bot any, Pol ish Acad emy of
Sci ences, Kraków, 237 pp.

Stuchlik, L., Ziembiñska-Tworzyd³o, M., Kohlman-Adamska, A.,
Grabowska, I., Wa¿yñska, H., S³odkowska, B. & Sadowska,
A., 2001. At las of Pol len and Spores of the Pol ish Neo gene.
Vol ume 1 – Spores. W. Szafer In sti tute of Bot any, Pol ish
Acad emy of Sci ences, Kraków, 158 pp.

Szulc, J., 1998. Kras kopalny w utworach wêglanowych Œl¹ska i
jego uwarunkowania œrodowiskowe. In: Materia³y 32. Sym-
pozjum Speleologicznego, Kamieñ Œl¹ski, 23-25.10.1998,
Sekcja Speleologiczna Polskiego Towarzystwa Przyrodni-
ków im. Kopernika, Kraków, pp. 8–9. [In Pol ish].

Szulc, J., 2012. Kras kopalny obszaru œl¹sko-krakowskiego. Stan
wiedzy. In: Materia³y 46. Sympozjum Speleologicznego, Góra
Œw. Anny, 19-21.10.2012. Sekcja Speleologiczna Polskiego
Towarzystwa Przyrodników im. Kopernika, Kraków, pp. 7–8.
[In Pol ish].

van Geel, B. & Grenfell, H. R., 1996. Chap ter 7A. Spores of
Zygnemataceae. In: Jansonius, J. & McGregor, D. C. (eds),
Palynology: prin ci ples and ap pli ca tions. Amer i can As so ci a -
tion of Strati graphic Paly nolo gists Foun da tion, 1: 173–179.

van Geel, B., Hallewas, D. P. & Pals, J. P., 1983. A Late Ho lo cene

de pos its un der the Westfriese Zeedijk near Enkhuizen (Prov.
Noord-Hol land, The Neth er lands): palaeo eco logi cal and ar -
chae o log i cal as pects. Re view of Palaeobotany and Palyno-
logy, 38: 269–335.

Waltham, T., Bell, F. G. & Culshaw, M. G., 2005. Sink holes and
Sub si dence: Karst and Cav ern ous Rocks in En gi neer ing and
Con struc tion. Springer, Hei del berg, 390 pp.

Wa¿yñska, H., 1998. Re ca pit u la tion. In: Wa¿yñska, H. (ed.), Paly- 
nology and Palaeo ge ogra phy of the Neo gene in the Pol ish
Low lands. Prace Pañstwowego Instytutu Geologicznego,
160: 35–37.

Wojtanowska, E. & Szynkiewicz, A., 1998. Wype³nienia kopal-
nych lejów krasowych w kamienio³omach ZG “Góra¿d¿e”.
In: Materia³y 32. Sympozjum Speleologicznego, Kamieñ Œl¹-
ski, 23-25.10.1998, Sekcja Speleologiczna Polskiego Towa-
rzystwa Przyrodników im. Kopernika, Kraków, pp. 30–31.
[In Pol ish].

Worobiec, E., 2010. Late Mio cene fresh wa ter phytoplankton from
Józefina (Po land). Micropaleontology, 56: 517–537.

Worobiec, E., 2011. Mid dle Mio cene aquatic and wet land veg e ta -
tion of the paleosinkhole at Tarnów Opolski, SW Po land.
Jour nal of Paleolimnology, 45: 311–322.

Worobiec, E. & Gedl, P., 2010. Spore-pol len and phytoplankton
anal y sis of the Up per Mio cene de pos its from Józefina (Kra-
ków-Silesia Up land, Po land). Geo log i cal Quar terly, 54: 41–
54.

Worobiec, E. & Szulc, J., 2010a. A Mid dle Mio cene palynoflora
from sink hole de pos its from Up per Silesia, Po land and its
palaeoenvironmental con text. Re view of Palaeobotany and
Palynology, 163: 1–10.

Worobiec, E. & Szulc, J., 2010b. Palynological anal y sis of Mio -
cene infill of karst sink holes at Tarnów Opolski, Up per Sile-
sian Up land – a pre lim i nary re port. Przegl¹d Geologiczny,
58: 1176–1181. [In Pol ish, Eng lish sum mary].

Worobiec, E. & Szulc, J., 2012. Sesja terenowa A. In: Materia³y
46. Sympozjum Speleologicznego, Góra Œw. Anny, 19-21.10.
2012. Sekcja Speleologiczna Polskiego Towarzystwa Przy-
rodników im. Kopernika, Kraków, pp. 11–20 [In Pol ish].

Worobiec, E. & Worobiec, G., 2008. Fos sil zy go spores of Zygne-
mataceae al gae (Chlorophyta) from the Up per Mio cene of the 
Be³chatów Lig nite Mine. Przegl¹d Geologiczny, 56: 1000–
1004. [In Pol ish, Eng lish sum mary].

Worobiec, E., Worobiec, G. & Gedl, P., 2009. Oc cur rence of fos sil 
bam boo pol len and a fun gal conidium of Tetraploa cf. aris-
tata in Up per Mio cene de pos its of Józefina (Po land). Re view
of Palaeobotany and Palynology, 157: 211–217.

Ziembiñska-Tworzyd³o, M., 1996. Flora sporowo-py³kowa. In:
Malinowska, L. & Piwocki, M. (eds), Budowa Geologiczna
Polski. Tom 3. At las skamienia³oœci przewodnich i charakte-
rystycznych. Kenozoik. Trzeciorzêd. Neogen. Pañstwowy Ins- 
tytut Geologiczny, Polska Agencja Ekologiczna, Warszawa,
pp. 797–855. [In Pol ish].

Ziembiñska-Tworzyd³o, M., 1998. Cli ma tic phases and spore-pol -
len zones. In: Wa¿yñska, H. (ed.), Palynology and Palaeo ge -
ogra phy of the Neo gene in the Pol ish Low lands. Prace Pañ-
stwowego Instytutu Geologicznego, 160: 12–16.

Ziembiñska-Tworzyd³o, M., Grabowska, I., Kohlman-Adamska,
A., Sadowska, A., S³odkowska, B., Stuchlik, L., & Wa-
¿yñska, H., 1994. Check list of se lected gen era and spe cies of
spores and pol len grains or dered in mor pho log i cal sys tem. In: 
Stuchlik, L. (ed.), Neo gene Pol len Flora of Cen tral Eu rope.
Part 1. Acta Palaeobotanica, Supplementum, 1: 31–56.

NEO GENE KARST SINK HOLE AND ITS DE POS ITS 385


