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Ab stract: Small wa ter bod ies, oc cur ring be hind bar ri ers across val leys, cre ate very ad van ta geous con di tions for
the sedi men ta tion of cal care ous tu fas. These sedi ments usu ally con tain rich and di ver si fied mala co coe noses. The
com po si tion and struc ture of these as so cia tions are closely linked to en vi ron mental changes dur ing the ac cu mu -
la tion of the sedi ments. At the Su lis³awice lo cal ity, the rem nants of two bar ri ers, com posed of hard, cal care ous
tufa, were found. Be hind them, se quences of granu lar, cal care ous tu fas were pre served, form ing ter races, ele vated
up to 3 m above the level of the pres ent stream bed. The age of the sedi ments was ob tained from ra dio car bon
dat ing and is ref er able to the At lan tic Phase. The rich mala co fauna, oc cur ring in these tu fas, per mit ted the
rec og ni tion of four types of fau nis tic as so cia tion, in a se quence that cor re sponds to phases in the de vel op ment of
the wa ter bod ies. Three of them are char ac ter ised by the domi nance of aquatic spe cies and per mit the re con struc -
tion of spe cific fea tures of the body of wa ter. In the fourth as so cia tion, ter res trial spe cies pre domi nate. A de tailed,
mala co logi cal analy sis was the ba sis for a model of the evo lu tion of the wa ter bod ies, oc cur ring be hind the
bar ri ers. The model is more widely ap pli ca ble to the sedi ments of simi lar ori gin, fre quently found in up land
re gions of Po land and other parts of Europe.
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IN TRO DUC TION

Cal care ous tu fas are de pos its, par ticu larly fa vour able
for the pres er va tion of mol lus can shells. They are as so ci ated 
with rela tively un dis turbed sedi men ta tion, as well as with
high cal cium car bon ate con tent. The former mini mises the
risk of shell de struc tion dur ing sedi men ta tion, whereas the
lat ter in hib its chemi cal dis so lu tion and physi cal dam age of
the shells, al ready pres ent in the sedi ment. There is only mi -
nor re de po si tion of shell ma te rial, which fa cili tates the in -
ter pre ta tion of changes in the na ture of habi tats and re lated
varia tion in en vi ron mental con di tions at and near the site of
depo si tion. It should be noted that the as so cia tions of mol -
luscs, oc cur ring in the sedi ments, are re flec tions of both re -
gional con di tions and the lo cal char ac ter is tics of the en vi -
ron ment. The first as pect pro vides a ba sis for iden ti fy ing the 
trends of palaeo geo graphi cal and cli matic con di tions on a
re gional scale, while the sec ond as pect pro vides a unique

op por tu nity for the re con struc tion of the con di tions in both
ter res trial and aquatic habi tats, usu ally not fea si ble by other
meth ods. The ear li est de scrip tions of cal care ous tu fas in Po -
land date back to the end of the 19th cen tury and the be gin -
ning of the 20th cen tury. Me thodi cal stud ies on the mala co -
logi cal as so cia tions in cal care ous tu fas were car ried out
only dur ing the last 30 years. These stud ies were car ried out
at a number of lo ca tions in the moun tain and up land belts, as 
well as in the Pol ish Low lands, and are de scribed in a great
number of sci en tific ar ti cles and popular- science pub li ca -
tions.

Cal care ous tu fas are formed in sev eral types of sedi -
men tary en vi ron ment. Small wa ter bod ies (dammed lakes)
aris ing up slope of rock, col lu vium, and hard tufa bar ri ers,
and even bea vers’ dams across river val leys are among the
most com mon, de po si tional set tings of these sedi ments. In



such bod ies of wa ter, fine- and medium- grained, as well as
silty, cal care ous tu fas ac cu mu late, of ten ac com pa nied by
sands and fine grav els, as well as peat in ter ca la tions. Usu -
ally, some rem nants of the bar ri ers, in the form of in ter con -
nected col lu vial tongues or beds of hard cal care ous tufa, can 
also be found. Un dis turbed sedi men ta tion in dammed lakes, 
of ten over long pe ri ods, has fa voured the pres ence of an
abun dant, di ver si fied and well pre served mala co fauna in the 
re sult ing de pos its. Such sedi ments, con tain ing nu mer ous
mol lus can shells, were de scribed at a number of lo ca tions in 
the Car pa thi ans (S. W. Al ex androwicz, 1993, 1996, 1997a;
W. P. Al ex androwicz, 1997, 2004, 2009a, 2013) and Mid-
 Polish Up lands (e.g., S. W. Al ex androwicz, 1983, 1989,
1991, 1997b; W. P. Al ex androwicz, 2004; W. P. Alexan-
drowicz and Go³as- Siarzewska, 2013). The tu fas, ex posed
in the Szre niawa River val ley at Su lis³awice, also be long to
this type of de posit.

GEO LOG I CAL SET TING

Out crops of cal care ous tu fas are situ ated in the Szre -
niawa River val ley, be tween Wol brom and Miechów (ca. 2
km west of Wol brom), in the cen tre of Su lis³awice vil lage

(Fig. 1A). The GPS co or di nates of the sec tion Su-I are
50°22'45''N and 19°50'1''E (Fig. 1B).

The lo cal ity at Su lis³awice is situ ated at the bor der of
two ma jor struc tural units, the Cracow- Silesian Mono cline,
and the Miechów Ba sin (Bu kowy, 1968). Lime stones and
marls, of Up per Ju ras sic and Lower Cre ta ceous age oc cur
be low the rela tively com pact Qua ter nary cover and are seen
in scat tered out crops, The cover of Pleis to cene sedi ments is
al most un in ter rupted and is of vari able thick ness. These
sedi ments are rep re sented mainly by Vis tulian lo esses,
which form an un in ter rupted cover, from sev eral to a dozen
or more me tres thick. Flu vio gla cial sands also have been re -
ported (Bu kowy, 1968). The flu vial sedi ments are muds,
sands, and grav els, fill ing the river and stream val leys, and
are of Holo cene age. In this area, there are also vast peat-
 bogs, which have been de vel op ing there since the Bo real
Phase. They have been the sub ject of de tailed, paly no logi cal 
stud ies (Obidowicz, 1976; Lata³owa and Na lepka, 1987). In 
the area around Wol brom, Holo cene cal care ous tu fas are
also found. These are iso lated oc cur rences in the val leys of
the Szre niawa River (Brzozówka and Su lis³awice) and the
streams Trze bi enicki (Trze bi en ice), and Go³cza (Rze¿uœnia) 
(Fig. 1A). These lo ca tions were the sites of sedi men to logi -
cal and litho logi cal stud ies (Szulc, 1984; Do mañski, 1988),
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Fig. 1. Lo ca tion of site, and sec tions of cal car e ous tufas at Sulis³awice; A. Lo ca tion of sites: Bz – Brzozówka, Tr – Trzebienice, Rz –
Rze¿uœnia, Su – Sulis³awice; B. Lo ca tion of sec tions: Su-I – Su-V – out crops of cal car e ous tufa, T-I, T-II – bar ri ers com posed of hard, cal -
car e ous tufa



iso tope analy ses (e.g., Pazdur, 1987; Pazdur et al., 1988a,
b), as well as mala co logi cal analy ses (Do mañski, 1988; S.
W. Al ex androwicz and Do mañski, 1991; W. P. Alexandro-
wicz, 2000, 2004). The stud ies, com pleted in re cent years at
the Su lis³awice lo ca tion, have pro vided abun dant, new ma -
te rial, which was the ba sis for much more de tailed, pa laeoe -
co logi cal and stra tigraphic in ter pre ta tions.

At Su lis³awice, cal care ous tu fas form a ter race, with a
maxi mum height of up to 3 m above the pres ent stream bed.
Within the ter race, two out crops of hard, highly po rous,
white tu fas are found. Ear lier they proba bly formed bar ri ers, 
di vid ing the val ley; be hind them were small and shal low
wa ter bod ies, filled with loose va rie ties of tufa, con tain ing
nu mer ous mol lus can shells (Fig. 1B).

The sec tion Su lis³awice I (Su-I) is situ ated di rectly at
the lower bar rier (T-I, Fig. 1B). On muds with many lime -
stone clasts, rest two lay ers of silty, yel lowish cal care ous tu -
fas, each 0.2 m thick. They are in ter ca lated with hard, white, 
po rous, slightly lami nated tu fas (0.6 m). The up per most part 
of the sec tion is com posed of re cent soil. The to tal thick ness 
of the sec tion is 1.2 m (Figs 1B, 2). The Su lis³awice II (Su-
 II) sec tion is situ ated some 50 m above Su-I. The grey, lami -
nated cal care ous muds are over lain by sandy, fine- and
medium- grained and silty cal care ous tu fas. There are also
two in ter ca lated beds, con tain ing blocks of hard tu fas, with
di ame ters of up to 10 cm. The thick ness of the sec tion is
2.6 m (Figs 1B, 2). In the Su lis³awice III (Su- III) out crop,
situ ated 30 m above Su- II, there are me dium- and fine-
 grained, sandy tu fas, un der lain by silty cal care ous tu fas and
muds, con tain ing nu mer ous an gu lar lime stone blocks. The
thick ness of the sec tion is 2.25 m (Figs 1B, 2). The next two
out crops are situ ated above the higher bar rier (T-II, Fig.
1B). At the low est part of the first out crop (Su lis³awice IV –
Su- IV), grey, slightly lami nated cal care ous muds (0.85 m)
can be found, cov ered by peat, con tain ing a few clasts of
tufa (0.05 m). Above them rests a 2.1- m- thick se ries of,
fine- and medium- grained, sandy tu fas. In its mid dle part,
there are blocks of hard tufa, with di ame ters of up to 10 cm
(usu ally 5–8 cm), form ing a clearly dis tin guish able layer.
The thick ness of the en tire sec tion is: 3.0 m. The sam ples
for ra dio car bon dat ing were col lected from the bot tom and
top parts of the se ries (Figs 1B, 3). The last of the sec tions,
Su lis³awice V (Su-V), is situ ated about 60 m above the up -
per bar rier. There, grey muds with nu mer ous lime stone
clasts are over lain by white, strongly cal care ous muds and
by silty and fine- grained, sandy tu fas. The thick ness of the
sec tion is about 1.3 m (Figs 1B, 3).

MA TE RI ALS AND METH ODS

Mala co logi cal analy sis was un der taken on 37 sam ples,
cov er ing in ter vals of 10, 15 or 20 cm, de pend ing on the
litho logi cal char ac ter is tics of the sedi ments, and weighed
about 2 kg each. The sam ples rep re sented all of the lay ers,
dis tin guished in the sec tion, ex cept for the hard tu fas (Figs
2, 3). The sam ples were flushed on a 0.5 mm sieve, and
dried, af ter which all mol lusc shells, both of ju ve nile and
adult in di vidu als, were col lected, to gether with frag ments of 
shells that could be iden ti fied eas ily. The lat ter were ex -

trapo lated into whole speci mens, in ac cor dance with the
for mula, pro posed by S. W. Al ex androwicz (1987a). The
number of spe cies in the sam ples var ied from 7 to 36 and the 
number of speci mens from 22 to 1734, re spec tively. The en -
tire ma te rial stud ied com prised 18,366 speci mens of 50 taxa 
(33 taxa of ter res trial snails, 13 spe cies of aquatic snails, and 
three spe cies of bi valves, as well as the cal care ous plates of
slugs – Li ma ci dae) (Ta bles 1, 2).

The mala co logi cal analy sis was car ried out on the ba sis
of the stan dard meth ods, de scribed by Ložek (1964), S. W.
Al ex androwicz (1987a) and S. W. Al ex androwicz and W.
P. Al ex androwicz (2011). The eco logi cal re quire ments of
par ticu lar spe cies of snails and bi valves were de ter mined,
on the ba sis of a number of stud ies (e.g., Ložek, 1964, 2000; 
Piechocki, 1979; Piechocki and Dyduch- Falniowska, 1993;
Wik tor, 2004). In di vid ual spe cies were clas si fied into the
fol low ing eco logi cal groups: F – shade- loving spe cies, O –
spe cies of open habi tats (meadow spe cies), M – meso phi -
lous spe cies, and H – hy gro phi lous spe cies. Among the
aquatic taxa, three groups were dis tin guished (S. W. Ale-
xandrowicz, 1987a; S. W. Al ex androwicz and W. P. Ale-
xandrowicz, 2011): T – taxa typi cal of epi sodic bod ies of
wa ter, S – spe cies of per ma nent bod ies of wa ter, and R –
river and stream (reo phi lous) spe cies. The per cent ages of
par ticu lar spe cies and eco logi cal groups formed the ba sis
for the con struc tion of mala co logi cal dia grams. These in
turn pro vided a ba sis for pa laeoen vi ron men tal in ter pre ta -
tions and de scrip tions of the en vi ron mental changes dur ing
depo si tion. Ad di tion ally, in or der to de line ate changes in
the en vi ron ment, two- and three- component dia grams were
drawn. The two- component dia grams were de vel oped on
the ba sis of the per cent ages of two se lected, eco logi cal
groups. The choice of dia gram com po nents is in tended to
dem on strate changes in pro por tions of these groups, in con -
nec tion with (1) the stra tigraphic suc ces sion of sedi ments
and (2) the evo lu tion and trans for ma tion of the en vi ron -
ment. Com bin ing three eco logi cal groups (three- component 
dia gram) per mits the rec og ni tion of par ticu lar types of mol -
lusc as so cia tion and their se quence in the ver ti cal pro file.
There fore, in ter pret ing such a dia gram pro vides a good ba -
sis for re con struc tion of the en vi ron ment. The an ti loga rithm 
of taxo nomic di ver sity (TDA) in dex (S. W. Al ex androwicz, 
1987a; S. W. Al ex androwicz and W. P. Al ex androwicz,
2011) was also cal cu lated for each sam ple. The TDA in dex
is a modi fi ca tion of the Shannon- Wiener di ver sity in dex,
widely used in fau nis tic re search. Un like the lat ter, it is of a
nor mal ised type (the re sults of cal cu la tions are in the range
0–1). Ac cord ingly, the TDA in dex fa cili tates the com pari -
son of di ver sity for dif fer ent sam ples and its graphi cal pres -
en ta tion is also sim pler. The taxo nomic analy sis al lowed the 
de ter mi na tion of the simi lari ties be tween par ticu lar sam ples
ana lysed and the rec og ni tion of mol lusc as so cia tions with
simi lar com po si tion and struc ture. De vel op ment of a den -
dro gram was based on the method, de scribed by Morisita
(1959) and the sta tis ti cal cal cu la tions were com pleted, us -
ing the PAST sta tis ti cal soft ware pack age (Ham mer et al.,
2001).

The strati graphic range of the cal car e ous tufas was de -
ter mined from both the com po si tion and struc ture of the
malacofaunal as so ci a tions and ra dio car bon dat ing. The ra -
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Fig. 2. Li thol ogy and malacofauna of sec tions Su-I, Su-II, Su-III; Eco log i cal groups of molluscs (ac cord ing to Ložek, 1964; S. W.
Alexandrowicz, 1987a; S. W. Alexandrowicz and W. P. Alexandrowicz, 2011): F – shade-lov ing spe cies, O – spe cies of open hab i tats, M
– mesophilous spe cies, H – hygrophilous spe cies, T – spe cies of ep i sodic bod ies of wa ter, S – spe cies of per ma nent bod ies of wa ter, R –
river and stream (reophilous) spe cies
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Ta ble 1

Com po si tion of malacofauna in sec tions Su-I, Su-II, Su-III

E
                    Section Su-I Su-II Su-III

Taxon               Sample 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

F

Acicula polita (Hartm.) 1 1 2 1 2 2 1 1 1 1 1

Vaertigo pusilla Müll. 1 1 1 1 3 2 3 1 1

Discus rotundatus (Müll.) 1 1 1 3 1 2

Discus ruderatus (Fér.) 2 1 1 1 1 1 2 1 2 1

Vitrea crystallina (Müll.) 1 1 1 1 3 1 2 3 3 1

Oxychilus depressus (Sterki) 1 1 1

Cochlodina laminata (Mont.) 1 1 1 1

Bradybaena fruticum (Müll.) 3 2 2 1 1 1 3 3 3 3 1 2 1 1

O

Truncatellina cylindrica (Fér.) 1

Vertigo pygmaea (Drap.) 2 1

Vallonia costata (Müll.) 2 2 3 3 1 3 3 4 4 2 2 2 4

Vallonia pulchella (Müll.) 2 2 3 2 1 1 3 3 4 3 2 2 2 3

M

Carychium tridentatum (Risso) 1 3 3 3 3 3 3 3 4 3 3 2 2 3 3 1

Cochlicopa lubrica (Müll.) 2 1 1 1 1 1 1 3 1 2 2

Cochlicopa lubricella (Porro) 3 1

Vertigo substriata (Jeffr.) 1 1

Vertigo angustior Jeffr. 2 1 2 1 1 1

Punctum pygmaeum (Drap.) 1 3 1 3 1 1 1 2 2 1 2 1 2 4 2

Vitrina pellucida (Müll.) 1 1 1 1

Vitrea contracta (West.) 4 1 1

Nesovitrea hammonis (Ström) 2 2 2 2 1 2 2 2 2 2 2 2

Nesovitrea petronella (L.Pfe.) 1 1 1 1 1 1

Limacidae 1 1 1 1 1 1 1

Euconulus fulvus (Müll.) 1 3 1 1 1 1 1 2 3 2 1 1 1 1

Trichia hispida (L.) 2 1

H

Carychium minimum Müll. 3 4 3 3 3 2 4 4 4 4 1 1 1 1 3 1

Succinea putris (L.) 1 3 3 1 1 3 1

Cochlicopa nitens (Gall.) 1 1

Vertigo antivertigo (Drap.) 2 1 2 1

Zonitoides nitidus (Müll.) 2 1 3 1 2 3 1

Perforatella rubiginosa (A. Sch.) 3 3 1 3 3 3 3

T

Valvata cristata Müll. 3 3 4 5 5 6 5 5 3 3 1 1 1

Aplexa hypnorum (L.) 3 1

Galba truncatula (Müll.) 1 3 1 3 3 3 4 1 2 2 1 1

Anisus leucostomus (Mill.) 3 3 3 5 6 6 6 6 5 3 1 3 3 2 3 3 2

Pisidium obtusale (Lam.) 1 3 2 1 1

S

Physa fontina lis (L.) 3 4 2 3 3 4 4 1 2 1 1 1 1

Radix balthica (L.) 1 3 3 3 4 4 4 4 3 4 3 1

Gyraulus albus (Müll.) 2 3 1 1 2 1 2

Armiger crista (L.) 1 2 3 3 3 2 1 1

Acroloxus lacustris (L.) 1 3 1

Pisidium subtruncatum Malm 3 3 2 3 1 2 3 1

Pisidium casertanum (Poli) 3 3 3 3 3 1 2 3

R

Bithynella austriaca (Fraue.) 2 2

Ancylus fluviatilis Müll. 5 4 3 2 1 5 5 2

Pisidium personatum Malm 2 5 5 4 1 3 5 5 3

E – eco log i cal groups of molluscs (ac cord ing to Ložek, 1964; S. W. Alexandrowicz, 1987a; S. W. Alexandrowicz and W. P. Alexandrowicz, 2011): F –
shade-lov ing spe cies, O – spe cies of open hab i tats, M – mesophilous spe cies, H – hygrophilous spe cies, T – spe cies of ep i sodic bod ies of wa ter, S – spe cies
of per ma nent bod ies of wa ter, R – river and stream (reophilous) spe cies. Num ber of spec i mens – 1 – 1–3, 2 – 4–10, 3 – 11–31, 4 – 32–100, 5 – 100–316, 6 –
317–1000 (ac cord ing to S. W. Alexandrowicz, 1987a; S. W. Alexandrowicz and W. P. Alexandrowicz, 2011)
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Ta ble 2

Com po si tion of malacofauna in sec tions Su-IV and Su-V

E
                  Section Su-IV Su-V

Taxon             Sample 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37

F

Acicula polita (Hartm.) 1 2 1 1 1 1 1

Vaertigo pusilla Müll. 1 1 2 1 2 3 1

Discus rotundatus (Müll.) 1 1 1 1 1 1 2

Discus ruderatus (Fér.) 1 1 1 1 2

Vitrea crystallina (Müll.) 2 2 1 1 1 1 2

Oxychilus depressus (Sterki) 1

Cochlodina laminata (Mont.) 1 1 1

Bradybaena fruticum (Müll.) 2 2 1 1 1 1 3 3 3 1

O

Truncatellina cylindrica (Fér.) 1 2

Vertigo pygmaea (Drap.) 1 1 3

Vallonia costata (Müll.) 2 3 1 1 1 3 3 3 4 4

Vallonia pulchella (Müll.) 2 3 1 1 1 2 3 3 4 4

Euomphalia strigella (Drap.) 2 1 1 1 1

M

Carychium tridentatum (Risso) 3 4 3 2 1 1 2 1 2 1 3 3 3 3 2

Cochlicopa lubrica (Müll.) 4 4 1 3 3 1 1 1 2 2 1

Cochlicopa lubricella (Porro) 2

Columella edentula (Drap.) 1 1 1

Vertigo substriata (Jeffr.) 2 1 1

Vertigo angustior Jeffr. 3 1 3

Punctum pygmaeum (Drap.) 3 4 1 2 1 1 1 2 1 1 1 2 2 1

Vitrina pellucida (Müll.) 1 1 1 1 2

Vitrea contracta (West.) 1 1 1 1

Nesovitrea hammonis (Ström) 3 2 2 1 1 1 1 1 3 3 2

Nesovitrea petronella (L.Pfe.) 1 1 1

Limacidae 1 1 1 1 1 1 1 2

Euconulus fulvus (Müll.) 3 4 2 1 1 1 1 1 1 1 2 2 3

Trichia hispida (L.) 1 1 1

H

Carychium minimum Müll. 3 4 2 2 1 3 1 3 2 3 4 4 4 3

Succinea putris (L.) 3 1 2 1 1 2 2 1 2 2 2 2 2 3 2 2 2

Cochlicopa nitens (Gall.) 1 1 1 1 1

Vertigo antivertigo (Drap.) 1 1 1 1 1 1 1

Vertigo geyeri Lindh. 1 1

Zonitoides nitidus (Müll.) 3 4 2 1 1 2 1 1 2 1 2 3 2 2 1

Perforatella rubiginosa (A. Sch.) 1 3 2 3 2

T

Valvata cristata Müll. 6 5 5 3 4 3 4 5 3 5 2 3 3 5 5 4 1 1

Aplexa hypnorum (L.) 1 1

Galba truncatula (Müll.) 3 3 1 1 1 1 2 3 4 3 3 2 1 2

Anisus leucostomus (Mill.) 6 6 4 4 4 3 4 6 3 6 3 5 4 6 5 4 3 2 1

Pisidium obtusale (Lam.) 3

S

Physa fontina lis (L.) 1 2 1 1 3 3 3 4 3 4 3 3 2 1

Radix balthica (L.) 1 1 2 2 3 4 4 3 5 3 3 3 2 1

Stagnicola palustris (Müll.) 1 1 1

Armiger crista (L.) 1

Acroloxus lacustris (L.) 1 1 4 2 3 1

Pisidium subtruncatum Malm 2 2

Pisidium casertanum (Poli) 3 4 3 2

R
Ancylus fluviatilis Müll. 2 3 2 5 4 4 5 4 3 4 2 1

Pisidium personatum Malm 1 4 2 4 3 5 4 5 5 5 3 4 3 1

For ex pla na tion see Ta ble 1



dio car bon anal y ses of two sam ples were con ducted, us ing
mol lus can shells. Those most com monly used for dat ing
were well pre served shells of the large snails (Bradybaena
fruticum, Euomphalia strigella, Cochlicopa lubrica and
Zonitoides nitidus – sam ple C–1 and Ra dix balthica, Anisus
leucostomus and Ancylus fluviatilis – sam ple C–2). The
masses of par tic u lar sam ples were 40–50 g. All anal y ses
were un der taken in the Ra dio car bon Lab o ra tory in Ska³a,
near Kraków, by Prof. M. Kr¹piec. The re sults of these mea -
sure ments were then cal i brated, on the ba sis of a cal i bra tion
curve (Stuiver et al., 1998), us ing the OxCal V 3.9 software
package (Bronk Ramsey, 2003).

RE SULTS

The lo cal ity at Sulis³awice rep re sents the in fill ing of
wa ter bod ies, re sult ing from the damm ing of the Szreniawa
River val ley by two bar ri ers, com posed of hard cal car e ous
tufa. At pres ent, they are poorly ex posed. Be hind the bar ri -
ers are loose cal car e ous tufas, con tain ing a very rich
malacofauna. These sed i ments re flect the grad ual fill ing of

the wa ter bod ies. The malacofauna pro vides a ba sis for the
re con struc tion of en vi ron men tal changes during the deposi-
tion of the sediments.

Sec tion Su-I (Fig. 2), sit u ated di rectly at the lower bar -
rier, is char ac ter ised by a poor fauna. In the lower part (sam -
ple Su-1) of it, ter res trial, meadow and mesophilous spe cies
(Vallonia pulchella, Vallonia costata, and Vitrea contracta) 
pre dom i nate. The aquatic taxa, Physa fontinalis and Anisus
leucostomus, also are an es sen tial com po nent of this as so ci -
a tion (Fig. 2).

Sam ple Su-2 con tains a richer and more di verse mala-
cofauna. The note wor thy fea tures of this fauna in clude a re -
mark ably higher pro por tion of aquatic spe cies, typ i cal of
ep i sodic bod ies of wa ter (Anisus leucostomus) and taxa of
broad, eco log i cal tol er ance, namely Acroloxus lacustris and 
Valvata cristata (Fig. 2). The sam ples, col lected from sec -
tion Su-I, are char ac ter ised by rel a tively low num bers of
taxa and spec i mens and by low val ues of the TDA in dex, in -
di cat ing their rel a tively homogenous composition (Fig. 4).

Sec tion Su-II rep re sents the cen tral part of the dammed
lake. From this se quence of cal car e ous tufas, 10 sam ples
(Su-3 – Su-12) were col lected (Fig. 2). In this sec tion, three
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in ter vals can be dis tin guished, mark edly dif fer ent in terms
of struc ture and the com po si tion of faunistic as so ci a tions.
The lower part of the se quence (sam ples Su-3 and Su-4) is
char ac ter ised by a very large pro por tion of spe cies, typ i cal
of fast-flow ing streams with a stony bot tom, namely Ancy-

lus fluviatilis and Pisidium personatum. They are ac com pa -
nied by forms with broad, eco log i cal tol er ance (Pisidium
subtruncatum, Pisidium casertanum, Ra dix balthica), as
well as snails, typ i cal of ep i sodic bod ies of wa ter, namely
Anisus leucostomus. Ter res trial spe cies con sti tute only a
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Fig. 4. De vel op ment of mol lus can fauna in sec tions Su-I, Su-II, Su-III; Nt – num ber of taxa, Ns num ber of spec i mens, TDA – an ti log a -
rithm of tax o nom i cal di ver sity in dex (ac cord ing to S. W. Alexandrowicz, 1987a; S. W. Alexandrowicz and W. P. Alexandrowicz, 2011),
D1, D2 – two-com po nent di a grams, TR – three-com po nent di a gram. Eco log i cal groups of molluscs (ac cord ing to Ložek, 1964; S. W.
Alexandrowicz, 1987a; S. W. Alexandrowicz and W. P. Alexandrowicz, 2011): L – land snails, W – wa ter molluscs, T – spe cies of ep i -
sodic bod ies of wa ter, S – spe cies of per ma nent bod ies of wa ter, R – river and stream (reophilous); for other ex pla na tions see Fig. 2



small pro por tion. The as so ci a tion is typ i cal of streams and
mi nor rivers (Fig. 2). The sam ples, col lected from the mid -
dle part of the sec tion Su-II (Su-5 – Su-9), have an en tirely
dif fer ent com po si tion. The pre dom i nant, eco log i cal group
there con sists of spe cies, typ i cal of bod ies of wa ter that have 
been over grown by veg e ta tion and are sub ject to sea sonal
dry ing, namely Anisus leucostomus, Galba truncatula, as
well as forms with broad, eco log i cal tol er ance, such as
Valvata cristata. Other aquatic spe cies are of sec ond ary im -
por tance, whereas ter res trial snails are prac ti cally ab sent.
This fauna sug gests an en vi ron ment, com pris ing a small,
pe ri od i cally dry ing-up body of wa ter, with abun dant veg e -
ta tion (Fig. 2). In the up per part of the sec tion Su-II (sam -
ples Su-10 – Su-12), there is an abrupt in crease in the pro -
por tion of spe cies, typ i cal of streams, Ancylus fluviatilis and 
Pisidium personatum, ac com pa nied by the dis ap pear ance of 
forms, liv ing in per ma nent or ep i sodic bod ies of wa ter. At
the same time, there is an increa- sed oc cur rence of ter res -
trial snails, mainly hygrophilous (Carychium min i mum,
Perforatella rubiginosa) and mesophilous (Carychium tri-
dentatum, Cochlicopa lubrica) forms. Also pres ent are spe -
cies, liv ing in open, meadow hab i tats, Vallonia pulchella,
Vallonia costata, and even the typ i cal for est taxa, Dis cus
rotundatus and Ver tigo pusilla. In the up per part of the sec -
tion, ter res trial snails be come the pre dom i nant group
(Fig. 2). The malacofauna in sam ples, col lected from sec -
tion Su-II, is rich and di verse. This is sup ported by both
high num bers of taxa and spec i mens in par tic u lar sam ples,
as well as by high val ues of the TDA in dex (Fig. 4). The
changes in the com po si tion and struc ture of malacocoeno-
ses in sec tion Su-II are seen on the two-com po nent di a -
grams. Ex cept for the up per most sam ple, the prev a lence of
aquatic spe cies over ter res trial ones con tin ues through out
the en tire se quence. This is an in di ca tor of dry ing-up bioto-
pes and the dis ap pear ance of the body of wa ter (Fig. 4).
Also ob served are es sen tial changes in the struc ture of the
aquatic com po nent it self. The reophilous molluscs pre dom i -
nate in the lower and up per parts of the sec tion, whereas in
the mid dle in ter val, the prin ci pal role is as sumed by taxa,
typ i cal of stag nant wa ter (Fig. 4). The three-com po nent dia- 
gram shows the transformations in the character of the pre-
dom i nant habitats, starting from the stream envi- ronment,
through the phase of functioning as a small body of water to
the period of dominance by terrestrial habitats (Fig. 4).

Sec tion Su-III rep re sents the dis tal part of the dammed
lake. In six sam ples (Su-13 – Su-18), the ter res trial taxa,
mainly mesophilous forms (Carychium tridentatum, Punc-
tum pygmaeum) and meadow spe cies (Vallonia pulchella,
Vallonia costata) oc cur in large num bers. They are ac com -
pa nied by very rare, shade-lov ing and hygrophilous snails.
The aquatic el e ment is of lesser im por tance, rep re sented
prin ci pally by Anisus leucostomus (Fig. 2). The fauna of
molluscs, oc cur ring in the sam ples, col lected from the
Su-III sec tion, is gen er ally poor and poorly di ver si fied. This 
char ac ter is tic is con firmed by the low num bers of taxa and
spec i mens and by the rel a tively low val ues of the TDA in -
dex (Fig. 4). The two-com po nent di a grams in di cate the last -
ing prev a lence of ter res trial spe cies. A mi nor in crease in the 
pro por tion of aquatic forms is found only in the mid dle part
of the se quence de scribed above (sam ple Su-15) (Fig. 4).

Sec tion Su-IV rep re sents the cen tral part of the up per,
dammed lake. Fif teen sam ples, con tain ing nu mer ous mol -
lus can shells, were col lected. The malacological anal y sis in -
di cated two dis tinct in ter vals, char ac ter ised by the pres ence
of mark edly dif fer ent, fau nal as so ci a tions. The lower in ter -
val (sam ples Su-19 – Su-26) is char ac ter ised by a very large
pro por tion of aquatic spe cies, liv ing in shal low, pe ri od i cally 
dry ing-up bod ies of wa ter, namely Anisus leucostomus and
Galba truncatula, as well as forms, with broad, eco log i cal
tol er ance, such as Valvata cristata. The as so ci a tion is sup -
ple mented by land snails, mainly mesophilous and hygro-
philous, pri mar ily Carychium tridentatum, Euconulus ful-
vus, Cochlicopa lubrica, Carychium min i mum, and Zonito-
ides nitidus. The taxa, as so ci ated with open hab i tats, and
shade-lov ing taxa are of sec ond ary sig nif i cance. In the up -
per in ter val of the sec tion (sam ples Su-27 – Su-33), there is
a marked in crease in the pro por tion of spe cies, typ i cal of
per ma nent bod ies of wa ter, such as Physa fontinalis, Acro-
loxus lacustris, Ra dix balthica, and the reophilous forms,
Ancylus fluviatilis, and Pisidium personatum. In a par al lel
de vel op ment, there is a de crease in the sig nif i cance of
aquatic taxa, re sis tant to dry ing, and land snails dis ap pear
al most com pletely (Fig. 3). The num bers of spe cies and
spec i mens in the sam ples, col lected from sec tion Su-IV,
change within broad lim its. In some sam ples, more than
1000 spec i mens were iden ti fied, whereas in other sam ples
there were merely doz ens of spec i mens. The val ues of the
TDA in dex also show ma jor fluc tu a tions. In the ma jor ity of
sam ples, these reach high val ues, in di cat ing high di ver sity.
There are, how ever, also some sam ples, in which the TDA
in dex has a low value and this em pha sizes the low di ver sity
of the fauna (Fig. 5). Both the two- and three-com po nent di -
a grams in di cate (1) the prev a lence of aquatic en vi ron ments
through out de po si tion, and (2) the pre dom i nance of spe cies, 
oc cu py ing ep i sodic bod ies of wa ter, in the lower part of the
sec tion, and the de vel op ment of small, per ma nent pools of
wa ter, as well as the in creased sig nif i cance of flow ing wa ter 
in the up per part (Fig. 5). Sam ples for ra dio car bon dat ing
were ob tained from sec tion Su-IV. The first was taken from
the bot tom part of the se quence, be tween sam ples Su-19 and 
Su-20 (6410 ± 80 years BP, 5470–5320 cal. years BC;
MKL-1097), whereas the sec ond rep re sented the top in ter -
val, be tween sam ples Su-31 and Su-32 (6030 ± 100 years
BP, 5060–4790 cal. years BC; MKL 1080) (Fig. 3). These
results indicate that deposition of the sediments, forming
section Su-IV, occurred in the Atlantic Phase of the Holo-
cene.

The last of the sec tions ana lysed (Su-V) rep re sents the
dis tal part of the higher, dammed lake. In four sam ples
(Su-34 – Su-37), a malacofauna of con sid er able spe cies di -
ver sity was found. In the sec tion, there are two dis tinctly
dif fer ent as so ci a tions of molluscs. The lower in ter val, in -
clud ing sam ples Su-34 and Su-35, is char ac ter ised by a high 
pro por tion of aquatic spe cies. Viewed from the bot tom up -
wards (Su-34), these are prin ci pally forms, typ i cal of stag -
nant wa ters, usu ally spe cies of broad, eco log i cal tol er ance
and those, ca pa ble of sur viv ing through the dry ing up of a
wa ter body, namely Anisus leucostomus, Galba truncatula,
and Valvata cristata. Higher up (sam ple Su-35), there is an
in crease in the pro por tion of spe cies, typ i cal of flow ing wa -
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ter, Ancylus fluviatilis and Pisidium personatum, which be -
come a pre dom i nant com po nent of the as so ci a tion. The up -
per in ter val is char ac ter ised by the clear prev a lence of land
snails. There are nu mer ous spe cies, typ i cal of open en vi ron -
ments, such as Vallonia pulchella and Vallonia costata,
which are ac com pa nied by the mesophilous forms: Cary-
chium tridentatum and Nesovitrea hammonis and, to a
lesser ex tent, by the mois ture-lov ing taxa (Carychium min i -
mum and Perforatella rubiginosa) and the shade-lov ing
taxa, Ver tigo pusilla and Bradybaena fruticum (Fig. 3). The
num bers of taxa and spec i mens in par tic u lar sam ples of sec -
tion Su-V com pa ra ble. Sim i larly mi nor fluc tu a tions are
shown by the TDA in dex and its high val ues re flect ma jor
di ver sity in the as so ci a tion (Fig. 5). The two- and three-
com po nent di a grams sug gest a sus tained and sig nif i cant
pro por tion of land snails, es pe cially in the top portion of the
sequence and, except for a short episode (sample Su-35), a
rather minor role of flowing water (Fig. 5).

DIS CUS SION

The malacofauna, found at Sulis³awice, shows, di ver si -
fi ca tion in ver ti cal sec tions. The cor re spond ing fau nal as so -
ci a tions can be dis tin guished in the sed i ments, which were
laid down, so as to fill bod ies of wa ter. This in di cates sim i -
lar sed i men ta tion con di tions for the tufas and also, in di -
rectly, the sim i lar strati graphic positions of the sections.

It is es sen tial to con sider a sed i men ta tion model for the
cal car e ous tufas at Sulis³awice. These sed i ments could have 
formed through the in fill ing of small, shal low bod ies of wa -
ter, im pounded be hind bar ri ers, com posed of hard tufa, as
well as the re sult of de po si tion in pools (paludal model), de -
vel op ing on the floor of the Szreniawa River val ley (e.g.,
Pedley, 1990, 2009; Pen te cost, 1995). It is dif fi cult to solve
this prob lem un am big u ously, be cause of the in suf fi cient de -
gree of ex po sure of the sed i ments. How ever, the first pos si -
bil ity is sup ported by more lines of ev i dence. The dis tri bu -
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tion of hard, cal car e ous tufa ex po sures is the first among
them. Their out crops are vis i ble on both banks of the Szre-
niawa River val ley, which at tests to the fact that they once
formed con tin u ous bar ri ers across the val ley. The sec ond
in di ca tion co mes from the se quence of fauna, ob served in
the sec tions. In the top and bot tom parts of the sec tions, spe -
cies that pre ferred wa ter courses with rapid cur rents are
pres ent, whereas in the mid dle part of the in ter vals, there is
a pre dom i nance of spe cies, typ i cal for stag nant wa ters, in -
clud ing also forms, typ i cal of shal low, per ma nent bod ies of
wa ter. For these rea sons, in a fur ther part of the study, a
‘lake model’ will be con sid ered, which as sumes the ex is -
tence of two bod ies of wa ter, de vel op ing be hind bar ri ers.
The dif fer ences, al though mi nor, ob served in the fea tures of 
the fauna in the sections, representing the bodies of water,
may confirm that these developed at least to some extent
independently.

The tax o nom i cal anal y sis per mit ted the rec og ni tion of
four types of malacofaunal as so ci a tion. They cor re spond to
dif fer ent con di tions, ob tained dur ing the course of sed i men -
ta tion (Fig. 6). Three of these types are char ac ter ised by the
prev a lence of aquatic molluscs, whereas in the last as so ci a -
tion there is a con sid er able proportion of terrestrial forms.

The as so ci a tion with spe cies, typ i cal of flow ing wa ter,
was found in seven sam ples, rep re sent ing the lower and up -
per part of sec tion Su-II (sam ples Su-3, 10 and 11), the
higher in ter val of sec tion Su-IV (sam ples Su-27, 29 and 31), 
and mid dle part of sec tion Su-V (sam ple Su-35) (Fig. 6).
The char ac ter is tic fea ture of this as so ci a tion is the very
abun dant oc cur rence of spe cies, liv ing in rivers and streams, 
such as Ancylus fluviatilis and Pisidium personatum. The
for mer pre fers a stony sub strate and a rel a tively rapid cur -
rent, whereas the lat ter shows re mark able, eco log i cal tol er -
ance and may ap pear both in wa ter courses with stony, as
well as with muddy bot toms, and is of ten found in spring
zones. Pisidium personatum is typ i cal of Late Gla cial and
Ho lo cene Carpathian tufas (W. P. Alexandrowicz, 2004,
2009b, 2010). The oc cur rence there of Bithynella austriaca
is a cu ri os ity. This form is char ac ter is tic of spring zones and 
streams with rapid cur rents (Piechocki, 1979). The spe cies
is fre quently a dom i nant com po nent of the Late Ho lo cene
cal car e ous tufas, de scribed from the Carpathians (W. P.
Alexandrowicz, 2004, 2009b, 2010), whereas in the Mid-
Pol ish Up lands, it oc curs only spo rad i cally (S. W. Alexan-
drowicz, 1983; W. P. Alexandrowicz, 2004). It is also only
very rarely found in sed i ments, older that the Subatlantic
Phase. The pres ence of the as so ci a tion de scribed above sig -
ni fies the dom i nant role of flu vial pro cesses. In the sec tions
at Sulis³awice, a fauna of this type ap pears usu ally in ei ther
the lower or up per part of the se quence, cor re spond ing to
the phases, im me di ately pre ced ing the formation of barriers
and to periods of their being breached, with subsequent
draining of the dammed lakes.

The as so ci a tion with spe cies of per ma nent bod ies of
wa ter oc curred in four sam ples, rep re sent ing sec tions Su-II
(sam ple Su-4), and Su-IV (sam ples Su-25, 30, and 33) (Fig.
6). The char ac ter is tic fea ture of this fauna is the sig nif i cant
pro por tion of spe cies, pre fer ring per ma nent bod ies of stag -
nant wa ter, such as Physa fontinalis and forms with broad,
eco log i cal tol er ance, Valvata cristata and Ra dix balthica.

These spe cies are usu ally the molluscs, which can in habit
both per ma nent and pe ri od i cally dry ing bod ies of wa ter,
namely Anisus leucostomus and Galba truncatula. The
com po si tion of this as so ci a tion in di cates both shal low ness
of the wa ter and abun dant veg e ta tion growth. The as so ci a -
tions of sim i lar char ac ter is tics were de scribed at many lo ca -
tions of lac us trine chalk in the north of Po land (W. P. Ale-
xandrowicz, 1999, 2007), as well as in the Carpathians (S.
W. Alexandrowicz, 1987b) and were in ter preted as in di ca -
tors of the grad ual dis ap pear ance of large, open lakes and
their transformation into small, shallow and intensively
overgrown bodies of water.

An as so ci a tion with spe cies of ep i sodic bod ies of wa ter
was iden ti fied in 16 sam ples, rep re sent ing sec tions Su-II,
Su-III, Su-IV, and Su-V (Fig. 6). It is the most com mon as -
so ci a tion and the most char ac ter is tic of the cal car e ous tufas
at Sulis³awice. The typ i cal char ac ter is tics of this fauna in -
clude the prev a lence of aquatic spe cies and the dom i nant
role of molluscs, which could sur vive pe ri ods of drought.
The in di ca tor spe cies should in clude Anisus leucostomus
(the most nu mer ous spe cies – 5,695 spec i mens – more than
30% of all the shells iden ti fied), Galba truncatula, and
Pisidium obtusale. These taxa are al most al ways ac com pa -
nied by nu mer ous shells of Valvata cristata and of ten also
by bi valves with broad, eco log i cal tol er ance, such as Pisi-
dium casertanum and Pisidium subtruncatum. Some times
there is a sig nif i cant ad mix ture of ter res trial snails, par tic u -
larly hygrophilous Carychium min i mum and Perforatella
rubiginosa and a mesophilous spe cies, as so ci ated with a hu -
mid hab i tat Carychium tridentatum. The as so ci a tion pre -
sented is one of the most char ac ter is tic of the Late Gla cial
and Ho lo cene malacological se ries and has been de scribed
at very many lo ca tions of cal car e ous tufas (S. W. Alexan-
drowicz, 1983, 1997b; W. P. Alexandrowicz, 1997, 2004),
as well as in sections of lacustrine chalk (S. W. Alexandro-
wicz, 1987b; W. P. Alexandrowicz, 1999, 2007).

The last two as so ci a tions, men tioned above, rep re sent
pe ri ods, where small, shal low and ep i sodic lakes ap peared
be hind bar ri ers. They also mark the sed i men ta tion phases of 
the loose, cal car e ous tufas that grad u ally filled the wa ter
bod ies. These as so ci a tions are par tic u larly typ i cal of the
sec tions, as so ci ated with the cen tral, deep est parts of both of 
the dammed lakes (sections Su-II and Su-IV).

The mixed as so ci a tion oc curs in 10 sam ples from sec -
tions Su-I, Su-II, Su-III, and Su-V (Fig. 6). The char ac ter is -
tic fea ture of this fauna is a con sid er able pro por tion of ter -
res trial spe cies. They are for the most part forms typ i cal of
hu mid and wa ter logged hab i tats (e.g., Perforatella rubigi-
nosa, Carychium min i mum) and mesophilous taxa (e.g.,
Carychium tridentatum, Nesovitrea hammonis, and Pun-
ctum pygmaeum). Less com mon are snails, typ i cal of rel a -
tively dry, open biotopes, such as Vallonia pulchella, and
Vallonia costata, the shade-lov ing snails, Bradybaena fru-
ticum, and Vitrea crystallina, and taxa, char ac ter is tic of for -
ests, Dis cus ruderatus, and Ver tigo pusilla. The mixed fau -
nas are par tic u larly char ac ter is tic of sec tions, rep re sent ing
the dis tal parts of dammed lakes (sections Su-III and Su-V).

The as so ci a tions, de scribed above, oc cur in sec tions,
rep re sent ing dammed lakes, which in di cates sim i lar ity in
the con di tions of sed i men ta tion. This is an es sen tial prem ise 
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for con sid er ations of the stra tig ra phy and sug gests that the
sed i ments, fill ing both lakes, are of equal age. The ra dio car -
bon dates for two sam ples col lected at the bot tom and the
top of the sec tion Su-IV, per mit de ter mi na tion of the time
frame for the wa ter bod ies and es tab lish ment of the strati-
graphic range of the sediments.

The age, de ter mined from the anal y ses of snail shells, is 
of ten loaded with er ror. The res er voir ef fect is sus pected of
be ing re spon si ble for the old age, ob tained in ra dio car bon
dat ing. This ef fect is ob served at many lo ca tions of cal car e -
ous tufas, as so ci ated with the Late Gla cial and Ho lo cene
(e.g., Pazdur et al., 1988a, 1988b; Gradziñski et al., 2001).
Thus, it is very likely that the ra dio car bon ages, ob tained for 
sam ples from the sed i ments at Sulis³awice, are some what
older than the true dates. On the other hand, in the close
prox im ity to the pro file stud ied, there are sev eral other out -
crops of sed i ments, con tain ing sim i lar mol lus can as sem -
blages, and age de ter mi na tions made there yielded very
sim i lar re sults (Pazdur et al., 1988a, 1988b; W. P. Alexan-
drowicz, 2004). More over, palynological stud ies at peat lo -
cal i ties near Wolbrom have per mit ted the de scrip tion of the
stages in en vi ron men tal change (Obidowicz, 1976; Lata-

³owa and Nalepka, 1987). The re sults of these anal y ses cor -
re late well with the con clu sions, de rived from malacolo-
gical anal y ses. These facts in di cate that even though the
ages, ob tained at Sulis³awice, are per haps too old, the er rors
in dat ing are not ex ces sively large. These er rors do not
influence the interpretations, or the conclusions derived
from them, in any significant way.

The age of the bot tom part was de ter mined to be 6410 ± 
80 years BP (5470–5320 cal. years BC; MKL-1097),
whereas the age of the top part was es ti mated at 6030±100
years BP (5060–4790 cal. years BC; MKL 1080) (Fig. 4).
Thus the phases of emer gence, ex is tence and dis ap pear ance
of the dammed lakes co in cide with the At lan tic Phase or the
be gin ning of the Bo real Phase, most prob a bly, with the
moist pe ri ods, dis tin guished by Starkel (1977).

In the Alps at that time, there was the gla cial ad vance,
known as the Frosnitz phase (e.g., Patzelt, 1977; Borten-
schlager, 1982). Later stud ies showed, how ever, that this
cool ing pe riod was not strongly marked (Haas et al., 1998)
and in some re gions, al most im pos si ble to de fine (Mayew-
ski et al., 2004; Joerin et al., 2006; Ivy-Ochs et al., 2009). In 
this pe riod, there were also con sid er able fluc tu a tions in the
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hu mid ity of the cli mate. These events have been re con -
structed, both on the ba sis of chang ing wa ter lev els in the
lakes, and changes in flu vial ac tiv ity. The At lan tic Phase
was a pe riod of in creased wa ter lev els in lakes, both in the
Al pine zone (e.g., Magny, 1993, 2004; Debret et al., 2010)
and in the Eu ro pean Low lands (Ralska-Jasiewiczowa and
Starkel, 1988; Starkel et al., 1996; Wojciechowski, 1999),
as well as in ten si fied flu vial ac tiv ity (Starkel, 1990, 1995;
Kalicki, 1991). The hu mid and rel a tively warm cli mate, pre -
vail ing in this pe riod, was fa vour able for the sed i men ta tion
of cal car e ous tufas. In many sec tions, in clud ing those at
Sulis³awice, there was clear ac cel er a tion in the de po si tion of 
these sed i ments, as well as the aggradational lift of val ley
bot toms and emer gence of bar ri ers (e.g., Jäger and Ložek,
1968, 1983; S. W. Alexandrowicz, 1983, 1997b; Hennig et
al., 1983; Pazdur et al., 1988b; Gradziñski et al., 2001;
Meyrick, 2001, 2002; Gedda, 2001, 2006; Žak et al., 2002;
W. P. Alexandrowicz, 2004; W. P. Alexandrowicz and
Go³as-Siarzewska, 2013). The rapid shifts in pro por tions
be tween forms, typ i cal of stag nant wa ters, and reophilous
forms (Fig. 5), ob served in the up per part of sec tion Su-IV,
could have been the re sult of in ten si fied flood ing. In the pe -
ri ods with el e vated wa ter lev els, there was in creased trans -
por ta tion of shell ma te rial. This in crease per tains pri mar ily
to shells of molluscs liv ing in the stream bed, above the
max i mum lim its of the lakes. All this ac tiv ity re sulted in the
aug men ta tion of malacocoenoses by reophilous spe cies.
The in creased fre quency and in ten sity of flood ing in the pe -
riod around 5000 BC could have been caused by changes in
the cli mate (e.g., Starkel et al., 1996, 2006; Starkel, 2001,
2005), or by hu man ac tiv i ties, in volv ing pri mar ily the de -
for es ta tion of slopes (e.g., Kalicki, 2006; Dobrowolski et
al., 2010). The data, ob tained from palynological anal y ses
un der taken on peat bogs in the area around the Wolbrom,
in di cate that anthropogenic ef fects were at a min i mum dur -
ing sed i men ta tion of the cal car e ous tufas at Sulis³awice.
Traces, con firm ing the pres ence of hu mans, are known from 
the vi cin ity of Wolbrom from as early as the be gin ning of
the At lan tic Phase, but the pol lens of cul ti vated plants were
found only later in palynological sec tions, in the Iron Age
(Obidowicz, 1976; Lata³owa and Nalepka, 1987). In the ar -
eas, not mod i fied by hu man im pact, shade-lov ing and meso- 
philous snails usu ally pre vail, whereas in ar eas un der strong 
anthropogenic pres sure, the fauna is com prised al most ex -
clu sively of forms, typ i cal of dry, open en vi ron ments, of ten
ac com pa nied by spe cies, di rectly as so ci ated with hu man ac -
tiv i ties, such as Cecilioides acicu la (Müll.) and Oxychilus
inopinatus (Uli.) (S. W. Alexandrowicz et al., 1997; S. W.
Alexandrowicz, 1997b; W. P. Alexandrowicz, 2004; W. P.
Alexandrowicz and S. W. Alexandrowicz, 2010).

In south ern Po land, the cal car e ous tufas, de pos ited in
dammed lakes, are known at many lo cal i ties through out
both the Carpathians and the Mid-Pol ish Up lands. In the
sed i ments of lakes in both ar eas, the malacofauna is rich and 
di verse, al though the com po si tion and struc ture of fau nal
as so ci a tions dif fer sig nif i cantly. The lo cal i ties in the Carpa-
thians are char ac ter ised by mark edly higher pro por tions of
ter res trial spe cies and par tic u larly shade-lov ing forms,
whereas the fre quency of oc cur rence of aquatic molluscs,
es pe cially those typ i cal of more open and per ma nent bod ies

of wa ter, is mark edly lower. These dif fer ences are caused
by the dis sim i lar morphologies of river val leys. The Carpa-
thian val leys, for in stance, are usu ally nar rower and have
steep slopes. Ow ing to this shape, the amounts of ma te rial,
com ing from the slopes, is large, and the malacocoenoses
are en riched by spe cies liv ing on slopes that are of ten for -
ested. On the other hand, the val leys within the up land area
are flat-bot tomed and rel a tively wide, thus mak ing it very
dif fi cult or some times vir tu ally im pos si ble for fauna as so ci -
a tions, liv ing near the river bed to mix with the as so ci a tions, 
liv ing on the de for ested slopes. Stud ies of re cently de pos -
ited flood sed i ments in di cate that a flat val ley bot tom, the
width of which ex ceeds ten metres, con sti tutes an in sur -
mount able bar rier to shell ma te rial, washed down from the
slopes (e.g., W. P. Alexandrowicz, 2002; Ilg et al., 2009).

The sec ond es sen tial dif fer ence is as so ci ated with the
na ture of the pro cesses, lead ing to the ap pear ance of bar ri ers 
across val leys. Al most all lo ca tions with cal car e ous tufas,
fill ing dammed lakes, iden ti fied in the Carpathians (S. W.
Alexandrowicz, 1993, 1996, 1997a; S. W. Alexandrowicz
and Z. Alexandrowicz, 1999; W. P. Alexandrowicz, 2009a,
2013), are as so ci ated with land slide zones. The land slide
tongues that blocked the val leys had the ef fect of pre vent ing 
out flow and as a re sult, led to the de vel op ment of dammed
lakes. Col lu vial bar ri ers, how ever, lack the pos si bil ity of
ver ti cal in crease and there fore the di men sions, shape and
depth of the bod ies of wa ter so cre ated were de ter mined by
the height of the bar rier and by the mor phol ogy of the val -
ley. As a con se quence, these bod ies of wa ter could ex ist
only for short pe ri ods of time, be fore be ing filled by sed i -
ments, or the dam was breached and nor mal flow was re -
stored in the val ley. This sit u a tion re sults in a rel a tively
small thick ness of sed i ment, usu ally not ex ceed ing 1–1.5 m
(S. W. Alexandrowicz, 1993, 1996; W. P. Alexandrowicz,
2009a, 2013), and only in ex cep tional cases do they reach 5
m (S. W. Alexandrowicz, 1996, 1997a). In the val leys of
up land streams, the flow re stric tion is al most al ways caused
by ex pand ing bar ri ers, com posed of hard, cal car e ous tufa.
The pro cess of their de vel op ment may be ini ti ated by the ac -
cu mu la tion of plant ma te rial, such as trunks and branches,
or per haps even leaves, on the stream bed. Such an ac cu mu -
la tion may also be con nected with the ac tiv i ties of bea vers.
Later in the pro cess, a grad ual height en ing of the bar ri ers
took place, as a re sult of the de po si tion of cal car e ous tufas,
oc cur ring both on the bar ri ers them selves and in the lakes,
de vel op ing be hind them (e.g., S. W. Alexandrowicz, 1983,
1989, 1991, 1997b; Szulc, 1984, 1986; W. P. Alexandro-
wicz, 2004). As a re sult of this pro cess, a thick se ries of cal -
car e ous tufas de vel oped, in some in stances up to 8–9 m
thick. As a re sult of their be ing breached, so-called tufa ter -
races de vel oped, ex am ples of which are found in val leys,
dis sect ing the south ern edge of the Ojców pla teau, west of
Kraków (lo ca tions e.g., in the val leys of the Rac³awka,
Szklarka, Bêdkówka, and S¹spówka streams) (S. W. Ale-
xandrowicz, 1983, 1989, 1991, 1997b; Szulc 1984, 1986;
W. P. Alexandrowicz, 2004), and also in the Wolbrom area
(sec tions in Rze¿uœnia and Trzebienice, and the Sulis³awice
location, considered in the present study) (Szulc, 1984;
Domañski, 1988; S. W. Alexandrowicz and Domañski,
1991; W. P. Alexandrowicz, 2000, 2004).
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CON CLU SIONS

The sec tions, de scribed above, rep re sent an ex am ple of
car bon ate sed i men ta tion in lakes, where streams were
dammed by bar ri ers, com posed of hard cal car e ous tufa. The
rich and di ver si fied fauna of molluscs, iden ti fied there, pro -
vides a good foun da tion for the def i ni tion of a model for the
de vel op ment of bod ies of wa ter be hind such bar ri ers. It is
pos si ble to dis tin guish three prin ci pal phases. The first is
linked to the pe riod, im me di ately pre ced ing the de vel op -
ment of a bar rier. Usu ally, there is a char ac ter is tic as so ci a -
tion of molluscs, with dom i nance of reophilous spe cies, of -
ten also con tain ing a sig nif i cant ad mix ture of ter res trial
snails, par tic u larly those typ i cal of moist and/or shaded hab -
i tats. The next phase cor re sponds to the pe riod of the de po -
si tion of cal car e ous tufas in a dammed lake, de vel oped as a
re sult of its for ma tion and grad ual ac cu mu la tion over a de -
vel op ing bar rier. This ep i sode is as so ci ated with the oc cur -
rence of malacoenoses, with a con sid er able pro por tion of
spe cies, typ i cal of stag nant wa ters. These may in clude both
ep i sodic forms and those, typ i cal of per ma nent bod ies of
wa ter. The pro por tion of ter res trial fauna is usu ally low.
The prev a lent spe cies in clude hygrophilous, mesophilous
and shade-lov ing snails, typ i cal of moist hab i tats. The tem -
po rary oc cur rence of reophilous forms may be linked with
phases of in ten si fied flood ing, whereas the in creases in the
pro por tion of ter res trial taxa in di cate phases, when hab i tats
were dry ing up. The phase, de scribed above, usu ally cov ers
a rel a tively long pe riod of time, sev eral hun dred, and in ex -
cep tional cases even as much as sev eral thou sand years. In
the last stage, dis sec tion of the bar ri ers oc curs, fol lowed by
the in ci sion of the sed i ments, fill ing the dammed lakes, re -
sult ing in the for ma tion of ‘tufa ter races’. These pro cesses
en tail sig nif i cant changes in the com po si tion and struc ture
of the as so ci a tions of molluscs. Aquatic spe cies dis ap pear,
re placed by poor fau nas, with ter res trial spe cies. The re sults 
of malacological stud ies, un der taken at a num ber of lo cal i -
ties in the up land re gions of Po land and Eu rope, con firm the 
uni ver sal char ac ter of this model for the de vel op ment, fill -
ing and drain ing of dammed lakes, de vel op ing be hind bar ri -
ers, com posed of hard, cal car e ous tufa. Most of ten, the di -
ver sity of the com po si tion and struc ture of malacocoenoses, 
ob served at var i ous lo ca tions, is the ef fect of the lo cal con -
di tions, prin ci pally the mor phol ogy of a par tic u lar valley,
the characteristics of a predominant type of vegetation, and
the impact of humans. In terms of stratigraphic considera-
tions, the essential modifying factors include climatic
conditions and changes to them during the course of sedi-
ment deposition.
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