
Annales Societatis Geologorum Poloniae (2012), vol. 82: 331–347.

MI CRO BIAL LAMINITES WITH COP RO LITES
FROM UP PER JU RAS SIC CAR BON ATE BUILD UPS
(KRAKÓW–CZÊSTOCHOWA UP LAND, POLAND)

Alicja KOCHMAN & Jacek MATYSZKIEWICZ

Fac ulty of Ge ol ogy, Geo phys ics and En vi ron ment Pro tec tion, AGH Uni ver sity of Sci ence and Tech nol ogy,
Al. Mickiewicza 30; 30-059 Kraków, Po land; e-mails: kochman@geol.agh.edu.pl, jamat@geol.agh.edu.pl

Kochman, A. & Matyszkiewicz, J., 2012. Mi cro bial laminites with cop ro lites from Up per Ju ras sic car bon ate
build ups (Kraków–Czêstochowa Up land, Po land). Annales Societatis Geologorum Poloniae, 82: 331–347.

Ab stract: The Up per Oxfordian mi cro bial-sponge ag glu ti nated to open-frame reef com plex of the Zegarowe
Crags in the Kraków–Czêstochowa Up land orig i nated upon an el e va tion of the Late Ju ras sic sta ble north ern shelf
of the Tethys. This el e va tion was formed, ow ing to a lo cal de crease in sub si dence rate dur ing Ju ras sic time, in du-
ced by the pres ence of a Palaeozoic granitoid in tru sion in the shelf sub stra tum, and Late Ju ras sic, synsedimentary
tec ton ics, which con trolled the to pog ra phy of the sea bot tom. The Zegarowe Crags (Ska³y Zegarowe) com plex at
the top con tains mi cro bial laminites, com posed of peloidal and ag glu ti nated stromatolites, and in ter ca la tions of
grainstones with in de ter min able, favrenoid cop ro lites, oc cur ring in large num bers. The de vel op ment of stromato-
lites was as so ci ated with low nu tri ent avail abil ity. In con trast, the pe ri odic ac tiv ity of crabs, the main pro duc ers of
the cop ro lites, form ing the coprolitic grainstone in ter ca la tions, in di cates pe ri ods, when nu tri ents were abun dant in
the sea wa ter. The nutrinets most likely were as so ci ated with the oc cur rence of clouds of sus pended mat ter,
in duced by grav ity flows, gen er ated by ac tive, synsedimentary tec ton ics. The re sults of iso to pic stud ies do not
sup port the pres ence of warm, min er al iz ing so lu tions, con nected with synsedimentary tec ton ics dur ing de vel op -
ment of the Zegarowe Crags com plex in the Late Ju ras sic.
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IN TRO DUC TION

The Up per Oxfordian car bon ate build ups, oc cur ring
commonly on the Kraków–Czêstochowa Up land, are com -
posed mainly of microbialites and subordinately of cal ci -
fied, si li ceous sponges. The car bon ate build ups de vel oped
at mod er ate depth on the sta ble, north ern shelf of the Te-
thys mar gin. A long pe riod of ero sion, to which these com -
plexes have been sub jected since the Late Ju ras sic pe riod,
re sulted in the re moval of the up per most parts of them. Only 
ex cep tion ally, there are de pos its in the up per most part of the 
car bon ate build ups, which in di cate a lo cal change in sed i -
men tary con di tions (Matyszkiewicz, 1996; Matyszkiewicz
& Krajewski, 1996).

The Up per Oxfordian Zegarowe Crags com plex con -
tains un usual, mi cro bial laminites, with in de ter min able, fa-
vrenoid cop ro lites, oc cur ring in large num bers at the top
(Matyszkiewicz et al., 2004, 2006a). These laminites are not 
known from other Up per Ju ras sic car bon ate build ups on the
Kraków–Czêstochowa Up land and their oc cur rence ap pears 
to be linked to the emer gence of spe cific con di tions of sedi-
mentation.

The pres ent ac count out lines the de vel op ment of mi cro -
bial laminites, con tain ing crab cop ro lites. The re sults of mi -
crofacies anal y sis, as well as geo chem i cal and iso to pic stud -
ies, pro vided the ba sis for a dis cus sion of the pos si ble, lo cal
oc cur rence of hy dro ther mal vents on the Late Ju ras sic shelf. 
These may have been close to ac tive faults, re lated to Pa-
laeozoic fault zones, which could have af fected sed i ment
depo si tion and the de vel op ment of a dis tinc tive, benthic
fauna in the vicinity of seeps.

GEO LOG I CAL SET TING

The Kraków–Czêstochowa Up land is part of the Up per
Cre ta ceous–Palaeogene Silesian-Kraków homocline, built up
of Tri as sic, Ju ras sic and spo rad i cally pre served patches of
Cretaceous rocks, which are ex posed at the sur face (Fig. 1).
These strata dip a few de grees to the NE and are un der lain by
folded, Palaeozoic rocks. The lat ter are cut by the Kraków–
Lubliniec fault zone (Bu³a, 1994; ¯aba, 1994, 1996, 1999;
Bu³a et al., 1997; Pulina et al., 2005) of re gional im por tance
(Fig. 1). This zone marks the bound ary be tween the terrane-



like Up per Silesian and Ma³opolska blocks. The Kraków–
Lubliniec fault zone (KLFZ), par tic u larly in the mar ginal
part of the Ma³opolska Block, is ac com pa nied by nu mer ous, 
Palaeozoic granitoid and por phyry in tru sions (Bu³a, 2002;
Bu³a and Habryn, 2011). The KLFZ has been ac tive since
the Early Palaeozoic up to the pres ent (¯aba, 1995; Moczy-
d³owska, 1997), and the nu mer ous faults, cut ting the Me so -
zoic strata, fre quently mimic trends of Palaeozoic de for ma -
tion (Bu³a, 1994; ¯aba, 1999; Pulina et al., 2005).

The Zegarowe Crags form part of the Smoleñ–Niego-
wonice Range, which ex tends roughly W–E across the Kra-
ków-Czêstochowa Up land (Po land), be tween the vil lages of 
Smoleñ and Niegowonice. The Oxfordian com plex of the
Zegarowe Crags is sit u ated on the east ern side of the Dol ina
Wod¹ca val ley, about 5 km NW of Wolbrom (Figs 1, 2).

The Zegarowe Crags are sit u ated within the Smoleñ
horst (Bukowy, 1968; Bukowy and Œlósarz, 1975), which is 
bounded by fault zones of roughly W–E ori en ta tion (Fig. 3)
and with throws of up to about 250 m (Pulina et al., 2005).
The Up per Oxfordian strata, ex posed in this area, be long to

the so-called Smoleñ mas sive lime stones and subordinately
to the Smoleñ chalky lime stones (Bednarek et al., 1978;
Pulina et al. 2005). The mas sive lime stones, which pre dom -
i nate in this re gion, are about 100 m thick, but within tec -
tonic grabens, the thick ness of the Up per Ju ras sic strata in -
creases to 200 m (cf. Kutek et al., 1977; Bednarek et al.,
1985). The rocks, fill ing the tec tonic grabens, are represen-
ted mainly by grav ity-flow de pos its (Bednarek, 1974; Bed-
narek et al., 1978; Vierek et al., 1994; Vierek, 1997; Ma-
tyszkiewicz et al., 2006a). The grav ity flows could have
been trig gered by both bot tom re lief and synsedimentary,
tec tonic move ments dur ing the Late Oxfordian (Bednarek et 
al., 1985; Kutek and Zapaœnik, 1992; Vierek et al., 1994;
Matyszkiewicz et al., 2006a). Ac cord ing to Pulina et al.
(2005), the ori en ta tion of faults within the Up per Ju ras sic
rocks in the Smoleñ horst area is re lated to still ac tive, deep-
seated fault zones, reach ing the Palaeozoic sub stra tum.

The Smoleñ–Niegowonice Range is typ i fied by the pre- 
sence of nu mer ous caves; some of them are in ter preted as
be ing the re sult of hy dro ther mal karst pro cesses (cf. Pulina
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Fig. 1. Po si tion of Up per Oxfordian com plex of mi cro bial-sponge build ups in Zegarowe Crags (as ter isk) on geo log i cal struc ture of
Kraków–Czêstochowa Up land (based on Pulina et al., 2005; mod i fied and sup ple mented)



et al., 2005; see also Gradziñski et al., 2009). The po si tion
of these caves is re lated to the trace of KLFZ. The dis tinct
traces of hy dro ther mal pro cesses in di cate the prox im ity of
still ac tive, deep-seated fault zones, as so ci ated with the
KLFZ and suit able for cir cu la tion of warm, min er al iz ing
flu ids (Pulina et al., 2005). Hy dro ther mal ac tiv ity, re lated to 
the KLFZ, re sulted in the for ma tion of ex ten sive, spring-fed 
fresh wa ter lime stones dur ing the Late Tri as sic (Szulc et al.,
2006). More over, the Up per Ju ras sic rocks that sur round the 
Zegarowe Crags on the KLFZ com monly con tain dis persed
ore min er als (Fig. 3), which are very much like those of the
Zn-Pb ore de pos its in the Tri as sic rocks (Bednarek et al.,
1985). Sphalerite, oc cur ring in the Oxfordian rocks, shows
ho mog e ni za tion tem per a tures of in clu sions of 70–85 °C,
whereas quartz veins in di cate tem per a tures in the or der of
80–90 °C (Bednarek et al., 1985). Jacher-Œliwczyñska and
Schnei der (2004), on the ba sis of Pb-Pb iso to pic stud ies of
sphalerite and ga lena, main tain that the Zn-Pb de pos its orig -
i nated 150–200 mil lion years ago (cf. D¿u³yñski and Sass-
Gustkiewicz, 1982, 1985).

The Zegarowe Crags are dom i nated by lime stones, rep -
re sent ing a com plex of mi cro bial-sponge car bon ate build -
ups. The Zegarowe Crags com plex de vel oped upon an el e -
va tion of the Late Ju ras sic, sta ble, north ern shelf of the Te-
thys. In ten sive growth of this com plex was strongly con trol- 
led by struc tural prop er ties of the bed rock. It formed, be -
cause of (1) a lo cal de crease in the sub si dence rate in Ju ras -
sic time, in duced by the pres ence of a Palaeozoic granitoid

in tru sion in the shelf sub stra tum (Matyszkiewicz et al.,
2006b), and (2) synsedimentary tec ton ics, ac tive in the Late
Ju ras sic, which con trib uted to re lief dif fer en ti a tion of the
sea bot tom (Matyszkiewicz et al., 2004, 2006a). Mi cro bial-
sponge car bon ate build ups of the Zegarowe Crags com plex, 
initially de vel op ing as sed i ment-starved mounds on fault-
con trolled, intraplatform highs, un der a very re stricted back -
ground sed i men ta tion rate, were re placed by ag glu ti nated mi -
cro bial reefs (Matyszkiewicz et al., 2004, 2006a). The suc -
ces sive stages of de vel op ment of car bon ate build ups in the
Zegarowe Crags in clude: colo nis ation, aggradational growth, 
and progradation phases. In the colo nis ation phase, micritic
peloidal thrombolites with si li ceous sponges de vel oped on
top of loose peloidal-ooid sands. Peloidal and ag glu ti nated
thrombolites and stromatolites pro lif er ated dur ing the aggra-
dational growth phase, whereas the progradation phase was
char ac ter ized by shallowing and re lated de vel op ment of mi -
cro bial mats, com posed of ag glu ti nated stromatolites with
favrenoid cop ro lites (Matyszkiewicz et al., 2004, 2006a).

METH ODS AND TER MI NOL OGY

The main re search method was microfacies anal y sis of
30 ori ented thin and pol ished sec tions. Sam ples were col -
lected from an ap prox i mately 1.5 m thick sec tion of the up -
per most part of the Zegarowe Crags (Figs 4, 5). In pol ished
sec tions, un der the bin oc u lar mi cro scope, the po si tion of the 
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Fig. 2. Lo cal iza tion of Up per Oxfordian com plex of mi cro -
bial-sponge build ups in Zegarowe Crags

Fig. 3. Faults, cut ting Up per Ju ras sic rocks, close to mi cro -
bial-sponge build ups at Zegarowe Crags and area show ing, Zn-Pb
min er al iza tion in Up per Ju ras sic rocks, de tected in bore holes (af -
ter Bednarek et al., 1985; sim pli fied)



mi cro bial laminae, sep a rated by coprolitic grainstone, was
iden ti fied. From these laminae, ma te rial for geo chem i cal (5
sam ples) and iso to pic d13C and d18O stud ies (13 sam ples)
was then sam pled us ing an en grav ing de vice. Geo chem i cal
and iso to pic stud ies (re spec tively 2 and 7 sam ples) were
also con ducted on microbialites, ob tained from the lower
part of the sec tion.

Geo chem i cal in ves ti ga tions were per formed at the Ac -
ti va tion Lab o ra tory in Ancaster (Can ada). Sam ples were
pre pared and ana lysed in a batch sys tem. Each batch con -
tained a method re agent blank, cer ti fied ref er ence ma te rial,
and 17% rep li cates. Sam ples were mixed with a flux of lith -
ium metaborate and lith ium tetraborate and fused in an in -

duc tion fur nace. The mol ten melt was poured im me di ately
into a so lu tion of 5% ni tric acid con tain ing an in ter nal stan -
dard, and mixed con tin u ously un til com pletely dis solved.
The sam ples were run for ma jor ox ides and se lected trace
el e ments on a com bi na tion si mul ta neous/se quen tial Thermo 
Jarrell-Ash ENVIRO II ICP.

Iso to pic anal y ses were per formed at the Mass Spec -
trom e try Lab o ra tory at the AGH Uni ver sity of Sci ence and
Tech nol ogy, us ing a Finningan Delta S Mass Spec trom e ter.
Cop ro lites from the coprolitic grainstone were ana lysed un -
der scan ning elec tron mi cro scope. SEM ob ser va tions were
per formed at the AGH Uni ver sity of Sci ence and Tech nol -
ogy, us ing a FEI Quanta 200 FEG scan ning mi cro scope.
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Fig. 4. Top part of Zegarowe Crags. Lam i -
nated lime stone, com posed of mi cro bial mats,
in ter ca lated with coprolitic grainstone, vis i ble
at top. Dashed line marks base of lime stone.
Un der ly ing rock is com posed of de tri tal lime -
stone (packstone-grainstone-rudstone) and mi -
cro bial boundstone, with only lo cally marked
lam i na tion. Boundstone, sit u ated about 0.5 m
be low base of lam i nated lime stone, con tains
ho ri zon with nu mer ous flat-bot tomed cav erns
(ar rows). Lo ca tion of most sam ples, sub jected
to geo chem i cal and iso to pic stud ies is in di -
cated. Sam ples C, D, E, and F, lo ca tion of
which is not in cluded in pho to graph, were col -
lected from microbialites in boundstone, oc cur -
ring 1–1.5 m be low base of mi cro bial laminites
from the top of ex po sure

Fig. 5. Boundstone, lo cally
packstone-grainstone, about 0.5
m be low base of lam i nated lime -
stone from top part of ex po sure.
Nu mer ous cav erns with flat bot -
toms de vel oped on lam i nated mi -
crobialites. Lime stone con tains
numerous, cal ci fied, si li ceous Li- 
thistida sponges (ar rows). Pack-
stone-grainstone vis i ble at bot -
tom left



The ter mi nol ogy, used in this pa per for the de scrip tion
of microbialites is based on that in pa pers by Schmid (1996) 
and Rid ing (1999, 2000). In the de scrip tion of stromatolites, 
the term “micropeloidal stromatolite” is used in re la tion to
stromatolites, bear ing micropeloids up to 0.05 mm in di am -
e ter (cf. Monty, 1967; Gaillard, 1983; Dromart et al., 1994;
Reitner and Schumann-Kindel, 1997; Reolid et al., 2005;
Matyszkiewicz et al., 2012). The ter mi nol ogy, ap plied to
the de scrip tion of car bon ate build ups was adapted from
Rid ing (2002).

DE SCRIP TION OF EX PO SURE

The steep, rocky slope of the Zegarowe Crags ex poses a 
more than 50-m-long, geo log i cal sec tion, which was de -
scribed in de tail by Matyszkiewicz et al. (2004, 2006a). The 
up per most part of the biohermal com plex of the Zegarowe
Crags, about 1.5 m thick, is made up of mas sive lime stones,
the top of which is con sists of about 10 cm of mas sive, hard
lime stone show ing dis tinct lam i na tion (Fig. 4). This is a mi -
cro bial-sponge, ag glu ti nated to open frame reef com plex
(cf. Rid ing, 2002). The mas sive lime stone is com posed of
mi cro bial laminae, ca. 2 mm to 1.5 cm thick, sep a rated by
grainstones 1–8 mm thick. Lo cally, the lam i nated lime stone
in cor po rates, ver ti cal, co lum nar, mi cro bial struc tures (Fig.
6F). Mi cro bial laminae of the up per most part of the lam i -
nated lime stone lo cally con tain sin gle clasts, up to 1 cm in
di am e ter (Fig. 6B, C). The lam i nated lime stone does not
contain any mac ro scop i cally vis i ble fauna.

Be low the lam i nated lime stone, de tri tal and lo cally
massive lime stone oc curs, show ing lam i na tion in some
parts (Fig. 5). This mas sive lime stone, oc cur ring about 0.5
m be low the base of lam i nated lime stone at the top of ex po -
sure, in cludes a ho ri zon about 20 cm thick, with nu mer ous
cav erns (Figs 4, 5). The cav erns are up to about 10 cm in di -
am e ter and show flat bot toms, de vel oped on lam i nated
lime stone. This part of the sec tion is typ i fied by nu mer ous,
mac ro scop i cally vis i ble cal ci fied si li ceous sponges of the
Or der Lithistida and thick-shelled gas tro pods (nerineids; cf. 
Matyszkiewicz et al., 2004, 2006a).

MICROFACIES ANAL Y SIS

Sed i ments be low the lam i nated lime stone

The sed i ments, un der ly ing the lam i nated lime stone
(Figs 4, 5), are strongly di ver si fied, both ver ti cally and lat -
er ally. They are rep re sented by de tri tal sed i ments, mostly
grainstones and rudstones (Fig. 6E), subordinately pack-
stones and mi cro bial boundstones (Figs 6D, 7B). In the de -
tri tal sed i ments, there are lo cally oc cur ring laminae of
micropeloidal, peloidal and ag glu ti nated stromatolites, sta -
bi liz ing the sed i ment. Boundstone is rep re sented by mi cro -
bial-sponge as so ci a tions, where, be sides cal ci fied Lithistida 
sponges, thrombolites and peloidal and ag glu ti nated stro-
matolites also oc cur (Fig. 7B). Rudstone (Fig. 6E) com -
prises ir reg u lar intraclasts, up to about 5 mm in di am e ter,
peloids of un known prov e nance, and sin gle, in de ter min able 
cop ro lites, up to 0.9 mm in di am e ter, with rims of isopa-

chous, gran u lar ce ment. Some of the intraclasts in clude partly 
micritized ooids, up to 0.5 mm in di am e ter. Apart from the
mac ro scop i cally iden ti fi able, cal ci fied. si li ceous lithistid
sponges and gas tro pods, the fauna con tains abun dant plates
of echinoids (Fig. 6E), as well as micritized ben thic and
Crescentiella sp. foraminifera.

The lime stone, show ing mac ro scop i cally iden ti fi able
lam i na tion, is of boundstone and is de vel oped as clot ted and 
lam i nated thrombolites, micropeloidal, peloidal and ag glu -
ti nated stromatolites, as well as clot ted leiolites (Figs 6D,
7B). Ag glu ti nated stromatolites in cor po rate sin gle, in de ter -
min able cop ro lites and frag ments of thick-shelled bi valves
(Fig. 7B). Clot ted thrombolites lo cally form co lum nar struc -
tures, up to about 1.5 cm high, within which reg u lar and ir -
reg u lar bor ings were ob served (Fig. 6D). Peloidal stroma-
tolites and leiolites in cor po rate iso lated, in de ter min able co-
prolites, up to 1 mm in di am e ter, usu ally oc cur ring to gether
with frag ments of echinoid plates (Fig. 6D; cf. Matyszkie-
wicz et al., 2004, 2006a).

In some sam ples, col lected from the strata, un der ly ing
the lam i nated lime stone, karst fea tures were ob served (?hy -
dro ther mal karst sensu Wright, 1991), in the form of in ten -
sive, metasomatic rock dis so lu tion, recrystallization, and in -
fill ing by brown in ter nal sed i ment of cav erns, which are a
few milli metres in di am e ter (Fig. 7B). Sty lo lites, lined by
brown fer ric ox ides, cut only the unmetasomatosed lime -
stone and do not con tinue into the metasomatosed lime stone 
(Fig. 7B).

Lam i nated lime stone

The lam i nated lime stone oc cur ring at the top of the Ze-
garowe Crags sec tion is de vel oped as a boundstone rep re -
sented by mi cro bial mats, in ter ca lated with laminae of co-
prolitic grainstone, the dom i nant com po nent of which is in -
de ter min able, favrenoid cop ro lites (B. Senowbari-Daryan,
pers. comm., 2005).

Mi cro bial laminae are com posed of micropeloidal, pe-
loidal and ag glu ti nated stromatolites and subordinately of
lay ered leiolites (Fig. 6A, C). Stromatolites re veal par al lel
lam i na tion, al though lo cal dis tur bances of lam i na tion also
were ob served (Fig. 6A). The stromatolites in the up permost 
part of the sec tion in clude poorly rounded clasts of re de pos ited 
stromatolites and leiolites, up to about 1 cm in di am e ter (Fig.
6B, C). Bioclasts com prise only sin gle frag ments of thick-
shelled bi valves and iso lated, thin (up to 5 mm), cal ci fied si li -
ceous sponges of the or der Hexactinellida (Fig. 6C).

Coprolitic grainstone (Figs 6F, 7A, 8) oc curs be tween
the mi cro bial laminae. The dom i nant com po nent is micritic
cop ro lites, de void of dis tinct microsparitic ca nals. The cop -
ro lites at tain 1.2 mm in di am e ter and are usu ally coated with 
rims of isopachous gran u lar ce ment (Fig. 9). Spo rad i cally,
cop ro lites with out ce ment rims are sur rounded by con cen -
tri cally ar ranged, micropeloidal packstone (Fig. 8C). At
intergran u lar con tacts, isopachous ce ment rims show a
strong re duc tion in thick ness (Figs 7A, 8C). Asym met ri cal
dis so lu tion tex tures are com mon at the basal parts of cop ro -
lites, be neath a rim of isopachous gran u lar ce ment (Figs 6F,
7A, 8, 9; cf. Prezbindowski and Tapp, 1989). These are de -
vel oped as dis so lu tion pore spaces, within which the in fill -
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ing sed i ment was dis solved. Some of the pores are filled
with late-diagenetic, gran u lar ce ment, de void of micrope-
loids (Fig. 8D). Lo cally, fine grains fill ing in part pore spa-
ces, are coated with bladed ce ment (Fig. 9B). The cop ro lites 
show some times compactional de for ma tions (Fig. 8C, D)
and, com monly, microborings (Fig. 8D). The microborings
are ir reg u lar, up to 0.5 mm in di am e ter, and filled with mi -
cropeloidal packstone. In some places, the basal parts of
cop ro lites – be side rims of isopachous ce ment – are coated

with dripstone ce ment (Fig. 7A), whereas me nis cus ce ment
was ob served at the con tacts be tween cop ro lites (Fig. 7A).
Both dripstone and me nis cus ce ments oc cur in those sam -
ples where part of the pore space is filled with ferrugineous,
vadose crys tal silt (Fig. 7A).

Intraclasts, up to 0.6 mm in di am e ter, are ac ces sory
components of the coprolitic grainstone. In the lam i nated
lime stone, there also are sin gle, ben thic foraminifers, very
rare frag ments of bi valve shells, and oncoids, up to 0.4 mm
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in di am e ter and bear ing cor tex rims com posed of Girva-
nella sp. al gae (cf. Matyszkiewicz et al., 2004, 2006a).

CHEM I CAL COM PO SI TION
OF MICROBIALITES

The re sults of chem i cal anal y ses are shown in Ta ble 1.
Ag glu ti nat ing and peloidal stromatolites from the lam i nated 
lime stone of the up per most part of the sec tion are typ i fied
by con sid er able sta bil ity of chem i cal com po si tion. This com -
po si tion ap proaches that of stromatolites with sim i lar char ac -
ter is tic and com pa ra ble strati graphic po si tion, re cently de -

scribed by Matyszkiewicz et al. (2012) from ag glu ti nated,
mi cro bial to open frame reefs at Czajowice, in the south ern
part of the Kraków–Czêstochowa Up land. The lat ter are in -
ter preted as the de pos its of a high-en ergy en vi ron ment with a
low rate of sed i men ta tion and poor nu tri ent avail abil ity.

Two sam ples (C and F), col lected from the strata that
underly the lam i nated lime stone, show mi nor dif fer ences in
chem i cal com po si tion. Sam ple C, show ing mi cro scop i cally
dis tinct, metasomatic al ter ations (Fig. 7B), has in creased
amount of SiO2, Al2O3, Fe2O3, P2O5 as well as Ba and Zn,
com pared to other sam ples, and a con com i tant de crease in
the amounts of MnO, MgO, CaO and Sr. Sam ple F ex hib its
an increased amount of Zn.

MI CRO BIAL LAMINITES WITH COP RO LITES 337

Fig. 6. Microbialites in up per most part of Zegarowe Crags. A – Ag glu ti nat ing stromatolites (aS), peloidal stromatolites (pS) and
micropeloidal stromatolites (mS). Stromatolite laminae are ar ranged roughly hor i zon tally and par al lel to one an other, ex cept cen tral part,
where dis tur bance, prob a bly caused by synsedimentary tec ton ics oc curs. De po si tion of un dis turbed stromatolite laminae vis i ble in up per
part post-dated tec tonic ac tiv ity. Lam i nated lime stone; up per most part of ex po sure. B – An gu lar, re de pos ited intraclasts of clot ted leiolites 
(cL) in fine-grained sed i ment (packstone-wackestone), lo cally sta bi lized by laminae of lay ered leiolites (black ar rows). On one of
intraclasts, dome-like, lay ered thrombolite (white ar row) de vel oped af ter redeposition. Lam i nated lime stone; up per most part of ex po sure.
C – Intraclasts of re de pos ited microbialites and cal ci fied, si li ceous hexactinellid sponge (Sp) in fine-grained sed i ment (wackestone-
packstone), sta bi lized by micropeloidal stromatolite (mS). In lower part, a poorly rounded intraclast (ar row) com posed of micropeloidal
stromatolite and clot ted leiolite, is vis i ble. In cen tre, mi cro bial intraclast with right and left bound aries at the bot tom marked by bi valve
frag ments. Lam i nated lime stone; up per most part of ex po sure. D – On left, co lum nar thrombolite (T) with oval bor ing (thick white ar row),
pass ing lat er ally to left into lay ered thrombolite (lT), and to right into micropeloidal stromatolite (mS) and clot ted leiolite (cL).
Fine-grained sed i ment, with nu mer ous peloids and micropeloids in cen tral part of pho to graph (lined) prob a bly rep re sent pen e tra tion infill. 
Clot ted leiolites incoroprate iso lated cop ro lites (thin black ar rows) and frag ments of echinoids (thin white ar row). Boundstone; about 0.8
m be low lam i nated lime stone, from up per most part of ex po sure. E – Grainstone-rudstone about 1 m be low base of lam i nated lime stone
from top of ex po sure. Grains <1 mm in di am e ter are well rounded; they in clude rare microoncoids. Larger, ir reg u lar and usu ally an gu lar
grains rep re sent intraclasts of peloidal stromatolites, micropeloidal stromatolites and clot ted leiolites. Worth not ing are nu mer ous frag -
ments of echinoids (E), com monly with coat ing syntaxial ce ment. F – Laminae of coprolitic grainstone, in ter ca lated with micropeloidal
stromatolites and peloidal stromatolites. On left, frag ment of peloidal thrombolite, rep re sent ing part of co lum nar struc ture, sep a rat ing lam -
i nated lime stone. Lam i nated lime stone; up per most part of exposure

Fig. 7. Vadose ce ments and metasomatically al tered lime stones. A – Coprolitic grainstone. Po rous zone, prob a bly al tered in vadose
con di tions. Some grains, apart from rims of isopachous ce ment, are coated with dripstone ce ment (white ar row), show ing in creased thick -
ness of ce ment crust in basal parts of cop ro lites. Me nis cus ce ment (black ar rows) oc curs at inter gra nu lar con tacts. Some of pores are filled
with ferruginous, vadose crys tal silt (oc cur ring be low dripstone ce ment). Lam i nated lime stone, up per most part of the ex po sure. B – Lower 
part shows ag glu ti nat ing and peloidal stromatolites, with iso lated, larger intraclasts. Up per part whit metasomatically al tered lime stone, in
which small cav ern is filled with brown in ter nal sed i ment, likely to be as so ci ated with hy dro ther mal karst. Ag glu ti nat ing and peloidal
stromatolites are cut by nu mer ous sty lo lites, lined with iron ox ides, which do not con tinue into metasomatically al tered lime stone.
Boundstone, about 1.5 m be low base of lam i nated lime stone at the top of ex po sure
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Fig. 8. Microfacies with cop ro lites in up per most part of Zegarowe Crags. A – Coprolitic grainstone and micropeloidal stromatolite.
Coprolitic grainstone show high po ros ity, usu ally de vel oped at base of cop ro lites (asym met ric dis so lu tion tex tures). Lam i nated lime stone; 
up per most part of ex po sure. B – Coprolitic grainstone. Wackestone, sep a rat ing coprolite-bear ing laminae, is fine-grained sed i ment, orig i -
nat ing in ab sence of microbialites. Lam i nated lime stone; up per most part of ex po sure. C – Coprolitic grainstone. Cop ro lites are typ i cally
bounded by a rim of isopachous ce ment, which is usu ally thicker in basal parts of cop ro lites. Spo rad i cally, cop ro lites de void of ce ment
rims are coated by con cen tri cally de vel oped micropeloidal packstone (big white ar row). To right of coprolite with micropeloidal
packstone rim, microcoprolites form an oval ag gre gate of di am e ter ap proach ing that of cop ro lites (small white ar row). Cop ro lites, de void
of isopachous ce ment rim, rarely show compactional de for ma tions (black ar row). Lam i nated lime stone; up per most part of ex po sure. D –
Coprolitic grainstone. Up per parts of cop ro lites are sur rounded by ma trix with nu mer ous micropeloids. Pore spaces, de vel oped be low base 
of cop ro lites, is filled with gran u lar ce ment, which is de void of micropeloids. Compactional de for ma tion of one of cop ro lites vis i ble on
lower right (white ar row). Some of cop ro lites show dis tinct traces of microborings (black ar rows), filled with micropeloidal packstone.
Lam i nated lime stone, up per most part of ex po sure

Ta ble 1
Ma jor el e ments of microbialites from Zegarowe Crags

Sample
Stromatolite

type
SiO2

(%)
Al2O3

(%)
Fe2O3

(%)
MnO
(%)

MgO
(%)

CaO
(%)

Na2O
(%)

K2O
(%)

TiO2

(%)
P2O5

(%)
L.O.I.
(%)

Total
(%)

Ba
(ppm)

Sr
(ppm)

Zn
(ppm)

Sm1-1* agglutinating 0.18 0.01 0.03 0.013 0.31 55.50 <0.01  0.01 <0.001 0.03 43.86   99.93 15 118 15

Sm1-2* peloidal 0.13 0.06 0.03 0.018 0.30 56.12 0.01 <0.01 <0.001 0.04 43.85 100.54 4 114 13

Sm1-3* agglutinating 0.12 0.04 0.06 0.014 0.30 55.88 0.04 0.03 <0.001 0.04 43.82 100.35 4 115 11

Sm1-4* agglutinating 0.11 0.05 0.06 0.020 0.29 56.08 0.04 <0.01 <0.001 0.05 43.81 100.50 3 113 11

Sm2-6* micropeloidal 0.16 0.08 0.03 0.014 0.31 56.32 0.04 0.05 <0.001 0.07 43.43 100.50 4 120 15

C** agglutinating 0.97 0.20 0.33 0.009 0.19 54.81 0.04 0.06 <0.001 0.36 43.26 100.23 24 84 44

F** peloidal 0.20 0.08 0.06 0.011 0.33 56.07 0.04 0.05 <0.001 0.10 43.65 100.59 11 122 50

* lo cal iza tion of sam ple in given in the Fig. 4; ** sam ple rep re sents microbialites oc cur ring ca. 1.2 m be low the base of mi cro bial laminites from the top of
ex po sure



ISO TO PIC ANAL Y SIS

Three groups of sam ples: Sm1, Sm2 and A, form a pat -
tern of d13C val ues fall ing into a very nar row in ter val be -
tween +2.4 and +2.7‰ (Fig. 10A). This in di cates sta bil ity
of car bon flux in the so lu tion (amount of dis solved car bon
and its or i gin), as well as con stant. physico-chem i cal con di -
tions of car bon ate pre cip i ta tion. The ox y gen iso to pic com -
po si tion in these groups shows a greater vari abil ity: from
–2.1‰ to –0.9‰. Two Sm3 sam ples and sam ples C, D, E
and F show greater dif fer en ti a tion in iso to pic com po si tion.

The ox y gen iso to pic com po si tion in pre cip i tated car -
bon ates was mainly con trolled by iso to pic com po si tion of
the wa ter and by tem per a ture. Un der con di tions of iso to pic
equi lib rium, all these of pa ram e ters can be de scribed by the
for mula of O’Neil et al. (1969):
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where: T is ab so lute tem per a ture, aC-W is the equiv a lent co -
ef fi cient of ox y gen iso tope frac tion ation be tween cal cite
and wa ter, ex pressed as:
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in which d18OCaCO3 and d18OH2O de scribe ox y gen iso to pic
com po si tion in cal cite and wa ter, re spec tively.

Cor rect de ter mi na tion of palaeotemperatures bas ing on
equa tions (1) and (2) re quires knowl edge of the iso to pic
com po si tion of wa ter. More over, it has to be as sumed that,
dur ing cal cite pre cip i ta tion, there were no ki netic ef fects
usu ally re lated to rapid de gas sing of so lu tion or wa ter evap -

o ra tion. The first ones led to un der es ti ma tion, the sec ond
ones – to over es ti ma tion of palaeotemperatures ac com pa ny -
ing car bon ate pre cip i ta tion. In the case of ex am ined sam -
ples, none of these con di tions of palaeotemperature de ter -
mi na tion could be ver i fied ex per i men tally. The re sults of
cal cu la tions bas ing on pre sented re la tion ships for the two
isotopic com po si tions of wa ter, namely: 0‰, re flect ing pre- 
sent-day com po si tion of sea wa ter, and –2‰, re flect ing iso -
to pic com po si tion of waters of warm climate and showing a
minor admixture of continental water, are listed in Table 2.

Fig ure 10B shows ox y gen iso tope com po si tion within
cal cite pre cip i tated un der con di tions of iso to pic equi lib rium 
as a func tion of tem per a ture, cal cu lated for two val ues of
d18O in wa ter. Iso to pic com po si tion of the ex am ined sam -
ples is also shown. If car bon ates pre cip i tated from sea wa ter 
in equi lib rium con di tions, then the tem per a ture in ter val for
most of the sam ples would be be tween 20 and 25 °C. Higher 
tem per a tures typ ify sam ples Sm3-2, F and C, with the last
sam ple show ing the high est value of 36.6 °C (Fig. 10B).

Palaeotemperatures cal cu lated at a slightly lower, iso to -
pic com po si tion of wa ter, with d18O equal to –2‰, are
lower than the quoted ones by about 8–9 °C. This sec ond
sce nario re flects a sit u a tion of car bon ates sup plied by con ti -
nen tal wa ters, the iso to pic com po si tion of which should not
be neg a tive to a sig nif i cant ex tent. If the time re main ing up
to car bon ate pre cip i ta tion is not too long, then the car bon -
ates will not man age to bal ance their ox y gen iso to pic com -
po si tion with re spect to sea wa ter.

On the ba sis of the cal cu lated tem per a tures, one can es -
ti mate the iso to pic com po si tion of car bon in its gas eous
phase, con trol ling the com po si tion of dis solved car bon ates
in open sys tems. The re la tion ship be tween the iso to pic com -
po si tion of car bon in cal cite and gas eous car bon di ox ide can 
be pre sented (Deines et al., 1974) as:
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Fig. 9. SEM pho to mi cro graphs of ce ments cov er ing cop ro lites and in fill ing the po rous space. A – Lower part of coprolite (Co; cen tre
and left) with a cover of isopachous rim ce ment (RC), de vel oped as closely spaced rhombohedral crys tals. Open space be tween coprolite
and rock ma trix is in ter preted as asym met ri cal dis so lu tion tex ture. Coprolitic grainstone. SEM im age. B – Ce ments, fill ing pore space be -
neath coprolite. In cen tral part, rhombohedral crys tals of isopachous ce ment de vel oped at base of coprolite are vis i ble. Small grains, fill ing 
in part pore space are coated by thin fringes of bladed ce ment (ar rows), which in crease in width along their length. Coprolitic grainstone.
SEM im age
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where: T is ab so lute tem per a ture, aCaCO3-CO2(g) is the equi- 
valent co ef fi cient of car bon iso tope frac tion ation be tween
calcite and gas eous CO2, ex pressed by:
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Re sults of cal cu la tions us ing equa tions (3) and (4) are
listed in Ta ble 2.

DIS CUS SION

Palaeoenvironmental in ter pre ta tion
of depositional set ting

The Late Ju ras sic sed i men tary en vi ron ment of Zega-
rowe Crags com plex was sit u ated on a shal low shelf near
the storm wave base within the euphotic zone. The term
‘shal low’ has been taken to re fer to lo ca tions down to 30
me ters. The shal low-wa ter char ac ter of the en vi ron ment and 
higher wa ter en ergy is in di cated by the pres ence of Girva-
nella sp. al gae, cross-strat i fi ca tion in the grainstones inter-
bed ded with the microbialites, and stratiform, peloidal and
ag glu ti nat ing stromatolites (cf. Matyszkiewicz et al., 2006a, 
2012). Stromatolites are a prod uct of microbially in duced or 
microbially in flu enced min er al iza tion (Dupraz et al., 2009). 
De vel op ment of the stromatolites pro ceeded mainly at low

sed i men ta tion rates (cf. Keupp et al., 1993; Dupraz and
Strasser, 1999; Olivier et al., 2003, 2010; Reolid, 2011; Ma- 
tyszkiewicz et al., 2012). Peloids and micropeloids build ing 
the stromatolites were pre cip i tated within an ac tive biofilm,
which de vel oped on laminae of coprolitic grainstone, rich in 
or ganic com pounds. It is likely that the for ma tion of stroma- 
tolites was con trolled by the fine nu tri ent con tent of the sus -
pen sion in wa ters and the high en ergy of the sed i men tary
en vi ron ment. Un der con di tions of early diagenesis, a re ar -
range ment of acid macromolecules in the mi cro bial biofilm
took place, pro vid ing an or ga nized nu cle ation tem plate for
per va sive biofilm organomineralization (cf. Reitner, 1994;
Neuweiler et al., 1999, 2000; Decho, 2000). This biofilm
cer tainly also sur rounded sin gle cop ro lites, as in di cated by
the pres ence of micropeloidal packstone, developed con cen -
tri cally upon the cop ro lites with out ce ment rims.

Most of the iso to pic com po si tions of gas eous CO2, cal -
cu lated as sum ing tem per a tures re sult ing from d18OH2O =
0‰, range be tween –7.2‰ and –7.6‰. These fig ures ap -
proach those of at mo spheric car bon di ox ide from be fore the 
in dus trial era. Ac cep tance of tem per a tures re sult ing from
the as sump tion of d18OH2O = –2‰, leads to val ues about
0.8‰ lower, which may have re sulted from a very small ad -
mix ture of biogenic CO2. Sam ple C shows the high est val -
ues, about 4‰. The mea sured val ues of d18OCaCO3 and
d13CCaCO3 in di cate that pre cip i ta tion of the car bon ates
proceeded in shal low-wa ter con di tions and in cli mate re sem -
bling the pres ent-day one. The shal low depths of the ba sin
are in di cated by the cal cu lated d13CCO2(g) val ues, which in -
di cate the dom i nant role of at mo spheric CO2 in con trol ling
the iso to pic com po si tion of the car bon, dis solved in the wa ter.
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Fig. 10. Re sults of iso to pic anal y ses and their in ter pre ta tion. A – Di a gram, show ing re sults of iso to pic anal y ses. B – Ox y gen iso tope
com po si tion within cal cite, pre cip i tated un der con di tions of iso to pic equi lib rium, as a func tion of tem per a ture for the val ues of d18O =
0‰, equiv a lent to com po si tion of con tem po rary sea wa ter, and d18O = –2‰, equiv a lent to com po si tion of warm-cli mate sea wa ter, with a
mi nor ad mix ture of ter res trial wa ter. Iso to pic com po si tion of sam ples stud ied is shown as well



Cop ro lites as an in di ca tor of sed i men tary en vi ron ment

The mass oc cur rences of cop ro lites within the copro-
litic grainstone of the Zegarowe Crags rep re sent favrenoid
cop ro lites, but their state of pres er va tion pre cludes pre cise
de ter mi na tion. The form-ge nus Favreina is at trib uted to the
ano mu ran superfamilies Thalassinoidea and Galatheoidea
(Brönnimann, 1972).

The crab fauna of the Up per Ju ras sic mi cro bial-sponge
and mi cro bial fa cies have been de scribed by nu mer ous au -
thors (i.e., Beurlen, 1928; Barczyk, 1961; Merta, 1972;
Nitzopoulos, 1973; Meyer, 1975; Col lins and Wierzbowski, 
1985; Förster and Matyja, 1986; Müller et al., 2000; Helm,
2005; Krobicki and Zatoñ, 2008; Kato et al., 2011; Schwei-
gert and Koppka, 2011), while the cop ro lites, oc cur ring
within such sed i ments have been re ported spo rad i cally and
usu ally as single specimens.

In the Up per Ju ras sic car bon ate build ups, crus ta cean
cop ro lites are found mainly in coral thrombolite patch reefs, 
coral biostromes and coral car pets (Schweigert et al., 1997;
Helm and Schülke, 2004; Helm, 2005), un equiv o cally in ter -
preted as orig i nat ing in shal low-wa ter near-reef en vi ron -
ments, la goons, or spe cific Solnhofen-type fa cies (Dietl and 
Schweigert, 2001; Schweigert, 2010), rep re sent ing iso lated, 
inter-reef basins of increased salinity.

Mass oc cur rences of cop ro lites are also ob served in fis -
sures and cav erns, in ter preted in some in stances as karst
fea tures. Ac cu mu la tions of favrenoid cop ro lites in ag glu ti -

nated stromatolites, fill ing cav erns in the so-called, fungiid
biostromes, with an abun dant fauna of thin platy cor als,
were re ported by Herrmann (1996) from the Up per Ju ras sic
strata of a car bon ate plat form in Dobrogea (Ro ma nia). This
au thor in ter preted the sed i men tary en vi ron ment of these se-
diments as lo cated im me di ately be low the wave base, un like 
Draganescu (1976), who pos tu lated an ex tremely shal low-
wa ter intertidal plain. From the Up per Ju ras sic reefal to la -
goonal Ota Lime stone, Schweigert et al. (1997) de scribed
favrenoid cop ro lites, form ing ac cu mu la tions within open
karst fis sures. These fis sures were sub se quently flooded af ter 
a rapid sea level rise, fa vour ing in flow of the cop ro lites.

GaŸdzicki et al. (2000) de scribed Parafavreina cop ro -
lites from shal low ma rine, mostly la goonal fa cies of the up -
per most Tri as sic (Norovica For ma tion; West ern Carpa-
thians). They oc cur in lam i nated oobiopelsparites (GaŸ-
dzicki et al., 2000, plate I, p. 247), very much like the lam i -
nated lime stones at the Zegarowe Crags.

Cop ro lites are also known from deeper-wa ter en vi ron -
ments, where their oc cur rence is fre quently as so ci ated with
the pres ence of hy dro car bon-seeps or hy dro ther mal vents.
Gaillard et al. (1985, 1992) have de scribed cop ro lites, oc -
cur ring in Oxfordian ‘pseudobioherms’ in the Beauvoisin
(Drôme) re gion in SE France, in the Terres Noires For ma -
tion. These de pos its orig i nated close to ac tive synsedimen-
tary faults, at hy dro car bon seeps in the cen tral part of a
deep-sea ba sin, un der go ing sub si dence. The de pos its com -
prise in de ter min able cop ro lites (Fig. 6D; Gaillard et al.,
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Ta ble 2

Re sults of iso to pic anal y ses of microbialites from Zegarowe Crags

Sample Type of stromatolite
d18O

(‰ V-PDB)
d13C

(‰ V-PDB)
Paleotemperature 1 †

(°C)
Paleotemperature 2 ‡

(°C) 
d13CCO2(g) 1 §
(‰ V-PDB)

d13CCO2(g) 2 #
(‰ V-PDB)

Sm1-1* agglutinating –1.40 2.67 22.1 13.3 –7.4 –8.2

Sm1-2* peloidal –2.09 2.50 25.4 16.2 –7.2 –8.1

Sm1-3* agglutinating –1.27 2.70 21.5 12.7 –7.4 –8.2

Sm1-4* agglutinating –1.62 2.60 23.2 14.2 –7.3 –8.2

Sm1-5* peloidal –1.75 2.40 23.8 14.8 –7.5 –8.3

Sm1-6* micropeloidal –1.51 2.56 22.7 13.7 –7.4 –8.3

Sm2-1* agglutinating –1.21 2.67 21.3 12.5 –7.4 –8.3

Sm2-2* peloidal –1.03 2.64 20.4 11.7 –7.5 –8.4

Sm2-3* agglutinating –1.44 2.74 22.3 13.5 –7.3 –8.1

Sm2-4* peloidal –1.12 2.67 20.9 12.1 –7.5 –8.3

Sm2-5* peloidal –0.90 2.53 19.8 11.2 –7.7 –8.6

Sm3-1* agglutinating –2.80 1.13 28.8 19.4 –8.3 –9.1

Sm3-2* peloidal –2.02 1.78 25.1 15.9 –8.0 –8.8

A1* peloidal –0.97 2.64 20.2 11.5 –7.6 –8.4

A2* agglutinating –1.91 2.61 24.5 15.4 –7.2 –8.0

A3* agglutinating –1.10 2.63 20.8 12.0 –7.5 –8.4

C** agglutinating –4.30 5.15 36.6 26.4 –3.7 –4.5

D** agglutinating –2.07 1.96 25.3 16.2 –7.8 –8.6

E** peloidal –1.87 2.36 24.3 15.3 –7.5 –8.3

F** peloidal –2.80 0.59 28.8 19.4 –8.8 –9.7

* lo cal iza tion of sam ple is given in the Fig. 4; ** sam ple is col lected from microbialites within boundstone oc cur ring 1-1.5 m be low the base of mi cro bial
laminites from the top of ex po sure; † cal cu lated as sum ing d18OH2O = 0 (‰ V-SMOW); ‡ cal cu lated as sum ing d18OH2O = –2 (‰ V-SMOW); § cal cu lated as -
sum ing palaeotemperature 1; # cal cu lated as sum ing palaeotemperature 2



1992, p. 456), the char ac ter is tics of which re sem ble those
de scribed from the Zegarowe Crags. There are sim i lar i ties
in both the size of the cop ro lites and their mass oc cur rence,
as well as the pres ence of me nis cus ce ment, de vel oped on
inter-coprolite con tacts and in ter preted as be ing a re sult of
pre cip i ta tion from so lu tions, which re moved part of the
fine-grained ma trix. Senowbari-Daryan et al. (2007) have
doc u mented crus ta cean cop ro lites from the Beauvoisin re -
gion, the abundance of which at seeps is interpreted as being 
function of nutrient availability.

Schweigert et al. (1997) de scribed Favrenidea cop ro -
lites from the con densed, Mid dle Ju ras sic, pe lagic de pos its
of the Ex ter nal Subbetics of South ern Spain. Densely
packed cop ro lites oc cur within lenses as the only bioclasts
and are ex ten sively re placed by goethite and he ma tite.
Some of these cop ro lites are strongly com pacted, pre vent -
ing their determination.

The pres ence of nu mer ous, well-pre served, crus ta cean
cop ro lites cf. Favreina sp. was con firmed by Lehmann (2007)
within a cal cite vein, de ter mined to be Hauterivian–Valan-
ginian, in a ponded ba salt flow at the bot tom of Site 304 (Deep 
Sea Drill ing Pro ject, Leg 32; NW Pacific). Fig ures at tached
to the pa per quoted show cop ro lites with asym met ric dis so -
lu tion tex tures, as well as me nis cus and dripstone ce ments
(Lehmann, 2007, pl. 2, p. 833).

Buchs et al. (2009) de scribed crus ta cean cop ro lites
from a 200-m-thick Palaeo cene se quence in South ern Costa
Rica, largely dom i nated by pil low lavas and in ter preted as
orig i nat ing in deep-wa ter con di tions. Cop ro lites oc cur there 
in hy dro ther mally al tered interpillow sed i ments, fragmen-
ted dur ing hy dro ther mal pro cesses, and in places are sligh-
tly de formed by me chan i cal com pac tion. The mor phol ogy
of these cop ro lites in di cates that they have not been trans-
ported over long dis tances be fore be ing de pos ited in cav erns
be tween the pil low lavas. Buchs et al. (2009) con cluded that
the cop ro lites were fed by chemosynthetic bac te ria, which
de vel oped ow ing to hy dro ther mal ac tiv ity re lated to vol ca -
nism.

Kietzmann et al. (2010) de scribed Mid dle Tithonian–
Lower Valanginian crus ta cean microcoprolites from the
NeuquÀn Ba sin, Ar gen tina. These cop ro lites oc cur in lam i -
nated packstones and grainstones, which were in ter preted as 
mid dle ramp to ba sin sed i ments. Bujtor (2012) and Jáger et
al. (2012) doc u mented in the Mecsek Mts. (Hun gary) Va-
langinian crus ta cean microcoprolites from shal low-ma rine,
hy dro ther mal vents, which could have con trib uted to the
creation of fa vour able tem per a ture or nu tri tional con di tions
for deca pod crus ta ceans. In partly metasomatosed lime -
stone, crus ta cean microcoprolites rep re sent the only mi cro-
fau nal el e ment.

It fol lows from the above ex am ples that one of main
cri te ria con trol ling the oc cur rence of an abun dant, copro-
lite-pro duc ing crab fauna, is pe ri odic nu tri ent avail abil ity.
The lat ter can be con trolled by a va ri ety of fac tors, in clud -
ing hy dro ther mal vents and ac tive synsedimentary tec ton -
ics. Jeng et al. (2004) de scribed from the con tem po rary,
shal low shelf of Tai wan the un usual ac tiv ity of crabs Xeno-
grapsus testudinatus, as so ci ated with hy dro ther mal vents.
Dur ing in creased hy dro ther mal ac tiv ity, the sea wa ter
shows a high con cen tra tion of in or ganic par ti cles and dead

or narcotized zoo plank ton, which are food for the crabs. In
pe ri ods of low, hy dro ther mal ac tiv ity or its ab sence, the lack 
of nu tri ents causes the crabs to re turn to their crev ices.
Dando et al. (1995) re lated ac ti va tion of hy dro ther mal vent -
ing to earth quakes in the Hel lenic vol ca nic is land arc, doc u -
ment ing as well co eval en rich ment of sea wa ter with phos -
phate. The pres ence of phos phate in an oligothrophic sea
could be an important factor, determining the development
of zooplankton.

The lack of pres er va tion in the cop ro lites of microspa-
ritic ca nals, the infill of which would per mit the de ter mi na -
tion of ichnospecies, is prob lem at i cal. The ca nals are for-
med by py loric fingerlets in side the crus ta cean’s gut (Po-
well, 1974). Kietzmann et al. (2010) as sume that the lack of
ca nal pres er va tion prob a bly could be a con se quence of both
the higher avail abil ity of mud and com pac tion. Schweigert
et al. (1997, p. 61) also high light com pac tion as a fac tor,
mak ing the de ter mi na tion of some of coprolites difficult.

The cop ro lites from the Zegarowe Crags rarely dis play
compactional de for ma tions. The lack or poor de vel op ment
of microsparitic ca nals ap pears to be as so ci ated with the
strong ac tiv ity of a live, bac te rial biofilm, in which in ten sive 
micritization pro cesses were tak ing place. The pres ence of
isopachous, gran u lar ce ment rims on the cop ro lites in di -
cates that the ma jor ity of cop ro lites were de pos ited as al -
ready largely lithified grains. More over, in a shal low-wa ter
en vi ron ment of low sed i men ta tion rate, doc u mented by the
pres ence of ag glu ti nat ing and peloidal stromatolites (cf.
Matyszkiewicz et al., 2012), com plete lithification of the
cop ro lites pro ceeded much ear lier than the de po si tion of
sed i ment, of suf fi cient thick ness for the development of
mechanical compaction (cf. Kochman, 2010).

Anal y sis of fauna in sec tion ex am ined

The fau nal com mu ni ties as so ci ated with mod ern hy dro -
ther mal vents, are dom i nated mainly by tube worms, crabs,
gas tro pods, and ag glu ti nated foraminifera. From these set -
tings echinoids and holo thu rians also have been de scribed,
in as so ci a tion with mi cro bial mats (Sudarikov and Galkin,
1995; Van Do ver, 1995; Jach and Dudek, 2005). Ac cord ing
to Dando (2010), at shal low depths vent-obligate taxa are
absent.

Cal ci fied, si li ceous sponges are the only more nu mer -
ous, fau nal com po nents of the sec tion ex am ined. The re -
main ing fauna, namely: thick-shelled gas tro pods, bi valves
and ostracods, al though pres ent, rep re sent ac ces sory com -
po nents. The lower part of the Zegarowe Crags sec tion, not
de scribed in this pa per, is dom i nated by Hexactinellida (cf.
Matyszkiewicz et al., 2004, 2006a), and in the top part the
amount of Lithistida in creases mark edly. Only the up per -
most part of the sec tion, de vel oped as micropeloidal, peloi-
dal and ag glu ti nated stromatolites with re de pos ited clasts
de void of cop ro lites, in cludes ex tremely rare and thin (up to
5 mm) hexactinellid, siliceous sponges.

The ob served trend ap pears to be re lated to the type of
nu tri ent com po nents. While hexactinellida sponges feed on
dis solved amino ac ids and col loi dal, or ganic mat ter, lithis-
tida sponges pre fer nu tri ents in the form of par tic u late, or -
ganic mat ter (Krautter, 1998; Reolid, 2011). How ever, it is
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likely, that nu tri ent avail abil ity in the Late Ju ras sic ba sin of
the north ern mar gin of the Tethys was mainly con trolled by
lo cal, sed i men tary con di tions, and not by re gional fea tures
(Matyszkiewicz et al., 2012). Nu tri ents, in the form of par -
tic u late, or ganic mat ter, were sup plied to the lower parts of
sea bot tom or dom i nated in pe ri ods of aggradational growth,
when in ten sive de vel op ment of ben thic or gan isms took
place. In Late Oxfordian time, the Zegarowe Crags formed a
dis tinct el e va tion on the sea bot tom where, oligotrophic con -
di tions, typ i fied by mi nor amount of nu tri ents, might be ex -
pected to have oc curred. Such con di tions prob a bly fa voured
the de vel op ment of stromatolites, ac com pa nied by a si mul ta -
neous, sig nif i cant re duc tion in the num bers of si li ceous
sponges, par tic u larly Lithistida (cf. Matyszkiewicz et al.,
2012). How ever, Lithistida oc cur ring in the top part of the
sec tion, in di cates point to the pres ence of nu tri ents, in the
form of par tic u late, or ganic matter.

Pos si ble oc cur rence of hy dro ther mal karst

The Zegarowe Crags sec tion ex hib its struc tures, which
can be re lated to hy dro ther mal karst (sensu Wright, 1991),

in clud ing: asym met ri cal dis so lu tion tex tures (cf. Prezbin-
dowski and Tapp, 1989), de vel oped at the basal parts of co-
prolites (Figs 6F, 7A, 8, 9,), me nis cus and grav i ta tional ce -
ments in the coprolitic grainstone (Figs 7A, 8C), metaso-
matosed parts of mi cro bial boundstone with in ter nal sed i -
ments (Fig. 7), and in creased Zn con tent in some sam ples.
Most of these fea tures can be ex plained by the hy dro dy -
namic ac tiv ity of ther mal so lu tions, cir cu lat ing within the
sed i ment and re mov ing part of fine-grained ma trix (cf. Gai-
llard et al., 1992). Hy dro ther mal, karst-re lated dis so lu tion
prob a bly re sulted also in the pres ence of nu mer ous, flat-
bot tomed caverns in the microbial laminites (Figs 4, 5).

It is not clear, whether dur ing the de vel op ment of the
Zegarowe Crags com plex there was ac tive hy dro ther mal ac -
tiv ity, in the form of hy dro ther mal vents re lated to the Late
Ju ras sic ac tive synsedimentary tec ton ics (Fig. 11). The re -
sults of geo chem i cal stud ies do not ex clude the pos si bil ity
of a weak in flu ence of hy dro ther mal so lu tions upon the de -
pos ited sed i ment, leav ing un solved the ques tion of the tim -
ing of such phe nom ena (cf. Szulc et al., 2006). There is no
doubt that flu ids, min er al iz ing Up per Ju ras sic de pos its,
were sup plied, at least in part, along sty lo lites (Fig. 7B),
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Fig. 11. Two sce nar ios, pro posed to ex plain or i gin of grainstone laminae, rich in cop ro lites. Zegarowe Crags re gion is sit u ated in area af -
fected by Late Ju ras sic, ac tive, synsedimentary fault tec ton ics. Crabs, pro duc ing cop ro lites, de vel oped in con di tions of pe ri odic nu tri ent
abun dance, which could have been as so ci ated with (A) ac tiv ity of low-tem per a ture, hy dro ther mal vents, re lated to pe ri odic re ac ti va tion of 
fault tec ton ics. Pe ri odic, toxic, hy dro ther mal vents could have re sulted in oc cur rence of high con cen tra tion of in or ganic par ti cles and dead
or narcotized zoo plank ton as food for crabs. Re sults of geo chem i cal and es pe cially iso to pic anal y sis do not re cord, how ever, in flu ence of
hy dro ther mal flu ids on mi cro bial laminae. In an other sce nario (B), de vel op ment of laminae with cop ro lites could have been re lated only
with ac tive synsedimentary tec ton ics, which – lead ing to for ma tion of grav ity flows – pro duced pe ri od i cally oc cur ring sus pen sion clouds,
rich in phos phates and other or ganic com pounds. Pres ence of such sub stances con trib uted to in ten sive de vel op ment of zoo plank ton as
food for crabs



which orig i nated un der the bur den of a few hun dred metres
of rock, that was cer tainly later than in Late Ju ras sic time.
In creased Zn con tent, in turn, does not ex clude the pos si bil -
ity of ge netic re la tion ship be tween of this min er al iza tion
and one of sev eral phases of Zn-Pb de posit for ma tion in the
Silesian-Kraków homocline (Bednarek et al., 1985; Jacher-
Œliwczyñska and Schnei der, 2004; Pulina et al., 2005). Un -
doubt edly, some faults could have acted as fluid path ways
(cf. Sibson, 1987; Aranburu et al., 2002). This par tic u larly
re lates to car bon ate plat forms un der lain by in tru sions, the
cool ing of which lasted a long time and was associated with
several episodes of subsequent activity (Morad, 1998).

The re sults of iso to pic anal y ses do not re flect any in flu -
ence of hy dro ther mal flu ids on the de pos ited sed i ment.
Even if Late Ju ras sic, hy dro ther mal vents were pres ent at
the time of de po si tion, the iso to pic re cord would have mar-
ked such an ac tiv ity only dur ing rapid de po si tion. How ever, 
car bon ates, trans ported by ther mal wa ters, might have had
enough time to coun ter bal ance their iso to pic com po si tion
with that of sea wa ter; the amount of them was not enough
so as to mod ify con sid er ably the iso to pic com po si tion of sea 
wa ter in a vast, rel a tively shal low ba sin. In this case, the iso -
to pic com po si tion of car bon ates would have reflected the
con di tions, pre vail ing in the sea wa ter, even when the dis -
solved car bon would have been sup plied to the place of de po -
si tion in ther mal wa ters. The ob served, mi nor scat ter of
d18OCaCO3 and d13CCaCO3 val ues (per haps ex cept sam ple C) 
could be a re sult of a vari able depth of pre cip i ta tion.

CON CLU SIONS

The de po si tion of mi cro bial laminites, oc cur ring at the
top of the Zegarowe Crags took place in a shal low sea, in
wa ters with a chem i cal com po si tion, re sem bling the pre-
sent-day one, in well ox y gen ated con di tions, con trolled by
the in flux of wa ters en riched in nu tri ents, the en ergy of the
sed i men tary en vi ron ment and the sed i men ta tion rate. The
struc ture of stromatolites, which pre dom i nate in the lam i -
nated lime stone of the Zegarowe Crags, in di cates a low sed -
i men ta tion rate and low nu tri ent avail abil ity. A low sedi-
mentation rate also is ev i denced by the ubiq ui tous pres ence
of microborings in cop ro lites, which are filled with mi cro-
peloidal packstone of microbial origin.

Dis tur bances in the stromatolite laminae can be re lated
to the pres ence of nu mer ous Up per Ju ras sic grav ity-flow
de pos its in the mar ginal parts of the Smoleñ horst. They in -
di cate ac tive, synsedimentary tec ton ics dur ing the de vel op -
ment of the com plex of car bon ate build ups. The pres ence of 
re de pos ited clasts in the lam i nated microbialites is as so ci -
ated with synsedimentary tec ton ics or rep re sents the ef fects
of the wave base, be cause of a con sid er able shallowing dur -
ing progradation of the complex of carbonate buildups.

The mass oc cur rence of crab cop ro lites was an ef fect of
a no ta ble in crease in nu tri ent avail abil ity in the sea wa ter.
The in creas ing nu tri ent avail abil ity may have re sulted from
the de vel op ment of clouds of sus pended, fine-grained sed i -
ment. This prob a bly was an ef fect of synsedimentary tec -
ton ics, likely to have been as so ci ated with hy dro ther mal
vents. How ever, the re sults of geo chem i cal and iso to pic

stud ies do not con firm any in flu ence of hy dro ther mal vents,
in the Late Oxfordian, in the area of the Zegarowe Crags
complex. It is likely that synsedimentary tec ton ics alone
would have fa voured the oc cur rence in sea wa ter of abun -
dant, nu tri ent-rich sus pen sions, related to tectonically acti-
vated, submarine mass movements.
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