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Ab stract: The Albian and Cenomanian ma rine sed i ments of the Silesian and Tatric bas ins in the Carpathian realm
of the West ern Tethys con tain fer ric and ferro manga nese oxyhydroxides, vis i ble mac ro scop i cally as brown
stainings. They coat cal car e ous bioclasts and min eral clasts, fill pore spaces, or lo cally form con tin u ous, par al lel
microlayers, tens of mi crom e ters thick. Light-mi cro scope (LM) and scan ning-elec tron-mi cro scope (SEM) ob ser -
va tions show that the coat ings con tain elon gated cap sules, ap prox i mately 3–5 µm across and en riched in iron and
man ga nese, which may be rem nants of the orig i nal sheaths of iron-re lated bac te ria (IRB). More over, the fer ric and 
ferro manga nese stain ing ob served un der LM is sim i lar to bac te rial struc tures, re sem bling the sheaths, fil a ments
and rods formed by pres ent-day bac te ria of the Sphaerotilus–Leptothrix group. All of the pos si ble bac te ria-like
struc tures are well pre served ow ing to pro cesses of early diagenetic ce men ta tion. If the ob served struc tures are
fos sil IRB, these or gan isms could have played an im por tant role in iron and man ga nese ac cu mu la tion on the sea
floor dur ing Albian–Cenomanian time. The most plau si ble source of met als for bac te rial con cen tra tion in the
Silesian Ba sin might have been sub ma rine low-tem per a ture hy dro ther mal vents, as pre vi ously was hy poth e sized
for Cenomanian–Turonian de pos its on the ba sis of geo chem i cal in di ces.
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IN TRO DUC TION

Iron and man ga nese oc cur widely in var i ous geo log i cal
en vi ron ments. Iron- and man ga nese-bear ing min er als can
be formed by in or ganic pre cip i ta tion or as a re sult of bac te -
rial pro cesses (e.g., Fer ris et al., 1988; Ghiorse and Ehrlich,
1992; Konhauser, 1998; Brown et al., 2000; Kend all et al.,
2012). Iron ox i da tion by bac te ria may be as much as 60
times faster than in abiotic re ac tions (Soggard et al., 2000).
Fer ric oxyhydroxides formed by bi o log i cal me di a tion are
highly in sol u ble, with strong po ten tial for pres er va tion in
the geo log i cal re cord (Haese, 2000; Croal et al., 2004;
Konhauser and Rid ing, 2012).

Bac te ria that can cat a lyze the ox i da tion of Fe (II) and
Mn (II) in mod ern en vi ron ments are called iron-re lated bac -
te ria (IRB; Noike et al., 1983; Schrenk et al., 1998; Fran cis
and Tebo, 1999; Kirby et al., 1999). These bac te ria are able
to ac cu mu late the metal ions, ei ther out side their cells or in
the sur round ing extracellular poly meric ma tri ces. On the

ba sis of this abil ity, the IRB can be broadly sub di vided into
groups, de pend ing on the na ture and site of the ac cu mu lated 
iron and man ga nese (e.g., Konhauser and Rid ing, 2012).

The fos sil iza tion of bac te ria is most likely to oc cur, if
they pre cip i tated extracellular in or ganic coat ings. More re -
sis tant to later re-mo bi li za tion are me tal lic bac te rial coat -
ings, such as those cre ated by mod ern IRB. Such encrusta-
tions are usu ally left as the only rem nants af ter the de com -
po si tion of bac te rial or ganic mat ter, pro vid ing valu able in -
for ma tion on mi cro bial ac tiv ity in an cient en vi ron ments.

Stud ies of IRB be gan in 19th cen tury (sum mary in
Cullimore and McCann, 1978). They were first re ported by
Ehrenberg (1836), who de scribed Gallionella ferruginea
from this group of or gan isms. So far, the ear li est fos sils,
morphologically com pa ra ble with mod ern iron bac te ria, are
those rec og nized in the Pre cam brian cherts of the Gunflint
Iron For ma tion (Schopf et al., 1965; Schelble et al., 2004).



Bac te rial iron encrustations have been de scribed in many
Phanerozoic suc ces sions, es pe cially oc cur ring in con junc -
tion with red sed i men tary strata (e.g., Harder, 1919; Schopf
and Fairchild, 1973; Karkhanis, 1976; Awramik et al.,
1983; Mamet et al., 1997; Préat et al., 1999, 2000, 2006;
Boulvain et al., 2001; Yongding et al., 2004; Fortin and
Langley, 2005; Mameth and Préat, 2006; Ma son, 2008;
Barale et al., 2013).

In the pres ent study, the au thors re port mor pho log i cal
and chem i cal data show ing the pres ence of mi crobes, which 

may be rem nants of the iron-re lated bac te ria group in the
mid-Cre ta ceous (Albian–Cenomanian) ma rine sed i ments of 
the Carpathians. They have been rec og nized in turbiditic
beds of the Silesian Nappe (Outer Carpathians) and in a
condensed phos phatic lime stone of the High-Tatric Unit
(In ner Carpathians). The pri mary goal of this pa per is to de -
ter mine whether the black-brown-or ange stain ing with
Fe-Mn oxyhydroxides, which form mi cro scop i cally vis i ble
coat ings on microfossils, may be traces of bac te rial com mu -
ni ties from the time of sed i ment de po si tion.
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Fig. 1. Lo ca tion of study ar eas. A. Sim pli fied geo log i cal map of the Carpathians (brown and green col ors) and their fore land. B. Lo ca -
tion of study ar eas in the West ern Carpathians on con tour map (map af ter Bryndal, 2014). C. Geo log i cal map of study area on
Barnasiówka Ridge (Wieliczka Foot hills, Outer Carpathians; map af ter Burtan, 1964; Burtan and Szymakowska, 1964, B¹k et al., 2001).
D. Geo log i cal map of study area in ¯eleŸniak gully (Dol ina Koœcieliska val ley, Tatra Mts., In ner Carpathians; map af ter Guzik, 1959).



GEO LOG I CAL SET TING

Outer Carpathians – Silesian Nappe

The Silesian Nappe is one of the larg est tectono-fa cies
units of the Outer Carpathians (Fig. 1A, B), com posed of Up -
per Ju ras sic through Mio cene de pos its, mainly siliciclastic
turbidites. These sed i ments were up rooted from their base -
ment and thrust from the south dur ing the Mio cene (Osz-
czypko, 2004 and ref er ences therein). Dur ing Cre ta ceous–
Palaeogene time, the sed i ments of the Silesian Nappe were
de pos ited in an in de pend ent sed i men tary realm, the Silesian
Ba sin, which was a part of the West ern Tethys do main, lo -
cated near the south ern mar gin of the Eu ro pean Plat form
(e.g., Ksi¹¿kiewicz, 1956, 1962, 1977; Golonka et al., 2002). 
Since the Berriasian through the Eocene, de po si tion in the
Silesian Ba sin took place be low the cal cium com pen sa tion
depth (CCD; Ksi¹¿kiewicz, 1975; S³omka et. al., 2006).

The sed i men tary se quence stud ied here rep re sents
deep-wa ter fa cies, com posed of mm- to cm-thick siliciclas-
tic to cal car e ous, partly si lici fied, fine-grained turbidites,
which rep re sent pre dom i nantly the Tbde in ter vals of the
Bouma se quence, in ter ca lated with hemipelagic, non-cal -
car e ous claystones (B¹k K. et al., 2001; B¹k M. et al., 2005, 
2011). The turbidites in clude quartz grains with vari able
amounts of car bon ates, but the most dis tin guish ing fea ture
of these de pos its is the high con tent of biogenic par ti cles,
in clud ing the spicules of si li ceous sponges. Other nu mer ous 
biogenic com po nents are plank tonic and cal car e ous ben thic
foraminifers, radio lar ians, frag mented echinoid os si cles,

and inoceramid prisms (B¹k M. et al., 2011). The source for 
the re de pos ited min eral and biogenic ma te rial was the shel-
ves rim ming the north ern edge of the Silesian Ba sin, cor re -
spond ing to the mar gin of the West ern Tethys. Non-cal car e -
ous claystones, which are interbedded with turbidites, rep -
re sent deep-wa ter sed i ments, de pos ited be low the CCD
(B¹k M. et al., 2005, 2011). 

The turbidites are clas si fied into three lithostratigraphic 
units (Fig. 2): the Mid dle Lgota Beds (Aptian – Mid dle Ce-
nomanian), the Up per Lgota Beds (Mikuszowice Cherts;
Mid dle–Up per Cenomanian) and the Barnasiówka Radiola- 
rian Shale For ma tion (Up per Cenomanian – Lower Turo-
nian). Their stra tig ra phy is based on microfossils (foramini-
fers, radio lar ians), with the biostratigraphic sub di vi sion cor -
re lated in part with the car bon iso to pic curve (B¹k K. et al.,
2001; B¹k M. et al., 2005; B¹k K., 2007a, c; B¹k M., 2011).

In ner Carpathians – High-Tatric Units

The High-Tatric units oc cur ring in the Tatra Mts., be -
long to the Tatricum, a part of the In ner Carpathians (Cen -
tral West ern Carpathians; Plašienka, 2003). They con sist of
a para-autochthonous unit, which is a slightly dis placed sed -
i men tary cover of the crys tal line core, and the allochtho-
nous units, in volved in sev eral re cum bent faults (e.g., Ra-
bowski, 1959; Kotañski, 1961; Ksi¹¿kiewicz, 1977; Jure-
wicz, 2005, 2012). These units com prise the sed i men tary
suc ces sion (mainly cal car e ous de pos its) of the Lower Tri as -
sic through mid-Cre ta ceous (e.g., Lefeld, 1968). 
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Fig. 2. Albian–Coniacian lithostratigraphic scheme and lith o logic log of the Barnasiówka-Jasienica sec tion (Silesian Nappe, Pol ish
Outer Carpathians; Koszarski and Œl¹czka, 1973; sup ple mented by B¹k et al., 2001).



Dur ing Me so zoic times, the Tatra area was sit u ated in
the West ern Tethys do main (e.g., Golonka et al., 2000; Ju-
rewicz, 2005), in prox im ity to the Eu ro pean plate (Gra-
bowski, 1997). It was sep a rated from the Eu ro pean Plat form 
by the Pieniny (Vahic) Ocean, the Outer Carpathian bas ins
and the shelf bas ins (Plašienka, 1999). An open ma rine depo- 
sitional en vi ron ment with pe lagic and hemipelagic sed i men -
ta tion char ac ter ized this area in the mid-Cre ta ceous.

The Albian–Cenomanian sed i ments have been clas si -
fied as the Zabijak For ma tion in the Pol ish part of the Tatra
Mts. (Krajewski, 2003). These de pos its were dis posed on
the Valanginian–Albian plat form car bon ate rocks or con tact 
tec toni cally with other sed i men tary units (Passendorfer,
1930; Kotañski, 1959; Lefeld, 1968; Masse and Uchman,
1997). The for ma tion is clearly tri par tite. Its base is rep re -
sented by glauconitic lime stone (Wielka Równieñ Bed)
with an abun dant in ver te brate fauna and phos phate con cre -
tions (Passendorfer, 1930), lo cally with ex otic crys tal line
peb bles (Passendorfer, 1930; Marcinowski and Wiedman,
1985, 1990) and lenses of gravelstone (Rabowski, 1959).
They are over lain at places by a con densed phos phatic lime -
stone em brac ing nu mer ous hardgrounds, stromatolites,
oncoids and pisolitic struc tures (Niegodzisz, 1965; Kra-
jewski, 1981a–c). In the synsedimentary tec tonic de pres -
sion at Kominiarski Wierch, the lime stone suc ces sion (¯e-
leŸniak Mem ber, Ku Stawku Beds; Krajewski, 2003) at tains 
60 m in thick ness. The mid dle part of the Zabijak For ma tion 
is rep re sented by pe lagic marls, in ter ca lated with hemipela-
gites (marly shales) and very thin-bed ded turbiditic siltsto-

nes (up to 130 m thick; Kamienne Mem ber; Krajewski,
2003). This suc ces sion passes up ward into a suc ces sion (Pi- 
sana Mem ber; Krajewski, 2003) con sist ing of thin, hemipe-
lagic, marly shales and nu mer ous thin- to me dium-bed ded
turbidites, com posed of the silty and sandy frac tions (up to
120 m thick; Passendorfer, 1930; Rabowski, 1959; Ko-
tañski, 1961; Bac-Moszaszwili et al., 1979; Uchman, 1997). 
These sed i ments (Kamienne and Pisana mem bers) rep re sent 
the Up per Albian through the Up per Cenomanian (B¹k K.
and B¹k M., 2013). 

MA TE RIAL AND METH ODS

This pa per is based on data from fifty-two sam ples col -
lected from two sec tions. The first of these sec tions is lo -
cated in the cen tral part of the Silesian Nappe (Outer Car-
pathians), 30 km south of Kraków, near the town of Myœle-
nice, where the Albian–Turonian sed i ments, 75 m thick, crop 
out in the Barnasiówka-Jasienica Quarry (N 49°49'56.8921"
and E 19°52'2.319") in the Barnasiówka Ridge, Wieliczka
Foot hills (Fig. 1B, C). The sec tion com prises the up per most
part of the Mid dle Lgota Beds (MLB; about 20 m thick), the
Mikuszowice Cherts (MC; 32 m thick), the Barnasiówka Ra-
diolarian Shale For ma tion (BRSF; 14 m thick), and the non-
cal car e ous Var ie gated Shale (about 10 m thick; Fig. 2). Fer-
ruginous and man ga nese coat ings are fre quent in the en tire
Cenomanian part of the sec tion.

The sec ond sec tion is lo cated in the Pol ish part of the
Tatra Mts. (In ner Carpathians), where the Albian–Cenoma-
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Fig. 3. Albian–Cenomanian lithostratigraphic scheme and lith o logic log of the ¯eleŸniak sec tion (Tatra Mts, In ner Carpathians; af ter
Krajewski, 2003). WTL Fm – Wielka Turnia Lime stone For ma tion



nian sed i ments crop out in the ̄ eleŸniak gully, a left trib u tary 
of the Koœcieliska Val ley, about 100 m be low 3-m-high wa -
ter fall (N 49°14'37.0915" and E 19°51'24.3577"; Fig. 1B, D). 
The sec tion com prises the up per most part of the ¯eleŸniak
Mem ber (about 1.7 m thick) and the low er most part of the
Kamienne Mem ber (about 0.3 m thick). Ferruginous coat ings 
are fre quent in the Up per Albian part of the sec tion, at the top 
of the ¯eleŸniak Mem ber.

The Fe-Mn coat ings were ana lysed in thin sec tions
from 39 sam ples, col lected in the Silesian Nappe of the
Outer Carpathians, and from 13 sam ples col lected in the
Tatra Mts. (Fig. 3). Pho to mi cro graphs of microfacies were
taken, us ing a HITACHI S-4700 scan ning elec tron mi cro -
scope (Sam ple Bar-5, Bar-42, Z-1g), and a ste reo scopic mi -
cro scope Nikon SMZ1500 with dig i tal cam era (all the sam -
ples in ves ti gated). Chem i cal anal y ses of the min eral con stit -
u ents of the ferruginous and man ga nese coat ings were car -
ried out us ing a JEOL T-300 SEM, equipped with an
860-500 en ergy-dispersive spec trom e ter (EDS), un der con -
di tions of 20–25 kV ac cel er at ing voltage, 1 ìm spot size of a 
beam fo cused on car bon-coated thin sec tion, and counts ac -
quired for 150 s. The data were cor rected us ing the ZAF/PB
soft ware.

RE SULTS

In the sed i ments of the Silesian Unit, iron and man ga -
nese oc cur as fer ric and ferro manga nese oxyhydroxides.
They are vis i ble mac ro scop i cally as brown, ferruginous
stain ing, par al lel to lam i na tion. The de tailed struc ture of
brown, ferruginous col or ation is vis i ble only in mi cro scopic 
stud ies of thin sec tions. The brown stain ing is pres ent in dif -
fer ent forms: (1) as coat ings of microfossils and de tri tal
grains, (2) as fill ings of the pri mary pore spaces be tween
grains, and (3) as mi cro-laminae, which are sev eral mi cro-
metres thick. Fe-Mn coat ings are pres ent in turbidite lay ers
in the Mikuszowice Cherts and Mid dle Lgota Beds, in four
types of microfacies as: sublitharenite with microfossils,
sublitharenite with sponge spicules, spiculitic sublithare-
nite, and biomicrite with foraminifers, radio lar ians and
sponge spicules (for a de tailed de scrip tion of the microfa-
cies – see M. B¹k, 2011; M. B¹k et al. 2005, 2011).

In the Tatric sed i ments, only fer ric oxyhydroxides are
pres ent. They are vis i ble mac ro scop i cally as brown staini-
ngs in a phosphorite peb ble lag with phos phatic stromato-
lites, which cover a com pos ite hardground. The de tailed mi -
cro scopic ex am i na tion of thin sec tions showed that ferru-
ginous ma te rial with its char ac ter is tic col or ation forms con -
tin u ous, par al lel microlayers, sev eral micrometres thick,
within stromatolites, infill ru di men tary pore spaces in the
sediment or re places echinoderm plates.

Fe-Mn coat ings and in fill ings

Silesian Nappe sed i ments. Fe and Fe-Mn coat ings have 
been ob served on each type of cal car e ous and si li ceous
bioclasts. Foraminiferal tests at dif fer ent stages in the de vel -
op ment of re place ment and/or coat ing struc tures (Figs 4A,
B, G, H, 5A–C) are pres ent in all microfacies types. The

Fe-Mn coat ings also oc cur on cal ci fied sponge spicules, the
sur faces of which were cov ered by microlaminated brown
encrustations (Fig. 4D, E). Sim i lar encrustations were ob -
served in side cal ci fied spicules still pos sess ing void rem -
nants of the in ner ca nal (Fig. 4B). Ferruginous coat ings and
in fill ings are pres ent on radiolarian tests (Fig. 4G) and in -
side echinoderm os si cles, which were orig i nally mi cro-po -
rous (Fig. 4F). The brown pig ment high lights their po rous
struc ture. It was also noted in the inter-gran u lar pore space
(Fig. 4B) that was filled by blocky or isopachous bladed cal -
cite ce ment (Fig. 4B, G, H). The cal car e ous skel e tons are
partly or com pletely re placed by Fe and Fe-Mn oxyhydro-
xides (see Figs 4, 5). Coat ings are ac com pa nied by sin gle
microcrystals or ag gre gates of opaque min er als (Figs 4C,
5A–C). Some of the grains, es pe cially cal ci fied si li ceous
spicules of sponges are cov ered with thin coat ings, some -
times with cracks (Fig. 7A, B).

The sur faces of clasts in very fine-grained, pe lagic ma -
te rial are cov ered by Fe-Mn mi cro-lam i nated encrustations,
tens of micrometres thick. They are as so ci ated with thin lay -
ers of or ganic mat ter (Fig. 4G, H). Such mats sur round de -
tri tal grains and microfossils and fill skel e tal grains (Fig.
4G, H).

Tatra Mts. sed i ments. Iron cov ers, coat ings and fill ings 
are pres ent in sed i ments of the ¯eleŸniak Mem ber, where
frag mented echinoderm skel e tons, in clud ing com mon holo- 
thurid plates (Fig. 6B) are cov ered with or re placed by Fe
oxyhydroxides. Fer ric coat ings are ac com pa nied iso lated
Fe-bear ing microcrystals or ag gre gates of them (Fig. 6D).
They usu ally form sep a rate lay ers in side stromatolitic struc -
tures (Fig. 6A–D). These crys tals are up to 5 µm in size.
They are densely packed in ag gre gates that usu ally are less
than 30 µm across (Fig. 6D). 

Ultrastructure of brown stain ing

The ex am i na tion of thin sec tions of microfacies from
the Mid dle Lgota Beds at ×1,000 mag ni fi ca tions shows that
the brown stain ing as grain coat ings (Fig. 7A, B) con sists of
densely packed, elon gated cap sules, ap prox i mately 5 µm
across (Figs 7I, 8A, B). The walls of the in di vid ual cap sules
are 0.1 µm thick. EDS anal y ses showed that the cap sules are 
strongly en riched in iron and man ga nese (Fig. 8C, D). Other 
ultra struc tures of brown stain ing, found in sam ples from the 
Mid dle Lgota Beds show a dough nut-like shape, 5–10 µm
in di am e ter. They form brown rims on the sur faces of bi o tite 
flakes (Fig. 7G).

Fur ther Fe or Fe-Mn stain ing and coat ings, ob served in
the Mikuszowice Cherts are fluffy, brown to black, disk-
like stains of pig ment, about 3–10 µm across (Figs 5A–C,
7C–E, H). In turn, the men tioned Tatric sed i ments con tain
rounded and dark Fe stain ing, ar ranged in the form of iso -
lated clus ters (Fig. 6C, D).

Grains with punc tured sur face

The sur faces of nu mer ous cal car e ous grains, found in
the Mikuszowice Cherts and the Tatric sed i ments bear tra-
ces of oval-shaped mi cro-de pres sions (Fig. 9A–D). These
struc tures are wide and shal low, or small and deep, av er ag -
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Fig. 4. Pho to mi cro graphs (plane po lar ized light) of fer ric and ferro manga nese oxyhydroxies stain ing, pres ent in sublitharenite and
biomicrites of Cenomanian turbidites from Silesian Nappe, Pol ish Outer Carpathians. A. Tests of ben thic cal car e ous foraminifers (f),
partly or com pletely re placed by ferruginous coat ings within si lici fied biomicrite. B. Thin layer of bac te rial biofilm-like struc ture (bb) in -
side and out side the ca nal of sponge spicules (s) and foraminiferal tests (f), and in inter-gran u lar pore space (ig). C. Fe-Mn min er al iza tion
in side ben thic foraminiferal test. Closely packed crys tals tightly fill the in te rior of the cham bers. D, E. Car bon ate grain sur face (cal ci fied
sponge spicule) show ing Fe-Mn bac te ria-like coat ings. F. Cross-sec tion of mi cro-po rous echinoderm os si cles filled with ferruginous coat -
ings. G, H. Par al lel-lam i nated brown mat binds radiolarian skel e tons (r), ben thic (bf) and plank tonic (pf) foraminiferal tests and de tri tal
grains (gr) sur rounded by some opaque flocks, most prob a bly or ganic mat ter (om). A, B, D–F – sam ple Bar-42; C – sam ple Bar-57, G, H –
sam ple Bar-64.



ing a few mi crons across. They usu ally in clude brown thin
coat ings in side the cav i ties.

DIS CUS SION

Bac te rial na ture of the Fe-Mn coat ings

In gen eral, the mor phol ogy it self is not con sid ered as a
con clu sive in di ca tor of the bac te rial or i gin of ultra struc -
tures. How ever, some unique shapes, e.g. the sheath-like
ultra struc tures and fil a ments, are usu ally con sid ered to be of 
mi cro bial or i gin, and in rare cases could be as cribed to par -
tic u lar groups of mi cro or gan isms (e.g., Van Veen et al.,
1978; Mulder and Deinema, 1992).

Densely packed, elon gated cap sules, ap prox i mately
five micrometres in cross-sec tion (Fig. 7I), are here in ter -
preted as fos sil ized iron-re lated bac te ria (IRB). SEM ob ser -
va tions re vealed bac te ria-size cap sules with hol low cores
and oval outer shapes (Fig. 8). Very thin walls (0.1 µm
thick) of the in di vid ual cap sules (Fig. 8A, B) may be rem -
nants of the metal bac te rial sheath, oc cur ring out side the
cell mem brane. The EDS anal y ses showed that the cap sules
are strongly en riched in iron and man ga nese (Fig. 8). This is 
why they re sem ble most prob a bly fos sil ized bac te ria of the
Leptothrix group, be cause un like other sheathed bac te ria,
they are able to ox i dize both iron and man ga nese (Nel son et
al., 1999).

An other sign of a pos si ble bac te rial or i gin are dough nut-
shaped forms, 5–10 µm across. They oc cur as brown, dough -
nut-like rims on the sur faces of bi o tite flakes (Fig. 7E, F).
These struc tures re sem ble col o nies of IRB from the Sidero-
capsa group, on the ba sis of the sim i lar i ties in shape and di -
men sions with re spect to mod ern Siderocapsa col o nies,
which form col lar slime, im preg nated with iron oxyhydroxies 
(e.g., Hardman and Henrici, 1939, fig. 1; Dubinina and Zhda- 
now, 1975, figs 8–11; Hanert, 2006).

Fe or Fe-Mn fluffy, brown to black, disk-like stains of
pig ment, about 3–10 µm across (see en large ments on Fig.
7C, E), are also pos si ble ev i dence of bac te rial or i gin. These
struc tures in shape re sem ble as sem bled hold fasts of the
Sphaerotilus–Leptothrix group, re cov ered from mod ern en -
vi ron ments (Spring, 2006). The sim i lar i ties are based on
chem i cal com po si tion, be cause these black to brown flecks
con tain Fe (Fig. 8). More over, there is a sim i lar ity to the
mor pho log i cal fea tures of flecks and fluffy struc tures by
comparison with lab o ra tory iso lated pure IRB from Spha-
erotilus–Leptothrix cul tures (Van Veen et al., 1978, figs 14, 
18). The shape, di men sions and or ga ni za tion of these struc -
tures (Fig. 7C–E, H) re sem ble those in col o nies of pres ent-
day spe cies, such as Leptothrix lopholea, L. cholodnii and
Sphaerotilus natans (figs 6a, 7b, c in Spring, 2006, af ter
Rouf and Stokes, 1964, and Mulder and Deinema, 1992). In
these bac te rial col o nies, hold fasts are rounded, im preg nated 
with Fe and Fe-Mn ox ides, and sur rounded by thin, fil a men -
tous branch ing.

An other sign of pos si ble bac te rial ac tiv ity in the sed i -
ments stud ied are oval-shaped mi cro-de pres sions of bac te -
rial size, which punc ture the sur faces of cal car e ous grains
and bioclasts. Such struc tures can be in ter preted as the pit -
ting cor ro sion, left af ter bac te rial ac tiv ity. Bac te rial punc -

tur ing is com monly known from dif fer ent, mod ern, aquatic
en vi ron ments (e.g., Thorseth, et al., 1995, figs 1–7, 11;
Ullman et al., 1996, fig. 1; Lüttge and Conrad, 2004, figs
3–6; Brehm et al., 2005, figs 1–3; Da vis et al., 2007, figs
1–14).
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Fig. 5. A–C. SEM BSE im ages and EDS anal y sis of biomicrite
in Cenomanian turbidites from Silesian Nappe, Pol ish Outer Car-
pathians. A. Foraminiferal (F) test wall re placed by iron. De struc -
tion of the wall started both from out side and in side of the test.
(Ca) in di cates the area of high con tent of cal cium car bon ate. (Fe)
in di cates the area of el e vated iron con tent in places where brown
pig ment oc curs. (R) – Radiolaria, (Rs) – radiolarian spicule. B.
Close-up of ben thic cal car e ous foraminiferal test, partly re placed
by rem nants af ter bac te ria-like fil a ments and hold fasts. Iron ox ide
crys tals could arise as a re sult of recrystallization of bac te ri ally
pre cip i tated iron oxyhydroxides. C. EDS spec trum of the iron ox -
ide crys tal (C) anal y sis in the spot marked on Fig ure B. A–D –
sam ple Bar-5.



Fe and Fe-Mn oxyhydroxides, vis i ble as coat ings on
ben thic foraminiferal tests, are pres ent at var i ous stages of
ad vance ment of this pro cess. An ini tial stage is rep re sented
by microboring fronts that show ir reg u lar Fe-Mn in fill ing
zones, ex tend ing from the ex ter nal sur faces of the test walls
in ward (Fig. 4A–B). An ad vanced stage is rep re sented by

tests com pletely re placed and fringed by dense lay ers of
brown to black coat ings, which make the rem nants of the
walls much thicker than the orig i nals (Fig. 4A).

Some clasts and bioclasts in very fine-grained pe lagic
ma te rial, as so ci ated with thin lay ers of or ganic mat ter, are
cov ered by Fe and Fe-Mn mi cro-lam i nated encrustations.
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Fig. 6. Pho to mi cro graphs (plane po lar ized light) of Fe-bear ing mi cro-laminas form ing seams in Late Albian stromatolite struc tures
from Tatra Moun tains. A. Par al lel-lam i nated stromatolite de vel oped on a rug ged sub strate. B. Pho to mi cro graph of stromatolite and the
sur round ing marl with bioclasts. One of them is holothurid plate (hp), re placed by Fe oxyhydroxides. C. Close-up of Fig ure A show ing de -
tails of lam i na tion in stromatolite. Dark layer con sists of densely packed Fe-bear ing crys tals. D. Close-up of dark seam with Fe-bear ing
crys tals (Fe-crys tals). They grew in brown pig ment, re sem bling rem nants af ter bac te rial hold fasts (h). A–D – sam ple Z-1g.

Fig. 7. Pho to mi cro graphs (plane po lar ized light) of fer ric and ferro manga nese oxyhydroxies stain ing re sem bling bac te ria-like ultra -
struc tures in Cenomanian turbidites from Silesian Nappe, Pol ish Outer Carpathians. A. In ner ca nal of sponge spicule (ar row) filled by
biofilm-like struc ture. B. Close-up of Fig. A show ing cracks in biofilm-like struc ture (ar rows). C. Brown amor phous iron ox ide/oxyhy-
droxide form ing fluffy, disk-like stains of pig ment, 3–10 µm across, re sem bling bac te rial hold fasts (h). They are sur rounded by or atta-
ched to area re sem bling bac te ria-like fil a ments (fl). D. Disk-like stains of pig ment, re sem bling bac te rial hold fasts (h). Mu tual ar range -
ments of grains and ce ment in re la tion to stains of pig ment. E. De tails of disk-like stains of pig ment re sem bling bac te ria-like hold fasts (h)
sur rounded by flocculent area (fl) re sem bling con glom er a tion of bac te rial fil a ment (f). F. Fe-Mn-bear ing min er als ar ranged in chain as
long and wide as bac te ria-like fil a ment. G. Brown cir cu lar stain ing on bi o tite sur face are of dough nut-like shapes (s), re sem bling bac te rial
col ony from Siderocapsa group. H. Disk-like stains of pig ment, re sem bling bac te ria-like hold fasts (h) and bac te ria-like fil a ments (fl). These
struc tures are spread in the inter gra nu lar pore space, filled by sub se quent blocky cal cite ce ment. I. Coat ing sur round ing foraminiferal test
with nu mer ous el lip ti cal forms, re sem bling bac te ria-size cap sules (c). Pit ting (p) on the cal cite crys tals de vel oped in empty space in side
cham ber of a foraminiferal test. Or ganic mat ter (om). A–E – sam ple Bar-5, F – sam ple Bar-57, G, I – sam ple Bar-64, H – sam ple Bar-42. 
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Such encrustations are tens of micrometres thick, form ing a
pad ding in side the cham bers of microfossil tests and also the
in ner ca nals of sponge spicules (Fig. 4C). Such a cover might 
rep re sent fos sil ized biofilms, left af ter bac te rial ac tiv ity and
metal pre cip i tates (Fig. 5A–C). Lo cally, such biofilm-like
struc ture pos sesses a net work of cracks (Fig. 7A, B).

Con di tions of growth of iron-re lated bac te ria

Liv ing con di tions of mod ern iron-re lated bac te ria
Mod ern spe cies of IRB can live and pre cip i tate iron

and/or man ga nese oxyhydroxides un der spe cific con di tions. 
On the ba sis of the con straints on the growth of mod ern
IRB, it is pos si ble to in ter pret the con di tions that dom i nated
in the bot tom en vi ron ments of the Silesian Ba sin and the
Tatric Ba sin dur ing sed i men ta tion of the sed i ments stud ied.
Mod ern Leptothrix spe cies are widely dis trib uted in aquatic
en vi ron ments, char ac ter ized by a pH range of 6.5–7.5, a low 
ox y gen gra di ent, tem per a tures be tween 10–35°C, and a
sup ply of iron and man ga nese ions (Alt, 1988; Em er son and 
Moyer, 2002; Spring, 2002). Such hab i tats may oc cur

worldwide to day, both on land and in ma rine en vi ron ments.
The most typ i cal are nat u ral iron seeps in fresh wa ter wet -
land ar eas, for est ponds and iron springs (Ghiorse and
Ehrlich, 1992). In fresh wa ter and brack ish en vi ron ments,
there is ev i dence of a re la tion ship be tween IRB and the for -
ma tion of ferro manga nese nod ules (Huckriede and Meisch-
ner, 1996; Trokowicz, 1998; Stein et al., 2001). How ever,
the most prob a ble an a logue for IRB oc cur rences in the
Silesian and Tatric bas ins can be found in oce anic set tings.
In such en vi ron ments, the IRB are known to be as so ci ated
with vol ca nic springs (Hanert, 2002) or hy dro ther mal vent -
ing ar eas (Dymond et al., 1989; Sibuet and Olu, 1998; Sun
et al., 2011), where they form abun dant com mu ni ties com -
posed of nu mer ous taxa (e.g., Van Do ver, 2002). Bi o log i cal 
data pub lished so far pres ent ap prox i mately 55 deep-wa ter
and 62 shal low-wa ter hy dro ther mal vent eco sys tems in
mod ern oceans (Tarasov et al., 2005; Dando, 2010). Dis -
cov er ies of Leptothrix ochracea have been re ported from
the Loihi shield vol cano, lo cated on the Ha wai ian ar chi pel -
ago (Em er son and Moyer, 2002), and also in the vi cin ity of
ther mal vents on the Juan de Fuca Ridge in the NE Pa cific
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Fig. 8. SEM im ages of forms in ter preted herein as bac te rial cap sules. A, B. Cap sules stuck in inter gra nu lar pore space of sublitharenite
layer in sam ple Bar-42 in Cenomanian turbidites from Silesian Nappe, Pol ish Outer Carpathians. C, D. Re sults of the EDS anal y ses of the
cap sule walls.



Ocean (Ken nedy et al., 2003). In each case, the Leptothrix
spe cies can live in the vi cin ity of low-tem per a ture hy dro -
ther mal vents.

Bac te ria-like struc tures in re la tion to sea-floor con di tions
The re la tion ship of the pos si ble bac te ria-bear ing coat -

ings to min eral grains and ce ment in the microfacies stud ied 
in di cates that the encrustations grew in soft, un con sol i dated
sed i ment. This can be dem on strated by the ex clu sive oc cur -
rence of the rem nants of bac te ria-like struc tures in the orig i -
nal pore spaces or on the sur faces of terrigenous and bio-
genic clasts. The sub se quent car bon ate and sil ica ce men ta -
tion en vel oped the Fe-Mn stain ing of pos si ble bac te rial or i -
gin and filled up the pore spaces. All these del i cate struc -
tures were pre served, ow ing to rapid ce men ta tion. Cal cite
ce ment oc curs in the two ar eas stud ied, while sil ica is char -
ac ter is tic mainly for the Mid dle Lgota Beds and Mikuszo-
wice Cherts of the Silesian Nappe.

Most mod ern IRB re quire slowly run ning wa ters for ef -
fec tive growth (Spring, 2002). The bot tom en vi ron ments of
the Silesian and Tatric bas ins could have cre ated such hab i -
tats for bac te ria dur ing the Albian and Cenomanian. The
succession stud ied of the Silesian Nappe com prises sed i -
ments, de pos ited by low-den sity tur bid ity cur rents with
long-last ing pe ri ods of non-de po si tion, ev i denced by the
low ac cu mu la tion rate, not ex ceed ing 7 mm/kyr and nu mer -
ous hi a tuses (B¹k K., 2007b; B¹k M., 2011). Con se quently,
these sed i ments could have in cluded both the in tact bac te -
ria-like mats, grow ing un der calm depositional con di tions,
and Fe-Mn lay ers en com pass ing cha ot i cally re dis trib uted

and dis in te grated bioclasts, re lated to ep i sodes with di luted
tur bid ity flows.

In the Tatric Ba sin, lay ers con tain ing small Fe-bear ing
crys tals also grew un der con di tions of very low sed i men ta -
tion rates (Krajewski, 1981b). These crys tals, which were
probably formed on IRB rem nants, are pres ent in phospha-
tic-si li ceous-fer ric or fer ric-si li ceous laminae in side stroma- 
tolites. The or i gin of these laminas pre vi ously was in ter -
preted as an ef fect of early ce men ta tion and re place ment
pro cesses, which took place in the pri mary cal car e ous ma te -
rial of stromatolites (Krajewski, 1981b). It is pos si ble that
the IRB used the iron pre cip i tated in these pro cesses for the
con struc tion of their sheaths.

Source of fer rous and man ga nese ions for IRB ac tiv ity

Ac cord ing to Bennet et al. (2008), mod ern sub ma rine
vents could pro vide even 12–22% of the global deep-ocean
dis solved Fe. An ex am ple of or ganic in ter ac tion with hy -
dro ther mal Fe came from a study of the ox i da tion rates of
dis solved Fe(II) in hy dro ther mal plumes over the Cen tral
In dian Ridge (Statham et al., 2005). The IRB are typ i cal mi -
cro or gan isms which could live in ar eas of ac tive hy dro ther -
mal vent ing pro vide so lu tions con tain ing Fe ions. They in -
clude mainly the Sphaerotilus–Leptothrix group, en crusted
with fer ric hy drox ide (Sphaerotilus) or ferro manga nese ox -
ides (Leptothrix) (Mulder and Van Veen, 1963; Spring,
2002). In such en vi ron ments, the IRB build tu bu lar sheaths,
pre cip i tated out side the sin gu lar cells, or/and ar range cells
in long fil a ments shielded by me tal lic cover. 
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Fig. 9. Pho to mi cro graphs (plane po lar ized light) of fer ric and ferro manga nese oxyhydroxies stain ing re sem bling bac te ria-pit ted cor ro -
sion on car bon ate grains in Cenomanian turbidites from Silesian Nappe, Pol ish Outer Carpathians. A–C. Ex am ples of cor ro sion pits (ar -
rows) on grain sur face. Traces of cor ro sion vis i ble as mi crom e ter-size pit cav i ties (ar rows). Pits are cov ered with mem brane of fer rous
coat ings. D. Close-up view of sur face of cal ci fied sponge spicule with pit ted cor ro sion. A–D – sam ple Bar-5.



The spe cific bac te ria-like ultra struc tures, such as sheaths,
fil a ments and rods from the sed i ments stud ied, which re sem ble 
the morphotypes of pres ent-day Leptothrix liv ing around low- 
tem per a ture hy dro ther mal vents, may in di cate the oc cur -
rence of such vents on the deep sea floor of the Silesian and
Tatric bas ins dur ing the Albian and Cenomanian. The oc -
cur rence of hy dro ther mal vents dur ing Late Cenomanian–
Early Turonian times, as the source for man ga nese, iron and 
other met als has been sug gested for the Outer Carpathian
bas ins. Pre vi ously as signed geo chem i cal in di ces (B¹k K.,
2006, 2007a–c) for an as so ci a tion of Fe, Mn and mi cro-el e -
ments in two ferro manga nese lay ers in di cate that they might 
have been de rived from hy dro ther mal flu ids. 

The or i gin of fer ric oxyhydroxides in Late Albian stro-
matolites of the Tatric Ba sin is not the sub ject of de tailed in -
ter pre ta tion be cause of the lack of geo chem i cal data from
these sed i ments.

CON CLU SIONS

The Cenomanian ma rine sed i ments of the Outer and In -
ner Carpathians con tain Fe- and Fe-Mn oxyhydroxides that
are vis i ble mac ro scop i cally as brown stain ing. The SEM ob -
ser va tions show that most of them con sist of densely
packed, elon gated cap sules, ap prox i mately 5 µm across, in -
ter preted as fos sil ized iron-re lated bac te ria (IRB). The walls 
of the in di vid ual cap sules, 0.1 µm thick, may be rem nants of 
the orig i nal me tal lic bac te rial sheath oc cur ring out side the
cell mem brane. The cap sules show el e vated iron and man -
ga nese con tent; that is why they re sem ble most prob a bly
fos sil ized bac te ria from the Sphaerotilus–Leptothrix group.

The Fe-Mn coat ings, left af ter pos si ble the IRB ac tiv ity
were formed on cal car e ous clasts and bioclasts. They also
fill the pore spaces be tween min eral clasts and bioclasts and
lo cally form con tin u ous mi cro-lami na tions. All bac te ria-
like struc tures were well pre served, ow ing to rapid ce men -
ta tion by cal cite and sil ica.

The re la tion ship be tween the bac te ria-bear ing coat ings, 
the min eral grains, and the ce ment sug gests that the pos si ble 
IRB grew in a surficial layer of soft sed i ments.

The bac te ria-like struc tures de scribed here pos sess
forms very sim i lar to that of pres ent-day bac te rial sheaths,
fil a ments and rods from the Sphaerotilus–Leptothrix group.
This sim i lar ity leads the au thors to fur ther in ter pre ta tion of
the pos si ble en vi ron men tal con di tions pre vail ing at the bot -
tom, if bac te ria from this group could ex ist there and formed 
the incrustations. Be cause pres ent-day bac te ria from the
Leptothrix group can live around low-tem per a ture hy dro -
ther mal vents, the au thors sug gest pos si ble sim i lar con di -
tions on the deep-sea floor of the Silesian and Tatric bas ins.
This may fur ther in di cate that bac te ria could have played an
im por tant role in iron and man ga nese ac cu mu la tion in the
bas ins. The oc cur rence of hy dro ther mal vents dur ing Ceno-
manian–Turonian times was sug gested pre vi ously, us ing
geochem i cal in di ces for the sed i ments in the Outer Carpa-
thian bas ins.
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