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Sed i men tary and diagenetic en vi ron ments of Mid dle Or do vi cian iron-rich 
lime stones (Pobroszyn For ma tion) in the north ern Holy Cross Moun tains, Po land
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Trela W. (2008) — Sed i men tary and diagenetic en vi ron ments of Mid dle Or do vi cian iron-rich lime stones (Pobroszyn For ma tion) in the
north ern Holy Cross Moun tains, Po land. Geol. Quart., 52 (3): 199–212. Warszawa.

The Mid dle Or do vi cian (Dapingian) of the north ern Holy Cross Moun tains (cen tral Po land) is rep re sented by con densed lime stones that
make up the Pobroszyn For ma tion. They re veal a com plex strat i fi ca tion re flect ing al ter nat ing depositional con di tions. The basal lime -
stones were de pos ited in open-ma rine con di tions dur ing the early Mid dle Or do vi cian sea level rise (navis Zone) cor re lated with the
Baltoscandian Gärdlosa drown ing. Pe ri ods of non-de po si tion as so ci ated with this trans gres sion fa voured pre cip i ta tion of authigenic Fe
min er als close to the sed i ment-wa ter in ter face. The up per part of this suc ces sion ap pears to rep re sent a suc ceed ing depositional phase as -
so ci ated with a sec ond transgressive event, which prob a bly in volved re work ing of the un der ly ing lithified sub strate. High en ergy events
were in ter rupted by pe ri ods of non-de po si tion fa vour ing de vel op ment of ben thic mi cro bial com mu ni ties con trib ut ing to Fe authigenesis.
The Pobroszyn For ma tion re veals fea tures sug gest ing an early diagenetic al ter ation of the par ent car bon ate sed i ment in a shal low ma rine
set ting (e.g., beach shoreface) or even was in flu enced by me te oric diagenesis, which prob a bly took place dur ing a sea level fall pre ced ing 
the sec ond transgressive event.
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INTRODUCTION

This pa per dis cusses sed i men tary and diagenetic en vi ron -
ments of Mid dle Or do vi cian lime stones in the north ern Holy
Cross Moun tains (HCM, cen tral Po land) in the con text of sea
level changes. The north ern HCM is an ex posed seg ment of the 
£ysogóry Unit, which to the south con tacts with the
Ma³opolska Mas sif along the Holy Cross Fault (Fig. 1). In the
Mid dle Or do vi cian both of these ter ranes were lo cated in the
mar ginal re gion of Baltica (Dadlez et al., 1994; Cocks and
Torsvik, 2005; Nawrocki et al., 2007) within a tem per ate/cool
wa ter realm of the south ern high lat i tude belt (Trela, 2005,
2008). Thus, the sea level his tory re con structed for
Baltoscandia (Niel sen, 2004) ap pears to be a good back ground
for pro cesses dis cussed in this pa per.

Sev eral lines of ev i dence sug gest that the Mid dle Or do vi -
cian lime stones from the north ern HCM were sub jected to
diagenetic al ter ation de pend ent on the min er al og i cal com po -
si tion of the par ent car bon ate sed i ment, that ac cu mu lated
within a cool/tem per ate wa ter en vi ron ment. How ever, some

fea tures sug gest an in flu ence of me te oric wa ters upon the
microfabric pat tern of the lime stone. Me te oric diagenesis and
pedogenic ho ri zons are used as ev i dence of subaerial ex po -
sure in ma rine car bon ate suc ces sions (Read and Grover,
1977; Esteban and Klappa, 1983; Choquette and James, 1988; 
Tucker and Wright, 1990; Wright, 1994; Moore, 2001). How -
ever, in the case of the Or do vi cian, the rec og ni tion of me te oric 
over print ing and pedogenic pro cesses is ham pered by a lack
of di ag nos tic fea tures pro duced by plants. Van Houten (1985) 
sug gested that the higher CO2 level of the Or do vi cian at mo -
sphere con trib uted to more acidic groundwaters at high lat i -
tude, which re sulted in weath er ing sim i lar to that ob served to -
day in for ested trop i cal set tings.

The Or do vi cian suc ces sion in the north ern HCM was stud -
ied in the con text of the strati graphic and tec tonic evo lu tion of
this re gion (Dzik, 1999; Trela et al., 2001; Trela, 2006a and ref -
er ences herein). A pre lim i nary in ter pre ta tion of the sed i men -
tary en vi ron ment of the lime stone stud ied has been pro posed
by Trela et al. (2001) and Trela (2003). How ever, none of these 
stud ies have dis cussed de tails of ma rine authigenesis and
diagenesis, and their re la tion to sea level fluc tu a tion.



MATERIAL AND METHODS

De tailed sedimentological stud ies were
car ried out on lime stones of the Pobroszyn
For ma tion, which are ex posed at Pobroszyn, 
in the east ern part of the north ern HCM
(Figs. 1 and 2). The lithological and
sedimentological ob ser va tions of this lime -
stone in cluded: rock col our, li thol ogy, sed i -
men tary struc tures and strat i fi ca tion types.
Petrographic de scrip tion is based on study of 
more than 30 stained and un stained thin sec -
tions. These stud ies were sup ple mented by
elec tron microprobe anal y ses us ing a Leo
1430 scan ning mi cro scope equipped with an 
EDS-ISIS 300 sys tem. Small pieces of se -
lected sam ples were ob served un der a scan -
ning elec tron mi cro scope (SEM) af ter slight
etch ing with di luted HCl to en hance
micromorphology. Thin sec tions were pol -
ished and ex am ined un der cathodolumines -
cence (CL) mi cros copy to de ter mine ce ment 
growth pat terns. CL ana lys ing was per -
formed us ing a Nicon Optiphot 2 po lar mi -
cro scope linked with a Cam bridge Im age
Tech nol ogy Ltd. cathodoluminescence unit
CCL 8200 mk3. Gen eral op er at ing con di -
tions for CL were a beam volt age of 12 to
15 kV and a beam cur rent of ap prox i mately
0.6 mA.

GEOLOGICAL BACKGROUND 
AND STRATIGRAPHY

In the type lo cal ity (Pobroszyn), the base 
of the Pobroszyn For ma tion is de fined by a
con spic u ous dis con ti nu ity (Fig. 2), which
sep a rates the lime stones stud ied from the
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Fig. 1. Lo ca tion of the Holy Cross Moun tains (A) and the Pobroszyn sec tion (B)

£U — £ysogóry Unit; MM — Ma³opolska Mas sif; USB — Up per Silesian Block; 1 — Cal edo nian front; 2 — Variscan front; 3 — Al pine front; HCF —
Holy Cross Fault; TESZ — Trans-Eu ro pean Su ture Zone

Fig. 2. Lith o logical and strati graphical sec tion of the Or do vi cian suc ces sion 
in Pobroszyn (stra tig ra phy af ter Trela et al., 2001; Trela, 2006a)



un der ly ing mudstones and shales of the Brzezinki For ma tion,
dated by acritarchs di ag nos tic for the up per most Tremadocian
(Trela et al., 2001; Trela, 2006a). Cono dont data in di cate that
the Pobroszyn For ma tion lies within the Baltoniodus navis
Zone (Dzik, 1999) and there fore can be cor re lated with the
Dapingian global stage of the Mid dle Or do vi cian. The over ly -
ing phos phate-rich suc ces sion be longs to the Bukowiany For -
ma tion and cor re lates with the up per Darriwilian and Sandbian
global stages (Trela, 2006a, 2008). The con tact with the
Bukowiany For ma tion is also marked by a con spic u ous dis con -
ti nu ity with a hi a tus cor re spond ing to the lower or even mid dle
part of the Darriwilian stage (Trela, 2006a, 2008; Fig. 2).

The thick ness of the Pobroszyn For ma tion in creases west -
wards, to 2.8 m in the Jeleniów 2 bore hole (Fig. 3) where it
rests upon the low er most Tremadocian claystones of the
Brzezinki For ma tion (Trela, 2006a). How ever, in the
Bukowiany 1a bore hole a hi a tus be tween the Pobroszyn and
Brzezinki for ma tions in cludes also the low er most
Tremadocian (Fig. 3). The bulk of the Pobroszyn For ma tion in
both of the bore holes stud ied is made up of green ish si der it ic
lime stones in ter ca lated with finely crys tal line lime stones con -
tain ing dis persed or con cen trated peb bles and intraclasts of
vari able li thol ogy (up to 3 cm long), quartz grains and skel e tal
frag ments (Tomczyk and Turnau-Morawska, 1967). The si der -
it ic lime stones re veal col our mot tling and con tain green ooids

and pisoids (up to 1 cm in di am e ter) with a well-pre served lam -
i nar struc ture cut by septarian-like mi cro-cracks (Tomczyk and
Turnau-Morawska, 1967). The peb bles are mostly com posed
of dark cherty shales and phosphorites, whereas intraclasts con -
sist of car bon ate rocks.

In the south ern HCM, the Pobroszyn For ma tion cor re lates
with var ie gated mudstones and car bon ates of the Szumsko For -
ma tion over lain by bioturbated sand stones with co quina
interbeds of the Bukówka For ma tion (Trela, 2006a), which
form a nar row belt pass ing south wards into grey/green shales
of the Brzeziny For ma tion (Fig. 4).

SEDIMENTARY AND PETROGRAPHIC DESCRIPTION

The Pobroszyn For ma tion in the sec tion stud ied is rep re -
sented by two beds, each re veal ing dif fer ent strat i fi ca tion. They 
are ref er eed to as the basal com pos ite lime stone bed (up to
25 cm thick — clb) and the over ly ing lam i nated red bed (lr), up
to 15 cm thick (Figs. 5 and 6). The com pos ite lime stone bed is
well dated by cono donts of the Baltoniodus navis Zone (Dzik,
1999). Un for tu nately, un til now, the lam i nated red bed lacks
any biostratigraphic data that might al low its pre cise strati -
graphic cor re la tion.
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Fig. 3. Cor re la tion of the Mid dle Or do vi cian lime stone be tween the Pobroszyn sec tion and the Jeleniów 2 
and Bukowiany 1a bore holes (stra tig ra phy af ter: Tomczyk and Turnau-Morawska, 1967; 

Trela et al., 2001; Trela, 2006a)

uFg — up per Furongian



COMPOSITE LIMESTONE BED (CLB)

This bed dis plays a com pos ite in ter nal strat i fi ca tion pat tern, 
and thus can be di vided into two lev els (Fig. 5A). How ever, lat -
er ally one of these lev els can be miss ing re sult ing in sig nif i cant
re duc tion of the bed’s thick ness.

Level I — re veals char ac ter is tic red col our mot tling  on a
grey/green back ground (Fig. 5). The in cip i ent sed i ment
brecciation and red he ma tite stain ing (blis ters, holes,
microtufts, per fo ra tion and microfissure in fill ings) are com -
mon fea tures of this level (Fig. 5A). Thin cal cite lay ers (up to
3 cm thick) and lenses oc cur at the base of this unit (Fig. 5B, C). 
More over, this level con tains phosphorite peb bles (up to 3 cm
long) and mono- to polycrystalline quartz grains (up to 1 cm in

di am e ter) scat tered within the car bon ate groundmass
(Fig. 5A, C). These are ac com pa nied by black coated grains, up 
to 1–4 mm in di am e ter, “float ing” to gether with the dark clot ted 
sed i ment in the host lime stone (Figs. 5C and 7). In places,
small-scale and Fe-im preg nated dis con ti nu ity sur faces, en -
crusted by tiny Fe stromatolites and ac com pa nied by small iron
su per fi cial ooids (up to 0.7 mm in di am e ter), oc cur within this
level (Figs. 5C, 7 and 8A). In SEM im ages the stromatolites
and he ma tite pig men ta tion show more or less reg u lar net work
to flocculent ultrastructure or a hon ey comb-like pat tern of
walls sur round ing cir cu lar pits (Fig. 8B, C). Elec tron
microprobe anal y ses dem on strate that the iron phase of the
ooids and stromatolites is rep re sented by iron-rich chlorite
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Fig. 4. Dis tri bu tion of the Mid dle Or do vi cian lithostratigraphic units in the Holy Cross Mts.

A — Dapingian (navis cono dont zone), B — lower and mid dle Darriwilian



(Fig. 8A, D) re ferred herein to “chamositic clay min eral” (Van
Houten and Purucker, 1984). These au thors in tro duced this as a 
gen eral term for iron-rich A trioctahedral ser pen tin ite
(berthierine) and iron-rich 1A trioctahedral (chlorite). In ad di -
tion, the iron-rich chlorite phase is ubiq ui tously as so ci ated with 
interparticle po ros ity of the host lime stone. How ever, in the
case of the black coated grains the dom i nant iron phase is
opaque fer ric ox ides (goethite) re plac ing the pri mary
chamositic min eral. The black grains are oval to ir reg u larly
shaped and con tain in clu sions of de tri tal terrigenous silt, and in
some cases, they dis play poorly de fined thin cor ti cal laminae
(Figs. 7 and 9A, B, C). Thus, their struc ture is con sis tent with
iron pisoids/ooids or even with sphe roi dal spongiostroma -
te/porostromate oncoids; how ever, some of these grains seem
to be frag ments of iron-rich sed i ment. In ad di tion, they re veal
circumgranular crack ing filled with fine-grained sed i ment or
cal cite ce ment, whereas some parts of these grains are com -
pletely leached and re placed by fi brous or blocky cal cite ce -
ment (Fig. 9A, B, C).
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Fig. 5. Pol ished slab of the com pos ite lime stone bed with red he ma -
tite pig men ta tion (blis ters, per fo ra tion and microfissure in fill ings)

A — brecciated lime stone of level I re veal ing diagenetic col our mot tling
and dark phosphorite peb bles (fp) over lain by re worked lime stone of level
II; B — thin cal cite layer at the base of the com pos ite lime stone bed; C —
thin cal cite layer over lain by lime stone with dark phosphorite peb bles (fp),
quartz grains (Q) and dark grains float ing within car bon ate back ground;
note tiny Fe microstromatolites show ing crude lam i na tion (white ar rows)
and pen dant cal cite ce ment un der neath dark phosphorite peb bles (pc)

Fig. 6. Pol ished slab of the lam i nated red bed

A — con tin u ous tran si tion from the com pos ite lime stone bed (level II) with 
scat tered iron ooids to lam i nated red lime stone, Lc – lime stone clast; B —
thin pale grey lime stone interbed oc cur ring within the mid dle por tion of the 
red lam i nated lime stone; C — tiny col umns and sed i ment mot tling re fer -
able to mi cro bial or i gin vis i ble within the red lam i nated lime stone; D —
tiny col umns (white ar row) oc cu py ing the base of the lime stone layer
(shown in B); note a su tured small-scale dis con ti nu ity sur face cov ered by
an Fe im preg nated crust at the top of this layer (black ar rows)



Mi cro scop i cally, the lime stone of the level con sid ered re -
veals fine to coarse crys tal line microfabric with com mon crys -
tal size mot tling and displacive growth fea tures (Figs. 9 and
10A). The fine crys tal line sed i ment dis plays a mo saic of
microspar to fine spar crys tals with sparsely dis trib uted coarser
pseudospar (anhedral) crys tals. The crys tals show ir reg u lar
intercrystalline bound aries; how ever, embayed large grains
and float ing-grain tex tures as well as leached skel e tal grains
oc cur in this dense crys tal line groundmass. In some cases, the
intercrystalline space is filled with the car bon ate mud or
iron-rich ma trix. Un der CL, this kind of microfabric dis plays
nonluminescent crys tals rimmed by brightly or ange lu mi nes -
cent thin laminae; how ever, dull lu mi nes cent crys tals oc cur
also. The coarse crys tal line fab ric is rep re sented by the in clu -
sion-rich coarse blocky cal cite ce ment ac com pa nied by co lum -
nar crys tals, which form a more or less ir reg u lar net work in the
finely crys tal line or iron-rich back ground (Fig. 9D, E). More -
over, the blocky ce ment com monly fills the leached grains and
rarely may be pres ent as crys tal silt within leached voids. Un der 
CL, the coarse blocky crys tals are usu ally nonluminescent but
some of them re veal also nonluminescent to bright/dull
zonation and ir reg u lar crys tal bound aries (Fig. 10A, B). Elec -
tron microprobe anal y ses dem on strate an ad mix ture of FeO (up 
to 2.20 wt.%) and MnO (up to 1.33 wt.%) within the blocky
cal cite crys tals. The outer sur faces of large voids, frac tures or
frag ments of host sed i ment are com monly rimed by den dritic
and radiaxial fi brous high Mg cal cite ce ment (Fig. 10A, C, D).
The lat ter one con sists of cloudy or tur bid, fi brous to bladed
crys tals (up to sev eral milli metres long) grow ing per pen dic u -

larly to the sub strate and ex hib it ing straight to undulouse ex -
tinc tion (Fig. 10C, D). The den dritic cal cite to gether with
blocky cal cite com monly fills the large voids or interporosity
space. The elon gated co lum nar radiaxial fi brous cal cite form -
ing isopachous crusts are the dom i nant ce ment mor phol ogy
within cal cite lay ers and lenses oc cur ring in the lower por tion
of the level con sid ered (Fig. 5B, C). These crys tals reach sev -
eral milli metres in length and re veal many in clu sions and a low
iron con tent. In CL they are pre dom i nantly nonluminescent
with only thin brightly lu mi nes cent en ve lopes in the outer parts
of the crys tals (Fig. 10E). The other kind of cal cite ce ment in -
cludes clear bladed or blocky crys tals oc cur ring as patchy con -
cen tra tions, an ir reg u lar net work, or as a circumgranular ce -
ment sur round ing some grains and peb bles (Fig. 9D, E). In
places, they form a pen dant or microstalactitic ce ment un der -
neath the peb bles or be low the dis con ti nu ity sur faces (Fig. 9B,
C). Lo cally, the clear blocky ce ment fills the com plex ir reg u lar
cracks, which form ir reg u lar net works or patchy con cen tra tions 
emplaced upon the  microfabrics char ac ter ized above.

Level II — re veals a rel a tively high rate of sed i ment re -
work ing in di cated by the pres ence of lime stone clasts show ing
petrographic fea tures con sis tent with car bon ate sed i ment from
the un der ly ing level (Fig. 11A). A com mon fea ture of this level
are tiny Fe-stromatolite-like struc tures com posed of the
chamositic phase and re placed lo cally by he ma tite, and rest ing
on small-scale indurated dis con ti nu ities (Fig. 11A). In some
cases, these struc tures en crust the lime stone clasts but in places
they are re worked and re placed up wards by iron pisoids and
ooids (Fig. 11). Elec tron microprobe anal y ses dem on strate that
these coated grains are com posed of iron-rich chlorite re fer able
to chamosite or berthierine. The brown/green pisoids (up to
1.5 cm in di am e ter) dis play an el lip soi dal shape with fine con -
cen tric cor ti cal laminae. They are mixed with worn skel e tal
grains and iron ooids, and are con cen trated largely at a mi nor
dis con ti nu ity sur face. The iron ooids in this ho ri zon are com -
monly crushed and dis torted, and show a lam i nar fab ric
(Fig. 11B). How ever, up wards they are rep re sented by
well-pre served yel low to brown su per fi cial ooids (up to 1.0 mm 
in di am e ter) with a poorly lam i nated cor tex, scat tered within
the car bon ate back ground (Figs. 6A and 12A). Their nu cleus
dis plays an iron-rich ir reg u lar in ter nal struc ture with a small ad -
mix ture of de tri tal terrigenous silt, and circumgranular and
septarian mi cro-crack ing filled by the light cal cite ce ment
(Fig. 12A, B). The chamositic phase in pisoids and ooids is re -
placed by kaolinite and blocky or fi brous cal cite oblit er at ing
their pri mary struc ture (Figs. 11C and 12B, C, D, E).

Lat er ally, the sec ond level may be rep re sented by a con -
glom er ate bed, up to 10 cm thick, con sist ing of lime stone and
iron-rich clasts of var i ous sizes, mixed with iron pisoids and
pisoids/ooids (Fig. 13A). The iron-rich clasts are rep re sented
by mas sive chamosite and he ma tite as well as by Fe-stro -
matolite mats. The lat ter clasts are com monly dis torted and
con sist of al ter nat ing laminae com posed of opaque iron ox -
ides (goethite/he ma tite) and chamosite re placed lo cally by
clear blocky cal cite ce ment (Fig. 13B). In turn, the lime stone
clasts are much better rounded and dis play a ce ment mor phol -
ogy con sis tent with lime stone of the first level, in clud ing den -
dritic and radiaxial fi brous cal cite (Fig. 13A). Some clasts are
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Fig. 7. Pol ished slab show ing Fe microstromatolites oc cur ring upon
the dis con ti nu ity sur faces — hardground

Note black iron-rich grains within the host lime stone and lam i nar coat ing
on large grains (B — bot tom right); the box marks a pho to mi cro graph of
the microstromatolite vis i ble in Fig ure 8D



com posed of iron-rich micrite-sized car bon ate with an ad mix -
ture of silt- to sand-size quartz grains and circumgranular
crack ing (Fig. 13C).

LAMINATED RED BED (LR)

The base of this bed is de lin eated by a Fe-stained dis con ti nu -
ity; how ever, in some places there is con tin u ous sed i men tary
tran si tion from the un der ly ing iron ooid-bear ing lime stone
(Fig. 6A). The bed shows dis tinct lam i na tion ex pressed by red

and pale grey laminae (Fig. 6A, B). The light laminae con sist of
coarse cal cite crys tals, whereas the red laminae are com posed of
opaque iron ox ides that show a blis ter to tuft-like pat tern mixed
with cal cite crys tals. Lo cally, tiny mi cro bial col umns and sed i -
ment mot tling can be vis i ble in some parts of this bed (Fig. 6C).
In places, the cal cite laminae ob served mi cro scop i cally re veal
recrystallized glob u lar struc tures or microcolumns re sem bling
the or ganic microfabric. A thin (up to 1.5 cm) pale grey lime -
stone layer with scat tered cri noids and brachi o pods oc curs
within the mid dle por tion of this bed (Fig. 6B). The base of this
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Fig. 8A — pho to mi cro graph of a su per fi cial iron ooid and its chem i cal com po si tion, plane-po lar ized light
(PPL); B, C — SEM im ages of the he ma tite pig men ta tion show ing a more or less reg u lar net work to a

flocculent ultrastructure (B) and tiny Fe-stromatolites re veal ing a hon ey comb-like pat tern of walls sur -
round ing cir cu lar pits (C); D — pho to mi cro graph of Fe-stromatolites (shown in Fig. 7B) and its 

chem i cal com po si tion; note cal cite re place ments within this struc ture, PPL
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Fig. 9A–B — pho to mi cro graph show ing black iron ooids re veal ing in clu sions of de tri tal terrigenous silt, cal cite re place ment and
circumgranular crack ing; the grains float within a fine crys tal line microfabric; note the pen dant ce ment on the lower sur faces of ooids (B),
PPL; C — pho to mi cro graph of microstalactitic ce ment un der neath a small dis con ti nu ity sur face; the host lime stone shows a fine crys tal line
microfabric; note black iron ooid with fi brous cal cite re place ment in the lower part of the pic ture, PPL; D — pho to mi cro graph in di cat ing

coarse crys tal line fab ric rep re sented by the in clu sion-rich coarse blocky cal cite ce ment ac com pa nied by tiny co lum nar crys tals re plac ing the
fine crys tal line microfabric, note circumgranular ce ment on the lower sur face of the phosphorite peb ble, PPL; E — pho to mi cro graph show -

ing coarse crys tal line fab ric form ing a more or less reg u lar net work within the finely crys tal line back ground, crossed polars (XPL)

Fig. 10A — pho to mi cro graph show ing dense micrite to
microsparite groundmass (up per por tion) within por tion
of coarse crys tal line fab ric (left part), note rim of den -
dritic and radiaxial fi brous cal cite on clast (Lc) de rived
from the back ground car bon ate, PPL; B — CL im age of
coarse crys tal line cal cite (marked on A) show ing
nonluminescent to bright/dull zonation and ir reg u lar
crys tal bound aries; C–E — pho to mi cro graphs of elon -
gated co lum nar radiaxial fi brous cal cite form ing
isopachous crusts that are the dom i nant ce ment mor phol -
ogy within cal cite lay ers (shown in Fig. 5B, C), XPL (C),
PPL (D); un der CL (E) these crys tals are nonluminescent
with only thin brightly lu mi nes cent outer en ve lope
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Fig. 11A — pol ished slab of re worked lime stone of level II with lime stone clasts (Lc) show ing petrographic fea tures con sis tent with car bon ate
sed i ment of the un der ly ing level; tiny Fe-stromatolite-like struc tures oc cur on the small-scale dis con ti nu ities or en crust the lime stone clasts
(short ar rows), they are com monly re placed by he ma tite; the iron pisoids with cal cite re place ment oc cur in the up per most part of the bed

(long ar rows); B — pho to mi cro graph of crushed iron ooids (chamositic) ac com pa ny ing the pisoids, PPL; C — pho to mi cro graph of iron pisoid 
re placed by blocky and acicular cal cite ce ments (from the up per part of the bed vis i ble on A), XPL

Fig. 12A — pho to mi cro graph show ing iron ooids 
float ing within fine crys tal line back ground; note
fine cor ti cal lam i na tion of ooids and septarian
mi cro-crack ing, PPL; B — pho to mi cro graph of
iron ooid re placed by blocky cal cite ce ment, note
septarian mi cro-cracks in side the grain, XPL; C
— CL pho to mi cro graph of fi brous cal cite ce -
ment re plac ing iron pisoid (marked in Fig. 11C)
dis play ing dull lu mi nes cence; D, E — pho to mi -
cro graph of iron ooid with fine shrink age cracks, 
com pletely re placed by cal cite ce ment, D — PPL, 
E — CL



layer is oc cu pied by sparsely-spaced tiny mi cro bial col umns,
whereas the top is de lin eated by a su tured small-scale dis con ti -
nu ity sur face cov ered by the Fe-im preg nated crust (Fig. 6D)

DISCUSSION

SEDIMENTARY ENVIRONMENT

The con spic u ous dis con ti nu ity at the base of the Pobroszyn
For ma tion, re ported both from the type sec tion and from bore -
hole logs, marks a ma jor change in the depositional con di tions
of the pri mary sed i ments. The strat i fi ca tion pat tern of the com -
pos ite lime stone bed al lows two stages in its de vel op ment to be
dis tin guished. The first stage was co eval with the de po si tion of
level I, which re veals fea tures com monly noted in con densed
sec tions and hardgrounds of pe lagic realms. The sed i men tary
con di tions of this level were dom i nated by non-de po si tion pe ri -
ods or by a low sed i men ta tion rate fa vour ing pre cip i ta tion of an 
authigenic Fe phase, which im preg nated the mi nor dis con ti nu -
ities and pore spaces and also al lowed microstromatolites to
thrive close to the sed i ment-wa ter in ter face. Level I was de pos -
ited in an open ma rine set ting iso lated from the source of

terrigenous ma te rial; how ever, some peb bles, quartz grains and 
black coated grains were oc ca sion ally de liv ered there. It is
note wor thy that starved open ma rine con di tions of the
Palaeozoic are pos tu lated for in situ de vel op ment of iron ooids
(Young, 1989, 1992), which ac com pany the mi nor dis con ti nu -
ities oc cur ring within this level. The black grains, show ing
microfabric con sis tent with soil pisoids/ooids or frag ments of
iron-rich soils (see Siehl and Thein, 1989), might have been de -
rived by storms from areas un der go ing weath er ing that were lo -
cated close to the mar ginal ma rine zone. The re la tion ship of
chamosite with microstomatolite struc tures sug gest that mi cro -
bial ac tiv ity may have con trib uted to pre cip i ta tion of the iron
phase. The honeycomb-like pat tern of these struc tures in SEM
im ages may cor re spond to or ganic ma te rial (exopolymeric sub -
stances) of bac te rial or i gin that was ca pa ble of en gulf ing a va ri -
ety of met als, e.g. iron (McLean et al., 1996; Préat et al., 1999).
Tay lor and Curtis (1995) in di cate that berthierine, which is in -
ter preted as the pre cur sor of chamosite, pre cip i tates dur ing the
early pe riod of suboxic diagenesis when sul phide ac tiv ity in
pore wa ter is low. In the case stud ied these con di tions might
have been achieved through fluc tu a tions of the re dox bound ary
be low the mi cro bial com mu nity.
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Fig. 13A — pol ished slab of con glom er ate bed com posed of lime stone and iron-rich clasts
— regolith, the ce ment mor phol ogy within the lime stone clasts in cludes fine to coarse crys -
tal line fab ric (ccf) and radiaxial fi brous cal cite (rfc), note chamosite clasts (chc) within the

con glom er ate and iron pisoids above it (long ar row); B — pho to mi cro graph show ing Fe
stromatolite clast with cal cite re place ment, PPL; C — pho to mi cro graph of iron-rich

micrite-sized car bon ate clast show ing ad mix ture of silt- to sand-size quartz grains and
circumgranular crack ing, PPL



The sec ond phase in de vel op ment of the com pos ite bed
(level II) was closely con trolled by in tense re work ing, which
re sulted in the con cen tra tion of lime stone, he ma tite and
Fe-stromatolite clasts in the con glom er ate bed. How ever, the
high en ergy events were in ter rupted by pe ri ods of non-de po si -
tion that fa voured colo nis ation of the sub strate by mi cro bial
com mu ni ties con trib ut ing to Fe authigenesis. Their ero sion and 
then de po si tion to gether with lime stone and he ma tite clasts in -
di cate that the sed i men tary re gime of level II has ex pe ri enced
mul ti ple phases of re work ing and Fe authigenesis. The abun -
dance of iron-coated grains in the up per most por tion of this
level mixed with some lime stone clasts and worn skel e tal frag -
ments in di cate that the iron pisoids and ooids were also re-de -
pos ited. Thus, the sed i men tary re cord of the level II fits pre -
cisely to a two-stage depositional his tory of iron ooids, which
were win nowed and re worked from the source area to be fi -
nally ac cu mu lated to gether with skel e tal ma te rial at the site of
de po si tion. It is con sis tent with the widely ac cepted idea that
re work ing and win now ing pro cesses are im por tant agents driv -
ing re place ment of iron ooids and pisoids from ter res trial and
mar ginal ma rine set tings or off shore swells into the open
marine environment (Siehl and Thein, 1989; Young, 1989,
1992; Cot ter, 1992).

DIAGENETIC ENVIRONMENT

Level I of the com pos ite lime stone bed re veals mi cro scopic
fea tures sug gest ing early diagenetic al ter ation of the par ent car -
bon ate sed i ment. The rims of bladed and blocky circumgranular
cal cite ce ment on some grains and clasts as well as the radiaxial
fi brous crys tals on the sur faces of pores and cav i ties are di ag nos -
tic of a shal low ma rine set ting, e.g., beach shoreface (Inden and
Moore, 1983; James and Choquette, 1990a; Moore, 2001). This
kind of ce men ta tion is com mon in the ma rine phreatic zone
(Tucker and Wright, 1990; James and Choquette, 1990b;
Moore, 2001), but rare ex am ples of pen dant and microstalactitic
ce ments within the lime stone stud ied sug gest also ma rine vadose 
con di tions. The cal cite lay ers and lenses at the base of the com -
pos ite bed show fea tures of fi brous radiaxial crusts, which are
char ac ter is tic of ma rine and me te oric en vi ron ments. Their
microfabric is some what sim i lar to speleothems con sid ered as
pre cip i tates in dic a tive of emer gence and karstification
(Thrailkill, 1976; Folk and Assereto, 1978; Esteban and Klappa,
1983; Vera et al., 1988). In fresh wa ter en vi ron ments, the
radiaxial pal i sade fab ric is in ter preted as recrystallized
stromatolites that un der went mul ti ple neomorphic changes
(Freytet and Verrecchia, 1998, 1999). The oc cur rence of vari -
ably sized and ori ented cal cite-filled cracks in di cates that
dessication and ex pan sive growth fol lowed by cal cite pre cip i ta -
tion were im por tant agents con trol ling the microfabric pat tern of
the com pos ite lime stone bed.

A num ber of mac ro scopic fea tures sug gest me te oric over -
print upon the par ent lime stone. They in clude diagenetic col our 
mot tling, incipiently brecciated sed i ment and Fe-stain ing. In
ad di tion, the microfabric of this level in di cates replacive and
de struc tive cal cite growth (e.g. a float ing grain tex ture and rare
embayed grains) that may be re ferred to fine crys tal-sized al pha 
cal crete (sensu Tucker and Wright, 1990; Wright, 1994;
Wright and Tucker, 1991). Fur ther ev i dence for me te oric

diagenesis co mes from the com plex ir reg u lar cracks or tiny
frac tures filled by more coarsely crys tal line cal cite within the
finely crys tal line back ground, which ap pear to re flect the con -
duits of me te oric wa ters. Other early diagenetic fea tures typ i cal 
of the me te oric diagenetic en vi ron ment in clude blocky cal cite
ce ment re plac ing the iron ooids as well as circumgranular and
septarian crack ing within these grains.

CL ob ser va tions pro vide ad di tional sup port for the me te oric
or i gin of the microfabric of the com pos ite lime stone bed. The CL 
pat tern of the fine crys tal line groundmass as well as the radiaxial
fi brous and blocky ce ments in di cates a pre dom i nance of
nonluminescent cal cite, re flect ing the ap par ently ox i dized na ture 
of the shal low me te oric wa ters (Meyers, 1974, 1978; Grover and 
Read, 1983; Choquette and James, 1988; Neimann and Read,
1988, Wright and Peeters, 1988; Tucker and Wright, 1990). Thin 
brightly lu mi nes cent outer laminae and zones sug gest an in flu -
ence of re duc ing con di tions (Meyers, 1991; Tucker and Wright,
1990). The oc cur rence of both lu mi nes cent (bright to dull) and
nonluminescent cal cite zones within some coarse cal cite crys tals
ap pears to re flect changes of re dox con di tions pos si bly brought
about in the shal low phreatic zone as a re sult of fluc tu a tions in
the level of the wa ter ta ble. This is sup ported by ir reg u lar crys tal
out lines pro duced by pre cip i ta tion and dis so lu tion of crys tals
dur ing fluc tu at ing lev els of CaCO3 sat u ra tion.

SEDIMENTATION AND DIAGENESIS IN THE CONTEXT 
OF SEA LEVEL CHANGES

The biostratigraphic and sed i men tary data in di cate that the
dis con ti nu ity at the base of the Pobroszyn For ma tion in cludes a
hi a tus cor re spond ing to the Floian stage and lo cally to the up per
Tremadocian. A com pa ra ble break of sed i men ta tion, ini ti ated in
the late Tremadocian and last ing up to the late Darriwilian, has
been doc u mented in some lo cal i ties of the south ern HCM (Trela, 
2006b). By con trast, a sig nif i cant sea level rise, in ter rupted by a
few third or der sea level falls, has been doc u mented on
Baltoscandia dur ing the Floian stage (Niel sen, 2004). Thus, data
from the HCM in di cate that re gional tec tonic ac tiv ity might have 
been an im por tant agent re spon si ble for de vel op ment of the un -
con formity (re gional se quence bound ary) at the base of the
Pobroszyn For ma tion. As can be in ferred from the
biostratigraphic re cord (Dzik, 1999), the de po si tion of the
Pobroszyn For ma tion was co eval with the early Mid dle Or do vi -
cian sea level rise (navis Zone) cor re lated with the Gärdlosa
drown ing on Baltoscandia (Niel sen, 2004). In the south ern
HCM, the same trans gres sion was re spon si ble for de po si tion of
the Szumsko For ma tion (Trela, 2006a, b; Fig. 4).

The sed i men tary and diagenetic his tory of the Pobroszyn
For ma tion might have been closely as so ci ated with a
palaeohigh pos tu lated by Kowalczewski (1994) in the cen tral
HCM (Fig. 4). The lo cal tec tonic ac tiv ity (fault ing) af fect ing
this palaeohigh along with a drop in sea level might have re -
sulted in lo ca tion of the Pobroszyn For ma tion within the mar -
ginal shoreface set ting and with early diagenetic ce men ta tion
within a ma rine phreatic en vi ron ment. How ever, some sed i -
men tary and petrographic fea tures sug gest par tial emer gence of 
the Pobroszyn lo cal ity and sub se quent me te oric diagenesis of
the pri mary lime stone. With changes of sea level, com plex pat -
terns of su per im posed coastal and subaerial pro cesses may act
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on the same ex posed sur face. Re work ing of the lithified car -
bon ate sub strate within the coastal zone was an im por tant agent 
con trol ling the sed i men tary re cord. Data de rived from the
Jeleniów 2 bore hole in di cate the mul ti ple de struc tion of the
lithificated sub strate.

Strati graphic data al low cor re la tion of this early diagenetic
ce men ta tion and me te oric over print in the Pobroszyn For ma -
tion with the early and mid dle Darriwilian sea level (late
Arenig–early Llanvirn) lowstand in ter val in Baltoscandia
(Niel sen, 2004). In the south ern HCM, the same lowstand in -
ter val is re corded by sand stones of the Bukówka For ma tion
(Fig. 4), de pos ited in a shal low nearshore en vi ron ment (Trela,
2006b).

The level II of the com pos ite bed ap pears to rep re sent a new 
sed i men tary phase as so ci ated with the fol low ing trans gres sion, 
which prob a bly re worked the un der ly ing indurated sub strate or 
regolith ho ri zon (con glom er ate bed) as so ci ated with pre ced ing
lowstand in ter val. Ma rine flood ing was also re spon si ble for
re-de po si tion of iron pisoids and ooids (com monly de formed
and crushed) from mar ginal or ter res trial set tings. Some car -
bon ate clasts, with terrigenous clastic de tri tus and
circumgranular crack ing, ap pear to be de rived from re worked
car bon ate microcrystalline soil crusts. The over ly ing red lam i -
nated lime stone bed can be in ter preted as an iron-stromatolite
de pos ited dur ing the max i mum flood ing stage or even the early 
phase of sea level highstand. Its sed i men tary re cord sug gests
that this bed ex pe ri enced a re duced sed i men ta tion rate (or even
omis sion con di tions) cou pled with for ma tion of the Fe crust.
The leach ing and circumgranular/septarian crack ing of iron
pisoids and ooids and their re place ment by clear blocky and fi -
brous cal cite ce ments sug gest that the sed i men tary re cord of
the sec ond level, as with the un der ly ing lime stone, was al tered
to some ex tent by me te oric pro cesses. This can be also in ferred
from the oc cur rence of kaolinite re plac ing the chamosite phase
within the leached iron coated grains. This kind of re place ment
in iron stones is pos tu lated to be prod uct of early diagenesis or
subaerial weath er ing (Kears ley, 1989). In ad di tion, me te oric
wa ters likely con trib uted to the re place ment of chamosite by
fer ric ox ides (see Mücke and Doering, 1994), which form the
dom i nant Fe phase within the tiny stromatolites of level II and

the red lam i nated bed. How ever, it seems plau si ble that he ma -
tite re place ment orig i nated from autooxidation of Fe2+ by a
mat-form ing bac te rial com mu nity grow ing un der
microaerophilic con di tions in open and calm ma rine wa ters
(see Préat et al., 1999).

CONCLUSIONS

Mid dle Or do vi cian de pos its in the north ern Holy Cross
Mts. (£ysogóry Unit of cen tral Po land) were tem po rarily ex -
posed in a trench dug in Pobroszyn. They are rep re sented by
two beds, 25 and 15 cm thick re spec tively, which form a con -
densed unit dated by means of cono donts of the navis Zone.
The basal lime stone bed re veals a com plex strat i fi ca tion pat -
tern re flect ing al ter nat ing sed i men tary con di tions. The oc cur -
rence of a cono dont fauna in di cates that this lime stone was de -
pos ited in the open ma rine realm dur ing the early Mid dle Or -
do vi cian sea level rise (navis Zone) co eval with the Gärdlosa
drown ing on Baltoscandia. A rel a tively low sed i men ta tion
rate of this bed fa voured early diagenetic Fe authigenesis me -
di ated by ben thic mi cro or gan isms. It is note wor thy that this
lime stone dis plays fea tures sug gest ing early diagenetic al ter -
ation of the par ent car bon ate sed i ment in a mar ginal ma rine
set ting (e.g., shoreface) or even me te oric en vi ron ment pro -
duced dur ing sub se quent sea level fall. The higher re worked
part of the lower bed ap pears to rep re sent a re newed
depositional phase as so ci ated with a sec ond transgressive
event. High en ergy events were in ter rupted by non-de po si tion 
pe ri ods fa vour ing de vel op ment of ben thic mi cro bial com mu -
ni ties con trib ut ing to Fe authigenesis. The over ly ing red lam i -
nated lime stone bed can be in ter preted as an iron-stromatolite
de pos ited dur ing the fi nal stage of the sec ond trans gres sion or
even dur ing the early phase of sea level highstand.
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