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Sedimentary and diagenetic environments of Middle Ordovician iron-rich
limestones (Pobroszyn Formation) in the northern Holy Cross Mountains, Poland
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The Middle Ordovician (Dapingian) of the northern Holy Cross Mountains (central Poland) is represented by condensed limestones that
make up the Pobroszyn Formation. They reveal a complex stratification reflecting alternating depositional conditions. The basal lime-
stones were deposited in open-marine conditions during the early Middle Ordovician sea level rise (navis Zone) correlated with the
Baltoscandian Gérdlosa drowning. Periods of non-deposition associated with this transgression favoured precipitation of authigenic Fe
minerals close to the sediment-water interface. The upper part of this succession appears to represent a succeeding depositional phase as-
sociated with a second transgressive event, which probably involved reworking of the underlying lithified substrate. High energy events
were interrupted by periods of non-deposition favouring development of benthic microbial communities contributing to Fe authigenesis.
The Pobroszyn Formation reveals features suggesting an early diagenetic alteration of the parent carbonate sediment in a shallow marine
setting (e.g., beach shoreface) or even was influenced by meteoric diagenesis, which probably took place during a sea level fall preceding

the second transgressive event.
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INTRODUCTION

This paper discusses sedimentary and diagenetic environ-
ments of Middle Ordovician limestones in the northern Holy
Cross Mountains (HCM, central Poland) in the context of sea
level changes. The northern HCM is an exposed segment of the
Lysogéry Unit, which to the south contacts with the
Matopolska Massif along the Holy Cross Fault (Fig. 1). In the
Middle Ordovician both of these terranes were located in the
marginal region of Baltica (Dadlez et al., 1994; Cocks and
Torsvik, 2005; Nawrocki ef al., 2007) within a temperate/cool
water realm of the southern high latitude belt (Trela, 2005,
2008). Thus, the sea level history reconstructed for
Baltoscandia (Nielsen, 2004) appears to be a good background
for processes discussed in this paper.

Several lines of evidence suggest that the Middle Ordovi-
cian limestones from the northern HCM were subjected to
diagenetic alteration dependent on the mineralogical compo-
sition of the parent carbonate sediment, that accumulated
within a cool/temperate water environment. However, some

features suggest an influence of meteoric waters upon the
microfabric pattern of the limestone. Meteoric diagenesis and
pedogenic horizons are used as evidence of subaerial expo-
sure in marine carbonate successions (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 Ordovician, the recognition of meteoric
overprinting and pedogenic processes is hampered by a lack
of diagnostic features produced by plants. Van Houten (1985)
suggested that the higher CO, level of the Ordovician atmo-
sphere contributed to more acidic groundwaters at high lati-
tude, which resulted in weathering similar to that observed to-
day in forested tropical settings.

The Ordovician succession in the northern HCM was stud-
ied in the context of the stratigraphic and tectonic evolution of
this region (Dzik, 1999; Trela et al., 2001; Trela, 2006a and ref-
erences herein). A preliminary interpretation of the sedimen-
tary environment of the limestone studied has been proposed
by Trela et al. (2001) and Trela (2003). However, none of these
studies have discussed details of marine authigenesis and
diagenesis, and their relation to sea level fluctuation.



200 Wiestaw Trela

East-European
Craton
(Baltica)

KIELCE

LYSOGORY UNIT

Jele i9w2 Bukowiany 1a

MALOPOLSKA MASSIF

Pobroszyn

Fig. 1. Location of the Holy Cross Mountains (A) and the Pobroszyn section (B)

LU — Lysogory Unit; MM — Matopolska Massif; USB — Upper Silesian Block; 1 — Caledonian front; 2 — Variscan front; 3 — Alpine front; HCF —

Holy Cross Fault; TESZ — Trans-European Suture Zone
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Fig. 2. Lithological and stratigraphical section of the Ordovician succession
in Pobroszyn (stratigraphy after Trela et al., 2001; Trela, 2006a)

MATERIAL AND METHODS

Detailed sedimentological studies were
carried out on limestones of the Pobroszyn
Formation, which are exposed at Pobroszyn,
in the eastern part of the northern HCM
(Figs. 1 and 2). The lithological and
sedimentological observations of this lime-
stone included: rock colour, lithology, sedi-
mentary structures and stratification types.
Petrographic description is based on study of
more than 30 stained and unstained thin sec-
tions. These studies were supplemented by
electron microprobe analyses using a Leo
1430 scanning microscope equipped with an
EDS-ISIS 300 system. Small pieces of se-
lected samples were observed under a scan-
ning electron microscope (SEM) after slight
etching with diluted HCI to enhance
micromorphology. Thin sections were pol-
ished and examined under cathodolumines-
cence (CL) microscopy to determine cement
growth patterns. CL analysing was per-
formed using a Nicon Optiphot 2 polar mi-
croscope linked with a Cambridge Image
Technology Ltd. cathodoluminescence unit
CCL 8200 mk3. General operating condi-
tions for CL were a beam voltage of 12 to
15 kV and a beam current of approximately
0.6 mA.

GEOLOGICAL BACKGROUND
AND STRATIGRAPHY

In the type locality (Pobroszyn), the base
of the Pobroszyn Formation is defined by a
conspicuous discontinuity (Fig. 2), which
separates the limestones studied from the
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Fig. 3. Correlation of the Middle Ordovician limestone between the Pobroszyn section and the Jeleniow 2
and Bukowiany 1a boreholes (stratigraphy after: Tomczyk and Turnau-Morawska, 1967;
Trela et al., 2001; Trela, 2006a)

uFg — upper Furongian

underlying mudstones and shales of the Brzezinki Formation,
dated by acritarchs diagnostic for the uppermost Tremadocian
(Trela et al., 2001; Trela, 2006a). Conodont data indicate that
the Pobroszyn Formation lies within the Balfoniodus navis
Zone (Dzik, 1999) and therefore can be correlated with the
Dapingian global stage of the Middle Ordovician. The overly-
ing phosphate-rich succession belongs to the Bukowiany For-
mation and correlates with the upper Darriwilian and Sandbian
global stages (Trela, 2006a, 2008). The contact with the
Bukowiany Formation is also marked by a conspicuous discon-
tinuity with a hiatus corresponding to the lower or even middle
part of the Darriwilian stage (Trela, 20064, 2008; Fig. 2).

The thickness of the Pobroszyn Formation increases west-
wards, to 2.8 m in the Jeleniow 2 borehole (Fig. 3) where it
rests upon the lowermost Tremadocian claystones of the
Brzezinki Formation (Trela, 2006a). However, in the
Bukowiany 1a borehole a hiatus between the Pobroszyn and
Brzezinki  formations includes also the lowermost
Tremadocian (Fig. 3). The bulk of the Pobroszyn Formation in
both of the boreholes studied is made up of greenish sideritic
limestones intercalated with finely crystalline limestones con-
taining dispersed or concentrated pebbles and intraclasts of
variable lithology (up to 3 cm long), quartz grains and skeletal
fragments (Tomczyk and Turnau-Morawska, 1967). The sider-
itic limestones reveal colour mottling and contain green ooids

and pisoids (up to 1 cm in diameter) with a well-preserved lam-
inar structure cut by septarian-like micro-cracks (Tomczyk and
Turnau-Morawska, 1967). The pebbles are mostly composed
of dark cherty shales and phosphorites, whereas intraclasts con-
sist of carbonate rocks.

In the southern HCM, the Pobroszyn Formation correlates
with variegated mudstones and carbonates of the Szumsko For-
mation overlain by bioturbated sandstones with coquina
interbeds of the Bukowka Formation (Trela, 2006a), which
form a narrow belt passing southwards into grey/green shales
of the Brzeziny Formation (Fig. 4).

SEDIMENTARY AND PETROGRAPHIC DESCRIPTION

The Pobroszyn Formation in the section studied is repre-
sented by two beds, each revealing different stratification. They
are refereed to as the basal composite limestone bed (up to
25 cm thick — clb) and the overlying laminated red bed (Ir), up
to 15 em thick (Figs. 5 and 6). The composite limestone bed is
well dated by conodonts of the Baltoniodus navis Zone (Dzik,
1999). Unfortunately, until now, the laminated red bed lacks
any biostratigraphic data that might allow its precise strati-
graphic correlation.
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Fig. 4. Distribution of the Middle Ordovician lithostratigraphic units in the Holy Cross Mts.

A — Dapingian (navis conodont zone),

COMPOSITE LIMESTONE BED (CLB)

This bed displays a composite internal stratification pattern,
and thus can be divided into two levels (Fig. 5A). However, lat-
erally one of these levels can be missing resulting in significant
reduction of the bed’s thickness.

Level I — reveals characteristic red colour mottling on a
grey/green background (Fig. 5). The incipient sediment
brecciation and red hematite staining (blisters, holes,
microtufts, perforation and microfissure infillings) are com-
mon features of this level (Fig. 5A). Thin calcite layers (up to
3 cm thick) and lenses occur at the base of this unit (Fig. 5B, C).
Moreover, this level contains phosphorite pebbles (up to 3 cm
long) and mono- to polycrystalline quartz grains (up to 1 cm in

B — lower and middle Darriwilian

diameter) scattered within the carbonate groundmass
(Fig. 5A, C). These are accompanied by black coated grains, up
to 1-4 mm in diameter, “floating” together with the dark clotted
sediment in the host limestone (Figs. 5C and 7). In places,
small-scale and Fe-impregnated discontinuity surfaces, en-
crusted by tiny Fe stromatolites and accompanied by small iron
superficial ooids (up to 0.7 mm in diameter), occur within this
level (Figs. 5C, 7 and 8A). In SEM images the stromatolites
and hematite pigmentation show more or less regular network
to flocculent ultrastructure or a honeycomb-like pattern of
walls surrounding circular pits (Fig. 8B, (). Electron
microprobe analyses demonstrate that the iron phase of the
ooids and stromatolites is represented by iron-rich chlorite
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Fig. 5. Polished slab of the composite limestone bed with red hema-
tite pigmentation (blisters, perforation and microfissure infillings)

A — brecciated limestone of level I revealing diagenetic colour mottling
and dark phosphorite pebbles (fp) overlain by reworked limestone of level
II; B — thin calcite layer at the base of the composite limestone bed; C —
thin calcite layer overlain by limestone with dark phosphorite pebbles (fp),
quartz grains (Q) and dark grains floating within carbonate background;
note tiny Fe microstromatolites showing crude lamination (white arrows)
and pendant calcite cement underneath dark phosphorite pebbles (pc)

Fig. 6. Polished slab of the laminated red bed

A — continuous transition from the composite limestone bed (level II) with
scattered iron ooids to laminated red limestone, L¢ — limestone clast; B —
thin pale grey limestone interbed occurring within the middle portion of the
red laminated limestone; C — tiny columns and sediment mottling refer-
able to microbial origin visible within the red laminated limestone; D —
tiny columns (white arrow) occupying the base of the limestone layer
(shown in B); note a sutured small-scale discontinuity surface covered by
an Fe impregnated crust at the top of this layer (black arrows)

(Fig. 8A, D) referred herein to “chamositic clay mineral” (Van
Houten and Purucker, 1984). These authors introduced this as a
general term for iron-rich A trioctahedral serpentinite
(berthierine) and iron-rich 1A trioctahedral (chlorite). In addi-
tion, the iron-rich chlorite phase is ubiquitously associated with
interparticle porosity of the host limestone. However, in the
case of the black coated grains the dominant iron phase is
opaque ferric oxides (goethite) replacing the primary
chamositic mineral. The black grains are oval to irregularly
shaped and contain inclusions of detrital terrigenous silt, and in
some cases, they display poorly defined thin cortical laminae
(Figs. 7 and 9A, B, C). Thus, their structure is consistent with
iron pisoids/ooids or even with spheroidal spongiostroma-
te/porostromate oncoids; however, some of these grains seem
to be fragments of iron-rich sediment. In addition, they reveal
circumgranular cracking filled with fine-grained sediment or
calcite cement, whereas some parts of these grains are com-
pletely leached and replaced by fibrous or blocky calcite ce-
ment (Fig. 9A, B, C).
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Fig. 7. Polished slab showing Fe microstromatolites occurring upon
the discontinuity surfaces — hardground

Note black iron-rich grains within the host limestone and laminar coating
on large grains (B — bottom right); the box marks a photomicrograph of
the microstromatolite visible in Figure 8D

Microscopically, the limestone of the level considered re-
veals fine to coarse crystalline microfabric with common crys-
tal size mottling and displacive growth features (Figs. 9 and
10A). The fine crystalline sediment displays a mosaic of
microspar to fine spar crystals with sparsely distributed coarser
pseudospar (anhedral) crystals. The crystals show irregular
intercrystalline boundaries; however, embayed large grains
and floating-grain textures as well as leached skeletal grains
occur in this dense crystalline groundmass. In some cases, the
intercrystalline space is filled with the carbonate mud or
iron-rich matrix. Under CL, this kind of microfabric displays
nonluminescent crystals rimmed by brightly orange lumines-
cent thin laminae; however, dull luminescent crystals occur
also. The coarse crystalline fabric is represented by the inclu-
sion-rich coarse blocky calcite cement accompanied by colum-
nar crystals, which form a more or less irregular network in the
finely crystalline or iron-rich background (Fig. 9D, E). More-
over, the blocky cement commonly fills the leached grains and
rarely may be present as crystal silt within leached voids. Under
CL, the coarse blocky crystals are usually nonluminescent but
some of them reveal also nonluminescent to bright/dull
zonation and irregular crystal boundaries (Fig. 10A, B). Elec-
tron microprobe analyses demonstrate an admixture of FeO (up
to 2.20 wt.%) and MnO (up to 1.33 wt.%) within the blocky
calcite crystals. The outer surfaces of large voids, fractures or
fragments of host sediment are commonly rimed by dendritic
and radiaxial fibrous high Mg calcite cement (Fig. 10A, C, D).
The latter one consists of cloudy or turbid, fibrous to bladed
crystals (up to several millimetres long) growing perpendicu-

larly to the substrate and exhibiting straight to undulouse ex-
tinction (Fig. 10C, D). The dendritic calcite together with
blocky calcite commonly fills the large voids or interporosity
space. The elongated columnar radiaxial fibrous calcite form-
ing isopachous crusts are the dominant cement morphology
within calcite layers and lenses occurring in the lower portion
of the level considered (Fig. 5B, C). These crystals reach sev-
eral millimetres in length and reveal many inclusions and a low
iron content. In CL they are predominantly nonluminescent
with only thin brightly luminescent envelopes in the outer parts
of the crystals (Fig. 10E). The other kind of calcite cement in-
cludes clear bladed or blocky crystals occurring as patchy con-
centrations, an irregular network, or as a circumgranular ce-
ment surrounding some grains and pebbles (Fig. 9D, E). In
places, they form a pendant or microstalactitic cement under-
neath the pebbles or below the discontinuity surfaces (Fig. 9B,
C). Locally, the clear blocky cement fills the complex irregular
cracks, which form irregular networks or patchy concentrations
emplaced upon the microfabrics characterized above.

Level IT — reveals a relatively high rate of sediment re-
working indicated by the presence of limestone clasts showing
petrographic features consistent with carbonate sediment from
the underlying level (Fig. 11A). A common feature of this level
are tiny Fe-stromatolite-like structures composed of the
chamositic phase and replaced locally by hematite, and resting
on small-scale indurated discontinuities (Fig. 11A). In some
cases, these structures encrust the limestone clasts but in places
they are reworked and replaced upwards by iron pisoids and
ooids (Fig. 11). Electron microprobe analyses demonstrate that
these coated grains are composed of iron-rich chlorite referable
to chamosite or berthierine. The brown/green pisoids (up to
1.5 cm in diameter) display an ellipsoidal shape with fine con-
centric cortical laminae. They are mixed with worn skeletal
grains and iron ooids, and are concentrated largely at a minor
discontinuity surface. The iron ooids in this horizon are com-
monly crushed and distorted, and show a laminar fabric
(Fig. 11B). However, upwards they are represented by
well-preserved yellow to brown superficial ooids (up to 1.0 mm
in diameter) with a poorly laminated cortex, scattered within
the carbonate background (Figs. 6A and 12A). Their nucleus
displays an iron-rich irregular internal structure with a small ad-
mixture of detrital terrigenous silt, and circumgranular and
septarian micro-cracking filled by the light calcite cement
(Fig. 12A, B). The chamositic phase in pisoids and ooids is re-
placed by kaolinite and blocky or fibrous calcite obliterating
their primary structure (Figs. 11C and 12B, C, D, E).

Laterally, the second level may be represented by a con-
glomerate bed, up to 10 cm thick, consisting of limestone and
iron-rich clasts of various sizes, mixed with iron pisoids and
pisoids/ooids (Fig. 13A). The iron-rich clasts are represented
by massive chamosite and hematite as well as by Fe-stro-
matolite mats. The latter clasts are commonly distorted and
consist of alternating laminae composed of opaque iron ox-
ides (goethite/hematite) and chamosite replaced locally by
clear blocky calcite cement (Fig. 13B). In turn, the limestone
clasts are much better rounded and display a cement morphol-
ogy consistent with limestone of the first level, including den-
dritic and radiaxial fibrous calcite (Fig. 13A). Some clasts are
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Fig. 8A — photomicrograph of a superficial iron ooid and its chemical composition, plane-polarized light
(PPL); B, C — SEM images of the hematite pigmentation showing a more or less regular network to a
flocculent ultrastructure (B) and tiny Fe-stromatolites revealing a honeycomb-like pattern of walls sur-
rounding circular pits (C); D — photomicrograph of Fe-stromatolites (shown in Fig. 7B) and its
chemical composition; note calcite replacements within this structure, PPL

composed of iron-rich micrite-sized carbonate with an admix-
ture of silt- to sand-size quartz grains and circumgranular
cracking (Fig. 13C).

LAMINATED RED BED (LR)

The base of this bed is delineated by a Fe-stained discontinu-
ity; however, in some places there is continuous sedimentary
transition from the underlying iron ooid-bearing limestone
(Fig. 6A). The bed shows distinct lamination expressed by red

and pale grey laminae (Fig. 6A, B). The light laminae consist of
coarse calcite crystals, whereas the red laminae are composed of
opaque iron oxides that show a blister to tuft-like pattern mixed
with calcite crystals. Locally, tiny microbial columns and sedi-
ment mottling can be visible in some parts of this bed (Fig. 6C).
In places, the calcite laminae observed microscopically reveal
recrystallized globular structures or microcolumns resembling
the organic microfabric. A thin (up to 1.5 cm) pale grey lime-
stone layer with scattered crinoids and brachiopods occurs
within the middle portion of this bed (Fig. 6B). The base of this
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Fig. 9A-B — photomicrograph showing black iron ooids revealing inclusions of detrital terrigenous silt, calcite replacement and
circumgranular cracking; the grains float within a fine crystalline microfabric; note the pendant cement on the lower surfaces of ooids (B),
PPL; C — photomicrograph of microstalactitic cement underneath a small discontinuity surface; the host limestone shows a fine crystalline

microfabric; note black iron ooid with fibrous calcite replacement in the lower part of the picture, PPL; D — photomicrograph indicating
coarse crystalline fabric represented by the inclusion-rich coarse blocky calcite cement accompanied by tiny columnar crystals replacing the
fine crystalline microfabric, note circumgranular cement on the lower surface of the phosphorite pebble, PPL; E — photomicrograph show-
ing coarse crystalline fabric forming a more or less regular network within the finely crystalline background, crossed polars (XPL)

Fig. 10A — photomicrograph showing dense micrite to
microsparite groundmass (upper portion) within portion
of coarse crystalline fabric (left part), note rim of den-
dritic and radiaxial fibrous calcite on clast (Lc) derived
from the background carbonate, PPL; B — CL image of
coarse crystalline calcite (marked on A) showing
nonluminescent to bright/dull zonation and irregular
crystal boundaries; C-E — photomicrographs of elon-
gated columnar radiaxial fibrous calcite forming
isopachous crusts that are the dominant cement morphol-
ogy within calcite layers (shown in Fig. 5B, C), XPL (C),
PPL (D); under CL (E) these crystals are nonluminescent
with only thin brightly luminescent outer envelope
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Fig. 11A — polished slab of reworked limestone of level II with limestone clasts (Lc) showing petrographic features consistent with carbonate
sediment of the underlying level; tiny Fe-stromatolite-like structures occur on the small-scale discontinuities or encrust the limestone clasts
(short arrows), they are commonly replaced by hematite; the iron pisoids with calcite replacement occur in the uppermost part of the bed
(long arrows); B — photomicrograph of crushed iron ooids (chamositic) accompanying the pisoids, PPL; C — photomicrograph of iron pisoid
replaced by blocky and acicular calcite cements (from the upper part of the bed visible on A), XPL

Fig. 12A — photomicrograph showing iron ooids
floating within fine crystalline background; note
fine cortical lamination of ooids and septarian
micro-cracking, PPL; B — photomicrograph of
iron ooid replaced by blocky calcite cement, note
septarian micro-cracks inside the grain, XPL; C
— CL photomicrograph of fibrous calcite ce-
ment replacing iron pisoid (marked in Fig. 11C)
displaying dull luminescence; D, E — photomi-
crograph of iron ooid with fine shrinkage cracks,
completely replaced by calcite cement, D — PPL,
E—CL
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Fig. 13A — polished slab of conglomerate bed composed of limestone and iron-rich clasts
— regolith, the cement morphology within the limestone clasts includes fine to coarse crys-
talline fabric (ccf) and radiaxial fibrous calcite (rfc), note chamosite clasts (chc) within the

conglomerate and iron pisoids above it (long arrow); B— photomicrograph showing Fe
stromatolite clast with calcite replacement, PPL; C — photomicrograph of iron-rich
micrite-sized carbonate clast showing admixture of silt- to sand-size quartz grains and
circumgranular cracking, PPL

layer is occupied by sparsely-spaced tiny microbial columns,
whereas the top is delineated by a sutured small-scale disconti-
nuity surface covered by the Fe-impregnated crust (Fig. 6D)

DISCUSSION

SEDIMENTARY ENVIRONMENT

The conspicuous discontinuity at the base of the Pobroszyn
Formation, reported both from the type section and from bore-
hole logs, marks a major change in the depositional conditions
of the primary sediments. The stratification pattern of the com-
posite limestone bed allows two stages in its development to be
distinguished. The first stage was coeval with the deposition of
level 1, which reveals features commonly noted in condensed
sections and hardgrounds of pelagic realms. The sedimentary
conditions of this level were dominated by non-deposition peri-
ods or by a low sedimentation rate favouring precipitation of an
authigenic Fe phase, which impregnated the minor discontinu-
ities and pore spaces and also allowed microstromatolites to
thrive close to the sediment-water interface. Level I was depos-
ited in an open marine setting isolated from the source of

terrigenous material; however, some pebbles, quartz grains and
black coated grains were occasionally delivered there. It is
noteworthy that starved open marine conditions of the
Palaeozoic are postulated for in situ development of iron ooids
(Young, 1989, 1992), which accompany the minor discontinu-
ities occurring within this level. The black grains, showing
microfabric consistent with soil pisoids/ooids or fragments of
iron-rich soils (see Siehl and Thein, 1989), might have been de-
rived by storms from areas undergoing weathering that were lo-
cated close to the marginal marine zone. The relationship of
chamosite with microstomatolite structures suggest that micro-
bial activity may have contributed to precipitation of the iron
phase. The honeycomb-like pattern of these structures in SEM
images may correspond to organic material (exopolymeric sub-
stances) of bacterial origin that was capable of engulfing a vari-
ety of metals, e.g. iron (McLean et al., 1996; Préat et al., 1999).
Taylor and Curtis (1995) indicate that berthierine, which is in-
terpreted as the precursor of chamosite, precipitates during the
early period of suboxic diagenesis when sulphide activity in
pore water is low. In the case studied these conditions might
have been achieved through fluctuations of the redox boundary
below the microbial community.
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The second phase in development of the composite bed
(level II) was closely controlled by intense reworking, which
resulted in the concentration of limestone, hematite and
Fe-stromatolite clasts in the conglomerate bed. However, the
high energy events were interrupted by periods of non-deposi-
tion that favoured colonisation of the substrate by microbial
communities contributing to Fe authigenesis. Their erosion and
then deposition together with limestone and hematite clasts in-
dicate that the sedimentary regime of level II has experienced
multiple phases of reworking and Fe authigenesis. The abun-
dance of iron-coated grains in the uppermost portion of this
level mixed with some limestone clasts and worn skeletal frag-
ments indicate that the iron pisoids and ooids were also re-de-
posited. Thus, the sedimentary record of the level II fits pre-
cisely to a two-stage depositional history of iron ooids, which
were winnowed and reworked from the source area to be fi-
nally accumulated together with skeletal material at the site of
deposition. It is consistent with the widely accepted idea that
reworking and winnowing processes are important agents driv-
ing replacement of iron ooids and pisoids from terrestrial and
marginal marine settings or offshore swells into the open
marine environment (Siehl and Thein, 1989; Young, 1989,
1992; Cotter, 1992).

DIAGENETIC ENVIRONMENT

Level I of the composite limestone bed reveals microscopic
features suggesting early diagenetic alteration of the parent car-
bonate sediment. The rims of bladed and blocky circumgranular
calcite cement on some grains and clasts as well as the radiaxial
fibrous crystals on the surfaces of pores and cavities are diagnos-
tic of a shallow marine setting, e.g., beach shoreface (Inden and
Moore, 1983; James and Choquette, 1990a; Moore, 2001). This
kind of cementation is common in the marine phreatic zone
(Tucker and Wright, 1990; James and Choquette, 1990b;
Moore, 2001), but rare examples of pendant and microstalactitic
cements within the limestone studied suggest also marine vadose
conditions. The calcite layers and lenses at the base of the com-
posite bed show features of fibrous radiaxial crusts, which are
characteristic of marine and meteoric environments. Their
microfabric is somewhat similar to speleothems considered as
precipitates indicative of emergence and Kkarstification
(Thrailkill, 1976; Folk and Assereto, 1978; Esteban and Klappa,
1983; Vera et al, 1988). In freshwater environments, the
radiaxial palisade fabric is interpreted as recrystallized
stromatolites that underwent multiple neomorphic changes
(Freytet and Verrecchia, 1998, 1999). The occurrence of vari-
ably sized and oriented calcite-filled cracks indicates that
dessication and expansive growth followed by calcite precipita-
tion were important agents controlling the microfabric pattern of
the composite limestone bed.

A number of macroscopic features suggest meteoric over-
print upon the parent limestone. They include diagenetic colour
mottling, incipiently brecciated sediment and Fe-staining. In
addition, the microfabric of this level indicates replacive and
destructive calcite growth (e.g. a floating grain texture and rare
embayed grains) that may be referred to fine crystal-sized alpha
calcrete (senmsu Tucker and Wright, 1990; Wright, 1994;
Wright and Tucker, 1991). Further evidence for meteoric

diagenesis comes from the complex irregular cracks or tiny
fractures filled by more coarsely crystalline calcite within the
finely crystalline background, which appear to reflect the con-
duits of meteoric waters. Other early diagenetic features typical
of the meteoric diagenetic environment include blocky calcite
cement replacing the iron ooids as well as circumgranular and
septarian cracking within these grains.

CL observations provide additional support for the meteoric
origin of the microfabric of the composite limestone bed. The CL
pattern of the fine crystalline groundmass as well as the radiaxial
fibrous and blocky cements indicates a predominance of
nonluminescent calcite, reflecting the apparently oxidized nature
of the shallow meteoric waters (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 luminescent outer laminae and zones suggest an influ-
ence of reducing conditions (Meyers, 1991; Tucker and Wright,
1990). The occurrence of both luminescent (bright to dull) and
nonluminescent calcite zones within some coarse calcite crystals
appears to reflect changes of redox conditions possibly brought
about in the shallow phreatic zone as a result of fluctuations in
the level of the water table. This is supported by irregular crystal
outlines produced by precipitation and dissolution of crystals
during fluctuating levels of CaCOs saturation.

SEDIMENTATION AND DIAGENESIS IN THE CONTEXT
OF SEA LEVEL CHANGES

The biostratigraphic and sedimentary data indicate that the
discontinuity at the base of the Pobroszyn Formation includes a
hiatus corresponding to the Floian stage and locally to the upper
Tremadocian. A comparable break of sedimentation, initiated in
the late Tremadocian and lasting up to the late Darriwilian, has
been documented in some localities of the southern HCM (Trela,
2006b). By contrast, a significant sea level rise, interrupted by a
few third order sea level falls, has been documented on
Baltoscandia during the Floian stage (Nielsen, 2004). Thus, data
from the HCM indicate that regional tectonic activity might have
been an important agent responsible for development of the un-
conformity (regional sequence boundary) at the base of the
Pobroszyn Formation. As can be inferred from the
biostratigraphic record (Dzik, 1999), the deposition of the
Pobroszyn Formation was coeval with the early Middle Ordovi-
cian sea level rise (navis Zone) correlated with the Gérdlosa
drowning on Baltoscandia (Nielsen, 2004). In the southern
HCM, the same transgression was responsible for deposition of
the Szumsko Formation (Trela, 20064, b; Fig. 4).

The sedimentary and diagenetic history of the Pobroszyn
Formation might have been closely associated with a
palacohigh postulated by Kowalczewski (1994) in the central
HCM (Fig. 4). The local tectonic activity (faulting) affecting
this palaeohigh along with a drop in sea level might have re-
sulted in location of the Pobroszyn Formation within the mar-
ginal shoreface setting and with early diagenetic cementation
within a marine phreatic environment. However, some sedi-
mentary and petrographic features suggest partial emergence of
the Pobroszyn locality and subsequent meteoric diagenesis of
the primary limestone. With changes of sea level, complex pat-
terns of superimposed coastal and subaerial processes may act
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on the same exposed surface. Reworking of the lithified car-
bonate substrate within the coastal zone was an important agent
controlling the sedimentary record. Data derived from the
Jeleniéw 2 borehole indicate the multiple destruction of the
lithificated substrate.

Stratigraphic data allow correlation of this early diagenetic
cementation and meteoric overprint in the Pobroszyn Forma-
tion with the early and middle Darriwilian sea level (late
Arenig—early Llanvirn) lowstand interval in Baltoscandia
(Nielsen, 2004). In the southern HCM, the same lowstand in-
terval is recorded by sandstones of the Bukowka Formation
(Fig. 4), deposited in a shallow nearshore environment (Trela,
2006b).

The level 11 of the composite bed appears to represent a new
sedimentary phase associated with the following transgression,
which probably reworked the underlying indurated substrate or
regolith horizon (conglomerate bed) associated with preceding
lowstand interval. Marine flooding was also responsible for
re-deposition of iron pisoids and ooids (commonly deformed
and crushed) from marginal or terrestrial settings. Some car-
bonate clasts, with terrigenous clastic detritus and
circumgranular cracking, appear to be derived from reworked
carbonate microcrystalline soil crusts. The overlying red lami-
nated limestone bed can be interpreted as an iron-stromatolite
deposited during the maximum flooding stage or even the early
phase of sea level highstand. Its sedimentary record suggests
that this bed experienced a reduced sedimentation rate (or even
omission conditions) coupled with formation of the Fe crust.
The leaching and circumgranular/septarian cracking of iron
pisoids and ooids and their replacement by clear blocky and fi-
brous calcite cements suggest that the sedimentary record of
the second level, as with the underlying limestone, was altered
to some extent by meteoric processes. This can be also inferred
from the occurrence of kaolinite replacing the chamosite phase
within the leached iron coated grains. This kind of replacement
in ironstones is postulated to be product of early diagenesis or
subaerial weathering (Kearsley, 1989). In addition, meteoric
waters likely contributed to the replacement of chamosite by
ferric oxides (see Miicke and Doering, 1994), which form the
dominant Fe phase within the tiny stromatolites of level II and

the red laminated bed. However, it seems plausible that hema-
tite replacement originated from autooxidation of Fe*” by a
mat-forming  bacterial community  growing  under
microaerophilic conditions in open and calm marine waters
(see Préat et al., 1999).

CONCLUSIONS

Middle Ordovician deposits in the northern Holy Cross
Mts. (Lysogoéry Unit of central Poland) were temporarily ex-
posed in a trench dug in Pobroszyn. They are represented by
two beds, 25 and 15 cm thick respectively, which form a con-
densed unit dated by means of conodonts of the navis Zone.
The basal limestone bed reveals a complex stratification pat-
tern reflecting alternating sedimentary conditions. The occur-
rence of a conodont fauna indicates that this limestone was de-
posited in the open marine realm during the early Middle Or-
dovician sea level rise (navis Zone) coeval with the Gérdlosa
drowning on Baltoscandia. A relatively low sedimentation
rate of this bed favoured early diagenetic Fe authigenesis me-
diated by benthic microorganisms. It is noteworthy that this
limestone displays features suggesting early diagenetic alter-
ation of the parent carbonate sediment in a marginal marine
setting (e.g., shoreface) or even meteoric environment pro-
duced during subsequent sea level fall. The higher reworked
part of the lower bed appears to represent a renewed
depositional phase associated with a second transgressive
event. High energy events were interrupted by non-deposition
periods favouring development of benthic microbial commu-
nities contributing to Fe authigenesis. The overlying red lami-
nated limestone bed can be interpreted as an iron-stromatolite
deposited during the final stage of the second transgression or
even during the early phase of sea level highstand.
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