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The paper presents the hardgrounds and some other correlative discontinuity surfaces found in Upper Cretaceous
(Cenomanian—Maastrichtian) borehole sections of northern Poland. They were briefly described, and depositional environ-
ment was identified for both the underlying deposit (UD) and the overlying deposit (OD). The significance of these features
for both basin-wide correlations and broadly understood sequence stratigraphic techniques is highlighted. They were corre-
lated with other major discontinuity surfaces identified in boreholes of northern Poland in both drill cores and well logs if such
identification was reliable based on geophysical borehole data. All these discontinuity surfaces were referred to the bound-
aries of the individual depositional cycles determined within the Upper Cretaceous succession: K3-II/K3-11I, K3-11I/K3-1V,
K3-IV/IK4-1, K3-IV/K4-11, K4-1/K4-I1 (or Il or IV or V), K4-11I/K4-IV (or V), K4-1Va/K4-IVb, probably K4-1Vb/K4-V, and K4-V/Pc-I.
The discontinuity surfaces can be related to both sea level fluctuations and tectonic activity during the Subhercynian phases.
Most of them developed in relatively calm sedimentary conditions, outside the central part of the Mid-Polish Trough. The ex-
ceptions are three hardgrounds from the Czlopa—Szamotuty Zone, which seem to be associated mainly with the Late Creta-
ceous tectonic (including salt tectonics) activity of this zone. The most common UD/OD configuration of sedimentary
environments is the open-marine carbonate shelf both beneath and above the discontinuity surface. The second most com-
mon situation is the open-marine carbonate shelf beneath and the open-marine shelf with carbonate-siliceous sedimentation
above. The gaps at the surfaces span variously long intervals, ranging from short periods (spanning a fraction of a
depositional cycle) to long periods (comprising one or more depositional cycles). The position of the discontinuity surfaces
facilitates searching for any possible hiatuses in the sections of other boreholes, and paying attention to local changes in
sediment distribution patterns, and local tectonic activity.
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INTRODUCTION A specific kind of discontinuity surface is a hardground, very
common in carbonate sequences. Hardgrounds are
synsedimentarily lithified carbonate seafloors, exposed for a
significant period, that become hardened in situ by the precipi-

tation of carbonate cement in primary pore spaces (Wilson and

Research on both present-day and ancient depositional en-
vironments have resulted in the identification of various types of

discontinuity surfaces (e.g., Goldring and Kazmierczak, 1974;
Bromley, 1975; Kennedy and Garrison, 1975; Seilacher, 1981;
Clari et al., 1995), which can be manifested by bedding planes
that are very important features in the sedimentary succession.
They reflect a change in the conditions of sedimentation and
are often related to gaps in the sedimentary record. A disconti-
nuity surface is commonly defined as a surface that separates
younger from older sedimentary rocks where geometric,
sedimentological, diagenetic, or biostratigraphic criteria enable
to infer a break in sedimentation.
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Palmer, 1992).

Hardgrounds are often bored and/or encrusted with varied
fauna well adapted for hard-substrate living. They are com-
monly impregnated by iron oxides, glauconite and phospho-
rites. In many regions, hardground surfaces are traced over
large areas, reflecting uniform sedimentary conditions (Bromley
and Gale, 1982). A comprehensive summary of knowledge on
hardgrounds is given in Flugel (2004).

The use of hardgrounds and other discontinuity surfaces
and their significance for the Cretaceous stratigraphy are high-
lighted in many studies on the European Cretaceous basins, as
they are common features in the carbonate/chalk sequences
deposited under calcite sea and greenhouse climate conditions
(e.g., Voigt et al., 2008). They are commonly interpreted as
marking cycle boundaries in depositional sequences (e.g.,
Hancock, 1989; Witzke and Bunker, 1996; Mortimore et al.,
1998), indicating a cyclic deposition of the carbonate succes-
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sion. Therefore, hardgrounds are important features in se-
quence stratigraphic analysis as boundaries of variously ranked
sequences (e.g., Owen, 1996; Pandey et al., 2010).

Hardgrounds can be used to estimate both tectonic and
eustatic sea level changes and are thought to mark the regres-
sive troughs on sea level curves (Hancock, 1989), or to have
been followed by transgression (James and Bone, 1991; Jones
and Desrochers, 1992; Lehrmann and Goldhammer, 1999).
Hancock (1989) used them for the identification of sea level
changes during the Late Cretaceous in the British region. Con-
sidered to represent sequence boundaries, they were used in
developing a stratigraphical framework for the Turonian Chalk
succession of southern England (Gale, 1996).

In northern Germany and Denmark, hardground surfaces
were found in the Maastrichtian section (cf. Herring et al., 1996;
Ineson et al., 2006), in the Upper Turonian (Wiese and Kroger,
1998), and near the Cenomanian/Turonian boundary (Prauss,
2006 — hardground in the uppermost Cenomanian). Wilmsen
(2003) used a sequence stratigraphic analysis in the study of
the Cenomanian in northern Germany, identifying a number of
hardgrounds in the succession and concluding the eustatic na-
ture of most Cenomanian sea level variations. In the
Subhercynian Cretaceous Basin, Voigt et al. (2004) report the
presence of Upper Turonian/Middle Coniacian boundary
hardground. A hardground near the Cenomanian/Turonian
boundary is also known from the Lower Saxony Basin of north-
western Germany (at the top of the Plenus Bed) (Hilbrecht and
Dahmer, 1994). Another hardground from the uppermost
Cenomanian (below the Plenus Bed) is reported by Prauss
(2006) at Wunstorf.

In Lithuania, hardgrounds are a characteristic feature of the
Upper Turonian—Maastrichtian Mielupis Formation (Grigelis
and Leszczynski, 1998).

Hardground surfaces were also found in the Upper Creta-
ceous deposits of southern Poland. In the NE margin of the
Holy Cross Mts and the Miechéw Trough (Fig. 1A), they were
reported from the Cenomanian—Turonian part of the succes-
sion (Cieslinski, 1959; Marcinowski, 1974; Peryt, 1983;
Walaszczyk, 1992; Dubicka and Machalski, 2017). An excellent
example of formation of a composite hardground is described
by Olszewska-Nejbert (2004) from the eastern margin of the
Polish Jura Chain, north of Cracow. Krassowska (1973, 1986)
identified a number of hardgrounds in the Maastrichtian section
of boreholes from the Radom-Lublin region (Lublin Trough)
(Fig. 1A). In northern Poland, hardgrounds are particularly com-
mon in boreholes drilled in the Gorzéw Block and the adjacent
zone of the Szczecin Trough (this area is also called the
Szczecin—Gorzéw  Synclinorium; Karnkowski, 2010), in the
eastern part of the Peribaltic Syneclise and in the Mazury Ele-
vation (Fig. 1A).

The drill cores from boreholes of northern Poland also re-
veal the presence of other prominent discontinuity surfaces cor-
responding to the hardgrounds. Their identification is based on
faunal (macrofauna, foraminifers) and sedimentological (rock
types and nature of contact surface) evidence, supported by
well log interpretations.

In this paper, the chronostratigraphy is based on compre-
hensive studies of Btaszkiewicz and Cieslinski (1979),
Jaskowiak-Schoeneichowa (1981), Jaskowiak-Schoenei-
chowa and Krassowska (1983), and Btaszkiewicz (1997), in-
cluding some modification with respect to the Turonian/Co-
niacian boundary (Leszczynski, 2002a). A preliminary se-
quence stratigraphic approach to the Upper Cretaceous suc-
cession in the Polish Lowlands, and the identification of sedi-
mentary cyclicity as well as depositional systems and environ-
ments have been given by Leszczynski (1997a, b, 2010, 2012).

MATERIAL AND METHODS

All data referred to in this paper come from observation and
description of drill cores from Upper Cretaceous boreholes
drilled during the last decades in northern Poland. First, inven-
tory of descriptions of drill cores from available publications,
manuscripts of M. Jaskowiak-Schoeneichowa, and author’s
own observations was made in search for hardgrounds and
other correlative discontinuity surfaces. The hardgrounds were
then classified, and depositional environment was identified for
both the underlying deposit (UD) and the overlying deposit
(OD). They were also correlated with some other discontinuity
surfaces identified in nearby boreholes in both drill cores and
well logs, if such identification was reliable based on geophysi-
cal borehole data. Finally, the hardgrounds and the other dis-
continuity surfaces were referred to the boundaries of the indi-
vidual depositional cycles determined in the Upper Cretaceous
succession by Leszczynski (1997b, 2010, 2012, 2017). Some
drill core intervals with the hardgrounds, which are still in a rela-
tively good condition, have been photographed by K. Lesz-
czynski in  2017. One photo was taken by M.
Jaskowiak-Schoeneichowa at the early stage of drillcore log-
ging. Data from thin section observations derive from manu-
scripts of M. Jaskowiak-Schoeneichowa, made available to the
present author.

Unfortunately, most of the hardground surfaces are currently
unavailable for direct study because either the drill core has been
damaged and is incomplete, or it is lost and discarded. This is
why, also the discrimination between burrows and borings, and
the type of filing material (representing either UD or OD) is in
most cases not possible. Thus, the descriptions of the
hardgrounds can unfortunately lack some important information.

UPPER CRETACEOUS HARDGROUNDS
OF NORTHERN POLAND

GENERAL INFORMATION

Despite fragmentary coring in the Upper Cretaceous sec-
tions, we are able to recognize a considerable number of
hardgrounds in boreholes drilled across the Polish Lowlands.
During detailed lithological logging of drill cores, Jaskowiak-
Schoeneichowa (1972, 1973, 1974, 1978a, b, 1979, 1981;
Jaskowiak-Schoeneichowa and Krassowska, 1983; Jasko-
wiak-Schoeneichowa and Leszczynhski, 2014) and Leszczynski
(2014) identified and described a number of hardgrounds in the
Upper Cretaceous section of some boreholes from northern
Poland. These boreholes are clustered mainly in two areas: (1)
in northwestern Poland in the Gorzéw Block and the adjacent
zone of the Szczecin Trough, and (2) in northeastern Poland in
the eastern part of the Peribaltic Syneclise and in the Mazury EI-
evation (Fig. 1A). There is also one hardground surface re-
ported from the PloAsk 8 borehole in the Plock Trough
(Jaskowiak-Schoeneichowa and Krassowska, 1983; Lesz-
czynski, 2017; Fig. 1A, B-6).

The Gorzéw Block and the adjacent zone of the Szczecin
Trough are located in the distal area of the epicontinental Meso-
zoic sedimentary basin of Poland, to the south-west of its most
subsident, axial zone called the Mid-Polish Trough. The zone
was inverted during and after the Late Cretaceous to form the
Mid-Polish Swell (Dadlez et al., 1998; Wagner et al., 2002;
Krzywiec, 2006; Vejbaek et al., 2010). During Late Cretaceous
times, the Gorzow Block was an area of relatively quiescent tec-
tonic conditions, dominated by carbonate sedimentation, espe-
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cially in its western part (Jaskowiak-Schoeneichowa, 1981;
Leszczynski, 2010, 2012; Fig. 1B).

The Peribaltic Syneclise and Mazury Elevation are located
on the other side of the Mid-Polish Trough/Swell on the Pre-
cambrian Platform area, also in a tectonically quiescent zone
(Fig. 1A). However, there are a number of prominent gaps in
the Upper Cretaceous section in this region, related to non-de-
position periods due to bottom-current activity or weak and slow
uplifting movements (Krassowska, 1997; Leszczynski, 2012;
Fig. 1B). The Upper Cretaceous succession starts here with
carbonate-siliciclastic, mostly sandy deposition to grade up into
more muddy facies and, finally, into carbonate-siliceous and
carbonate ones, including marls and chalk (Fig. 1B).

The Upper Cretaceous sections of northern Poland, in which
hardgrounds are found, are composed predominantly of lime-
stone, chalk, marl, opoka (siliceous marl) and non-sandy to mod-
erately sandy gaize. The macrofaunal and foraminiferal determi-
nations provided in Tables 1, 2 and 3, and thus the stratigraphic
position of the hardgrounds and the other correlative discontinu-
ity surfaces, are based on the results of micro- and macro-
palaeontological analyses, both published (Gawor-Biedowa,
1972, 1974, 1978, 2014a, b; Jaskowiak-Schoeneichowa, 1972,
1973, 1974, 1978a, b, 1979, 1981; Witwicka, 1973; Cieslinski,
1974; Jaskowiak-Schoeneichowa and Krassowska, 1983;
Jaskowiak-Schoeneichowa and Leszczynski, 2014) and those
included as manuscripts in final reports of boreholes, stored at
the NGA (National Geological Archives). A very important role
was played by regional correlations of geophysical logs from
many boreholes distributed over large areas of NW and NE Po-
land. Reference to the depositional cyclicity is based on author’s
own investigations (Leszczynski, 1997b, 2010, 2012).

The following hardgrounds have been identified in the Late
Cretaceous sequence of northern Poland:

— Hardgrounds in Choszczno IG 1 and Zabicko 1 (Gorzéw
Block; Jaskowiak-Schoeneichowa, 1978b, 1981), which
separate K3-1ll from K3-1V.

— Hardgrounds in Gorzéw WIkp. IG 1 (Gorzéw Block;
Jaskowiak-Schoeneichowa, 1981; Jaskowiak-Schoe-
neichowa and Leszczynski, 2014), and Bartoszyce IG 1,
Ketrzyn IG 2 and presumably Ketrzyn IG 1 (Peribaltic
Syneclise; Jaskowiak-Schoeneichowa, 1974; Leszczyn-
ski, 2014), found between K3-IV and K4-I1.

— Hardground in Miedzychéd IG 1 (Gorzéw Block; Jasko-
wiak-Schoeneichowa, 1972), between K3-IV and K4-II.

— Hardground in Lusowo (Gorzow Block; Jasko-
wiak-Schoeneichowa, 1981), separating K4-I from K4-I1.

— Hardground in Bartoszyce IG 1 (Peribaltic Syneclise;
Jaskowiak-Schoeneichowa, 1974), between K4-Ill and
K4-IVb(?) — K4-V.

— Hardground in Plonsk 8 (Ptock Trough; Jaskowiak-
Schoeneichowa and Krassowska, 1983; Leszczynski,
2017), which separates K4-IVa from K4-IVb

— Hardground in Pastek IG 1 (Peribaltic Syneclise;
Jaskowiak-Schoeneichowa, 1973), between K4-IVa and
K4-IVb.

— Hardgrounds in Ketrzyn IG 1 and IG 2 (Peribaltic
Syneclise; Leszczynski, 2014), separating K4-lI from
K4-111, with a stratigraphic gap spanning K4-II.

— Hardground in Etk IG 1 (Mazury Elevation; Jasko-
wiak-Schoeneichowa, unpublished materials), which
separates K4-l from K4-1V, with a stratigraphic gap
spanning a long time interval of K4-Il and K4-IIl.

— Hardground in Krasnopol 1 (Mazury Elevation; Jasko-
wiak-Schoeneichowa, unpublished materials), between
K4-I and K4-V, with a stratigraphic gap also spanning a
long time interval of K4-1l, K4-lll and K4-IV.

There are also hardgrounds in the Cztopa—Szamotuty tec-
tonic zone (Jaskowiak-Schoeneichowa, 1981), namely: an
intra-K4-1l hardground in Szamotuty Geo 8 (Szczecin Trough),
and hardgrounds in Cziopa 3 (Szczecin Trough — between K3-II
and K3-lll or less likely between K3- and K3-ll) and in
Szamotuty Geo 16 (Szczecin Trough — also between K3-Il and
K3-III). All of them are most probably related to halotectonic ac-
tivity in this salt-cored tectonic zone, although a combination of
tectonic-eustatic factors cannot be excluded in these instances.

All the hardgrounds are briefly characterized below and
their position in terms of stratigraphy and sedimentary environ-
ment is illustrated in Figure 2. They are roughly correlated with
the sea level curve of Hancock (1989). For comparison, the re-
cent curve of Haq (2014) is also drawn.

SZCZECIN TROUGH AND GORZOW BLOCK

In the Gorzéw Block and the neighbouring zone of the
Szczecin Trough, hardground surfaces have been identified in
the following boreholes: Choszczno IG 1, Zabicko 1, Gorzéw
Wielkopolski 1G 1, Miedzychdd IG 1, Lusowo, Szamotuty
Geo 8, Szamotuty Geo 16 and Cztopa 3 (Fig. 1B and Table 1).

NE POLAND

In the Peribaltic Syneclise and Mazury Elevation,
hardground surfaces have been identified in the following bore-
holes (Fig. 1B and Table 2): Pastek IG 1, Bartoszyce IG 1,
Ketrzyn I1G 1, Ketrzyn IG 2, Efk IG 1 and Krasnopol 1. A discon-
tinuity surface with no significant gap is interpreted in the
Olsztyn IG 1 borehole. In the Ptock Trough, a hardground sur-
face was encountered in the Ptonsk 8 borehole.

Another hardground is suggested to occur in the Ketrzyn
IG 1 borehole (at ~464.0 m depth) between K3-IV and K4-,
which is interpreted from well log records, supported by the
presence of the K3-1V/K4-I hardground documented at 598.5 m
depth in the drill core from the Ketrzyn IG 2 borehole (see be-
low). The UD is probably sandy limestone (open-marine
siliciclastic-carbonate shelf), and the OD is chalk (open-marine
carbonate shelf).

OTHER CORRELATIVE DISCONTINUITY
SURFACES

In the Upper Cretaceous carbonate-dominated pelagic se-
quences, each sharp lithological boundary can be considered a
discontinuity surface reflecting a shorter or longer break in sedi-
mentation. Sedimentological investigations supported by
microfaunal evidence allow recognition of a number of disconti-
nuity surfaces that do not represent hardgrounds. Some of them
may be defined as discontinuity surfaces incoherent at the mo-
ment of the renewal of sedimentation, at which part of the sedi-
mentary record is missing, and referred to as omission surfaces.

Table 3 provides a summary of examples of some other
prominent discontinuity surfaces correlative to the hardgrounds,
identified in the drill cores from boreholes of northern Poland.
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Tab. 1 cont.

Notes

This DS is related to
halotectonic activity of the
Cztopa—-Szamotuly salt-cored
structure.

This DS is probably related to
halotectonic activity of the salt
structure beneath, however, a
combination of tec-
tonic-eustatic factors cannot be

precluded.

This DS is probably related to
halotectonic activity of the salt
structure beneath, however, a

combination of tec-
tonic-eustatic factors cannot be
excluded

Characteristics of overlying deposit (OD): lithology, fos-
sils, depositional environment

uartz grains

0.

auconitic marl with
Open-marine siliciclastic-carbonate shelf.

Grey-greenish variously grained calcareous/marly quartz
sandstone with glaluconite, passing upward into
(2.0 mm). %aCOs content: 22.0"9

grey-greenish sandy

una: Inoceramus
. stephani var.

passin? upward into light
a

stone. Macro
minifera: Praeglobotruncana

turbinata (Gandolfi), Pseuéovalvulineria cenomanica var.

grey clayey marl (2.2 m)
grey organodetrital lime
crippsi Mantell. Fora
stephani var. stephani (Gandolfi),

Dark

cenomanica (Brotzen), Anomalina berthelini Keller.

Open-marine marly/carbonate shelf.

o biostratigraphic evidence is avail-

Hard, grey-bei%le organodetrital limestone with

inoceramid prisms.

able.
Open-marine carbonate shelf.

ing deposit (UD): lithology, fossils,

"y )
depositional environment

Characteristics of underl

lauconite sandstone with ad-
sts of light grey fine-grained
te grains and numerous min-

o

mixture of coarse grains and rounded cle
quent glauconi

ute inoceramid prisms.

lauconitic marl with single coarser quartz grains,
Open-marine siliciclastic-carbonate shelf.

-9

sandy:
topped with a thin, a few-cm thick layer of compact, hard, me-

Friable,
dium-grained highly calcareous quartz-

sandstone containing infre

grey marly
sl%/ghtly

rey,
limestone,

granodetrital limestone with
a several-cm thick layer of Ii%htg
les and lenses of har

mestone, with nodu

ped with

i

slightly greenish or
Cibicides formosa Brotzen, Anomalinoides globosa Brotzen,

asers, to

ht grey,
glauconite coating on surface. Foraminifera: Pseudovalvulineria

cenomanica var. cenomanica (Brotzen), Dorothia gradata (Berthelin),

greenish

Liﬂ

Rotalipora reicheli Mornod.
Open-marine carbonate shelf.

phosphorite nodu?es up to 3.0 cm in

Organodetrital limestone with inoceramid shell fragments, glauconite
size, single pyrite crystals.
Open-marine carbonate shelf.

coating on surface, iron oxides,

Depth

Borehole
Stratigraphical position

Szamotuly Geo 8
(Fig. 1B-4 and Figs. 2, 4)

382.0m
Intra-K4-11

Szamotuly Geo 16

310.7 m
K3-1I/K3-111

(Fig. 1B-1 and Figs. 2, 4)

Cztopa 3
320.5m

K3-1I/K3-III (or less likely

K3-1/K3-I1)

(Fig. 1B-1 and Figs. 2, 4)

'CaCO; contents are historical data coming from final borehole reports and determinations made for lithological logging; analytical method not specified

DISCUSSION

It is usually interpreted that chalk was deposited in a rela-
tively calm pelagic environment, and so were much of pelagic
high-CaCO; limestones and the so-called “chalk-like” lime-
stones. Many open-marine carbonate settings, including those
of the Cretaceous chalk sequences of Northwest Europe, con-
tain numerous hardgrounds which can be traced over large dis-
tances. Widespread correlation of these hardgrounds across
the basin may suggest allocyclic factors related to eustatic fluc-
tuations. They represent intervals of highly reduced sedimenta-
tion rate, sediment starvation, or non-deposition, indicating
breaks in sedimentation, e.g., due to a shallowing event, fol-
lowed by a relative sea level rise and basin deepening. How-
ever, recent studies of pelagic chalk settings from the Danish
area show also a possibility of highly dynamic depositional envi-
ronment due to strong and long-living bottom currents which
created highly diverse seafloor relief (Lykke-Andersen and
Surlyk, 2004; Surlyk and Lykke-Andersen, 2007). The
hardgrounds found in the Upper Cretaceous carbonate-domi-
nated succession of NW and NE Poland developed in areas of
relatively calm sedimentary-tectonic conditions, which may
have been affected by bottom currents, although not as strong
as those described by Lykke-Andersen and Surlyk (2004) as no
broad valleys, ridges, channels, drifts and mounds are ob-
served. However, there is also evidence for tectonic activity that
may have influenced the formation of the hardgrounds.

Considering the presence of hardgrounds relative to tec-
tonic zones, we can see that there are three cases of
hardgrounds developed in the Czlopa—Szamotuty Zone — a tec-
tonically active area during the Late Cretaceous. These are: (1)
mid-Santonian hardground found in the Szamotuty Geo 8 bore-
hole, (2) mid-Cenomanian hardground from the Szamotuty
Geo 16 borehole, and (3) the likely mid-Cenomanian
hardground from the Cztopa 3 borehole. They were undoubt-
edly associated with tectonic (including halokinetic) activity
within this zone, correlated with the early stages of tectonic in-
version of the Mid-Polish Trough and major tectonic zones in
the Polish Basin (e.g., Leszczynski, 2000, 2002a, b; Krzywiec,
2006; Krzywiec et al., 2009). There is also possibility of a combi-
nation of bottom-current activity and sea level fluctuations (ei-
ther of tectonic or eustatic origin, or both), which may have fa-
voured the formation of hardgrounds, as evidenced by Eberli et
al. (2010).

Moreover, some further comments should be made as re-
gards the hardgrounds in the Czlopa—Szamotuty Zone. Based
on foraminiferal evidence and well log correlation, the
Szamotuty Geo 16 hardground is interpreted to occur within the
Cenomanian succession and is supposed to represent the
K3-1I/K3-1ll boundary. The Cztopa 3 hardground likely repre-
sents the K3-1I/K3-l1ll boundary as well, although a K3-I/K3-I|
position (near the Upper Albian/Cenomanian boundary; cf.
Jaskowiak-Schoeneichowa, 1981) cannot be excluded, as no
clear fossil evidence is available. No distinct discontinuity sur-
face has been recognized in this region, which could corre-
spond to the K3-1I/K3-11l hardgrounds. However, a nodular lime-
stone horizon has been reported from the middle part of the
Cenomanian section in some boreholes, which can be corre-
lated with the hardgrounds (cf. Hancock, 1989). As the forma-
tion of hardgrounds and other discontinuity surfaces in the
Cztopa—Szamotuly Zone was highly controlled by tec-
tonic/halotectonic movements, they may not be straightforward
age-equivalent to discontinuity surfaces in areas of low tectonic
activity and thus to boundaries between the depositional cycles.

When analysing the lithology on both sides of the disconti-
nuity surfaces we notice that most of the underlying deposits
(UD) at the hardgrounds are limestones or chalk with some ex-
ceptions where the UD is represented by sandy marl topped


https://gq.pgi.gov.pl/article/view/7403
https://gq.pgi.gov.pl/article/view/7403
https://gq.pgi.gov.pl/article/view/7503
https://gq.pgi.gov.pl/article/view/8053
https://gq.pgi.gov.pl/article/view/7278
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Fig. 3. Examples of discontinuity surfaces in drill cores from N Poland

A — Gorzéw Wielkopolski IG 1, depth 652.4 m, K3-IV/K4-1: hardground — burrow beneath the hardground surface (b) and a marly lime-
stone-filled cavern (c); B — UD: organogenic/organodetrital limestone, open-marine carbonate shelf (the most common UD sedimentary en-
vironment), depth ~653.0 m (polished surface), K3-1V; C — Ketrzyn IG 2, depth 598.0 m, K3-1V/K4-I: hardground — numerous phosphatic
nodules (p), burrow/boring filled with white chalk (b), and glauconite encrustation on the hardground surface (g); D — Bartoszyce IG 1, depth
422.1 m (polished surface, Geological Museum PGI-NRI, Warsaw, coll. M. Jaskowiak), K3-1V/K4-I: ?composite hardground — borings (b),
fragments of thick-shelled inoceramids (i), quartz grains (q), and small phosphatic nodules (p); E — Olsztyn IG 1, depth 632.1 m, K4-I/K4-II:
discontinuity surface — burrow (b) and a small phosphatic nodule (p); DS surfaces are arrowed; photo A by M. Jaskowiak-Schoeneichowa,

photos B, C, D and E by K. Leszczynski
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with highly calcareous sandstone, opoka, sandy and sandy-
glauconitic limestone, and cherty gaize.

All the environments in which the discontinuity surfaces
have been identified represent open-marine shelf, but with
varying proportions between carbonates and fine clastics, and
a varying degree of silicification, so that the following sub-envi-
ronments can be distinguished (Fig. 2): (1) open-marine car-
bonate shelf, (2) open-marine marly shelf, (3) open-marine car-
bonate- and oxygen-depleted shelf, (4) open-marine siliciclas-
tic-carbonate shelf, and (5) open-marine shelf with carbon-
ate-siliceous sedimentation (opoka and gaize).

Discontinuity surfaces (including hardgrounds) are used for
correlations between various regions of the Cretaceous sedi-
mentary basins of Poland and elsewhere in Europe. In the
Cenomanian through Maastrichtian sections, a number of
hardgrounds have been found in southern Poland and in the
adjacent basins of Germany and the Czech Republic. However,
the greatest frequency of hardgrounds, in both northern and
southern Poland, is observed in the Turonian—Coniacian inter-
val (e.g., Walaszczyk, 1992; Olszewska-Nejbert, 2004).

For example, a well-developed composite hardground has
recently been described and analysed in detail by Olszewska-
Nejbert (Olszewska-Nejbert, 2004; Olszewska-Nejbert and
Swierczewska-Gtadysz, 2013). Initiation of the formation of this
composite hardground is interpreted by those authors as corre-
sponding with a major Mid—Late Turonian unconformity de-
scribed as Sequence Boundary Tu 4 at the base of the Seugast
Member Roding Formation in the Bodenwohrer Senke (NE Ba-
varia), near the southwestern margin of the Bohemian Massif
(Niebuhr et al., 2011), and at the erosional base of the Soest
Greensand Member of the Salder Formation recognized in the
Werl borehole in the southern Miinsterland Cretaceous Basin
(Richardt and Wilmsen, 2012). This is correlated with the latest
Turonian-Coniacian Subhercynian compressional tectonic ac-
tivity of the lisede Phase that significantly affected the evolution
of the Krakéw Swell region. The composite hardground is inter-
preted by Olszewska-Nejbert and Swierczewska-Gtadysz
(2013) as corresponding to the Late Turonian sea level drop.

The latest Turonian—Coniacian Subhercynian compres-
sional tectonic activity of the llsede Phase has been recognized
in the German and Anglo-Paris basins by uplift movements, an-
gular discordances, sedimentary gaps, facies changes, subma-
rine slumps, turbiditic deposition and hardgrounds (Mortimore
and Pomerol, 1997; Mortimore et al., 1998). In those basins,
Subhercynian tectonism created a tectonic topography that,
combined with the Late Cretaceous sea level fluctuations, re-
sulted in the formation of hardgrounds.

Moreover, in Bavaria (southern Germany), Niebuhr et al.
(2012) also reported the presence of a hardground in the
Turonian section, at sequence boundary Tu 5 capping the
GroRberg Formation dated as the Late Turonian
intra-Mytiloides scupini Zone. Those authors correlate the
hardground with the sequence boundary recognized by
Richardt and Wilmsen (2012) in the Erwitte Formation of south-
ern Munsterland. In England, it corresponds to a condensed
hardground sequence immediately above the Hitch Wood
Event (Jarvis et al., 2006) and a high Upper Turonian sequence
boundary of Gale (1996). Niebuhr et al. (2012) stated that the
deeper marine marls of the lower Hellkofen Formation (upper-
most Turonian—Lower Coniacian), abruptly overlying the un-
conformity at the top of the Grofberg Formation (sequence
boundary Tu 5), may be related to tectonic inversion at the
southwestern margin of the Bohemian Massif. This is tempo-
rarily coincident with the onset of the Late Cretaceous tectonic
inversion processes also in the Mid-Polish Trough.

Wiese and Kroger (1998) recognized a hardground inter-
preted as marking a regressive event in the Upper Turonian
succession of northern Germany (Late Turonian scupini Zone
in the Lower Saxony Basin). This may be correlative approxi-
mately with the same event expressed by the hardground at the
K3/K4 boundary interpreted in the boreholes drilled in the Polish
Lowlands.

The presence of the Upper Turonian hardground overlain
by Middle Coniacian marls is reported also from the Subher-
cynian Cretaceous Basin (Voigt et al., 2004 and references
therein).

Another example comes from the Czech Republic, where
Zitt et al. (2006) describe a hardground from the Cenoman-
ian/Lower Turonian boundary in the Cretaceous Bohemian Ba-
sin, accompanied by erosion events and condensed sedimen-
tation intervals at this boundary.

In the Cenomanian—Turonian section, hardgrounds (espe-
cially numerous around the Cenomanian/Turonian boundary)
are reported from the northeastern margin of the Holy Cross
Mountains in southeastern Poland (Cieslinski, 1976;
Marcinowski and Walaszczyk, 1985; Walaszczyk, 1987, 1992;
Dubicka and Machalski, 2017). Walaszczyk (1987, 1992) re-
ported the presence of mid-Cenomanian (DS3), Cenoman-
ian/Turonian boundary (DS4), and top-Lower Turonian (DS5)
hardground and omission surfaces, and correlated them with
equivalent phenomena recorded in the Cretaceous sedimen-
tary basins of Poland and other regions. These surfaces are ac-
companied by stratigraphic gaps of variable extents. The
Cenomanian/Turonian boundary hardground/omission surface
(DS4) is interpreted by Walszczyk (1987) in terms of both sea
level changes and the effect of the boundary anoxic event
(OAE2). At Annopol, Dubicka and Machalski (2017) attempted
to assess to what extent the global mid-Cretaceous sea level
changes can be identified within a condenced succession. Pay-
ing special attention to sedimentary discontinuities (including
hardgrounds) and associated stratigraphic gaps, they con-
cluded that all transgressive peaks and regressive troughs of
the relevant portion of the British sea level curve of Hancock
(1989) are recorded in the Annopol succession.

In northern Poland (Gorzéw Block), the only hardgrounds
recognized from near the Cenomanian/Turonian boundary are
those in the Choszczno IG 1 and Zabicko boreholes
(Jaskowiak-Schoeneichowa, 1978b, 1981). In the former, the
hardground surface is developed on marly limestones and the
OD is represented by clay shales. This hardground can also be
correlated with the phenomena related to the anoxic event
OAE2 and a prominent sea level fall on the curves of Hancock
(1989) anf Haq (2014).

SUMMARY AND CONCLUSIONS

In the Upper Cretaceous sequence of northern Poland,
hardgrounds and other prominent correlative discontinuity sur-
faces are fairly common features observed in the cores of bore-
holes drilled in the Gorzéw Block and in the adjacent zone of the
Szczecin Trough, in the eastern part of the Peribaltic Syneclise,
and in the Mazury Elevation.

In these areas, hardgrounds have been identified and de-
scribed from 15 boreholes. At the hardground surfaces, the
overlying deposits (OD) represent a variety of lithologies includ-
ing limestone, chalk, marl, gaize, opoka, calcareous claystone
and marly sandstone. The most common UD/OD configuration
of sedimentary environments is the open-marine carbonate
shelf both beneath and above the discontinuity surface. The
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second most common situation is the open-marine carbonate
shelf beneath and the open-marine shelf with carbonate-sili-
ceous sedimentation above. The other configurations are: (1)
open-marine siliciclastic-carbonate shelf followed by open-ma-
rine carbonate shelf, (2) open-marine carbonate shelf followed
by open-marine siliciclastic-carbonate shelf, (3) open-marine
carbonate shelf followed by open-marine marly shelf, (4)
open-marine carbonate shelf followed by open-marine carbon-
ate- and oxygen-depleted shelf, (5) open-marine
siliciclastic-carbonate shelf both beneath and above, (6)
open-marine shelf with carbonate-siliceous sedimentation fol-
lowed by open-marine marly shelf, and (7) open-marine shelf
with carbonate-siliceous sedimentation both beneath and
above. Thus, the environmental conditions before and after the
formation of the discontinuity surface were much similar in most
cases. Foraminifera and abundant burrows and borings at the
hardground surface indicate that the seawater was relatively
well oxygenated.

The discontinuity surfaces mark the boundaries between
the individual depositional cycles (K3-1I/K3-lll, K3-IlI/K3-1V,
K3-1V/K4-1, K3-IV/K4-I1, K4-1/K4-II (or Il or IV or V), K4-lI/K4-1V
(or V), K4-IVa/K4-IVb, probably K4-IVb/K4-V, and K4-V/Pc-l).
Apart from the last two, all the others seem to correspond to sea
level falls in the curve of Hancock (1989). In NE Poland the
overlying deposit is commonly significantly younger than the
underlying deposit, proving a major sedimentary gap spanning
various time intervals ranging from very short (spanning a frac-
tion of a depositional cycle: Chociwel IG 1, Choszczno IG 1,
Zabicko 1, Gorzéw Wikp. IG 1, Lusowo, Szamotuty Geo 8,
Szamotuty Geo 16, Cziopa 3, Ptonsk 8, Olsztyn I1G 1,
Bartoszyce IG 1, Ketrzyn IG 1 — lower hardground, Ketrzyn I1G 2
— lower hardground, and Krasnopol 1 — upper hardground) to
long periods (comprising one or more cycles: Miedzychod 1G 1
— K4-l, Ketrzyn IG 1 and Ketrzyn IG 2, upper hardgrounds —
K4-I and part of K3-1V, Etk IG 1 — K4-IIl, K4-ll, K4-I and part of
K3-1V, and Krasnopol 1, upper hardground - K4-1V, K4-IIl, K4-l,
K4-I and part of K3-1V). This indicates relatively varied environ-
mental conditions in some areas of the sedimentary basin in
northern Poland, with periods of strong sea currents or tectonic
uplifting movements, which triggered differentiation in subsi-
dence rate between various parts of the continuously open-ma-
rine basin, followed by periods of no currents and/or relatively
high subsidence rate.

Most of the hardgrounds found in the Late Cretaceous car-
bonate succession of NW and NE Poland developed in areas of
relatively calm sedimentary conditions and are related mostly to
eustatic sea level fluctuations. Such areas extended outside the
axial part of the Mid-Polish Trough that was characterized in the
Late Cretaceous by the greatest subsidence rate followed by
tectonic inversion and strong uplift, as well as by generally more

intense Subhercynian tectonic (including halotectonic) move-
ments. However, some areas outside the trough may have also
been affected by the Subhercynian tectonic phases, resulting in
the formation of the discontinuity surfaces.

The development of three hardgrounds reported from the
Cztopa—Szamotuly tectonic zone (mid-Santonian hardground
from the Szamotuly Geo 8 borehole, mid-Cenomanian hard-
ground from the Szamotuty Geo 16 borehole, and the likely
mid-Cenomanian hardground from the Cziopa 3 borehole) is
most probably associated with tectonic activity, although the
mid-Cenomanian hardgrounds are usually linked to eustatic
events (e.g., Hancock, 2004; Dubicka and Machalski, 2017).
The formation of the Szamotuly Geo 8 hardground is inter-
preted as related strictly to the broadly understood
Subhercynian tectonic movements recorded elsewhere in the
European Cretaceous basins. This tectonic activity was accom-
panied by intense salt flow, and was coeval with the early
stages of tectonic inversion of the Mid-Polish Trough and other
major tectonic zones in the Polish Basin. The Szamotuty
Geo 16 and Cztopa 3 hardgrounds are also thought to be asso-
ciated with tectonic activity; however, a combination of tec-
tonic-eustatic factors cannot be excluded in these instances.

To conclude, the author is of the opinion that the formation
of the discontinuity surfaces was related mainly to both sea
level fluctuations and tectonic activity during the Subhercynian
phases (including activation of salt movements). The
hardgrounds around the Cenomanian/Turonian boundary may
also be associated with the inhibition of carbonate production
during the anoxic event at that time and the prominent sea level
fall marked on the curves of Hancock (1989) and Haq (2014).

The position of the hardgrounds and other correlative dis-
continuity surfaces facilitates looking for any possible gaps and
hiatuses in the sections of other boreholes, and paying atten-
tion to local changes in sediment distribution patterns, changing
bottom currents, periods of reduced sedimentation rates and
retardation or breaks in sediment input and condensation epi-
sodes during low sedimentation rates. Some of these changes
were undoubtedly controlled by the peculiarity of the Creta-
ceous climate and its variations.
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