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Marine ecogeology in semi-closed basin: case study on a threat of geogenic
pollution of the southern Baltic Sea (Polish Exclusive Economic Zone)
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Environmental hazard to seawater caused by pollutants is
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Modern migration of harmful geogenic substances into bottom sediments and bottom water has been demonstrated in the Polish Exclu-
sive Economic Zone of the Baltic Sea. A geogenic substance is a matter (gas or liquid) whose formation, chemical composition and phys-
ical properties result from natural geological processes. The bedrock of the Baltic Sea contains rocks which are sources of geogenic
pollutants migrating along fault zones and pinchouts of sedimentary formations. The pollutant source rocks include: oil- and gas-bearing
reservoir rocks (Middle Cambrian, Rotliegend, Zechstein and Carboniferous); black shales (lower Paleozoic); effusive rocks
(Rotliegend); salts (Zechstein), reservoir rocks for mineral and thermal waters (Paleozoic and Mesozoic). The main sources of geogenic
contamination are oil and natural gas deposits as well as zones prospective for hydrocarbon accumulations because they produce in-
creased concentrations of liquid and gaseous hydrocarbons in bottom sediments and bottom water. Hydrocarbons cause a lethal deficit of
oxygen in bottom water. The migration activity of the fault zones and regional pinchouts is shown, for instance, by increased concentra-
tions of vanadium and strontium in bottom sediments. Strontium comes from Zechstein salts while vanadium is from lower Paleozoic
black shales and/or hydrocarbon-bearing sediments. The whole Polish Exclusive Economic Zone of the Baltic Sea is threatened by
geogenic pollution. Areas at greatest risk of geogenic pollution have been defined in both the eastern part (East European Craton: west-
ern part of the Courland Block, Rozewie Block, £eba Block, eastern part of the Zarnowiec Block) and the western part of the zone (Euro-
pean Paleozoic platform: western part of the Kotobrzeg Block, and Gryfice and Wolin blocks).
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INTRODUCTION geogenic pollutants (cf. Jaworowski et al., 2001). For this rea-
son, the Polish Ministry of the Environment commissioned a
research project to identify prospective zones for the occur-
rence of hydrocarbon deposits and to analyze the risk of seawa-

ter pollution by geogenic substances in the Polish sector of the

perceived mainly as resulting from anthropogenic (mostly of
industrial, agriculture and municipal origin) and biogenic con-
tamination. It is often the case that the hazard posed by
geogenic substances is underestimated. Geogenic substances
are here understood as gaseous or liquid substances whose for-
mation, chemical composition and physical properties result
from natural geological processes. The paper deals with those
geogenic substances which are derived from bedrock beneath
the sea-floor (deep-seated geological structures).

The Baltic Sea as an intracontinental semi-closed sea basin
is characterized by poor mixing of water with the world ocean
and is thus particularly highly vulnerable to contamination by

Baltic Sea (Fig. 1).

The project was carried out in 2005-2008 by a special con-
sortium including the Polish Geological Institute — National
Research Institute, Warszawa (project leader); the
“Petrobaltic” Oil and Gas Exploration and Exploitation Joint
Stock Company, Gdansk; “Kronos” Geological Services Com-
pany Ltd., Gdansk; the Society of Research on Environmental
Changes “Geosphere”, Krakéw and the Geosynoptics Society
“Geos”, Krakow.

The present paper is a study on marine ecogeology briefly
demonstrating those research results of the project which indi-
cate the threat of seawater pollution by geogenic substances de-
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Fig. 1. Study area with geological map of the southern Baltic Sea
without Cenozoic deposits (modified after Dadlez, 1995b)

rived from bedrock beneath the sea-floor (Jaworowski and
Wagner, 2008). In addition, the authors employed all available
data, both published and stored in archives, bearing on the risk
of geogenic pollution of the southern Baltic Sea. Unfortunately
not all geochemical and seismic data could be presented here.
Some of these data, particularly those vital to the identification
of prospective zones for the occurrence of hydrocarbon depos-
its (Anolik and Karczewska, 2008), remain as yet confidential.

GENERAL GEOLOGICAL SETTING

EAST EUROPEAN CRATON (FIGS. 1-3)

Eastern and central parts of the Polish Exclusive Economic
Zone of the Baltic Sea are situated in the East European Craton
(Precambrian platform) and comprise the southwestern portion
of a large regional structural-tectonic unit called the Baltic De-
pression (Peribaltic Syneclise).

The geological structure of the sedimentary cover in the
Baltic Depression is simple: the strata usually lie almost hori-
zontally, dipping at small angles (a few degrees). The
sub-Phanerozoic basement is composed of crystalline rocks
represented by Paleoproterozoic granitoids and metamorphic

rocks. The sedimentary cover begins with uppermost
Ediacaran deposits. These are overlain by Cambrian, Ordovi-
cian and thick Silurian successions. The upper Paleozoic is rep-
resented by Devonian deposits encountered in the north-eastern
part of the area. In its southern part, the Silurian is overlain by
Permian and, further towards the north, by Mesozoic deposits.

The most important elements of the geological structure are
fault zones, especially regional ones, marking the boundaries of
individual tectonic units (Dadlez and Pokorski, 1995) referred
to as tectonic blocks. The cratonic portion of the Polish sector
of the Baltic Sea includes the following blocks: Gdansk,
Zarnowiec, Courland, Rozewie, teba, Smotdzino, Stupsk,
Ustka and Dartowo (Figs. 2 and 3).

The faults are commonly normal, some are reverse faults.
Most of them are dip-slip faults with steep or vertical fault
planes. The faults locally pass into flexural bends. Displace-
ments of the regional faults vary from tens to hundreds of
metres. Sub-Permo-Mesozoic basement of the western part of
the Dartowo Block is formed by a lower Paleozoic
thrust-and-fold belt (Caledonides; Dadlez, 2000; Pokorski and
Modlinski, 2007; Fig. 3).

The present-day structural pattern of the Baltic Depression
developed as a result of the superimposition of three main de-
formation phases: syn-Caledonian (after  Silurian),



Marine ecogeology in semi-closed basin: case study on a threat of geogenic pollution of the southern Baltic Sea...

269

15° 00
= -
N\
=
=
2
N
L} J
Q (e
2y -37
D e
—
~ e
) 2 / /
8 ‘o / /
Og / / o
(51
0 4 ), A0 ARNOWIE am s
D s . R BLOCK
~ / / TKA < '3, 1 i
/ . LOCK > /o, N Ora .Zrno Ie\(l:\/
/ - O, teba 8 * Piaspica S
/ PN >, \——— .Lub.iny1 Eamowiec. Z.
< O, o .
60 pAKrowo P Smotdzino 1 Darzlubie IG 1
/ LOCK <
Y °.x~e$ = Dartowo 4 Leborl:IG !
/ 5-KO0L OBRZ % 20
/ AN PS Stupsk IG 1
/ > 20 ° Niestepowo 1
~o /N, GRYFIC 3P Py
“BLOCK (51 Skibno 1 ans
R ) : é\ro i Merskie 1G 2 b
YN . 5 £ Dobyzyca 2 o oOszalin IG1 Nowa Kosci
WOLINZ 6 or; Nowogardek_1
g|BLOCK g 'dlow1 og\}\ Koscierzyna IG 1 o
< adlno .
5 &. / B Malbork |G 1 §°
A )
A\
15° 00 17° 00 19° 00’
————— boundary of Polish Exclusive Economic Zone B c . _ .
/ geological cross-section lines (cf. Fig. 3)
of the Balltic Sea A
e Bialogora1  Selected onshore borehole
—30—  isobath [m . ) .
[m] ® B6-1/82 offshore borehole drilled in the Polish
——— major fault zones (F. Z. ) . .
I ( ) Exclusive Economic Zone of the Baltic Sea
——— selected fault zones (F. Z.) examined in detail . .
( ) [ boundaries of tectonic blocks

Fig. 2. Structural-tectonic sketch map of the Polish Exclusive Economic Zone of the Baltic Sea (partly after Anolik and Karczewska, 2008)

syn-Variscan (at the end of the Carboniferous and beginning
of the Permian) and syn-Alpine (latemost Mesozoic or earli-
est Cenozoic). The major restructuring of the area occurred as
a result of syn-Variscan deformation. Most of the faults de-
veloped or became reactivated probably at that time. Syn-Al-
pine deformation manifested itself mainly as the reactivation
of some pre-existing faults, and is relatively weakly devel-
oped (Dadlez, 1990).

EUROPEAN PALEOZOIC PLATFORM (FIGS. 1-3)

The western part of the Polish Exclusive Economic Zone of
the Baltic Sea is situated in the European Paleozoic Platform
and is subdivided into the Kotobrzeg, Gryfice and Wolin tec-
tonic blocks. These blocks are located west of the East Euro-
pean Craton. The craton boundary has been commonly as-
sumed to run along the Koszalin Fault Zone (Dadlez, 2000).

The NW-SE-trending Koszalin Fault Zone is the eastern
boundary of the Teisseyre-Tornquist Zone (TTZ), which is a
fragment of a large global lineament extending from Dobrogea
to Oslo (cf. Znosko, 1962, 1998). The Koszalin Fault Zone is

rooted in the Moho and played an essential role in the tectonic
evolution of Northern Poland and the southern Baltic Sea, af-
fecting the palaeogeographic development of the sedimentary
succession.

At the end of the Silurian, strong thrust-and-fold deforma-
tion of lower Paleozoic deposits occurred in the area situated
west of the East European Craton. These deposits are observed
in the Wolin, Gryfice and Kotobrzeg blocks and in the western
part of the Dartowo Block (Pokorski and Modliriski., 2007).
The allochthonous lower Paleozoic, encountered by drilling in
the western part of the Kotobrzeg Block, is represented largely
by Ordovician (Caradoc) and, in other boreholes, also by Silu-
rian deposits (Modlinski, 1968; Podhalariska and Modlinski,
2006). The Paleozoic platform subsequently developed upon
the allochthonous lower Paleozoic rocks of the peneplanated
Caledonides. Sedimentation of the platform succession started
during the Eifelian, locally during the Emsian. Widespread De-
vonian, Carboniferous and Permian (mainly Zechstein
evaporites) deposits are observed here. In other words, the
Permo-Mesozoic succession, upper Rotliegend through Upper
Cretaceous (Wagner, 1994; Dadlez, 1995a, b), is underlain in
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Fig. 4. Middle Cambrian thickness and lithofacies (slightly modified after Modlinski and Podhalanska, 2010)

For other explanations see Figure 2

the Paleozoic platform area by different Devonian or Carbonif-
erous formations (Matyja, 1993) resting upon folded lower Pa-
leozoic deposits.

The Paleozoic platform in the Baltic region became dis-
membered into the Wolin, Gryfice and Kotobrzeg blocks as a
result of syn-Variscan diastrophism. The major fault zones of
Koszalin, Trzebiatdbw and Kamie Pomorski represent the
boundaries of the blocks and are rooted in the crystalline
basement.

During Mesozoic times, widespread thick Triassic, Jurassic
and Cretaceous successions were deposited. The previ-
ously-mentioned fault zones became reactivated as a result of
Cretaceous/Paleogene inversion (syn-Alpine deformation).

The sedimentary cover succession in the whole Polish sec-
tor of the Baltic Sea is overlain by Paleogene, Neogene and
Quaternary deposits.

SOURCE ROCKS OF HARMFUL
GEOGENIC SUBSTANCES

MIDDLE CAMBRIAN SANDSTONES

Middle Cambrian sandstones (Fig. 4) are the main hydro-
carbon reservoir rocks in the cratonic area of the Baltic Sea
(Gérecki et al., 1992; Brangulis et al., 1993). In the eastern part
of the Polish Exclusive Economic Zone, oil deposits (in the
Rozewie and teba blocks; Fig. 2) and gas-condensate oil de-
posits (Leba Block) were discovered. The total resources of the
zone are 30 million tons of crude oil and 10 billion m® of natural
gas (Strzetelski et al., 2004).

The main oil- and gas-bearing horizon is represented by the
Debki Formation (lower part of the Paradoxides
paradoxissimus Zone). Petrographic investigations (Sikorska
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For other explanations see Figures 2 and 4

and Jaworowski, 2007) show that the sandstones making up the
formation are characterized by very variable porosities ranging
from nearly zero to over 20 vol.% (maximum of 24.5 vol.%).
Apart from intergranular porosity, the sandstones also show
fracture, mouldic (mostly after dissolved feldspars),
microcrystalline (in glauconite, between clay mineral flakes)
and sporadically intracrystalline porosity. Primary porosity
was reduced mainly by cementation (27%) and compaction
(10%). Silicification was the main process responsible for pri-
mary porosity reduction (Sikorska and Pacze$na, 1997;
Sikorska and Jaworowski, 2007). The permeability of the Mid-
dle Cambrian sandstones is variable and ranges from <1 mD to
over 300 mD.

Fractures and microstylolitic seams played an important
role as hydrocarbon migration avenues (Strzetelski, 1977,
1979). The hydrocarbon accumulations are associated mostly
with structural traps (near-fault anticlines). Preliminary esti-
mates indicate that prognostic resources of natural gas in the
Baltic Sea region are 100 billion m*, whereas prognostic re-
sources of crude oil are a few hundred million tons (Gérecki
and Szamatek, 2004).

The Middle Cambrian sandstones are thickest in a meridio-
nal zone (Fig. 4) extending from the northern part of the teba

Block (just below 200 m) towards the southern end of the
Zarnowiec Block (over 300 m). Over the remaining area, the
thickness of the Middle Cambrian deposits decreases to approxi-
mately 200-150 m in the east (Courland Block) and to below
150 m in the southeastern part of the Gdarsk Block. In the west-
ern area (western part of the Ustka Block), the thickness de-
creases to 100 m. In the Dartowo Block, it is locally below 50 m.

The oil- and gas-bearing Middle Cambrian sandstones
(Debki Formation) are one of the most dangerous sources of
harmful geogenic substances.

LOWER PALEOZOIC BLACK SHALES

A few intervals of black shales containing considerable
amounts of radioactive substances, concentrations of heavy
metals and increased proportions of organic matter are ob-
served in the eastern part of the Polish sector of the Baltic Sea
(Figs. 2 and 3).

The oldest interval is represented by the Upper Cam-
brian—Tremadocian Piasnica Formation s.I. This is the main
lower Paleozoic succession of black shales, being also the main
source rock for oil (Burchardt et al., 1998). The horizon is com-
posed of black bituminous claystones, locally with limestone
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lenses and nodules. They contain a U-V-Mo geochemical asso-
ciation, typical of black claystone deposits (Morawski, 1973),
and are conspicuous by high concentrations of heavy metals
(Zn, Pb, Ni, Co and Cu). U, V and Mo concentrations are high
in the Polish sector of the Baltic Sea. Uranium concentrations
vary from a few g/t to 400 g/t. Molybdenum concentrations ex-
ceed 690 g/t. Onshore observations show that we can expect a
westward increase in uranium concentration. The so-called
“alum shales” of Sweden, which are an equivalent of this inter-
val, contain much higher concentrations of uranium with an av-
erage of 100 g/t. In the Billingen mining area, the average con-
centration is 300 g/t, with a maximum of 3000 g/t in carbona-
ceous lenses (Morawski, 1973).

The Piasnica Formation s.I. (Fig. 5) occurs in an area ex-
tending from the Bornholm region to the Rozewie Block in the
east. This formation attains its maximum thickness (up to 35 m)
in two depocentres. One of these is situated in the southwestern
part of the t.eba Block, whereas the other is located north-east
of Bornholm. The formation is absent both in the eastern part of
the Rozewie Block and in the Courland Block.

Another black shale interval is associated with the
Stuchowo Formation (Modlifski and Szymanski, 1997) as-
signed basically to the lower Arenigian, although towards the
west it probably is also upper Arenigian and Llanvirnian in age
(in the northern part of the Ustka Block). These are black and
dark grey bituminous claystones interlaminated with
grey-green claystone containing abundant glauconite. The
basal layer of this succession is represented by a conglomerate
containing redeposited fragments of Upper Cambrian and
Tremadocian black claystones with uranium concentrations of
up to 120 g/t (Morawski, 1973). On wireline logs, the forma-
tion is conspicuous by high gamma ray values.

The Stuchowo Formation occurs in the southern Baltic Sea
in an area extending from the Ustka Block as far east as the
northern part of the Courland Block. The maximum thickness
of the deposits is about 60 m (north of the Ustka Block). The
formation gradually thins from the west towards the east and it
wedges out in the eastern part of the Rozewie Block.

In the Upper Ordovician succession, black shales are repre-
sented by the Sasino Formation (Modlinski and Szymanski,
1997) included in the uppermost Llanvirnian—Caradocian. This
formation consists of black, dark grey and green bituminous
(especially in the upper part of the section) claystones. There is
no detailed data on the contents of radioactive substances and
heavy metals. On wireline logs, the rocks are characterized by
high gamma ray values.

The Sasino Formation is observed in the bedrock of the
whole southern Baltic Sea in the East European Craton area. It
attains a thickness of up to approximately 60 m along a zone
running evenly with a parallel of latitude from the northern part
of the Ustka Block to the southwestern part of the +.eba Block.
Both to the north and to the south of the zone, the thickness de-
creases to about 20-30 m.

The thick Silurian succession is represented by the lower
Llandovery Jantar Member (composing the lowermost part of
the Pastek Formation sensu Modlinski et al., 2006). These are
black bituminous, non-calcareous claystones with abundant
pyrite, containing laminae and interbeds of calcareous
claystones and scarce thin interbeds and nodules of marly lime-

stones. On wireline logs, the rocks are manifested by anoma-
lously high gamma ray values. The thickness of the Jantar
Member is relatively uniform (Fig. 6) commonly ranging from
5to 10 m.

In the western part of the Polish Exclusive Economic Zone
of the Baltic Sea, i.e. on the Paleozoic platform, lower Paleo-
zoic deposits have been encountered in several onshore and
three offshore boreholes. They are represented by small frag-
ments of thick Ordovician and Silurian claystone-mudstone
successions, where identification of individual black shale ho-
rizons is difficult. There is no information about the concentra-
tions of heavy metals and radioactive substances in these de-
posits. Organic matter investigations in onshore boreholes
(Grotek, 1999) indicate that only few Caradoc and Wenlock
shale horizons show weak features of source rocks for oil gen-
eration.

UPPER PALEOZOIC OIL- AND GAS-BEARING ROCKS

Upper Paleozoic source rocks for the generation of liquid
and gaseous hydrocarbons occur on the Paleozoic platform
(Figs. 1-3) and are represented by Devonian/Carboniferous
transition and lower part of upper Carboniferous deposits.

In the Devonian succession, source rocks occur within the
Sgpolno Formation (Famennian) (Matyja, 1993) where the De-
vonian/Carboniferous chronostratigraphic boundary runs. The
lower, Devonian part of the Sgpolno Formation is dominated
by two lithofacies types: (1) dark grey marly limestones, rich in
organic remains including brachiopods, echinoderms,
chlorophyta algae, agglutinated foraminifers, benthonic
ostracods and stromatoporoids; (2) dark grey marls containing
cephalopods, entomozoids, conodonts, trilobites, bivalves, gas-
tropods, brachiopods and solitary corals.

The upper (lower Carboniferous) part of the Sapolno For-
mation is dominated by black finely laminated claystones con-
taining rare fragments of organisms indicating sedimentary
continuity from the Devonian to the Carboniferous. About
300 m of strata are included in the Tournaisian. The lower Car-
boniferous part of the formation represents a relatively
deep-water carbonate ramp system (Lipiec and Matyja, 1998).
Source rocks of the Sapolno Formation, which could generate
liquid and gaseous hydrocarbons, occur both onshore and off-
shore in the Kotobrzeg Block. These rocks may be responsible
for anomalous shows of hydrocarbons along the Koszalin and
Trzebiatéw fault zones.

The occurrence area of the upper Carboniferous is much
smaller than that of the lower Carboniferous. The upper Car-
boniferous deposits of the Gryfice Block and the northern part
of the Wolin Block continue towards the north-west to Riigen.
They are represented largely by clastics, mostly sandstones
with mudstone and claystone interbeds. Their thickness varies
from 100 m in the east, onshore in the Kotobrzeg Block, to over
1000 m in the western part of the Polish Exclusive Economic
Zone of the Baltic Sea. They unconformably overlie Devonian
and lower Carboniferous rocks.

Source rocks of the Wolin Formation (Westphalian A-B)
contain abundant plant detritus and several cm-thick hard coal
interlayers. The Westphalian source rocks are responsible for



274

Krzysztof Jaworowski et al.

15° 00’

17°00°

55°00°

0 >10 [m]

-
‘\:_

54°00"

00,55

Krynica Morska 2

Lo

00,5

15° 00"

teba-8
o e borehole penetrating the Jantar Member

17°00° 19° 00’

Fig. 6. Thickness of the Jantar Member (Llandovery)

For other explanations see Figures 2 and 4

the occurrences of gaseous hydrocarbons along the Kamien
Pomorski and Trzebiatow fault zones.

Hydrocarbon accumulations observed onshore in the
Gryfice and Kolobrzeg blocks (Wrzosowo and Gorzystaw
fields) show that the upper Paleozoic source rocks (Kotarba et
al., 2005) and the fault zones mentioned above are responsible
for occurrence of geogenic methane-containing gases in bot-
tom water and bottom sediments of the Baltic Sea.

LOWER PERMIAN VOLCANIC ROCKS

In the western onshore and adjacent Baltic Sea area (Figs. 2
and 3), the lower Rotliegend succession (Odra Subgroup) is
composed mainly of effusive rocks (\Volcanigenic Formation)
with subordinate pyroclastic and clastic rocks (Swiniec Forma-
tion) at the base (Pokorski, 1990).

The Volcanigenic Formation consists of effusive traps with
intervening beds of pyroclastic rocks. Petrographic and geo-
chemical investigations of the traps enabled identification of
two volcanic cycles (Ryka, 1978): (1) an older cycle —
andesites, dacites, rhyodacites (ignimbrites); (2) a younger cy-
cle — dacites (perlites), latites, rhyolites.

The Wolin Block is characterized by a uniformly thick ef-
fusive rock cover of approximately 300 m or even more, in
both onshore and offshore areas of the block. The greatest

thickness variations of the effusive rocks are observed in the
western part of the Gryfice Block along the Kamiert Pomorski
Fault Zone. The maximum thickness of the effusive rock cover,
ranging from 504 to over 600 m, was demonstrated onshore in
the southern part of the block. In the coastal area and off the
coast, there are two palaeoelevations devoid of effusive rocks.
Offshore in the western part of the Gryfice Block, the effusive
rocks are 260 m thick, whereas in its eastern part the thickness
is smaller, oscillating around 100 m. Both offshore and onshore
in the Kotobrzeg Block, there are a number of small isolated ef-
fusive rock covers, 65 m to nearly 240 m in thickness.

The effusive rocks may be the source of occurrences and
concentrations of harmful geogenic substances, including:
gaseous CO,and CO; increased contents of: solid sulphur, H,S
SO; and H,SO,. increased contents of: mercury, arsenic com-
pounds and thermal waters.

ZECHSTEIN EVAPORITES

Zechstein deposits in the East European Craton cover the
southern part of the Polish Exclusive Economic Zone of the
Baltic Sea. On the Paleozoic platform they occur all over the
zone (Wagner, 1990, 1994). In the cratonic area, they were re-
cognised in only one borehole drilled in the northern part of the
Zarnowiec Block and in numerous seismic profiles, which
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Fig. 7. Zechstein thickness and lithofacies

For other explanations see Figure 2

were the basis for the construction of the map of the main
lithofacies and of Zechstein thickness (Fig. 7). Reflection seis-
mic data show that Zechstein deposits of the Zarnowiec and
Gdansk blocks, in the southern part of the Courland Block and
in a small portion of the teba Block, are represented by saline
lithofacies, attaining thicknesses of 300 m. The PZ1 cyclothem
reflects a complicated mosaic of saline basins separated by
anhydrite ridges, in which the Oldest Halite attains a thickness
of up to 250 m (Fig. 7). The upper cyclothems contain no rock
salt. In the southern parts of the Stupsk, Ustka and Dartowo
blocks, the Zechstein deposits are thin (<100 m) and composed
of anhydrite-carbonate and carbonate lithofacies. At the limit
of the extent of the Zechstein deposits, the carbonates subcrop
at the sub-Cenozoic and sub-Upper Cretaceous surface.

In the Paleozoic platform, excluding the eastern part of the
Kotobrzeg Block and northwestern portion of the Gryfice
Block, the Zechstein is represented by saline lithofacies. Its
thickness ranges from 100 to over 600 m (Wagner, 1990).
Partly pierced salt stocks occur in the southern area of the
Wolin Block.

In this area, the Zechstein basin formed a vast embayment
extending parallel to the Teisseyre-Tornquist Zone (TTZ)
northwards almost to the geographical parallel of Bornholm.
The Zechstein deposits are penetrated by one borehole drilled

in the western part of the Kotobrzeg Block, two boreholes
drilled in the Gryfice Block and by one borehole drilled off the
German Baltic Sea coast. The network of reflection seismic
profiles is dense, but no thickness and facies maps have been
constructed for this area. The seismic data were used only to de-
termine the main lithofacies types and their extents (Wagner,
1990). Rock salt occurs in all the four cyclothems (PZ1 to PZ4),
but the extent of the youngest salts is limited to the southern
part of the research area.

The Zechstein deposits contain highly mineralised brines.
The latter migrate into the Baltic Sea waters in areas of sub-Ce-
nozoic subcrops of those deposits and along fault zones. This is
an especially important process in the East European Craton,
i.e. in the eastern part of the Polish sector of the Baltic Sea,
where a wide belt of such outcrops is observed (Fig. 7).

In the Paleozoic platform area, the Zechstein’s Main Dolo-
mite (Ca2) is a source of methane containing toxic hydrogen
sulphide, heavy hydrocarbons and oil.

RESERVOIR ROCKS FOR MINERAL AND THERMAL WATERS

In the Polish Exclusive Economic Zone of the Baltic Sea,
bedrock sedimentary formations contain mineral and thermal
waters under considerable reservoir pressure. Ascent of con-
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fined groundwater into seawater occurs in some areas, causing
alteration of its hydrochemical and physical properties. As a
consequence, there is a high risk of geogenic contamination of
seawater. The information given below originates from bore-
holes partly drilled onshore along the southern Baltic Sea coast
(cf. Bojarski, 1996).

Cambrian and Devonian aquifers occur in the eastern part
of the Polish sector of the Baltic Sea, i.e. in the East European
Craton (Figs. 2 and 3).

Water mineralisation in the Middle Cambrian deposits in-
creases from <150 g/dm® at a depth of 1000-2000 m to
>200 g/dm® at 4500 m. The brines are enriched in iodine and
bromine. In the Gdansk Block, bromine content is up to
1650 mg/dm®. Reservoir pressure gradient values vary from
1.03t0 1.13 hPa~ 10*10 m, occasionally attaining 1.23 hPa
10°/10 m. The highest discharge (3.94 m®h) was observed in
the Rozewie Block, immediately to the south of a zone of
pinchout of Cretaceous deposits. In the other regions, the dis-
charge is below 2 m*/h.

In the Rozewie and Courland blocks, the topmost Middle
Devonian strata contain weakly mineralised water, as shown
by data from onshore areas (Kondratas and Wajtekunas, 1990).
At the base of the Devonian succession, water mineralisation is
probably of several g/dm?, whereas under the Cretaceous over-
burden it can exceed 20 g/dm®. Groundwaters from the top of
the Devonian succession are of SO,-HCOz;-Ca-Mg or
S0O4-Ca-Mg types, whereas groundwaters from its basal part
represents a Cl-Na-Ca type with the bromine content exceeding
100 mg/dm®. Groundwater discharge from sandstones is
>20 m*h; from dolomites it is below 1 m*h.

Devonian, Carboniferous and Rotliegend aquifers occur in
the western part of the Polish sector of the Baltic Sea, i.e. in the
Paleozoic platform (Figs. 2 and 3).

Devonian deposits of the area exhibit very poor reservoir
properties. They are commonly conspicuous by a total lack of
inflow, or show inflows below 0.6 m%h. The only horizons
characterized by a higher discharge (e.g. 27 m*h from a depth
of 2560-2604 m, onshore to the south of the Kotobrzeg Block)
are terrigenous-cavernous Middle Devonian deposits. Highly
altered Cl-Ca-Na type brines with mineralisation of
195-265 g/dm?® are predominant. Values of the hydrochemical
index are as follows: rNa:rCl = 0.39+0.56, Cl:Br <100 and
rSO,-100/rCl <0.01. The iodine content is 30-51 mg/dm®. The
bromine content attains 1850 mg/dm®. The reservoir pressure
gradient decreases northwards from 1.20-1.04 ~ 10% hPa/10 m
onshore to 1.00 ~ 10% hPa/10 m offshore.

The mineralisation of brines coming from the Carbonifer-
ous deposits is 220-260 g/dm?® in onshore areas, and it de-
creases to approximately 150 g/dm? in offshore areas. Locally,
there are brines of mineralisation >300 g/dm?®, containing
92-98% mval of NaCl. These are genetically associated with a
leaching of Zechstein rock salts injected into vertical fault frac-
tures. These are Cl-Ca-Na type brines showing a high level of
alteration of their chemical composition expressed by the ratios
rNa:rCl =0.450.65 and CI:Br = 100. The iodine content is up to
40 mg/dm®; the bromine content is up to 2500 mg/dm®. The
maximum brine discharge is 5 mh. Reservoir pressure gradi-
ents commonly exceed 1~ 10° hPa/10 m. The anomalously
high brine discharge of 65 m*/h was observed onshore immedi-

ately to the south of the Kotobrzeg Block due to strong rock
fracturing. There are also zones of anomalously increased res-
ervoir pressure, where the gradients reach values of
1.35" 10° hPa/10 m.

The mineralisation of brines from the Rotliegend can be es-
timated with reference to data from onshore areas, where it ex-
ceeds 220 g/dm®. Saturated brines of mineralisation exceeding
300 g/dm® are locally observed. These brines represent a
Cl-Ca-Na type. The values of rNa:rCl and Cl:Br are 0.52-9.70
and <100, respectively. Maximum bromine and iodine contents
are 1822 mg/dm?® and 18 mg/dm?, respectively. Brine discharge
is commonly 0.1-1.4 m*h. Reservoir pressure gradient values
do not exceed 1.10 © 10° hPa/10 m and decrease northwards.
Brines of a similar type probably occur also in offshore areas,
however, their mineralisation is lower.

Numerous aquifers have been found in the Zechstein, Tri-
assic, Jurassic and Cretaceous deposits of all the tectonic blocks
in the Polish sector of the Baltic Sea.

The Zechstein aquifer is characterized by a huge variability
of reservoir properties and mineralisation of brines, as well as
by the presence of toxic hydrogen sulphide. The mineralisation
of onshore brines varies from 320 to 390 g/dm®, whereas the
mineralisation of offshore brines is merely 170 g/dm®. In the
teba Block, brine mineralisation values are below 50 g/dm®.
These are CIl-Ca-Na type brines. In the western part of the
Kotobrzeg Block, the reservoir pressure gradient is
1.09~ 10° hPa/10 m; in onshore areas it commonly ranges be-
tween 1.75 and 2.12 ~ 10% hPa/10 m. The Zechstein aquifer is
characterized by a small brine discharge. Some 90% of obser-
vations have shown no inflow or only percolation of brine
(0.02-0.7 m*h). Much higher brine discharges were recorded
only along fault zones.

In the Triassic succession, the best quality reservoir rocks
are Buntsandstein sandstones. Groundwater mineralisation in
these rocks from the eastern part of the Polish sector of the Bal-
tic Sea is below 50 g/dm?®; slightly higher values are only ob-
served in a small area in the southern part of the Zarnowiec
Block. In the western portion of the sector, groundwater
mineralisation is over 200 g/dm®, as shown by data obtained
from the land area. Upper Triassic brines show mineralisation
of 75-150 g/dm®. The values decrease northwards and are vari-
able with brine discharges ranging from percolation to 50 m*h.
Reservoir pressure gradient values are commonly around
1.05 ~ 10°hPa/10 m, sporadically reaching 1.10 -~ 10°
hPa/10 m. Onshore in the Gdansk Block, there is an artesian
spring from the Buntsandstein aquifer, yielding inflow of pres-
surised thermal water of temperature 22—24°C. Thermal waters
of similar temperatures were also observed onshore on the ex-
tension of the Ustka Block.

Onshore data show that mineralisation of the Lower Juras-
sic groundwater varies within a wide range from freshwater
(0.4 g/dm®) to concentrated brines (170 g/dm®) that show a low
level of alteration of their chemical composition expressed by
the ratio rNa:rCI>0.85. These are commonly CI-Na type wa-
ters. Brine discharge is very high in onshore boreholes, reach-
ing about 50 m*h. Reservoir pressure conditions are very fa-
vourable for groundwater inflow. Reservoir pressure gradient
values vary from 1.02 to 1.06 = 10° hPa/10 m. Lower Jurassic
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deposits from a depth of 600-1300 m yield thermal water with
mineralisation of several to >50 g/dm® and discharge of
50 m*/h. Thermal water inflows were observed e.g., in onshore
areas immediately to the south of the Gryfice and Wolin
blocks, where the water temperatures were 23 and 27°C, re-
spectively.

Onshore on the extension of the Wolin Block, Lower Cre-
taceous deposits contain Cl-Na type brines with mineralisation
of 35-45 g/dm®. The brines show increased concentrations of
iodine, bromides and boron. Brine discharge is 1.8-6.0 m*h.
Onshore in the Koltobrzeg region, there are CI-Na brines with
mineralisation of 4-14 g/dm®. Groundwater of the Upper Cre-
taceous aquifer is weakly mineralised with the content of total
dissolved solids below 5 g/dm?. Higher mineralisation values
of 10-20 g/dm® may be expected only in the southern part of
the Wolin Block.

MIGRATION AVENUES OF HARMFUL
GEOGENIC SUBSTANCES

FAULT ZONES

Fault zones and associated fracture systems are the main
migration pathways of geogenic substances originating from
deeply seated geological structures. In the Polish Exclusive
Economic Zone of the Baltic Sea, seismic investigations re-
vealed a number of deeply rooted fault zones (Figs. 1-3). In the
East European Craton, i.e. in the eastern part of the research
area, the faults penetrate a very thick cover of Silurian clay- and
mud-shales, and locally Zechstein evaporites, which are the
rocks sealing older formations and preventing any solutions
from direct migrating through the lower Paleozoic strata. In the
Paleozoic platform, i.e. in the western part of the research area,
the fault zones cut lower and upper Paleozoic, Mesozoic and
Cenozoic formations. They were rejuvenated at the end of Me-
sozoic times, during the Cretaceous tectonic inversion. As in
the cratonic area, fault zones in the Paleozoic platform are mi-
gration avenues for geogenic substances.

Interpretation of the geogenic activity is based on the inten-
sity of the outflow and seepage of geogenic substances. These
depend on a number of different factors such as the type of sea
bottom sediments, bottom water agitation and seismic activity.
The variability of these factors greatly affects the concentra-
tions of analytically identifiable geogenic substances
(Tkachenko and Mazurek, 2008a, b). On shoals with a depth of
20-30 metres below sea surface, samples were taken only dur-
ing calm sea conditions (Beaufort number 1). At greater depths
sampling was possible during a light or gentle breeze (Beaufort
numbers 2 and 3). Of fundamental importance was seismic ac-
tivity. Even during very distant earthquakes the amount of mi-
grating geogenic substances increased several-fold.

Four major fault zones were selected for thorough investi-
gations carried out to check the possibility of vertical migration
of geogenic substances. These were the Kuznica Fault Zone in
the cratonic area, and the Koszalin, Trzebiatdw and Kamien
Pomorski fault zones on the Paleozoic platform (Figs. 2 and 3).
Each fault zone was examined by producing three geochemical
profiles running parallel to the fault strike: along the fault axis

and on both its sides. The average distance between the profiles
was 500 m. Those situated in the fault axes were sampled more
densely (twice as many samples) with a 500 m sample interval.
Along the fault sides, the sample interval was 1000 m. The total
number of samples collected was 1054, including 50 samples
taken for examination of isotopic composition of gas. Several
thousand analyses were made on these samples (Tkachenko
and Mazurek, 2008a).

Characteristics of geogenic activities in the fault zones
studied are given in Tables 1-4 set separately for each zone.
The tables present concentrations of liquid and gaseous hydro-
carbons in bottom sediments and bottom waters characterized
by their minimal and maximum values, median values and
arithmetic means. The indices obtained are a reliable measure
of pollution because of the large number of samples analysed.

KUZNICA FAULT ZONE

The Kuznica Fault Zone is situated on the East European
Craton in the eastern part of the Polish Exclusive Economic
Zone of the Baltic Sea. This is a N-S-trending, 100 km long
deeply rooted tectonic fracture zone. It separates two tectonic
blocks of Courland in the east and teba in the west (Figs. 2
and 3). Together with the more westerly Karwia and
Smotdzino faults of similar direction and origin, the zone
played a very important role in the tectonic evolution of the re-
gion.

The Kuznica Fault Zone was selected for studies of
geogenic phenomena because, as previously demonstrated, the
zone showed geogenic activity (Jaworowski et al., 2001). Two
oil fields (B5 and B8) occur in Cambrian deposits on the west-
ern upthrown side of the fault. Thus, by examining almost the
whole fault zone, we could determine its present geogenic ac-
tivity. For that purpose, 400 samples were collected from bot-
tom sediments and bottom water along three profile lines to de-
termine the concentrations of hydrocarbons and gases (Fig. 8).

The sea depth in the fault region varies within the interval of
80-90 m, increasing to 105 m only in the northern part of the
area. The considerable depths prevented the hydrocarbon accu-
mulations from being washed away by wave activity during
fair-weather conditions (Beaufort number up to 3). The sea
bottom sediments are represented mainly by Holocene tills,
clays and clayey muds with subordinate fine-grained sands.
The character of the bottom sediments favoured sorption of
liquid hydrocarbons within the deposit.

Comparison of the median values and arithmetic means
(Table 1) shows that the concentrations of liquid hydrocarbons
in bottom waters are many times greater along the fault axis
(profile C). This relationship should be treated as robust and in-
dependent of any other factors because the differences between
the concentration values are very large. The arithmetic means
for liquid hydrocarbons in sediments reveal a slightly different
pattern. The concentrations in the fault axis (profile C) and on
the downthrown side (profile E) are similar and only slightly
greater in the latter area. The concentrations of methane in bot-
tom waters are highest along profile E while along profile W
methane is always accompanied by heavy hydrocarbons.

The Kuznica Fault is the best-explored geogenic pollution
zone (Wagner, 2008). The greatest intensity of geogenic phe-
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Table 1

Geochemical characteristics of geogenic activity in the Kuznica Fault Zone

Geochemical profiles

w

Cc E

(keba Block) (fault axis) (Courland Block)
Liquid hydrocarbons in bottom water 0.74 t0 51.00 (101) 1.12 t0 195.00 (202) 1.12 t0 27.00 (101)
[mg/1] 2.25 (6.43) 6.75 (23.06) 3.00 (4.39)
Liquid hydrocarbons in sediments 0.0055 to0 0.5277 (98) 0.0093 to 0.8308 (190) 0.0106 to 0.5493 (96)
[wt.%] 0.0518 (0.0966) 0.0543 (0.1128) 0.1012 (0.1650)

Methane concentration in water
[x107 vol.%]

5.6 to 96 500 (100)
30.80 (2 455.25)

6.7 to 627 500.00 (101)
42.25 (8 974.38)

4,50 to 328 100 .00 (200)
31.10 (4 827. 61)

Methane concentration in sediments
[x107* vol.%]

17.45 t0 141.31 (29)
57.90 (64.12)

3.64 to 149.03 (86)
38.61 (56.02)

8.96 to 145.17 (93)
30.64 (36.78)

Range of geochemical parameters is given as numerator, median value in denominator (bold); in parentheses — number of analyses (numerator) and arith-

metic mean (denominator)

nomena is observed in the northern and central parts of this tec-
tonic zone (Fig. 8). Strong and very strong anomalies of liquid
hydrocarbon concentrations in bottom waters, ranging from 50
to 200 mg/l, and in bottom sediments, reaching up to 0.9 wt.%,
are of outflow nature. They are related to the Middle Cambrian
oil fields B5 and B8, being hazardous to the natural environ-
ment. The outflow substances spread out onto the sea-floor
along the tectonic zone despite the large thicknesses
(1000-1700 m) of Silurian clay-shales, which are rocks of
good sealing properties.

The absence of hydrocarbon concentration anomalies in the
southern part of the Kuznica Fault may be due to a seismic si-
lence during sampling and, as is more probable, due also to the
occurrence of sealing Zechstein rock salt layers in this region.
Gaseous anomalies are observed only in this area. Gases, being
more mobile, can easier migrate through rock salt.

The isotopic composition of the gases in most of the sam-
ples shows that methane formed mainly as a result of
thermogenic processes of alteration of fossil organic matter
(Kotarba et al., 2008).

KOSZALIN FAULT ZONE

The NW-SE-trending Koszalin Fault Zone (Figs. 2 and 3)
constitutes the northern part of the Teisseyre-Tornquist Zone
(see chapter: European Paleozoic Platform). The sea depth in
the southeastern part of the Koszalin Fault is small, oscillating
around 10 m, and gradually increases to approximately 50 min
the northwestern area. This is a shallow-marine zone prone to
storm effects. Bottom sediments in the area consist exclusively
of sand and gravel. These are extremely unfavourable condi-
tions for liquid hydrocarbon accumulations because of the lack
of sorption ability of the deposits. Thus, no analyses have been
made in this region. The weather was good during sampling
along profiles C and W (sea condition: wavelets), and it by no
means affected the hydrocarbon concentration in the bottom
waters. Profile E was analysed in less favourable conditions,
close to stormy. Geodynamic activity along profile C was very
weak and it increased during work on profiles W and E.

The Koszalin Fault Zone was examined by three parallel
geochemical profiles spaced 500 m apart (Fig. 9A). In total,

249 samples were collected. Comparison of the median values
(excluding profile W) and arithmetic means (Table 2) shows
that the concentrations of methane and liquid hydrocarbons in
the bottom waters are slightly greater in the fault axis (pro-
file C), although the values are comparable. These data suggest
that the Koszalin Fault Zone and both its sides can be consid-
ered as very weakly active as regards the migration and seepage
of liquid and gaseous hydrocarbons.

The geochemical anomalies of the Koszalin Fault Zone are
characterized by low concentrations of liquid and gaseous hy-
drocarbons in bottom waters. They are absent in the central part
of the fault zone. The research results show that the Koszalin
Fault Zone is a very insignificant source of geogenic pollution.

TRZEBIATOW FAULT ZONE

The Trzebiatow Fault Zone is one of the most important
tectonic elements of the Paleozoic platform, separating the
Kotobrzeg Block from the Gryfice Block (Figs. 2 and 3). The
Trzebiatow Fault Zone is a set of several faults trending ap-
proximately NW-SE. The major fault of the zone is deeply
rooted in the crystalline basement. The fundamental restructur-
ing of the area took place in latest Cretaceous and earliest
Paleogene times.

The sea depth in the fault region is small: from about 10 m
in the southeastern area to approximately 30 m in the north-
west. Thus, the fault is situated in a shallow-marine zone of the
sea, prone to storm effects. The bottom sediments are com-
posed exclusively of sand and gravel. These are extremely un-
favourable conditions for liquid hydrocarbon accumulations in
sediments due to lack of sorption ability. Thus, no hydrocarbon
analyses have been made in this region.

The weather was good during sampling along all the pro-
files (sea condition: wavelets), and it by no means affected the
hydrocarbon concentrations in bottom waters. Geodynamic ac-
tivity was increased.

The Trzebiatdw Fault Zone was examined by three parallel
geochemical profiles running 500 m apart (Fig. 9B). In total,
181 samples were taken. Comparison of the median values and
arithmetic means (Table 3) indicates that the highest concentra-
tions of liquid hydrocarbons in bottom waters occur along pro-
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file E. The methane concentration in bottom waters is slightly
higher in profile C. This situation, i.e. a higher geogenic activ-
ity along profile E, can be explained by the incorrect location of
the fault axis zone in the map of bottom sediments (Fig. 9B).
This led to the location of profile E, instead of profile C, in the
fault axis (Tkachenko and Mazurek, 2008c).

The Trzebiatow Fault Zone is very active in the processes
of migration and seepage of liquid and gaseous hydrocarbons
(Fig. 9B). In terms of liquid hydrocarbon seepage into bottom

waters, the most active is the central part of profile E, crossing
the axial fault zone. The concentrations of liquid hydrocarbons,
which are a serious hazard to the environment here, reach val-
ues of 96-193 mg/l. Profiles W and C are characterized by
more poorly marked anomalies, but a few analyses revealed
relatively high values of 30-50 mg/I. High methane concentra-
tions in water (2.0-2.5 x 10~* mg/l) are observed in the southern
part of the fault zone.
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Table 2

Geochemical characteristics of geogenic activity in the Koszalin Fault Zone

Geochemical profiles

w
(Kotobrzeg Block)

C E B
(fault axis) (Dartowo Block) (Dartowo Block)

Liquid hydrocarbons in bottom water 1.50 to 21.00 (62)

1.50 to 51.00 (120)

1.50 to 25.50 (62) 2.25t0 4.50 (6)

[mg/l] 3.75 (4.20) 2.25 (4.88) 2.25 (4.79) 1.5 (2.50)
Methane concentration in water 3.84 10 8.86 (62) 4.20 to 11.58 (131) 0.00 to 11.13 (62) 7.52 t0 8.48 (6)
[x10™* vol.%] 5.28 (5.75) 5.54 (6.19) 5.31 (5.90) 8.15 (8.11)

Methane concentration in sediments

14.57t0 5 674.81 (4)

341t0592.73 (2)

[x107* vol.%]

144.12 (1 550.03)

467.22 (467.22)

Explanations as in Table 1

Vertical migration of gaseous and, especially, liquid hydro-
carbons occurs despite the occurrence of the sealing Zechstein
rock salt horizons. The isotopic composition of the gases sug-
gests that methane was formed in most of the samples as a re-
sult of thermogenic processes of alteration of fossil organic
matter (Kotarba et al., 2008).

KAMIEN POMORSKI FAULT ZONE

The Kamien Pomorski Fault Zone (Figs. 2 and 3) is one of
the most important tectonic elements of the Paleozoic platform,
separating the Gryfice Block from the Wolin Block. The
Kamien Pomorski Fault Zone is a set of several faults trending
approximately NW-SE. In the German sector of the Baltic Sea,
it passes into the Adler Fault Zone, so it is also referred to as the
Kamien—Adler Fault. The major fault of the zone is deeply
rooted in the crystalline basement. The main stage of tectonic
restructuring of the area occurred at the late Carbonifer-
ous/Permian transition and during the latest Cretaceous—earli-
est Paleogene.

The sea depth in the fault region is small: from about 8 to
14 m. In general, the fault is situated in a very shallow-marine
zone, prone to storm effects. The bottom sediments are com-
posed exclusively of sand and gravel. These are extremely un-
favourable conditions for liquid hydrocarbon accumulations in
sediments because of their lack of sorption ability. Thus, no hy-
drocarbon analyses have been made in this region.

The weather was good during sampling along all the pro-
files (sea condition: wavelets), and it by no means affected the
hydrocarbon concentration in bottom waters. Geodynamic ac-
tivity was increased during sampling along profile C and in the
northern part of profile E (sampling sites 1-18), which in-
creased the values of geochemical indices.

The Kamiert Pomorski Fault Zone was examined by three
parallel geochemical profiles running 500 m apart (Fig. 9C).
Profile C is located in the fault axis, profile W crosses the
Wolin Block, whereas profile E is situated in the Gryfice
Block. In addition to these profiles, an eastern branch of the
Kamien Pomorski Fault was analysed in its southeastern part
(profile B). In total, 117 samples were collected. Due to the
variable inclination of the fault, profile C, intended for exami-
nation of the axial fault zone, runs across the zone in its north-
eastern part comprising points 1-19, whereas in the remaining
area (points 20-58) it zigzags across the axial zone into the
Wolin and Gryfice blocks (Fig. 9C).

Comparison of the median values and arithmetic means
(Table 4) suggests that the highest concentrations of liquid hy-
drocarbons in bottom waters occur along geochemical pro-
file E. Methane concentrations in the bottom waters are compa-
rable in all the profiles. Methane concentrations in the sedi-
ments are slightly higher in profile E.

Any comparisons of the median values and arithmetic
means along individual profiles in order to show the highest ac-
tivity of the axial fault zone make no sense in the case of the

Table 3

Geochemical characteristics of geogenic activity in the Trzebiatéw Fault Zone

Geochemical profiles
W c E

(Gryfice Block) (fault axis) (Kotobrzeg Block)
Liquid hydrocarbons in bottom water 2.25 t0 51.00 (45) 1.50 t0 49.5 (117) 2.25 t0 193.5 (30)
[mg/l] 4.50 (5.93) 3.75 (5.63) 6.00 (19.33)
Methane concentration in water 0.00 to 10.51 (64) 4.70 t0 60.10 (117) 4.52 t0 20.00 (61)
[x10™ vol.%] 7.30 (7.01) 8.10 (8.94) 7.30 (7.71)
Methane concentration in sediments 7.07t0 7.69 (2) 0.00 to 10.51 (117) _
[x107* vol.%] 7.38 (7.38) 7.76 (8.24)

Explanations as in Table 1
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Table 4

Geochemical characteristics of geogenic activity in the Kamier Pomorski Fault Zone

Geochemical profiles
w C E B

(Wolin Block) (fault axis) (Gryfice Block) (Gryfice Block)
Liquid hydrocarbons in bottom water 9.00 to 24.75 (28) 1.50 to 49.5 (56) 1.50 to 75.00 ( 28) 3.00 to 6.00 (5)
[mg/1] 9.00 (6.75) 3.00 (5.00) 3.00 ( 7.63) 450 (4.50)
Methane concentration in water 7.50t012.10 (27) 6.30 to 16.70 (57) 7.70t0 10.4 (27) 8.30 t0 9.40 (5)
[x10*vol.%] 10.05 (9.88) 9.55 (9.66) 8.40 (9.33) 8.90 (8.96)
Methane concentration in sediments 4.71t09.14 (27) 0.00 to 10.40 (55) 3.74 t0 10.34 (27) 0.00 to 8.58 (5)
[x107* vol.%] 7.71 (7.29) 8.51 (7.00) 7.67 (7.59) 5.25 (8.48)

Explanations as in Table 1

Kamien and Trzebiatéw fault zones. This results from the fact
that the sampling locally missed the axial zone due to the vari-
able inclination of the fault zone. Nevertheless, it permits com-
paring the intensity of geogenic phenomena in individual fault
Zones.

From this point of view, the Kamiet Pomorski Fault Zone
is a very important area, especially for the gas phase emission.
Worth noting is the special role of butylene in the composition
of the hydrocarbon gas phase. The butylene contents are
greater than the contents of other gaseous hydrocarbons, in-
cluding methane, by an order of magnitude. Together, they
form huge concentrations that demonstrate their petroleum ori-
gin (Tkachenko and Mazurek, 2008c).

The Kamien Pomorski Fault Zone is characterized by high
concentrations of methane, butylene and heavy hydrocarbons
in bottom waters, severely polluting the natural environment.
During sampling in 2006, decaying dead mollusc remains were
found — probably victims of the specific composition of the gas
phase, that depleted oxygen from the water in the process of
oxygenation (Tkachenko and Mazurek, 2008c).

The concentrations of liquid hydrocarbons are generally
small with isolated large seepage spots where the concentration
values range from 48.75 to 75 mg/l. The isotopic composition
of the gases suggests that methane was formed in most of the
samples as a result of thermogenic processes of alteration of
fossil organic matter.

PINCHOUT ZONES OF SEDIMENTARY COMPLEXES

In addition to faults, regional pinchout zones of sedimen-
tary units are important migration avenues of harmful geogenic
substances (Jaworowski et al., 2001). A special role in trans-
mitting geogenic liquids and gases is played by erosional
pinchout zones related to post-Cretaceous erosion. Much sig-
nificant information on pinchout zones is given by the geologi-
cal map of the sub-Quaternary surface accompanied with geo-
logical-seismic cross-sections published by Kramarska et al.
(1999). The map and cross-sections are based on boreholes and
high-resolution seismic reflection data which allowed insight
into the geological structure down to several hundreds metres
depth. They were taken into account while drawing the extents
of some sedimentary formations shown in Figure 10.

In the cratonic area of the Polish sector of the Baltic Sea
(Gdanisk, Courland, Rozewie, teba, Zarnowiec, Smotdzino,
Stupsk, Ustka and Dartowo blocks; Figs. 2 and 3), the pinchout
zones resulted from erosional truncation of gentle, broad eleva-
tions of the Permo-Mesozoic sedimentary succession later cov-
ered by Cenozoic deposits.

The thick Silurian succession, mostly of clay- and
mud-shales, prevents geogenic substances from migrating
along pinchout zones of the lower Paleozoic deposits. Lower
Paleozoic geogenic substances most probably first migrated
along the faults cutting the lower Paleozoic formations, and
subsequently through fault zones and pinchouts in younger de-
posits i.e. along pinchouts within the Permo-Mesozoic cover
(Jaworowski et al., 2001). In the Courland and Rozewie blocks,
there is a regional zone of pinchout of Cretaceous deposits
overlying the Devonian succession. The erosional boundary
between occurrence areas of the Cretaceous and Devonian de-
posits subcrops at the sub-Quaternary surface in this region.
Three regional, NE-SW and E-W- trending pinchout zones are
observed in the southern part of the £eba Block. These are ex-
pressed by erosional boundaries between the occurrence areas
of the following deposits (when moving in a S to N direction):
Cretaceous and Triassic, Triassic and Zechstein, and Zechstein
and Silurian. Further westwards, within the Stupsk Block, there
are similar zones associated with erosional boundaries of the
northern extents of Cretaceous, Triassic and Zechstein depos-
its, occurring on the extension of the previously mentioned
pinchout zones.

Towards the west, within the Ustka Block, the Cretaceous
deposits overlap Triassic and Zechstein, thus directly overlying
the Silurian succession. It means that the sub-Cretaceous
pinchouts of Triassic and Zechstein deposits and the pinchout
zone of Cretaceous rocks occur upon the Silurian basement in
this area. The pinchout zones from the southwestern part of the
teba Block and the Stupsk and Ustka blocks are overlain by
both Quaternary and Tertiary deposits over almost the whole
areas, reducing their migration potential. The zones so sealed
stretch between the meridians of Karwia and Jamno, about
30-40 km off the coast. On the Paleozoic platform of the Polish
sector of the Baltic Sea, i.e. on the Kotobrzeg, Gryfice and
Wolin blocks, lower and upper Paleozoic formations occur be-
neath the Permo-Mesozoic cover. Partly explored Devonian
and Carboniferous deposits of this area form a number of



Marine ecogeology in semi-closed basin: case study on a threat of geogenic pollution of the southern Baltic Sea...

283

15°00’

17°00'

SWEDEN

55°00’

54°00°

00,55

G
Koscierzyna
¥ Malbork

00,7

15°00°
oil deposit

~— > natural gas deposit

zone of increased hydrocarbon concentration
in bottom sediments and bottom water

(zone of increased prospectivity

for hydrocarbon deposits occurrence)

zone of regional erosional pinchouts
of sedimentary formations

Q e

@ under Quaternary deposits
b under Paleogene and Quaternary deposits

Cr — Cretaceous, J — Jurassic, T — Triassic, PZ — Zechstein

- high concentration of liquid hydrocarbons
in bottom water

17°00’ 19°00’

extent of increased concentration of strontium
normalized relative to aluminium (EF Sr/Al >60)

~—— ™ extent of increased concentration of vanadium
normalized relative to aluminium (EF V/Al >30)

area of potential massive brine outflow

———

= =, area of potential or proved massive
\g thermal water outflow

&

extent of Zechstein rock salts

area at the greatest risk
from geogenic pollution

Fig. 10. Areas at the greatest risk from geogenic pollution

Hydrocarbon deposits and zones of increased prospectivity for hydrocarbon
deposits after Anolik and Karczewska (2008); for other explanations see Figure 2

sub-Permian antithetic blocks represented by half-horsts and
half-grabens with strata dipping towards the NE (Dadlez and
Pokorski, 1995). Seismic data show signs of angular
disconformities and pinchout zones within these deposits.
However, the pinchout zones are sealed by a thick Permo-Me-
sozoic cover and they play no role in migration of geogenic
substances. The only regional pinchout zones capable of trans-
mitting the geogenic substances in the Paleozoic platform are
linked with Mesozoic deposits. These are erosional pinchouts
formed as a result of truncation of relatively steep and narrow
folds. In consequence, pinchout zones with erosional disconti-

nuities at the top are mainly observed along the anticlinal flanks
in this area. In the Kotobrzeg Block, regional zones of this type
are represented by erosional boundaries between the occur-
rence areas of Triassic, Jurassic and Cretaceous deposits,
subcropping at the sub-Quaternary surface. In the Gryfice
Block, there are analogous boundaries between the occurrence
areas of different Jurassic and Cretaceous stages.

Credible evidence for migration of geogenic substances
along pinchout zones, at least in the cratonic part of the study
area, was provided by increased contents of strontium and va-
nadium in bottom sediments. These are derived from
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deep-seated sedimentary formations. Strontium comes from
Zechstein salts while vanadium is from lower Paleozoic black
shales and/or hydrocarbon-bearing strata. In this paper, “in-
creased” values of the metals denote those concentrations nor-
malised relative to aluminium (i.e. Sr/Al and V/Al) represented
by an Enrichment Factor (EF): for strontium of >60, and for va-
nadium of >30. Data on strontium and vanadium distribution in
bottom sediments (Fig. 10) are given in papers by Szczepanska
and Uscinowicz (1994) and Uscinowicz et al. (2004). These
papers contain results of investigations based on samples taken
at 368 points arranged in a regular 10 x 10 km grid covering the
whole Polish Exclusive Economic Zone. Bottom sediments
were sampled with the use of a Niemisto core-sampler (muds)
and Van-Veen grab-sampler (sands). The metal content was
determined using atomic spectrometry (ASA) and atomic
emission spectrometry with plasma excitation (ICP) methods,
after microwave dilution in HNO3 1 + 1.

In the cratonic area, increased Sr/Al values are observed on
the Stupsk and Zarnowiec blocks. These are certainly associ-
ated with a zone of regional erosional pinchouts of Permo-Me-
sozoic deposits (Fig. 10). They were the pathways for migrat-
ing Sr-rich Zechstein brines and thermal waters. Increased
Sr/Al values were also recorded on the Gryfice and Kotobrzeg
blocks of the Paleozoic platform, as a result of migration along
a dense fault network. However, it must be borne in mind that
there are also pinchout zones of Triassic, Jurassic and Creta-
ceous deposits in this area (Fig. 10). In addition to faults, they
could be the migration pathways for brines and thermal waters
predominantly from the Zechstein deposits.

High /Al values are observed mainly in the cratonic sector
of the Polish economic zone of the Baltic Sea along the
Smotdzino Fault, and in the middle part of the Karwia Fault
(Fig. 10). An especially strong anomaly is recorded in the
last-mentioned area. It probably reflects a local near-fault in-
flow of geogenic substances and, notably, is related to a zone of
erosional pinchout of Cretaceous deposits. Migration of
geogenic substances along regional pinchouts of Permo-Meso-
zoic deposits is also shown by the presence of an extensive
zone of increased V/AI values on the Stupsk and Zarnowiec
blocks. It stretches transverse to the regional fault zones and al-
most parallel to the pinchout zones (Fig. 10). It suggests that the
zones took an active part in transmitting geogenic substances.
Vanadium, tending to concentrate in crude oil, is one of the
most characteristic elements occurring in black shales of Scan-
dinavia (cf. Morawski, 1973). Their facies equivalents are
Cambrian-Tremadocian black mud and clay shales of the
Piasnica Formation s.l. (Fig. 5). The zones of regional
pinchouts of Permo-Mesozoic sedimentary formations run
evenly with a parallel of latitude across the Courland, Rozewie,
teba, Stupsk and Ustka blocks (Figs. 2 and 10). In addition to
other substances, they transmit also geogenic liquids and gases
originating from lower Paleozoic black shales.

On the Paleozoic platform, high V/AI values are observed
along the Kamien Pomorski and Trzebiatdw faults, at sites
where they merge with the pinchout zones. They are related
here to migration of bitumens that are often accompanied by
vanadium.

Increased Sr and Va values were also observed in some re-
gions immediately to the north of the Polish coast (Fig. 10).

They are associated with local erosional pinchouts of Mesozoic
and Tertiary deposits at sites of deep furrows in the sub-Quater-
nary surface (cf. Kramarska et al., 1999).

AREAS OF THE GREATEST RISK
OF GEOGENIC POLLUTION

The results of these investigations have fully confirmed the
earlier assumptions (Jaworowski et al., 2001) as regards the
threat posed to the Polish Exclusive Economic Zone of the Bal-
tic Sea by geogenic pollutants. It has been shown that geogenic
substances derived from deep-seated geological structures cur-
rently migrate into bottom waters and sediments. The whole
Polish sector of the Baltic Sea is threatened by geogenic pollut-
ants. Two areas (A and B) at the greatest risk from geogenic
pollution have been defined after analysing all the demon-
strated and potential hazards to the environment.

AREA A (FIGS. 2 AND 10)

Situated in the eastern part of the Polish Exclusive Eco-
nomic Zone of the Baltic Sea, in the East European Craton, this
covers the Courland Block (western part), Rozewie Block,
teba Block (including the Smotdzino Fault Zone) and
Zarnowiec Block (eastern part).

COURLAND BLOCK

The western portion of the block is part of a larger area of the
highest prospectivity for hydrocarbon accumulation. The area
extends meridionally along both the flanks of the Kuznica Fault
Zone separating the Courland and Rozewie blocks. In the north-
ern part of the highest pollution risk area on the Courland Block,
there is a regional pinchout zone marked by the extent of the Cre-
taceous deposits overlying Devonian rocks. The zone subcrops
at the sub-Quaternary surface. The forefield of the pinchout zone
belongs to the area of potential massive brine inflows. The bed-
rock of the block contains sedimentary formations which can be
the source of harmful geogenic substances. These are the lower
Paleozoic black shales, Middle Cambrian and Devonian depos-
its, as well as Zechstein salts and Lower Triassic and Upper Ju-
rassic deposits occurring in the southern part.

ROZEWIE BLOCK

In the eastern part of the block, there is a part of the area of
the highest prospectivity for hydrocarbon accumulation. This
area extends meridionally along both the flanks of the Kuznica
Fault Zone. In the Rozewie Block, there is the western part of the
most prospective area. High concentrations of liquid hydrocar-
bons in bottom waters, directly linked with the Kuznica Fault
Zone, were discovered in the northern segment of the area.

The greatest intensity of migration of geogenic substances
along the Kuznica Fault is observed in both its northern and
middle part. Strong and very strong anomalies of the concentra-
tions of liquid hydrocarbons in bottom water, recorded in the
northern and middle section of the fault, are hazardous to the
environment. They are associated with oil fields B5 and B8 dis-
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covered in the eastern part of the Rozewie Block. Middle Cam-
brian hydrocarbons migrate up to the sea-floor along the
Kuznica Fault despite the large thickness (1000-1700 m) of the
Silurian clay shale seal. The lack of anomalous concentrations
of liquid hydrocarbons in bottom waters in the southern part of
the fault is probably related to the presence of sealing Zechstein
salts, which are absent in the middle and northern parts of the
zone. Gas anomalies only are observed in this area.

In the central area of the block, there is a NE-SW-trending
zone of regional pinchouts, defined by the extent of Cretaceous
deposits overlying the Devonian. It appears at the sub-Quater-
nary surface. At the site where the pinchout zone merges with
the Karwia Fault Zone (marking the western boundary of the
block), increased V/AI values are observed. These are indica-
tive of the activity of both the pinchout zones and the sub-Qua-
ternary fault zones transmitting hydrocarbons and geogenic
substances originating from the lower Paleozoic black shales.

The area of increased V/AI values “straddles” the Karwia
Fault Zone. Further towards the west is a region where regional
pinchouts observed in the teba Block merge with the Karwia
Fault Zone. Part of the Rozewie Block, situated north of the
above-mentioned pinchouts of Cretaceous deposits, is an area
of high potential brine inflow. The bedrock of the block is com-
posed of sedimentary formations supposed to be the sources of
geogenic substances: lower Paleozoic black shales, Middle
Cambrian and Devonian deposits, and — in the south —Triassic
deposits and Zechstein salts.

LEBABLOCK

In the eba Block, crude oil and natural gas fields have
been discovered along the eastern flank of the Smotdzino Fault
Zone. High concentrations of liquid hydrocarbons in bottom
waters are recorded in the northeastern part of the block. They
are associated with meridionally trending faults observed at the
sub-Quaternary surface. NE-SW-trending regional pinchout
zones, defined by the boundaries between the occurrence areas
of Cretaceous and Triassic, Triassic and Zechstein and
Zechstein and Silurian deposits occur in the southern part of the
block. The western portion of the pinchouts zone is covered by
Paleogene deposits, whereas the eastern portion subcrops at the
sub-Quaternary surface. In the southern part of the £eba Block,
increased V/AI values are observed especially at sites where
the regional pinchout zones merge with the Karwia Fault.
These are related to the activity of both the pinchout zones and
the fault zone, indicating migration of hydrocarbons and
geogenic substances originating from the lower Paleozoic
black shales. To the south of the pinchouts zone and in the
northeastern part of the teba Block, there is an area of potential
massive brine outflows. The bedrock of the block is composed
of sedimentary formations supposed to be the sources of
geogenic substances: lower Paleozoic black shales, Middle
Cambrian deposits, and — in the south —Triassic and Zechstein
deposits without salt-bearing facies.

ZARNOWIEC BLOCK

In the northeastern portion of the block, at the crossing of
the KuZnica and teba—Sambia fault zones, there is the southern
end of a zone of the greatest prospectivity for hydrocarbon ac-

cumulation known from the border zone between the Courland
and Rozewie blocks. Near the eba Fault Zone, representing
the northern boundary of the block, there is a regional pinchout
zone marked by the boundary between the occurrence areas of
Cretaceous and Triassic deposits. The zone is entirely covered
by Paleogene deposits. Increased Sr/Al and /Al values, indi-
cating migration of brines, hydrocarbons and geogenic sub-
stances originating from lower Paleozoic black shales, are ob-
served over the whole Zarnowiec Block. The migration is re-
lated to a network of fault zones that reach the sub-Quaternary
surface. The Zarnowiec Block lies in an area of strong potential
brine outflows, although the Zechstein salts occur only in its
eastern portion. That is why this part of the Zarnowiec Block is
included in the area of the highest geogenic pollution risk.
Other sedimentary formations composing the bedrock of the
Zarnowiec Block, being potential sources of harmful geogenic
substances, are represented by the lower Paleozoic black
shales, Middle Cambrian and Lower Triassic deposits, and — in
the southeastern end — by Upper Jurassic deposits.

AREAB (FIGS. 2 AND 10)

This area is situated in the western part of the Polish Exclu-
sive Economic Zone of the Baltic Sea, within the European Pa-
leozoic platform. Area B covers the western portion of the
Kotobrzeg Block and the Gryfice and Wolin blocks.

KOLOBRZEG BLOCK

Extensive areas of increased prospectivity for hydrocarbon
accumulation occur along the Trzebiatéw and Koszalin fault
zones marking the block boundaries.

The Trzebiatow Fault Zone, representing the boundary be-
tween the Kotobrzeg and Gryfice blocks, is very active in re-
spect of migration and outflow of liquid and gaseous hydrocar-
bons. The concentrations of liquid hydrocarbons in bottom wa-
ters are so high that they pose a serious hazard to the natural en-
vironment. The methane concentration in water reaches signifi-
cant levels along the southern part of the fault. Migration of
gaseous and especially liquid hydrocarbons occurs despite the
occurrence of sealing Zechstein salts. That is why the
Trzebiatéw Fault Zone and the whole western part of the
Kotobrzeg Block represent the areas of the highest geogenic
pollution risk. A sub-Quaternary regional pinchout zone is
marked here by an erosional boundary between the occurrence
areas of Triassic and Jurassic deposits.

Almost the whole area of the block is conspicuous by in-
creased Sr/Al values. An increased /Al ratio is observed in the
western and northeastern regions of the block. These values
prove the presence of brine and hydrocarbon inflows in the area
of a dense network of fault zones reaching up to the sub-Qua-
ternary surface. Worth noting are the occurrences of increased
V/AI values at sites where the regional pinchout zones merge
with the fault zones. A similar situation is observed in area A.
Almost the whole Kotobrzeg Block is included in the area of
strong potential brine outflows. Geogenic substances can origi-
nate from the Devonian, Carboniferous, Zechstein Main Dolo-
mite and salt deposits constituting the bedrock of the entire
block, and additionally from the Lower Triassic, Lower and
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Upper Jurassic and Lower Cretaceous deposits. Local
Rotliegend effusive rocks can also generate harmful geogenic
substances (e.g., heavy metals).

GRYFICE BLOCK

Almost the whole area of the block is covered by two zones
of increased prospectivity for hydrocarbon accumulation. Cha-
otically distributed sites of high concentrations of liquid hydro-
carbons in bottom waters indicate the presence of a dense net-
work of fault zones reaching up to the sub-Quaternary surface.

The Kamierh Pomorski Fault Zone, marking the boundary
between the Gryfice and Wolin blocks, is characterized by high
concentrations of both gaseous (methane, butylene) and heavy
hydrocarbons in bottom waters, causing serious environmental
pollution. As noted above, during sampling in the zone, decay-
ing dead mollusc remains were found. Increased Sr/Al values are
observed throughout the whole area of the Gryfice Block. In-
creased V/Al values are recorded in its southwestern and eastern
parts (the last ones continue into the western part of the
Kotobrzeg Block). A distinct regional pinchout zone, marked by
the erosional extent of Jurassic and of Cretaceous deposits, runs
NW-SE approximately along the axial part of the block. A small
pinchout zone at the boundary of Cretaceous and Jurassic occur-
rence areas was mapped in the southeastern end of the Gryfice
Block. The pinchout zones discussed above subcrop at the
sub-Quaternary surface. The whole Gryfice Block is included in
the area of potential massive brine outflows, and its southeastern
part is at risk of thermal water outflows. The latter were observed
in the northern segment of the block close to the boundary of the
Polish sector of the Baltic Sea.

Devonian, Carboniferous and Zechstein Main Dolomite
and salt deposits, occurring throughout the whole area, as well
as Lower Triassic, Lower and Upper Jurassic and Lower Creta-
ceous deposits form the bedrock of the Gryfice Block. They
can be sources of harmful geogenic substances. Rotliegend ef-
fusive rocks occur in the bedrock over large areas and can also
generate harmful geogenic substances.

WOLIN BLOCK

Almost the whole block is a zone of increased prospectivity
for hydrocarbon accumulation, being the second in the
prospectivity rank for the Polish Exclusive Economic Zone of
the Baltic Sea. In the southeastern part of the block at the
sub-Quaternary surface, there is part of a regional pinchout
zone determined by the erosional boundary between the occur-
rence areas of Jurassic and Cretaceous deposits. Increased
Sr/Al values are recorded over most of the Wolin Block. Its
southeastern region (extension of a similar area from the west-
ern part of the Gryfice Block) is characterized by increased
V/Al values. This suggests migration of brines and hydrocar-
bons through a dense network of faults reaching up to the
sub-Quaternary surface. A narrow area extending along the
Kamien Pomorski Fault Zone can yield massive brine out-
flows, whereas the southern part of the block is an area of po-
tential thermal water outflows. Devonian, Carboniferous and
Zechstein Main Dolomite and salt deposits, occurring through-
out the whole area, as well as Lower Triassic, Upper Jurassic
and Lower Cretaceous deposits composing the bedrock of the

block, are supposed to be the pollutant source rocks.
Rotliegend effusive rocks occur in the bedrock over large areas
and can also generate geogenic substances harmful to the
environment.

CONCLUSIONS

1. Bottom waters and bottom sediments of the Polish Ex-
clusive Economic Zone of the Baltic Sea are polluted by mod-
ern migration of geogenic substances derived from bedrock be-
neath the sea-floor (deep-seated geological structures).

2. Pollutant source rocks, occurring in the bedrock of the
Polish sector of the Baltic Sea, include: (a) oil- and gas-bearing
reservoir rocks (Middle Cambrian, Rotliegend, Zechstein, Car-
boniferous); (b) black shales (Upper Cambrian, Lower and
Middle Ordovician, Lower Silurian); (c) effusive rocks
(Rotliegend); (d) salts (Zechstein), (e) reservoir rocks for min-
eral and thermal waters (Cambrian, Devonian, Carboniferous,
Rotliegend, Zechstein, Triassic, Jurassic and Cretaceous).

3. Fault zones and zones of regional erosional pinchouts of
sedimentary formations are migration avenues for harmful
geogenic substances (the strongest emissions are observed in
axial zones of the faults). Large thicknesses of sealing rocks
(Silurian  clay-shales: 1000-2500 m, Zechstein salts:
100-300 m) need not comprise obstacles on the hydrocarbon
migration pathway along the fault zones.

4. The main sources of pollution are oil and natural gas de-
posits, as well as zones prospective for hydrocarbon deposits be-
cause they are manifested by increased concentrations of liquid
and gaseous hydrocarbons in bottom waters and bottom sedi-
ments.

5. Hydrocarbons that migrate through the fault zones are
represented mainly by oils and methane. Proven seepages of
liquid hydrocarbons, ranging from 50 to 210 mg/l, are a serious
source of pollution of the Baltic Sea waters. Values of 200 mg/I
may be considered as indicative of surface outflows. Consider-
able methane concentrations of up to 2.0-3.0 x10™* mg/l are ac-
companied by large contents of heavy hydrocarbons. They
cause a lethal deficit of oxygen in bottom waters. The amount
of migrating hydrocarbons depends on the level of seismic ac-
tivity in the Baltic region. Under strong seismic activity, the
amount can be greater than that measured during the present re-
search.

6. Methane has accumulated mainly as a result of
thermogenic processes of alteration of fossil organic matter.

7. Migration activity in the fault zones and regional
pinchouts is shown, for instance, by areas of increased stron-
tium and vanadium concentrations in bottom sediments. Stron-
tium comes from Zechstein salts while vanadium is from lower
Paleozoic black shales and/or hydrocarbon-bearing reservoir
rocks.

8. The whole Polish Exclusive Economic Zone of the Baltic
Sea (Figs. 1 and 2) is threatened by geogenic pollutants. Two
areas of the greatest risk of geogenic pollution have been iden-
tified: (i) area A (Fig. 10) is situated on the East European
Craton and covers the western part of the Courland Block,
Rozewie and teba blocks (including the Smotdzino Fault
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Zone) and the eastern part of the Zarnowiec Block; and (ii) area
B (Fig. 10) is situated in the European Paleozoic platform and
covers the western part of the Kotobrzeg Block, and Gryfice
and Wolin blocks.

Acknowledgements. The authors wish to express their
thanks to the personnel of the institutions cooperating within
the frame of the project this paper is based on, for their fruitful

collaboration and for assistance in studying the threat posed by
geogenic pollutants in the Polish sector of the Baltic Sea. Spe-
cial thanks are due to our colleagues from the “Petrobaltic” Qil
and Gas Exploration and Exploitation Joint Stock Company,
Gdansk. We also thank the Ministry of the Environment for ini-
tiating and supporting the project idea, and the National Fund
for Environmental Protection and Water Management for fi-
nancing the research.

REFERENCES

ANOLIK P. and KARCZEWSKA A., eds. (2008) — Badania geochemiczne
osadéw potudniowego Battyku pod katem analizy skazen
geogenicznych i poszukiwan naftowych. Cze$¢ |1l: Strefy
perspektywiczne dla wystepowania zt6z weglowodoréw. Unpubl.
Rep., Centr. Arch. Geol., Paistw. Inst. Geol., Warszawa.

BOJARSKI L., ed. (1996) — Hydrochemical and hydrodynamic atlas of the
Palaeozoic and Mesozoic and ascensive salinity of ground waters in
Polish Lowlands, 1:1 000 000. Panstw. Inst. Geol., Warszawa.

BRANGULIS A. P, KANEV S. V., MARGULIS L. S. and
POMERANTSEVA R. A. (1993) — Geology and hydrocarbon pros-
pects of the Paleozoic in the Baltic region. Petrol. Geol.’86 Ltd.:
651-656. Geol. Soc. London.

BURCHARDT B., NIELSEN T. and SCHOVSBO N. H. (1998) — Lower
Palaeozoic source rocks in Southern Baltoscandia. Perspectives of pe-
troleum exploration in the Baltic Region: 53-57. Internat. Conf. Octo-
ber 21-24. Vilnius.

DADLEZR. (1990) — Tectonics of Southern Baltic (in Polish with English
summary). Kwart. Geol., 34 (1): 1-20.

DADLEZ R. (1995a) — Mesozoic. In: Geological Atlas of the Southern
Baltic (ed. E. Mojski), text: 16—19 (in Polish with English summary).
Panstw. Inst. Geol., Warszawa.

DADLEZ R. (1995b) — Geological map without Cenozoic, 1:2 000 000. In:
Geological Atlas of the Southern Baltic (ed. E. Mojski), plate II.
Panstw. Inst. Geol., Sopot — Warszawa.

DADLEZ R. (2000) — Pomeranian Caledonides (NW Poland), fifty years
of controversies: a review and a new concept. Geol. Quart., 44 (3):
221-236.

DADLEZ R. and POKORSKI J. (1995) — Devonian—Carbonifer-
ous—Lower Rotliegendes. In: Geological Atlas of the Southern Baltic
(ed. E. Mojski), text: 12-14. Panstw. Inst. Geol., Sopot — Warszawa.

GORECKI W., LAPINSKAS P, LASHKOVA L., LASHKOV E.,
REICHER B., SAKALAUSKAS K. and STRZETELSKI W. (1992) —
Petroleum perspectives of the Baltic syneclise. Pol. J. Miner. Res., Oil
and Gas in Poland, 1: 65-88.

GORECKI W. and SZAMALEK K. (2004) — Mozliwosci rozwoju
poszukiwan i wydobycia ropy naftowej i gazu ziemnego w Polsce w
Swietle polityki koncesyjnej panstwa oraz dziatalnosci Polskiego
Goérnictwa Naftowego i Gazownictwa S.A. Pol. J. Miner. Res., Oil and
Gas in Poland, 8: 25-38.

GROTEK 1. (1999) — Origin and thermal maturity of the organic matter in
Lower Palaeozoic rocks of Pomeranian Caledonides and their foreland
(northern Poland). Geol. Quart. 43 (3): 297-312.

JAWOROWSKI K., DOMZALSKI J.,, MAZUREK A., MODLINSKI Z.,
POKORSKI J., SOKOLOWSKI A. and WAGNER R. (2001) — Pollu-
tion of the Balic Sea environment with geogenic substances (Polish
Economic Zone) (in Polish with English Summary). In: Przemiany
Srodowiska naturalnego a ekorozwdj (ed. M. J. Kotarba): 219-227.
Wyd. GEOSFERA, Krakéw.

JAWOROWSKI K. and WAGNER R., eds. (2008) - Badania
geochemiczne osadéw potudniowego Battyku pod katem analizy
skazen geogenicznych i poszukiwan naftowych. Cze$¢ I: Zagrozenie
skazenia wod morskich substancjami geogenicznymi. Unpubl. Rep.,
Centr. Arch. Geol., Pafstw. Inst. Geol., Warszawa.

KONDRATAS A. P. and WAJTEKUNAS J. P. (1990) — Mineralnyje vody
Litvy. Mintis, Vilnius.

KOTARBA M. J., KORUS A. and SECHMAN H. (2008) — Analizy
izotopowe — identyfikacja zrodet skazen. In: Badania geochemiczne
osadow potudniowego Battyku pod katem analizy skazen
geogenicznych i poszukiwan naftowych (eds. K. Jaworowski and R.
Wagner), cze$¢ |: Zagrozenie skazenia wod morskich substancjami
geogenicznymi. Unpubl. Rep., Centr. Arch. Geol., Paistw. Inst. Geol.,
Warszawa.

KOTARBA M. J., POKORSKI J., GRELOWSKI C. and KOSAKOWSKI
P. (2005) — Origin of natural gases accumulated in Carboniferous and
Rotliegend strata on the Baltic part of the Western Pomerania. Prz.
Geol., 53 (5): 425-433.

KRAMARSKA R., KRZYWIEC P, DADLEZ R., JEGLINSKI W.,
PAPIERNIK B., PRZEZDZIECKI P. and ZIENTARAP. (1999) — Geo-
logical Map of the Baltic Sea Bottom without Quaternary Deposits,
1:500 000. Panstw. Inst. Geol., Gdarnsk—\Warszawa.

LIPIEC M. and MATYJA H. (1998) — Depositional architecture of the
Lower Carboniferous sedimentary basin in Pomerania (in Polish with
English summary). Pr. Pafstw. Inst. Geol., 165: 101-112.

MATYJA H. (1993) — Upper Devonian of Western Pomerania. Acta Geol.
Pol., 43 (1-2): 27-94.

MODLINSKI Z. (1968) — Ordovician in West Pomerania (in Polish with
English summary). Kwart. Geol., 12 (3): 488-491.

MODLINSKI Z. and PODHALANSKA T. (2010) — Outline of the lithol-
ogy and depositional features of the lower Paleozoic strata in the Pol-
ish part of the Baltic region. Geol. Quart., 54 (2): 109-121.

MODLINSKI Z. and SZYMANSKI B. (1997) — The Ordovician
lithostratigraphy of the Peribaltic Depression (NE Poland). Geol.
Quart., 41 (3): 273-288.

MODLINSKI Z., SZYMANSKI B. and TELLER L. (2006) — Silurian
lithostratigraphy in the Polish part of the Peribaltic Depression — conti-
nental and marine parts (N Poland) (in Polish with English summary).
Prz. Geol., 54 (9): 787-796.

MORAWSKI W. (1973) — Uranium manifestations in the Upper Cambrian
deposits against the background of natural radioactivity of the sedi-
ments cover within teba elevation (in Polish with English summary).
Kwart. Geol., 17 (4): 713-725.

PODHALANSKA T. and MODLINSKI Z. (2006) — Stratigraphy and fa-
cies characteristics of the Ordovician and Silurian deposits of the
Koszalin—Chojnice zone; similarities and differences to the western
margin of the East Eurupean Craton and Rugen area (in Polish with
English summary). Pr. Pafstw. Inst. Geol., 186: 39-78.

POKORSKI J. (1990) — Rotliegendes in the northwestermost Pomerania
and the adjacent Baltic Basin (in Polish with English summary).
Kwart. Geol., 34 (1): 79-92.

POKORSKI J. and MODLINSKI Z., eds. (2007) — Geological Map of the
Western and Central Part of the Baltic Depression without Permian
and Younger Formations. Pafstw. Inst. Geol., Warszawa.

RYKAW. (1978) — Permian volcanic rocks in the Baltic part of the western
Pomerania (in Polish with English summary). Kwart. Geol., 22 (4):
753-772.



288 Krzysztof Jaworowski et al.

SIKORSKA M. and JAWOROWSKI K. (2007) — Origin of porosity in
Cambrian sandstones from the Polish sector of the Baltic Sea (in Pol-
ish with English summary). Biul. Pafstw. Inst. Geol., 427: 79-110.

SIKORSKA M. and PACZESNA J. (1997) — Quartz cementation in Cam-
brian sandstones on the background of their burial history (Polish part
of the East European Craton). Geol. Quart., 41 (3): 265-272.

STRZETELSKI W. (1977) — The characteristics of tectonic fissurity of
oil-bearing Middle Cambrian quartzitic sandstone series from the
Zarnowiec area (in Polish with Russian and English summary). Kwart.
Geol., 21 (2): 245-255.

STRZETELSKI W. (1979) - Lithofacies and fissurity of oil-bearing Cam-
brian formations in the Peribaltic Syneclise (in Polish with English
summary). Pr. Geol. Komis. Nauk Geol. PAN, 116.

STRZETELSKI W., DOMZALSKI J., MYSKO A., MAZUREK A. and
TKACZENKO G. (2004) - Nowe perspektywy poszukiwan
naftowych w akwenie Battyku RP wynikajace z korelacji badan
geochemicznych dna morskiego z sejsmika. Pol. J. Miner. Res., Oil
and Gas in Poland, 8: 71-85.

SZCZEPANSKA T. and USCINOWICZ SZ. (1994) — Geochemical Atlas
of the Southern Baltic, 1:500 000, plate 1-X. Panstw. Inst. Geol.,
Warszawa.

TKACHENKO G. and MAZUREK A. (2008a) — Metodyka prac. In:
Badania geochemiczne osadéw potudniowego Battyku pod katem
analizy skazen geogenicznych i poszukiwan naftowych (eds. P.
Anolik and A. Karczewska), czes¢ Il: Strefy perspektywiczne dla
wystepowania zt6z weglowodoréw. Unpubl. Rep., Centr. Arch. Geol.,
Panstw. Inst. Geol., Warszawa.

TKACHENKO G. and MAZUREK A. (2008b) — Warunki realizacji
morskich prac polowych. In: Badania geochemiczne osadéw
potudniowego Battyku pod katem analizy skazen geogenicznych i

poszukiwan naftowych (eds. P. Anolik and A. Karczewska), czes¢ I1:
Strefy perspektywiczne dla wystepowania zt6z weglowodordw.
Unpubl. Rep., Centr. Arch. Geol., Panstw. Inst. Geol., Warszawa.

TKACHENKO G. and MAZUREK A. (2008c) - Profile geochemiczne w
strefach uskokdw: Kamien Pomorski, Trzebiatéw. In: Badania
geochemiczne osadéw potudniowego Battyku pod katem analizy
skazen geogenicznych i poszukiwan naftowych (eds. P. Anolik and A.
Karczewska), czesc I1: Strefy perspektywiczne dla wystepowania zt6z
weglowodordw. Unpubl. Rep., Centr. Arch. Geol., Paristw. Inst. Geol.,
Warszawa.

USCINOWICZ SZ., KRAMARSKA R. SOKOLOWSKI K.,
ZACHOWICZ J. and JAWOROWSKI K. (2004) — Wykorzystanie
zdjecia geochemicznego potudniowego Battyku dla identyfikacji
skazen geogenicznych. Unpubl. Rep., Centr. Arch. Geol., Pafistw. Inst.
Geol., Warszawa.

WAGNER R. (1990) — Zechstein in the western part of the Polish Baltic
area (in Polish with English summary). Kwart. Geol., 34 (1): 93-112.

WAGNER R. (1994) - Stratigraphy and evolution of the Zechstein basin in
the Polish Lowland (in Polish with English summary). Pr. Paristw. Inst.
Geol., 146.

WAGNER R. (2008) - Strefy dyslokacyjne. In: Badania geochemiczne
osadéw potudniowego Battyku pod katem analizy skazen
geogenicznych i poszukiwan naftowych (eds. K. Jaworowski and R.
Wagner), cze$¢ |: Zagrozenie skazenia wod morskich substancjami
geogenicznymi. Unpubl. Rep., Centr. Arch. Geol., Panstw. Inst. Geol.,
Warszawa.

ZNOSKO J. (1962) — Present status of knowledge of geological structure
of deep substratum of Poland beyond the Carpathians (in Polish with
English summary). Kwart. Geol., 6 (3): 485-511.

ZNOSKO J. (1998) — Atlas tektoniczny Polski. Pafistw. Inst. Geol., Warszawa.



