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Fig. 6.

Bivalve remains in Zechstein dolomites in the Wlen Graben (loc. 1, 2). A. Polished slab of sandy dolomite (cross-section per-

pendicular to bedding surface) collected from the landslide scarp at Wlen (loc. 2). Note the presence of convex-up shell accumulations,
composed of small (up to 3 mm) remains of Liebea sp., and geopetal structures parallel to the bedding surface (locally highlighted by
stylolites). B. Perpendicular cross-section across the geopetal structure with void after shell filled with secondary sparite cement. C. Basal
surface of a dolomite bed with convex-up accumulations of shells of Liebea sp. (marked by arrows). D. Microscopic view of perpendicular
cross-section across (probably) bivalve shell filled with subhedral and anhedral dolomite crystals with diameters up to 300 um. Sharp shell

boundaries emphasised by iron compounds are visible.

ports (Scupin, 1931), the bottom surface of these troughs
was described as a tectonic overthrust within the Zechstein
deposits. At present, dolomitic conglomerates are exposed
in a small outcrop, located in the upper part of the Gole-
jow Quarry for a distance of about 5 m (Fig. 7B). They are
distinctly bedded and usually ungraded, although reversed
graded bedding frequently may be observed within the beds.
The beds are lens-shaped with thicknesses up to 1 m and
widths up to 2.5 m. Dolomite clasts usually display a cha-
otic distribution.

In the conglomerate blocks, collected in the landslide
colluvium in Wlen, the dolomite clasts in cross-sections
perpendicular to bedding indicate a characteristic circular
pattern (Fig. 7D). These structures are asymmetrical, with
a longer diameter of ca. 15 cm and a shorter diameter of ca.
6 cm. In the central parts of these structures, fractured and
chaotically distributed sharp-edged clasts occurred, where-
as in the marginal parts there are concentrically arranged,
strongly fractured dolomite clasts with diameters of up to
6 cm. A sandy matrix occurs between the clasts and in some
cases, lamination is preserved (Fig. 7D).

Heterolithic series

Deposits of the heterolithic series (FSh, FSd, St and
Sr facies; Fig. 3) occur in the northern part of the Wlen Gra-
ben (vicinity of Golejéw) above dolomitic conglomerates
and platy dolomites, whereas in the central part of the gra-
ben (vicinity of Wlen and Nielestno) they rest directly on
Rotliegend conglomerates (Fig. 8A). Locally in these de-
posits in the vicinity of Wlen, interbeds of dolomites occur
in the form of small lenses. The extent of the deposits of the
heterolithic series PZt is consistent with the extent of the
Rotliegend continental sediments. The PZt consists of fine-
and very fine-grained sandstones with a low and medium
degree of roundness (0.5—-1.5; Fig. 8B). The clastic material
displays poor or medium sorting (¢ = 0.7-2.0, according to
Pettijohn et al., 1987). Within the dense framework sharp-
edged and semi-sharp-edged quartz grains predominate
and subordinately lithic clasts occur with diameters of up to
300 um. The quartz grains usually have elongated shapes;
ellipsoidal and discoidal grains are most common. The ce-
ment and matrix of the framework is composed of clay
minerals with pseudomorphs after feldspars, as well as
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Sedimentological features of Upper Permian (Zechstein) dolomitic conglomerates exposed in the northern (loc. 1; Golejow

Quarry) and central part (loc. 2; landslide at Wlen) of the Wlen Graben. A. Matrix-supported conglomerate with chaotically arranged,
sharp-edged clasts of grey dolomite (block derived from the landslide colluvium in Wlen, loc. 2). B. Exposure of dolomitic conglomerates
in the lower part of the Golejow Quarry (loc. 2). Note that the lens-shaped beds (white dotted lines) contain chaotically arranged clasts and
megaclasts of dolomite (marked by arrows). See Fig. 3 for lithofacies code explanations. C. Distinctly rounded and plastically deformed

dolomite clasts within conglomerate (polished slab, cross-section perpendicular to the bedding surface) collected from the landslide col-
luvium in Wlen (loc. 2). D. Concentrically arranged, strongly fractured dolomite clasts within (probably) slump fold structure. Sample

collected from landslide colluvium in Wlen (loc. 2).

iron oxides giving the rock a cherry-red colour. Anhedral
dolomite crystals with diameters of up to 200 pm form
a significant admixture within the cement. Locally, lami-
nae composed of clay minerals occur with thicknesses of
up to 0.5 m.

Deposits of the heterolithic series are usually stratified.
The sedimentary structures observed consist mainly of
planar and trough small-scale ripple cross-lamination and
subordinate horizontal lamination (Fig. 8C). The bedding
boundaries are marked by grain size and colour changes
from dark-brown and red to grey or white. The lower bound-
aries of the sand beds are mostly sharp (erosional), less fre-
quently gradational, whilst the upper and lower boundaries
of silty and clayey intercalations are usually gradational.
Normal graded bedding usually occurs in the heterolith-
ic beds — the sandy beds pass upwards into structureless
laminae of silty and clay sediments. The thickness of the
clay laminas is up to 0.5 cm, while the sand beds are up to
2 cm thick. Within the sandy material, ripple mark cross-

bedding, both trough- and planar-shaped, commonly occur.
The bedding is usually asymmetrical, with S- and SW-dip-
ping cross-laminae. Symmetrical wave ripples locally oc-
cur. The sandy laminae observed in cross-sections perpen-
dicular to the bedding have thicknesses of up to 1 mm and
usually dip to the N and NW.

In an exposure near the Nielestno-Wlen road, about
10 cm above the erosional boundary with the Roliegend,
accumulations of sandstone and mudstone casts after hal-
ite crystals of evaporitic origin occur in the sandy silt-
stones (Fig. 8D, E). The forms are very well-preserved and
have been noted on the bottom of bedding planes of the
very fine-grained sandstones and subordinately the silt-
stones. Mostly, they include cube-shaped, regular forms,
with edges up to 0.5 cm long. In some cases, linear traces
of the dragging of these crystals have been observed on
the bedding planes (Fig. 8D). These traces are up to 4 cm
long and their widths do not exceed | mm. Subordinately,
bioturbation occurs (Fig. 8E).
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Fig. 8. Sedimentological features of the Transitional Terrigenous Series (PZt) deposits exposed in the central part of the Wlen Gra-
ben (loc. 2, 3). A. Outcrop of the Rotliegend-Zechstein boundary (white dotted line) between Nielestno and Wlen (loc. 3). See Fig. 3
for lithofacies code explanations. B. Microscopic view of fine-grained sandstone (PZt) mainly composed of sharp-edged and semi
sharp-edged quartz grains and subordinately lithic clasts cemented with clay minerals with small admixture of dolomite cement (loc. 3).
C. Polished slab of fine-grained sandstone with clay intercalations (cross-section perpendicular to bedding surfaces) collected from loc. 2.
Well-preserved, NW-dipping, current-ripple cross-lamination and wave-ripple cross-lamination are visible. Right part of sample is strong-
ly disturbed. D. Accumulations of sandstone and mudstone casts after halite crystals preserved on the basal surface of the bedding plane
within the sandy siltstones of PZt. Linear traces of dragging of these crystals (D; marked by arrows) are visible. E. Close view of casts after
halite crystals and linear bioturbation channels (B; marked by arrow); bottom surface of sandstone bed). F. Microscopic view of disturbed
lamination surfaces (W — water-escape structures; marked by arrows) within fine-grained, cross-stratified sandstone.

In the topmost part of the PZt, the bedding and strati-  careous claystones, there are clastic dykes, water-escape
fication of the fine-grained deposits is strongly disturbed  structures (Fig. 8F), normal and listric synsedimentary
(FSd facies). Structures, related to liquefaction and strong  faults, breccias, diffusion chambers and collapse structures
deformation, both brittle and ductile in origin, commonly on different scales (Kowalski ez al., 2018a).
occur. In the fine-grained sandstones, siltstones and cal-
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Buntsandstein

The rocks of the heterolithic series pass conformably or
almost conformably into Lower Triassic (Buntsandstein)
deposits. They consist of poorly sorted, weakly cemented,
red-brownish, through pink to yellowish-grey sandstones,
with small admixture of conglomerate (SGe and GSe facies;
Fig. 3). In the framework of the sandstones, there are grains
of quartz, strongly kaolinitized white feldspars with distinct
automorphic or hypautomorphic outlines and minor lithic
grains. The clastic material displays poor or medium sort-
ing (¢ = 0.7-2.0, according to Pettijohn et al., 1987). The
degree of roundness (according to Powers, 1953) reaches
values of 0.5-1.5. Within the framework, sharp-edged and
semi sharp-edged quartz grains with diameters of up to 1000
pm predominate. The cement and matrix are composed of
clay minerals with pseudomorphs after feldspar. Within
the sandstones, dispersed pebbles of well-rounded milky
quartz, granitoid, gneiss, sericite schist and subordinate
quartzite are common.

The Lower Triassic deposits usually display distinct,
trough cross-stratification. The single lens-shaped beds at-
tain thicknesses from ca. 20 cm to ca. 1 m. The beds are
composed of stratified sand and gravel, which fill laterally
asymmetrical, erosional troughs with widths reaching 4 m
and depths of about 1 m. The sand beds contain admixtures
of well- and sub-rounded intraformational mud clasts up to
5 cm in diameter. The lower and upper boundaries of the
sand beds are mostly sharp (erosional).

The Lower Triassic (Buntsandstein) sandstones are inter-
preted as ephemeral, sandy and gravel braided river depos-
its (Mroczkowski, 1972). In the stratigraphic schemes for the
NSS, it is commonly accepted that the Permian and Triassic
deposits are distinguished from each other on the basis of their
sedimentological and lithological features: types of cross-bed-
ding, and changes in colour and grain size, as well as petro-
graphic composition. The Triassic rocks are characterised by
the appearance of distinctly lighter, more variable colours, an
increase of the average grain size, the replacement of silt and
clay intraclasts by quartz, and less rounded extraclasts.

INTERPRETATION AND DISCUSSION

On the basis of the studies performed within this re-
search, it may be assumed that at least two types of depos-
it, differing in lithology and origin, may be assigned to the
marine Zechstein in the Wlen Graben area, namely sparitic
and microsparitic dolomite with shell accumulations of the
bivalve Liebea sp. and the overlying deposits of the heter-
olithic series PZt with pseudomorphs after halite crystals.
The thickness of these deposits in the Wlen Graben is much
reduced by comparison with other areas of the NSS located
northwards, in which marine Zechstein deposits have been
noted and documented (e.g., Milewicz, 1966).

From the observations made during this study, a new pal-
aeogeography can be suggested, not only in relation to the
Zechstein deposits, but also for the older Rotliegend rocks.
The tectonic graben, formed in the present-day Wlen Graben
in the Late Carboniferous and Early Permian (Milewicz and
Frackiewicz, 1988), had a WNW-ESE orientation and its
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boundaries were oblique or even perpendicular to the pres-
ent fault-related boundaries of the Wlen Graben (Fig. 9A).
This is evidenced by the directions of palaeotransport, ob-
served within the Rotliegend alluvial fan and fluvial depos-
its, indicating the supply of material from the ESE to the
WNW, subordinately from the SE to the NW (Figs 4C, 9A).
The possibility cannot be excluded that the area of this tec-
tonic graben was connected in the Early Permian with the
Swierzawa and Wolbromek troughs existing at that time in
the south-easternmost part of the NSS (Ostromecki, 1973).
The textural features of Rotliegend strata (composition and
poor sorting) occurring in the WG indicate that the source
areas for these sediments were elevated massifs, composed
of KMC rocks, but also the Karkonosze-Izera Massif, locat-
ed to the north, south and south-east from the present-day
Wien Graben (Fig. 9A). The absence of Rotliegend strata in
the southern part of the Wlen Graben confirms the concept
of a transverse orientation of the Permian tectonic graben
in relation to the boundaries of the present-day structural
depression.

As a result of further, progressive extension of the base-
ment, in the middle part of the Early Permian, intense vol-
canic activity took place across the whole area of the NSS
(Koztowski and Parachoniak, 1967), including also its
south-eastern part. This is evidenced by occurrences of al-
kaline magmatic bodies, preserved within the present-day
boundaries of the Wlen Graben, represented mostly by sub-
volcanic trachyandesites and trachybasalts.

In the area to the north of Wlen, a marine transgression
preceded by a regressive episode in the entire NSS area
took place in the Late Permian (Zechstein). The sea entered
the study area from the north on a morphologically diver-
sified basement, formed of Rotliegend conglomerates and
volcanic rocks (trachybasalts as well as trachyandesites).
Coarse-grained clastic rocks earlier underwent early diagen-
esis, induced by calcrete-type carbonate cements as well as
volcanic activity. As a result of the marine transgression,
ashallow-marine bay (lagoon?) dominated by carbonate sed-
imentation was formed in the vicinity of Golejow (Fig. 9B).
According to palacogeographic reconstructions, this bay
was in the south-westernmost part of the Polish Zechstein
Basin (Fig. 2; Peryt et al., 2010), far away from the con-
nection with the open oceans — the Tethys Ocean and the
North Sea (cf. Wagner, 1994; Peryt et al., 2010; Garcia-Vei-
gas et al., 2011). The transgression of the Zechstein sea en-
croached from the north-west, from the present-day Barents
Sea area (cf. Wagner et al., 1978; Wagner and Peryt, 1997,
Peryt et al., 2010). However, a temporary connection of the
peripheral, SE part of the Polish Zechstein Basin with the
Tethys Ocean is tentatively suggested (Peryt et al., 2010).
It is widely accepted that during the Zechstein times, the
NSS as well as the Wlen Graben constituted the margin-
al, enclosed part of the basin, delineated by elevated areas
(Fig. 9; Peryt, 1978; Raczynski, 1997). The extent of the sea
in the late Zechstein exceeded the original extent of the ear-
ly Zechstein transgression in the northern parts of the NSS
area (Fig. 2; Peryt, 1978); thus, the deposits of marine origin
of cyclothem PZ1 do not occur in the Wlen Graben, and the
dolomite of cyclothem PZ3 rests directly on the Rotliegend
conglomerates.
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Fig. 9.  Schematic evolution of the
present-day Wlen Graben area dur-
ing Early and Late Permian times.
Note the oblique (WNW-ESE) ori-
entation of the Permian trough axis
and its boundaries in relation to the
present fault-related boundaries of
the Wlen Graben (NW-SE). Explana-
tions: KMC — Kaczawa Metamorphic
Complex; NSS — North Sudetic Syn-
clinorium; I-KM - Izera — Karkono-
sze Massif; WG — Wlen Graben. See
the text for further explanation.
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Sparitic and microsparitic dolomites, the typical car-
bonate deposits assigned to the third (PZ3) Zechstein cyclo-
them, are interpreted in the neighbouring areas as sediments
of a shallow-water carbonate platform with small lagoons
(Raczynski, 1997). The most typical fossils occurring in
these deposits are epifaunal bivalves Liebea sp., capable of
living in high-energy settings. These bivalves are so far the
only fossils encountered in the carbonate rocks in the vicin-
ity of Wlen. The dominance of bivalves in fossil communi-
ties is characteristic for the coastal, nearshore facies of the
NSS (Raczynski, 1997). On the contrary, in the study area
there is no evidence of other fossils typical for the PZ3 de-
posits, such as encrusting foraminifera as well as calcareous
algae of Calcinema permiana (King) (cf. Sliwinski, 1990;
Raczynski, 1997). The lack of these fossils in the study area
probably was caused by the strong recrystallization and di-
agenesis of the dolomites (cf. “Dolomites” chapter above).
Although the presence of Liebea sp. fossils does not allow
for an unequivocal determination of the stratigraphic po-
sition of the rocks that contain them, their assignment to
the PZ3 Platy Dolomite (Ca3; Upper Zechstein), based on
analogies with the neighbouring areas (cf. Milewicz, 1966),
seems justified.

So far, the platy dolomites have been referred to as ma-
rine deposits, despite the lack of direct palacoenvironmental
indicators, which would support their marine origin (Mile-
wicz, 1966). Moreover, in the neighbouring area of the In-
tra-Sudetic Synclinorium, lithologically similar varieties of
dolomite were interpreted as continental calcrete deposits
(Sliwiﬁski, 1980). Similarly, in the Wlen Graben area, the
abundance of carbonate cements in the upper part of the Rot-
liegend was the reason for their erroneous classification as
marine Zechstein deposits (Milewicz, 1966). Eventually, this
resulted in the incorrect estimation of the thickness of Zech-
stein deposits in the Wlen Graben at about 30 m (Milewicz,
1966), whereas in fact they reach a total thickness of about
13 m near Golejow and up to 9 m near Wlen (Fig. 3).

One valuable diagnostic lithostratigraphic and palae-
oenvironmental feature, found also for the first time in the
Zechstein deposits of the Wlen Graben, is the presence
of casts after halite crystals in the PZt deposits. Horizons
with such structures have been described earlier from
the Lwowek Slaski and Leszczyna half-grabens from de-
posits underlying the Platy Dolomite Ca3 (Mastalerz and
Raczynski, 1993; Raczynski, 1996, 1997). In these areas,
the horizons represent a coastal, clastic equivalent of the
evaporitic series, known from the western and northern part
of the NSS (Raczynski, 1997). Until now, deposits of the
heterolithic series have been interpreted as sediments of the
third cyclothem (PZ3; Raczynski, 1997) of a muddy coast-
al plain, formed during the regression of the sea. Observa-
tions performed in this study have confirmed this concept.
It is evidenced by a rich inventory of sedimentary struc-
tures, characteristic of shallow-water sedimentary settings,
dominated by waves and periodic marine currents. These
structures include wave and current ripple marks, occurring
within fine-grained sandy and silty deposits of PZt. The dips
of laminae within the current ripple marks indicate NW- and
NE-oriented palacocurrent directions. In the central part of
the graben, heterolithic deposits lie directly on clastic rocks
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of the Rotliegend, where a distinct horizon of massive do-
lomite does not occur. Casts after halite crystals found in
these deposits indicate that during the Late Zechstein ma-
rine transgression, the area was located in the marginal,
southern part of a shallow-marine basin. It is therefore quite
probable that on a muddy plain, local depressions formed
and were occupied by shallow, ephemeral salt lakes, where
carbonates also could precipitate. Small-scale, wave-ripple
lamination observed within the heterolithic deposits shows
that the depth of individual, probably isolated water bodies
did not exceed a few decimetres. The view of proximity of
the land area is confirmed also by findings of tetrapod track-
ways in similar deposits, occurring in the Lwowek Slaski
Half-Graben (Raczynski et al., 1998). The absence of a con-
tinuous dolomite horizon at the boundary of the Zechstein
heterolithic series on the Rotliegend indicates a diachronous
boundary between these two stratigraphic units.

Above the platy dolomite in the northern part of the Wlen
Graben (loc. 1) and within the heterolithic series in its central
part (loc. 2), coarse-clastic dolomitic conglomerates occur.
They constitute a distinct lithological unit within the Zech-
stein deposits in the study area, which does not occur in oth-
er parts of the NSS. Conglomerates most probably represent
the sediments of submarine slumps. This view is evidenced
by the following sedimentary features of these deposits:
(1) reverse graded bedding, coupled with the presence of
floating dolomite megaclasts; (2) extremely poor round-
ing of dolomite clasts from the underlying platy dolomite
or dolomite lenses occurring in the Wlen area; and (3) the
presence of structures resembling slump folds in the Wlen
area. A landslide origin of these deposits has been already
suggested. Scupin (1931), Kolb (1936) and Gierwielaniec
(1956) indicated that an angular unconformity occurs near
the top of the platy dolomites. Scupin (1931) considered
this discordance to be the result of a tectonic overthrust. In
turn, Gierwielaniec (1956), on the basis of the observations
of the “clayey shale”, occurring between the dolomite and
the overlying dolomitic conglomerates, interpreted the dis-
cordance as the basal surface of a submarine slump (“sub-
marine sediment slide”). A similar suggestion was made by
Kolb (1936). Distinct erosional troughs, filled with dolomite
clasts visible in the historical photograph presented in Kolb
(1936), may confirm the possibility of the occurrence of
a slump above the platy dolomites during Late Permian
times in the study area.

A separate issue is the presence of numerous deformation
structures of a pre- and post-consolidation nature within
the deposits assigned to the terrigenous transitional series
PZt. In the northern part of the Wlen Graben, such defor-
mation features have not been described so far, although
they commonly occur in the vicinity of Wlen and Nielest-
no. The authors interpret these structures as the result of
a multi-scale fluidization of the sediment following a seis-
mic shock (Kowalski et al., 2018a). The presence of such
features in the same stratigraphic position in other parts
of the NSS (Durkowski et al., 2017) and also in the Fore-
Sudetic Homocline, indicates a common, transregional na-
ture of these phenomena, making them perfect correlation
horizons. These structures were not described in detail in
this article and will be the subject of a future publication.
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SUMMARY

Geological mapping surveys and sedimentological stud-
ies conducted in the Wlen Graben area indicated that the
southernmost part of the NSS contains deposits should be
assigned to Zechstein rocks of marine origin. So far, their
stratigraphic position has not been clear and was determined
solely on the basis of analogies with adjacent areas. In the
strongly recrystallized sparitic and microsparitic dolomites,
occurring in the vicinity of Golejéw and Nielestno, geopetal
structures and accumulations of the bivalve Liebea sp. oc-
cur, whereas the overlying strata of the heterolithic series
PZt contain pseudomorphs after halite crystals. These are
the only palacoenvironmental proxies found in these depos-
its after over a hundred years of research on the Zechstein
in the Wlen Graben. These findings, coupled with detailed
geological mapping surveys, have allowed the construction
of the first comprehensive lithostratigraphic column for the
Zechstein of the area.

Carbonate deposits (PZ3) in the Wlen Graben were
formed after a marine transgression, which took place in the
late Zechstein (Late Permian). In effect, to the north of Wlen
(in the vicinity of Golejéw and Marczow), a shallow-marine
bay (lagoon?) was dominated by carbonate sedimentation.
The Zechstein sea encroached from the north onto a local
depression, which had an orientation corresponding to a
WNW-ESE-oriented tectonic graben that formed there in
the Late Carboniferous — Early Permian. The shallow-wa-
ter environment of the marine bay became populated by
organisms with a high tolerance to high-energy conditions,
such as the bivalve Liebea sp. Storms probably occurred
frequently in the bay, as evidenced by numerous horizons of
residual storm lags, composed of crushed bivalve shells in a
convex-up position.

The thickness of carbonate deposits is strongly reduced
in the Wlen Graben area in relation to the remaining areas
of the NSS, located to the north. Dolomites and calcareous
dolomites in the vicinity of Golejow attain a thickness of ca.
7.5 m, whereas in the vicinity of Wlen they occur only as
lenses or discontinuous beds, not exceeding 1 m in thickness.

Above the sparitic dolomites in the vicinity of Golejow
and resting directly on continental Rotliegend strata in the
vicinity of Nielestno-Wlen, there are sandy siltstones and
fine-grained sandstones, assigned to the Terrigenous Transi-
tional Series PZt. During the Late Zechstein transgression,
the area of today’s Nielestno was in the marginal south-
westernmost part of a newly formed, shallow-marine bay
of the Polish Zechstein Basin. A north-sloping mud plain,
periodically flooded by a shallow sea, occurred in this area.
This is confirmed by sedimentary features of the heterolith-
ic series PZt, including structures formed in very shallow,
marine conditions — small-scale, wave- and current-ripples.
Small carbonate lenses within the PZt deposits as well as
concentrations of pseudomorphs after halite crystals indi-
cate that the area of the periodically flooded, muddy coastal
plain comprised also shallow depressions covered by iso-
lated water bodies and shallow, ephemeral salt lakes, which
did not exceed a few decimetres in depth. Evaporation and
carbonate precipitation periodically took place in these ma-
rine-fed lakes. The concept of a marine bay, bounded from
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the south by a land area, is also confirmed by finds of tet-
rapod tracks collected from similar deposits in the Lwowek
Slaski Half-Graben. Deposits of the heterolithic series, oc-
curring above the PZ3 Platy Dolomites near Golejow, were
formed during the regression of the sea from the third Zech-
stein cyclothem and are the facies equivalents of deposits
occurring directly above the Rotliegend in the vicinity of
Nielestno.

The deposits of submarine flows and landslides as well
as numerous pre- and post-consolidation deformation struc-
tures, occurring within the heterolithic series PZt in the
entire Wlen Graben area, represent a separate issue. These
deposits indicate tectonic and seismic activity in the area
after a transgressive episode in the Late Zechstein. In the
central part of the Wlen Graben, the deformation features
include structures related to large-scale sediment liquefac-
tion. These phenomena are interpreted in adjacent areas as
being the result of large-scale sediment deformation, caused
by seismic phenomena. This idea seems to be justified,
owing to the transregional scale of these structures and their
age restriction only in the transition between the Late Per-
mian and the Triassic.
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