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Sedimentary environment and tectonic controls of the Snochowice Beds
(Lower Jurassic, western margin of the Holy Cross Mountains, Poland)
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The Snochowice Beds represent the lowermost part of the Lower Jurassic succession in the western part of the Mesozoic margin of the
Holy Cross Mountains (Central Poland). This thick, gravelly has a different lithological character to other Lower Jurassic sandy and
fine-grained deposits. Eight lithofacies have been distinguished, mainly gravelly and sandy, grouped into four genetic associations: M —
massive gravels, interpreted as clast-rich debris flow deposits, G — horizontally to cross-stratified gravels, interpreted as gravelly bars
and bedforms, S — cross-stratified and massive sandstones, interpreted as sandy bars and bedforms and F — massive mudstones and
claystones, generally fine-grained deposits, interpreted as overbank deposits. Analysis of depositional geometry and lithofacies succes-
sions allowed reconstruction of the sedimentary environment: landforms of alluvial fan type, formed mainly by braided river processes
and rarely by sediment gravity flows. A decrease in the thickness and content of gravelly lithofacies towards the north and north-east is
documented. Analysis of transport directions has revealed that the clastic material was transported toward the north and north-east, per-
pendicular to the main faults fringing the basin. Depositional geometry facies and palaeocurrent patterns of the Snochowice Beds indi-
cate that sedimentation was controlled by tectonic activity.
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INTRODUCTION

The Lower Jurassic of the Mesozoic margin of the Holy
Cross Mountains (MHCM; Fig. 1) is represented by various
siliciclastic deposits, known from rare surface occurrences and
from boreholes. Lithological, stratigraphical and sedimento-
logical studies of the Lower Jurassic deposits in the MHCM
have demonstrated their mixed continental and marginal-ma-
rine character (Karaszewski, 1962; Jurkiewiczowa, 1967;
Karaszewski and Kopik, 1970; Piefkowski, 1980, 1983, 2004,
2006). The lowermost part of the Jurassic succession (the lower
Hettangian; the Zagaje Fm. sensu Pierikowski, 2004) is domi-
nated by fine-grained sandstones and heterolithic, in places
with plant remains and coal intercalations of alluvial and lacus-
trine origin. Locally, in the western part of the MHCM, the
lowermost part of the Lower Jurassic succession (possibly also
upper Rhaetian; see Pienkowski, 2004, 2006) consists of thick
(5-70 m) gravels and conglomerates, known as the
Snochowice Beds. The name Snochowice Beds was intro-
duced by Dadlez (1962) as an informal lithostratigraphic unit
for the local Lower Jurassic gravelly-sandy deposits. They

were described from a few gravel pits near the villages of
Snochowice and Ruda Pilczycka (Fig. 1). The Snochowice
Beds were also documented by Jurkiewiczowa (1967) during
her geological work near Pilczyca and Fatkoéw (gravel pits
around Ruda Pilczycka, Lipa and Szkucin; Fig. 1). First
Jurkiewiczowa (1967), and later Pierlkowski (1983, 2004) ob-
served that deposition of the Snochowice Beds was of braided
river depositional facies. But it was difficult to explain how
such high-energy alluvial environments could develop in a
lowlands area — the Early Jurassic lowland-type palaeorelief in-
ferred for the MHCM being in sufficient to explain the pres-
ence and development of broad braid plains. This paper de-
scribes the lithofacies relations and regional extent of the
Snochowice Beds, their relation with other Lower Jurassic de-
posits interpreted as their age-equivalents, and the reconstruc-
tion of the Snochowice Beds sedimentary environment. The
sedimentological analysis presented herein together with ear-
lier data and interpretations (Pienkowski, 1980, 1983, 2004;
Branski, 2006) help explain the sedimentary controls on this
unique Lower Jurassic gravelly unit in the western part of the
MHCM in the context of regional palaeogeography and struc-
tural basin development.
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Fig. 1. Geological sketch maps

A — geological setting of the Mid-Polish Trough Basin (after Dadlez et al., 1995, simplified); BM — Bohemian Massif, EEC — East European
Craton, MPT — depocentre of Mid-Polish Trough Basin, ND — North Danish Basin, NG — North German Basin; light grey dotted line — Caledo-
nian deformation front, black doted line —Variscan deformation front, black square — study area; B — geological sketch map of the MHCM (after
Wréblewski, 2000, simplified); black square — study area (exposures: SZ-S — Snochowice Zwirownia-Skatki, LG — Lopuszno-Gorki, Gr —
Grabownica, Ld — Ludwikow, RP — Ruda Pilczycka, SB — Stupia-Bukowie, Lp — Lipa, Szk — Szkucin, PSzk — Piekto Szkucinskie, WSzk —

Wola Szkucka, Hu — Hucisko)

GEOLOGICAL SETTING

The Lower Jurassic sedimentary rocks of the MHCM were
deposited in the marginal, southeastern part of an
epicontinental basin, termed the Polish Basin and also the
Mid-Polish Trough Basin (MPT; Pienkowski, 2004). The Pol-
ish Basin was the easternmost part of the Permian-Mesozoic
north-west European basin and linked continuously with the
North Danish Basin to the north-west, also communicating
with the German basins in the west and being intermittently
connected with the eastern and southern (Tethyan) basins (see
fig. 1 from Dadlez et al., 1995). The MPT was located over the
boundary between two major structural units: the European
Phanerozoic crustal domain to the west (Paleozoic Platform of
Western and Central Europe) and the European Proterozoic
crustal domain to the east (Precambrian East European Craton
— EEC), within the Teisseyre-Tornquist Zone (TTZ sensu
Guterch et al., 1986), which is part of the major lineament, the
Trans-European Suture Zone (TESZ; Ziegler, 1992; Dadlez et
al., 1995; Dadlez, 2006). In the ecarly Permian the
post-Variscan crustal destabilization of Western Europe trig-
gered extensional tectonic stresses, expressed as marked tec-

tonic subsidence and volcanic activity in some basins of Cen-
tral Europe developed along the TTZ (Dadlez et al., 1995). As a
prelude, tectonic and sedimentary events took place in a newly
formed basin (the MPT), producing thick, volcanic and
pyroclastic successions (Dadlez, 1982; Dadlez et al., 1995).
Late Permian/Early Triassic tectonic activity finally deter-
mined the boundaries and shape of the Polish Basin (Dadlez,
1982; Dadlez et al., 1995).

The structural position of the MPT was affected by frequent
tectonic events, leading to changes in the subsidence rate and
playing a significant role during Mesozoic sedimentation
(Dadlez et al., 1995; Dadlez, 2006). The rapid increase in sub-
sidence continued from the end of Permian into the Late Trias-
sic, caused the sedimentation of the Early Triassic red
terrigenous series, the Middle Triassic carbonate-evaporite
succession and the Late Triassic terrigenous rocks in the MPT
(Marek, 1988; Dadlez et al., 1995). In the Early Jurassic the
subsidence rate in the MPT was more constant and slower than
in the Triassic (Dadlez et al., 1995). In the northwestern and
central parts of the Polish Basin mainly sandy-muddy deposits
of marginal marine origin formed: of deltaic, barrier-lagoon
and open marine facies (Pienkowski, 2004). Siliciclastic sedi-
mentation continued to the end of the Jurassic in marginal ma-
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rine and open marine conditions (Karaszewski and Kopik,
1970; Pienkowski, 1983, 2004, 2006; Marek, 1988).

In some parts of the basin, in the MHCM, at the end of Tri-
assic — there was a reduced rate of subsidence, related to rifting
processes in the Tethyan domains of south Central Europe as
well as in the Arctic — North Atlantic area in northwestern Eu-
rope (Scheck-Wenderoth et al., 2008). Local minor inversions
were expressed as depositional gaps or erosional unconformi-
ties in the succession (Dadlez et al., 1995). In some parts of the
basin synsedimentary fault movements were documented
(Scheck-Wenderoth et al., 2008). In consequence, in the
MHCM, the Late Triassic, locally into the Sinemurian, was a
time of structural reorganization (Dadlez, 1982; Dadlez et al.,
1995; Scheck-Wenderoth et al., 2008).

Early Jurassic siliciclastic sedimentation in the MHCM
began with renewed subsidence (Branski, 2006). These
changes triggered the development of alluvial depositional
systems (Karaszewski and Kopik, 1970; Piefkowski, 1983,
2004, 2006). The lowermost part of the Jurassic profile is rep-
resented by thick successions of sandstones and heterolithic
deposits. These contain plant remains, palaeosoil horizons
and thin coal layers. They are typical cycles of meandering
river and lacustrine systems developed in lowlands areas (the
Zagaje Fm. sensu Pienkowski, 2004; Jurkiewiczowa, 1967;
Karaszewski and Kopik; 1970; Pienkowski, 1983, 2004). The
thick, gravelly succession of the Lower Jurassic — the
Snochowice Beds — because of their different lithology, were
interpreted as fluvial, though braided river deposits
(Jurkiewiczowa, 1967; Pierlkowski, 1983, 2004, 2006). Sub-
sequent sedimentation, from the Sinemurian into the Mid Ju-
rassic in the MHCM, took place in marginal-marine, deltaic
and barrier-lagoonal, and finally in offshore and shoreface
conditions (Pienkowski, 2004, 2006).

From the Late Cretaceous to the Paleogene the Perm-
ian-Mesozoic sedimentary rocks of the Mid-Polish Trough
were folded (Dadlez et al., 1995; Dadlez, 2006). The structural
inversion of the MPT was caused by the earliest Alpine collis-
ional movements, as in all Central European basins (Ziegler,

1992; Dadlez et al., 1995; Scheck-Wenderoth et al., 2008). In
the MHCM the Alpine tectonic movements took place during
the Mid Cretaceous and Paleogene (Kutek and Glazek, 1972;
Dadlez et al., 1995). Then, the Permian-Mesozoic rocks were
gently folded (the dip is between 5 and 10°) and cut by many
faults. The main folds are elongated with axes trending be-
tween 100 and 135°, parallel to the edge of the East European
Craton (Dadlez, 1982; Dadlez et al., 1995) and in concordance
with the edge of the Matopolska Block (sensu Buta et al., 1997;
Buta, 2000).

STRATIGRAPHY AND COMPOSITION
OF THE SNOCHOWICE BEDS

The deposits analysed represent the lowermost part of the
Lower Jurassic succession — the lowermost part of the
Hettangian, and probably the upper part of the Rhaetian
(Jurkiewiczowa, 1967; Karaszewski and Kopik; 1970;
Pierikowski, 2004, 2006). The contact with the underlying red
Upper Triassic (Norian) mudstones is easy to identify in the
field as the lower boundary of the Snochowice Beds is sharp
and erosional (Jurkiewiczowa, 1967; Filonowicz and Lindner,
1982). Thickness estimates of the Snochowice Beds vary:
Dadlez (1962) proposed 30 m, but only for the lowermost part
of the gravelly unit near Pilczyca, and Filonowicz and Lindner
(1982) proposed 90 m for the gravels which occur near
Snochowice village. This estimate was based on their field
work and also on results given by Karaszewski (1960, 1962)
and Jurkiewiczowa (1967). The difficulty in making thickness
estimates is caused by poor knowledge of the stratigraphy and
boundaries of this informal unit and also because the gravels
described have an alluvial lens-shaped geometry. In addition,
the sedimentary record is incomplete — the succession is usually
truncated at the top — near £.opuszno the Snochowice Beds are
overlain by black Jurassic claystones, which were referred to
the Bajocian(?)-Bathonian by Barski (1999). Towards the

north and north-west (near Pilczyca and

Przedborz), at the top of the gravelly deposits,

Fig. 2. The lithostratigraphic position of the Snochowice Beds
in the lowermost part of the Jurassic succession
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ably impossible, because of the absence of index fossils in
these continental deposits. Sequence stratigraphy correlation
of Lower Jurassic deposits in Central Poland, performed by
Pienkowski (2004, 2006), suggests that the Zagaje Formation
is (?)middle-upper Rhaetian/lower Hettangian in age.
Pienkowski (2004) included the Snochowice Beds into the
Zagaje Formation and thus provided an age of gravelly unit
(Fig. 2).

The Snochowice Beds are poorly sorted. They have a
mixed, gravelly-sandy texture and the content of matrix is vari-
able (40-50%). Chemical analyses show that the matrix is
mainly composed of fine, detrital quartz and kaolinite
(10-15%), and locally only of the former (Dadlez, 1962). The
deposits are in part strongly hematitised and silicified.

The gravels are characterized by high petrographic matu-
rity — they are mainly composed of well-rounded pebbles of
vein quartz, quartzite, quartzose sandstone, lydite and other
silicious rocks (Dadlez, 1962; Koztowska, 2011). Petrographic
studies have shown significant differences in composition be-
tween the Lower Jurassic gravelly unit and older, Permian,
conglomerates, which are composed of local (autochthonous),
Paleozoic, mainly Devonian carbonates (Kostecka, 1962;
Dadlez, 1962; Kutek and Gfazek, 1972; Teofilak-
Maliszewska, 1968; Maliszewska, 1997). This change in com-
position was caused by a change in the source areas. Post-
Variscan (late Permian and Early Triassic) erosion led to the
formation of a peneplain in the MHCM (Kutek and Gtazek,
1972). Then, generally from the Early Triassic, the clastic ma-
terial was supplied from distant source areas, located far away
to the south and south-east. The high petrographic maturity of
the Snochowice Beds, as well as of all Triassic and Lower Ju-
rassic clastic rocks, is the effect of multiple redeposition of de-
trital material from older, gravelly rocks and long transport
from distant source areas — from the Pre-Carpathian Land and
adjacent areas (Dadlez, 1962; Teofilak-Maliszewska, 1967;
Maliszewska, 1997; Koztowska, 2011).

MATERIAL AND METHODS

Sedimentological observations were made in small gravel
pits and natural exposures near Snochowice, Ruda Pilczycka
and Szkucin (Fig. 1). The lithology, sedimentary structures,
lithofacies succession, and geometry and character of bed
boundaries were documented in eleven sections (Figs. 3 and 4).
Lithofacies were distinguished on the basis of grain-size, grain
content and kind of matrix and sedimentary structures. A
lithofacies code combined after Miall (1996) and Zielinski
(1998) was used in the description (Tables 1 and 2).

Following lithofacies classification, facies associations
were distinguished (Figs. 3 and 4). The lithofacies and relation-
ship between them are presented on the photos (Figs. 5 and 6).

Palaeocurrent analysis was based on two types of measure-
ments: the azimuths of the longest axes of pebbles in the grav-
elly facies and the cross-bedding dip azimuth in sandy and
gravelly-sandy lithofacies. In the cross-bedded gravelly
lithofacies the azimuths of the longest axes of the elongated
pebbles were measured. In the analysis, only pebbles of diame-
ter between 64 and 128 mm, the most frequent in the

Table 1

Lithofacies code combined after Miall (1996) and Zielinski (1998),
used in this paper

Symbols Lithology

G gravel or/and conglomerate
GD diamictic gravel or/and conglomerate (silty-sandy matrix)
GS sandy gravel or/and conglomerate
SG gravelly sand or/and sandstone
S sand or/and sandstone

SF silty sand or/and sandstone

F siltstone or/and claystone
Symbols Sedimentary structures

m massive

g normal grading

h horizontal bedding

| low-angle cross-bedding

p tabular cross-bedding

Snochowice Beds gravels, were used. Because the azimuths of
the longest axes generally are perpendicular to palaeoflow (ac-
cording to Unrug, 1957), the measurements were-so converted
to obtain the flow directions. The analysis included measure-
ments of the tabular cross-bedding in the sandy and
sandy-gravelly lithofacies. In most sections the sum of all mea-
surements was above 50 for statistical significance. The Curray
(1956) statistical method was used for calculation of the resul-
tant vectors and their magnitudes.

The relationship of the Snochowice Beds to the Triassic
basement was documented in the gravel pits (Figs. 3 and 4) and
in many trenches. Besides field observations, the information
about the thickness and the lithology of the Lower Jurassic and
also about the lithology of the under- and overlying deposits
were taken from archived borehole records (Fig. 7).

SEDIMENTOLOGY

LITHOFACIES AND FACIES ASSOCIATIONS

Eight lithofacies are distinguished within the Snochowice
Beds on the base of grain size, sedimentary structures, content
and type of matrix (Table 2). In the deposits analysed, no fossils
were found.

The lithofacies are grouped in four facies associations:

— massive gravels — M;

— horizontally to cross-stratified gravels — G;

— cross-stratified and massive sandstones — S;

— massive mudstones and claystones — F.

The identification of each association is based on the type
and succession of sedimentary structures, the geometry of indi-
vidual gravelly and sandy beds, and the relationship between
particular facies.

THE M ASSOCIATION

The M association is built mainly of GDm/GSm deposits
(Figs. 3 and 4 — especially the opuszno-Gorki, Snochowice
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Lithofacies distinguished

Table 2

Lithofacies P ; Content and Shape Thickness of beds e
code Grain size and sedimentary structures kind of matrix of beds and lateral extent Additional comments
gravelly lithofacies
massive, matrix-supported medium- jonal character of |
to Coarse.grained gra\/e|3Y sometimes . 40-50%; tabu_lar beds, from tens of cm to bOeUrr?(Sjla(l)'rl]eaS gf %reaé:se{hoe n?g\slglrve
GDm/GSm conglomerates silty-sandy or slightly one metre; lateral Y !
9 sand lenticular shape | extent—upto5m | Structure —irregular arrangement
(GSm on the Fig. 5A) Y P P of pebbles and matrix
. ) 10-20%;
massive, clast-supported fine-tovery | mainly verv thin and upto0.5m; sharp lower boundaries of beds;
Gm fine-grained gravels silty-sandy, conti\rlluous beds considerable lateral | the massive structure — irregular
(Fig. 5B) Iesls fre- g extent arrangement of pebbles
quently sandy
: - : : ; poorly visible horizontal bedding,
mainly fine- to medium-grained gravels | om 5_4006; ) 2010 50 cm thick | g oracsed by linear distribution of
Gh/GSh with horizontal bedding; both matrix- silty-sandy continuous and few m?tres lat- elongated pebbles; fining-upward
and(é'SaSt'SUFiEOT't:?d Qgg\)/ds of sandy layers eirt%nt gradmgbcom(;no_n; er;)ks)iodnal lower
m on the Fig. oundaries of beds
fine- to medium-grained gravels with 10 to 40%; -
: p ' to 0.8 m thick : :
low-angle cross-bedding (Figs. 5D and sandy or up crude cross-bedding; erosional
Gl/Gsl 6C); matrix- to clast-supported (GSl on | silty-sandy flat lenses and sevlt(a)rr?l metres lower boundaries of beds
the Figs. 5D and 6C; Gl on the Fig. 6B) matrix 9
thickness of beds :
b . sharp lower boundaries
GSg sandy grg;/:é?nvglfgig ng)g)- upward - flat lenses ];re(i/rgrilontnoet?gscgg’ of beds; usually overlain
the lateral extent by diamictic gravels
sandy lithofacies
medium—fto coarsel—lgrain%d sandstonﬁs, thicknessbfrgm 20hto
uite often gravelly sandstones wit - 40 cm; beds wit . -
SPISGPIGSP | Madium-scale tabular cross-bedding - lenticularbeds | o metres lateral fining-upward grading
(Fig. 6B, D); matrix-supported extent
; ; thin beds and ; .
Sm/ISGm massive coarse-grained and gravelly _ also irreaular thlqkness upto 0.5 the chaotic arrangement
sandstones (Fig. 6D) s llenesgu m; lateral extent of clasts and detrital matrix
-fines
; ; ; layers up to 20 cm;
white or light grey massive clays or thin I v A ; ' .
; ; _ yers thick or irregular thin layers; irregular lenses
Fm claystones, g;l:ﬂtneuggtt%ggasswe muds or lenses lenses bﬁIO\IiV 30 cm |>r/1 gravelly beds
thic!

Zwirownia-Skatki, Ruda Pilczycka, Lipa and Szkucin sections;
see GSm on the Figs. 5A and 6C). The topmost parts of the as-
sociation consists of more fine-grained deposits — usually mas-
sive gravelly sandstones — Sm/SGm (Figs. 3 and 4 — see the
topuszno-Gorki and Szkucin sections). The lower boundaries
of the M association are erosional. The thickness of this associ-
ation is between 0.5 to 1 m. The lateral extent of the M associa-
tion is from a few to more than ten metres. The GDm lithofacies
is known mainly from the lower part, and the GSm lithofacies
from the upper part, of the Snochowice Beds.

THE G ASSOCIATION

This association is generally represented by all types of grav-
elly-sandy deposits with low-angle cross-bedding and poorly
visible horizontal bedding: lithofacies GI/GSI and lithofacies
Gh/GSh (Figs. 3 and 4 — Snochowice Zwirownia-Skatki,
Ludwikoéw, Lipa and Szkucin sections; Fig. 5C, D). Lithofacies
Gm occurs in this association too, but less commonly than the
GI/GSI and Gh/GSh lithofacies. The Gm lithofacies was usually
present in the lower part of the G association (see Fig. 3 —
Snochowice Zwirownia-Skatki section) or constituted thin
(0.2-0.5 m) intercalations in gravels with horizontal or
cross-bedding (see Fig. 4 — Lipa section). The lower boundary

has an erosional character. The total thickness of the G associa-
tion is about 1-3 m, and its lateral extent is about 20-30 m.

THE S ASSOCIATION

The S association is represented by lithofacies Sp/SGp/GSp
(Figs. 3 and 4 — Snochowice Zwirownia-Skatki, Piekio
Szkucinskie and Wola Szkucka sections; Fig. 6B, D). The
lower boundaries of beds are erosional. The thickness of this
association commonly attains about 1 m, but it may range up to
a few metres (for example in the Wola Szkucka section; see
Fig. 4). A fining-upwards tendency is commonly observed in
the sandy lithofacies of this association. In addition the gradual
transition from very coarse- (mixed sandy and gravelly mate-
rial) to medium-grained sandstones is accompanied with a de-
creasing thickness of cross-sets.

THE F ASSOCIATION

Very fine-grained sediments — massive white claystones
and mudstones — are rare (Figs. 3 and 4 — Snochowice
Zwirownia-Skatki and Ruda Pilczycka sections). The lower
boundaries in both sections are depositional. In the Ruda
Pilczycka section the mudstone layers drape the S association
bedsets. They form thin (about 0.2 m) layers, continuous on the
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Fig. 5A — massive, matrix-supported sandy gravels (GSm lithofacies); documented exposures near the Lipa gravel pit; B — massive,
clast-supported gravels (Gm lithofacies); Snochowice Zwirownia-Skatki; C — matrix-supported sandy gravels with horizontal bedding
(GSh lithofacies); Lipa gravel pit; D — matrix-supported sandy gravels with low-angle cross bedding (GSl); Hucisko exposure

exposure scale, not longer than a few metres. At Snochowice
Zwirownia, 0.1-0.3 m thick irregular lenses of mudstones and
claystones are dispersed in the G deposits. Probably they are
erosional remnants of thin, continuous layers. The top of asso-
ciation is overlain by G or M association deposits.

DEPOSITIONAL GEOMETRY
OF THE SNOCHOWICE BEDS

Based on lithological and thickness variations, three zones
of deposition may be distinguished within the Snochowice
Beds: (1) the +topuszno area - between +topuszno,
Snochowice, Grabownica and Ludwikéw, (2) the Pilczyca-
Fatkdw area — between Pilczyca, Ruda Pilczycka, Fatkéw and
Lipa, (3) the area towards the north and north-east of Fatkéw
and Lipa.

In the first area the Snochowice Beds are characterized by
their maximum thickness (about 70 metres) and their domina-
tion by gravelly deposits (the area designated by the brown
line on Fig. 7). In this area the topmost part of the Snochowice
Beds is eroded and the unit is covered by Middle Jurassic
black claystones. The M and G associations dominate the sec-
tions (Figs. 3 and 4). Moreover, the gravelly beds have their
largest thickness. The G deposits are about 2.5-3 m thick and

their lateral extent is up to 30 m. The content of the S associa-
tion is lower.

In the second area — between Pilczyca, Ruda Pilczycka,
Fatkéw and Lipa — the Snochowice Beds are characterized by
smaller thicknesses of smaller proportions of the gravelly
lithofacies (the area designated by the yellow line on Fig. 7).
The thickness varies: near Pilczyca and Ruda Pilczycka it is
about 20 m. Northwards, near Lipa and Szkucin, the grav-
elly-sandy deposits are 5-25 m thick. There is a general thick-
ness decrease towards the north and north-east. The gravelly
lithofacies content is lower than in the L.opuszno area. The beds
of the M association are thinner and less frequent. A domina-
tion by the G and S associations prevails (Fig. 7). The average
grain size of the G deposits is generally smaller — in the sections
mainly fine-grained and very fine-grained gravels were noted.
Moreover, a high content of sandy matrix in the gravelly
lithofacies was observed. The G association units are only
1-2 metres thick and their lateral extent is smaller than in the
topuszno area.

Towards the north and north-east of Fatkéw and Lipa, the
Snochowice Beds are represented only by gravelly sandstones.
In addition, they are very scarce in the Lower Jurassic succession
and they form small intercalations 2-3 metres thick, among
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Fig. 6A — mixed gravelly-sandy deposits with normal grading (GSg), Snochowice Zwirownia-Skatki; B — contact of gravels with
low-angle cross-bedding (Gl) and gravelly sandstones with tabular cross-bedding (SGp), Snochowice Zwirownia-Skatki; C —
contact of massive sandy gravels (GSm) and low-angle cross-bedded sandy gravels (GSI), Snochowice Zwirownia-Skatki; D —
contact (black arrow) of sandy gravels with low-angle cross-bedding (GSI) and sandstones with tabular cross-bedding (Sp);
among the gravelly deposits are visible some lenses of massive sandstone (Sm); Snochowice Zwirownia-Skafki
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Fig. 7. The regional extent and the lithological variation of the Snochowice Beds in the western part of the MHCM (detailed data from archived boreholes records
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fine-grained sandstones and silty deposits. The margin of this
third area is designated by the light green line on Figure 7.

Generally near Fatkow and towards the north-east the
Snochowice Beds are discontinuous or absent. The Lower Ju-
rassic succession is dominated by muddy-sandy deposits with
plant remains and with coal layers (Jurkiewiczowa, 1967,
Janiec, 1993). The fine-grained deposits with plant remains are
included into the Zagaje Formation (sensu Pierlkowski, 2004).

To the SW of the Mieczyn-Oleszno—Przedbdrz line, in the
Pagow IG 1 borehole, Jurkiewicz (1976) did not find any
coarse-grained deposits in the lowermost part of the Jurassic
succession. According to Jurkiewicz (1976), only younger
units of the Lower Jurassic are present: fine-grained deposit
which overlie the Triassic basement. Thus, the Snochowice
Beds seem to be absent there.

The Snochowice Beds are composed of alluvial cycles, ap-
proximately 2—3 metres thick. The lowermost part of the cycles
usually consists of massive deposits. They are overlain by the
gravelly beds with horizontal or cross-bedding, intercalated with
massive, clast-supported gravels. The gravels are usually over-
lain by sandstones and gravelly sandstones with planar
cross-bedding. Very rarely white, massive muds and clays of the
F association occur in the topmost parts of the cyclic sequences.

ANALYSIS OF PALAEOTRANSPORT
DIRECTIONS

The reconstruction of the Snochowice Beds transport direc-
tions is based on measurements of cross-bedding and the orien-
tations of the longest axes of prolate pebbles. The resultant
mean vector varies and ranges between 20 and 122° (Figs. 3, 4
and 7). Thus the general palaeotransport direction was within a
range between NNE and SE.

These results conflict with those reported by Dadlez
(1962), which suggested, on the basis of analysis of pebble
grain-size lateral variability in a few selected sections, a general
palaeotransport direction towards the NW. In the Snochowice
gravel pits the maximum diameter of pebbles was 15 cm, and
toward the NW, near Pilczyca, it drops to just 5 cm. Mean-
while, around Lipa and Hucisko (located towards the NE of the
Pilczyca region) pebbles larger than 10 cm have been found
(Koztowska-Deuszkiewicz, 2005). The relationship described
by Dadlez (1962) is not obvious — there is no visible tendency
of pebble diameter decrease in a NW direction.

A NE direction of palaeotransport was also postulated for
the earliest Jurassic by Pienkowski (2004; fig. 24A, B).
Palaeotransport direction between the NNE and SE is perpen-
dicular to the main fault zones and this may suggest
synsedimentary fault activity during the Snochowice Beds sed-
imentation. Early Hettangian tectonic activity in the basin was
also postulated by Branski (2006). Finally, the tectonic move-
ments at the end of Triassic/at the beginning of Jurassic were
described by Hakenberg and Swidrowska (1997) and
Pienkowski (2004), though in the eastern part of the MHCM.
The tectonic activity created a geomorphological gradient,
probably triggering a higher supply of coarse material from the
source area and sedimentation of coarse-grained deposits dur-
ing the early Hettangian.

SEDIMENTARY PROCESSES

The observations of the internal character, lateral extent,
thickness and facies successions allow interpretion of the sedi-
mentary processes which formed the Snochowice Beds.

The general characteristic of M association, mainly com-
posed of GDm and GSm lithofacies, such as massive and un-
graded structure, poor sorting, a high content of silty-clayey or
sandy matrix, an irregular though tabular character of gravelly
beds are consistent with formation as debris flow deposits. In
widely accepted definitions (e.g., Schultz, 1984; Nemec and
Steel, 1984; Postma, 1986; Blair and McPherson, 1998; Major,
2003) debris flow deposits are the products of gravity-driven
flows of viscous (plastic), highly concentrated mixtures of sedi-
ment and water, often formed in subaerial conditions. Their
sedimentary features resulted from gravity flow mechanisms:
they accumulated because a decrease in gradient reduced inter-
nal shear (Nemec and Steel, 1984; Postma, 1986). In effect typ-
ical debris flow deposits are poorly sorted, structureless, clast-
to matrix-supported and ungraded (Schultz, 1984; Nemec and
Steel, 1984; Postma, 1986). According to Nemec and Steel
(1984) debris flow deposits are characterized by a few attrib-
utes: usually sheetlike or lenticular geometry of beds, limited
erosional character of lower boundary and clast- to matrix-sup-
ported fabric. Nemec and Steel (1984) suggested that the tex-
ture of debris flow deposits varies from poly- to bimodal. A
high correlation between clast size and bed thickness has been
observed. Maizels (1989) restricted debris flow deposits to the
products of viscous, high yield strength and high sediment con-
centration (>70% detrital material in sediment-water mixture)
types of flow with buoyancy and yield strength as dominant
clast-support mechanisms. Thus, only massive, structureless,
non-graded, poorly sorted and matrix-supported gravels could
be interpreted as debris flow deposits. According to Maizels
(1989) clast-supported deposits have different interpretations.
They are products of hyperconcentrated flow, when the detrital
material content is between 40 and 70% of sediment-water
mixtures. Recognition of flow type in ancient environments is
possible based on sedimentary structures, fabric and bed
boundary characters. Coussot and Meunier (1996) proposed a
simple classification for structureless, poorly sorted gravity
flow deposits, based on the ratio between the cohesive, muddy
matrix and the cohesionless, gravelly material. If their propor-
tions are similar, they represent typically (plastic) debris flow
deposits. Where coarse pebbles/boulders are tend to dominate
and the content of silty-clayey matrix is smaller, the deposits
should be treated as a “granular” debris flow deposits (the
clast-rich debris flow deposits in Schultz’s 1984 classification).
For example in the Cretaceous alluvial fans successions de-
scribed by Sohn et al. (1997) from the northwestern part of the
Cretaceous Yongdong Basin in Central Korea, the massive,
structureless conglomerates with a clast-supported fabric were
interpreted as debris flow deposits. The high content of pebbles
and cobbles and low content of muddy matrix suggested that
the debris flows were cohesionless and dominated by frictional
grain interactions. Eyles and Kocsis (1988) regarded the
diamict facies with variable content of muddy matrix of Late
Pleistocene deposits of Bow Valley in the Canadian Rocky
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Mountains as debris flow facies. In these two cases, the gravity
mass flow processes were quite different but the sedimentary
features, described as characteristic of debris flow deposits, are
the same: a massive structure, a variable content of muddy ma-
trix and poor sorting of gravelly material (Eyles and Kocsis,
1988; Sohn et al., 1997). Similarly, the M association deposits
of the Snochowice Beds, especially the GDm lithofacies, are
interpreted as a type of debris flow deposit. The high content of
coarse, cohesionless material in the GSm lithofacies, suggests
they are “granular” (clast-rich) debris flow deposits. This inter-
pretation is supported by features such as the tabular or lenticu-
lar shape of the beds and the slightly erosional character of the
lower boundaries (Table 2).

The stratified gravelly deposits of the Snochowice Beds
(the G association) have a similar internal architecture and sedi-
mentary structures to gravelly bedform and bar deposits. The
gravel beds with cross-bedding and horizontal bedding were
formed probably in the channel zones as longitudinal gravel
bars during flooding episodes. The growth of the gravelly bars
was the effect of aggradation and progradation in different
parts of the channel zone as flow velocity decreased. These
processes were not regular —they were strongly affected by the
nature of the braided-river gravel transport. The migration of
longitudinal and transverse gravel bars is a typical process in
the braided river and stream environment (e.g., William and
Rust, 1969; Rust, 1972, 1978; Miall, 1977, 1996). During epi-
sodes of high water and sediment discharge, sheets of gravels
with horizontal bedding and low-angle cross-bedding are
formed (Miall, 1996; Zielinski, 1997). Usually, downstream
and upstream of the macroforms the mean pebble diameter de-
creases, and a fining upwards tendency is observed in the
gravel packages (Rust, 1972; Zielirski, 1997).

Thick beds of conglomerate with different types of
cross-bedding and horizontal bedding have been described
from the upper Proterozoic deposits of central Arizona
(Middleton and Trujillo, 1984) and also from the upper
Paleozoic deposits of the Cape Basin in South Africa (Vos and
Tankard, 1981) as well as from Pleistocene deposits in north-
eastern Poland (Zielinski, 1993). They have been interpreted as
the products of gravelly bars and bedforms formed in channel
zones during flood events.

The interpretation of the depositional environment of the S
association is made by comparison with both recent and ancient
analogues. The individual, thin (<0.5 m) and irregular lenses of
tabular cross-bedded sandstone likely represent sedimentation
on the topmost parts of longitudinal gravelly bars. This process is
common in recent rivers, as flow energy decreases at the ends of
flood stages. In effect, the rest of the coarse (sandy) material is
deposited then (Miall, 1996). Sand sedimentation events at the
ends of floods are brief and tend to form thin, individual sandy
beds, from 0.3 to 0.5 m thick (Rust, 1972; Zielinski, 1997).

The appearance of thick packages of cross-bedded sand-
stones, which overlie the gravelly associations, should be used
as indicators of changes in fluvial style deposition, which may
be connected with a change in the river’s hydrological regime
(Miall, 1996; Zielinski, 1998). Such on explanation is applica-
ble to the Snochowice Beds, especially because the thickness
of individual cross-sets is up to 0.5 m. Similar changes in the

hydrological regime have been observed in recent fluvial envi-
ronments (William and Rust, 1969; Rust, 1972; Miall, 1996).

Changes in depositional style following changes in hydro-
logical regime were noted by Brierley (1991) in the Squamish
River channel zone. Packages of cross-bedded sands, a few
metres thick, formed during the migration of transverse sandy
bars. These particular bedsets of sandy-gravelly material in the
Squamish River are more than 0.5 m thick and the packages of
sandy deposits are underlain by the gravelly bar deposits.
Bridge and Gabel (1992) described sandy-gravelly deposits
with a different type of cross-bedding from the Calamus River
in the Nebraska Sand Hills. These formed as sandy bars and
bedforms as an effect of changes in the velocity of flow in the
channel zone. Zielinski (1997) observed tabular cross-bedded
sandy-gravelly deposits in the Pleistocene in northeastern Po-
land, interpreted as sandy bar deposits of a channel zone. The
sedimentary features and geometry of the Snochowice Beds
sandy deposits are interpreted similarly.

Deposition of the F association was probably connected
with flow decrease in the channel zone between individual
flood stages (Miall, 1996). Such processes take place in a
semi-arid or arid climate, when channel flow only takes place
after intense rainfall (Williams and Rust, 1969; Rust, 1972).
Mud and clay deposition may take place on the inactivate
gravel bars, gravel where sedimentation has shifted to another
part of the channel belt, as a result of avulsion processes. De-
posits of this association appear only rarely in braided river and
stream successions because they are usually eroded during the
next flood. Hence, small thickness and low frequency of this
association in the Snochowice Beds sections.

SEDIMENTARY ENVIRONMENT
OF THE SNOCHOWICE BEDS

The sedimentological analyses have allowed character-
ization of the main sedimentary features and internal geometry
of the Snochowice Beds. They are following:

— arelatively high frequency of the M association in sec-

tions in the t.opuszno area (Fig. 3);

— arapid decrease in clast size towards the transport direc-
tion (north and north-east; Fig. 7);

— a rapid decrease in the frequency of the gravelly
lithofacies and an increasing frequency of the sandy
lithofacies generally towards the transport direction
(north and north-east; Figs. 3, 4 and 7);

— a rapid decrease in thickness generally towards the
transport direction (north and north-east);

— a limited radial extent, restricted to about 20-25 kilo-
metres (Fig. 7).

In many ancient and recent successions such sedimentary
features and internal geometry have been treated as indicators
of alluvial fan sedimentation (Stanistreet and McCarthy, 1983;
Collinson, 1996; Blair and McPherson, 1994; Harvey et al.,
2005). During the last twenty years, sedimentologists have dis-
cussed the meaning of the term “alluvial fans”. In consequence
this term has been restricted by some authors (e.g., Blair and
McPherson, 1994; Smith, 2000) to packages of coarse-grained
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deposits, which formed landforms (macroforms) of semi-coni-
cal shape in plan view and restricted to few kilometres, associ-
ated with mountainous relief or with tectonically activated es-
carpments. The main processes on alluvial fans proper (also
named as piedmont alluvial fans) are sheet flows, which pro-
duced mainly tabular, planar-bedded couplets of
coarse-grained sediments and gravity flow deposits, typically
as structureless, poorly sorted, massive deposits (mainly debris
flow deposits). Successions of streamflow deposits are very
rare on typical alluvial fans. Similar in semi-conical shape are
the widespread alluvial landforms, developed near highlands
and near active fault zones, which are dominated by deposition
of decimetre-scale or metre-scale, cross-bedded bar forms,
connected with shallow, channelized flows on the alluvial
slopes. Such landforms are termed alluvial, streamflow-domi-
nated fans (Smith, 2000). The useful classification proposed by
Stanistreet and McCarthy (1993) for alluvial fans and land-
forms is based on the main sedimentological processes on the
slopes, on the extent of the landforms and on the dip of slopes.
They have distinguished three main type of alluvial
macroform: (1) debris flow-dominated fans, (2) braided
river-dominated fans and (3) meandering river-dominated fans.
In the first type, the main depositional phenomena are
channelized debris flows, sheet flows and shallow braided
streams processes, forming mainly beds of poorly sorted, mas-
sive gravels with high contents of muddy matrix — typical de-
bris flow deposits. These forms are steep and a few kilometres
in extent, similarly to the alluvial fans described by Blair and
McPherson (1994). The braided river-dominated fans are char-
acterized by deposition in distributive channels of short-range
braided streams. The successions are dominated by clast-sup-
ported gravels and gravelly sandstones, with cross- and hori-
zontal crude bedding indicating deposition of the gravelly bars
and bed forms in braided streams. The Snochowice Beds,
which are dominated by the gravelly bar deposits and smaller
amounts of debris flow deposits, represent rather the second
type of alluvial landform of Stanistreet and McCarthy’s (1993)

tOPUSZNO

PILCZYCA

classification or the streamflow-dominated fans of Smith
(2000). Sedimentation on Early Jurassic alluvial landforms
dominated by shallow, braided streams intermittently inter-
rupted by debris flow processes is also indicated by vertical and
lateral lithofacies variations, decrease in total thickness and de-
crease in clast size along the palaeotransport directions. Near
Lopuszno, gravel bar deposits and sediment-gravity flow de-
posits are dominant. In this zone the thickness of the
Snochowice Beds is up to 70 m. The high content of the M as-
sociation indicates the importance of debris flow processes dur-
ing deposition (Figs. 7 and 8). The Lopuszno area probably
represents proximal parts of the alluvial landforms. Near
Pilczyca, Ruda Pilczycka and Szkucin, the Snochowice Beds
are composed of cross-bedded gravels and sandstones, the
product of gravelly and sandy bars in the channel zones of
short-range braided streams, probably in the distal parts of the
alluvial landforms (Figs. 7 and 8). North and north-cast of
Zamoéw the Snochowice Beds disappear and east of Zarnéw
they are strongly reduced and restricted only to sandstones (as
well as in Pilichowice borehole; see Pienkowski, 2004). Here,
the coarse-grained deposits occur only as fine-grained gravels
or gravelly sandstones, usually less than 1 m thick, and as irreg-
ular lenses generally fine-grained in the Zagaje Formation
(Jurkiewiczowa, 1967; Pienkowski, 2004). This is the area
where the Snochowice Beds pass laterally into the Zagaje For-
mation (Figs. 8 and 9).

In most cases the alluvial fan breccias and conglomerates
are composed of angular/subangular clasts of local rocks (e.g.,
Larsen and Steel, 1978; Blair, 1987; Hubert and Filipov, 1989;
Blair and McPherson, 1994; Dade and Verdeyen, 2007). Com-
monly, a low roundness of clasts and low petrographic maturity
are used as indicators of short and rapid gravity transport asso-
ciated with alluvial fans. Petrographic studies of the
Snochowice Beds show, though, high petrographic maturity
and significant contents of well-rounded fragments of quartz
and siliceous rocks, indicating long transport from distant
source areas and/or multiple redeposition of pebbles from
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older, gravelly rocks (Maliszewska, 1997; Koztowska, 2011).
The upland drainage basin, located to the south-west of the
Mieczyn—Oleszno—Przedborz line, is built mainly of the
Norian/Rhaetian siltstones and claystones. Therefore, the ero-
sion of Upper Triassic basement is an effect of Late Trias-
sic/Early Jurassic structural reorganization in the MHCM,
reading to supply of mainly clayey/silty material. Renewed
subsidence of the Mid-Polish Trough Basin during the Meso-
zoic may have reactivated erosion in the source areas. So, from
the Early Triassic into the Early Jurassic coarse (pebbly) mate-
rial was supplied by streams and rivers to the MPT probably
from older, gravelly source rocks from areas located far to the
south and south-east (Teofilak-Maliszewska, 1968;
Koztowska, 2011). Late Triassic/Early Jurassic tectonic activ-
ity perhaps reactivated erosion in the drainage areas and older,
probably Triassic, gravelly deposits composed of well-rounded
pebbles of different siliceous rocks, were reworked. The com-
position of the Snochowice Beds may give misleading infor-
mation concerning the distance between the drainage basin and
deposition area, and should be treated with caution.

It is commonly supposed that tectonic activity plays a key
role in controlling deposition on different alluvial fans systems
(Collinson, 1996; Dade and Verdeyen, 2007). Subsidence,
commonly expressed as the movements on fault escarpments,
creates accommodation space, allowing deposition of thick
gravelly deposits on different types of alluvial fan (North et al.,
1989; Bentham et al., 1991; Viseras et al., 2003). Pulses of
synsedimentary tectonic activity may reactivate the relief be-
tween the source and the fan areas, causing renewed erosion in
the source area and higher sediment supply to the fan. In conse-
quence these processes are responsible for the aggradation and
progradation of alluvial fan depositional systems (North et al.,
1989; Viseras et al., 2003). Alluvial fan sedimentation in tec-
tonically controlled basins has been described by many authors
(e.g., North etal., 1989; Bentham et al., 1991; Collinson, 1996;

Viseras et al., 2003). The Snochowice Beds comprises gravelly
deposits, formed during increased subsidence in the MHCM.
The pulses of tectonic activity produced reactivated relief dur-
ing sedimentation, enabling deposition of 70 m of thick grav-
elly-sandy deposits of alluvial origin. The Snochowice Beds
are not alone among Jurassic sequences of the MHCM depos-
ited in tectonically-controlled basins. An increased rate of tec-
tonic subsidence at the end of Triassic and at the beginning of
the Early Jurassic has been commonly invoked (Dadlez et al.,
1995; Hakenberg and Swidrowska, 1997; Poprawa, 1997;
Pierikowski, 2004). Similar deposits have been documented
from the lowermost parts of the Hettangian profiles in the
Mitkow-Szewna and Podole boreholes (see the lowermost part
of the Zagaje Fm. sensu Pierikowski, 2004), in which gravelly
deposits appeared as a result of Early Jurassic synsedimentary
activity along the Ostrowiec Swietokrzyski Fault.

SUMMARY

The sedimentological analyses described herein included:
(1) the detailed lithofacies identifications, (2) estimation of fa-
cies associations and their relations, (3) estimation of the thick-
ness variations in the Snochowice Beds. Three zones of deposi-
tion were distinguished: the +topuszno area, the
Pilczyca—Fatkow area and the area to north and north-east of
Zarn6w. In the Lopuszno area, the Snochowice Beds are fully
developed and the M and G associations are dominant; in the
Pilczyca—Fatkéw area the S and G associations are dominant;
and north and north-east of Zarnow the Snochowice Beds are
discontinuous with few or no thick gravelly packages. The rela-
tively high frequency of gravelly bar and debris flow deposits,
the rapid decrease of clast size, the thickness and frequency of
the gravelly lithofacies simultaneously with increased fre-
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quency of the sandy lithofacies generally towards the transport
direction suggest the alluvial character of sedimentation, simi-
lar to that described by Smith (2000). These Early Jurassic
landforms are classified as a short-range alluvial landforms,
dominated by fluvial processes, interrupted periodically by de-
bris flows (streamflow dominated fans). Sedimentation was
controlled by tectonic processes, specifically with activity of
the Mieczyn—Oleszno—Przedbdrz Fault Zone. Faulting areated
accommodation space allowing deposition of thick, gravelly
deposits and was also responsible for erosion of the drainage
area. The depositional area received well-rounded, pebbly ma-
terial, redeposited from older, probably Triassic gravels and
conglomerates. The rapid increase in subsidence rate was re-
stricted to the Rhaetian and Hettangian time interval, as took
place also in other parts of the MHCM (Pierkkowski, 2004;
Branski, 2006).
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