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The numerous discoveries of disintegrated skeletons of large terrestrial vertebrates within several thin levels
of the Upper Silesian Keuper initiated broad investigations into the palaeoenvironment and age of the bone-
bearing sediments. Despite years of research, the depositional history of the Upper Triassic continental
succession and its controlling factors are still poorly recognized. This paper reconstructs the depositional evo-
lution of the Upper Triassic strata in Upper Silesia, Poland, discusses the tectonic and climatic control on
deposition, and identifies the sediment provenance. Detailed sedimentological analysis enabled the recogni-
tion of three major palaeoenvironments: (1) playa; (2) distal floodplain featured by gilgai micromorphology;
(3) fluvial system (sand-dominated meandering, sand- and gravel-dominated braided, and potentially anas-
tomosing river system). The transition from one palaeoenvironment into another reflects climatic changes
throughout the late Triassic. The Carnian interval is dominated by gypsum-rich playa mudstones deposited
under hot and arid conditions, with only one wet episode recorded as meandering river sandstones (the
so-called Carnian Pluvial Event). In contrast, Norian sedimentation was controlled by strong seasonal climatic
variations, which is reflected in alternating palaeosol horizons (vertisols and calcisols), thin claystone beds
(small water-pond deposits), and conglomerates (rapid flood events). This facies assemblage was formed in a
relatively stable floodplain which became the main habitat of numerous vertebrate organisms. The Rhaetian
is represented by a gravel-dominated braided river system developed in response to significant climate
humidification, with tectonic controls on flow direction. Clast types from Norian and Rhaetian conglomerates
revealed that the studied area was fed from the south and south west by the San River and Moesian Massifs.
Geochemical analysis of Norian palaeosol horizons suggests mean annual precipitation of ~720 mm/yr in agree-
ment with the palaeoclimatic reconstructions for the area, pointing to seasonal sub-humid to semi-arid climate
conditions.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, numerous vertebrate and invertebrate remains
have been found in Upper Triassic continental facies of Upper Silesia
(southern Poland), including reptiles, amphibians, fish, bivalves, and
mammals (e.g., Dzik et al., 2000; Dzik, 2001; Sulej, 2002; Dzik and
Sulej, 2007; Niedźwiedzki and Sulej, 2008; Świło et al., 2014;
Lucas, 2015, Skawiński et al., 2017; Antczak and Bodzioch, 2018a,
2018b; Konietzko-Meier et al., 2018; Sulej et al., 2018). These findings
are significant in the understanding of animal evolution, especially
as the late Triassic marks the dawn of dinosaurs, pterosaurs, and
mammals (Benton et al., 2014). However, this understanding re-
quires the bone-bearing deposits to be placed in a well-constrained
chronostratigraphic position and a thorough understanding of the
broader palaeoenvironmental context.

Most of the research to date has been focused on bone-bearing levels
and except for the western part of the Germanic basin (e.g. McKie
and Williams, 2009), little is known about the palaeoenvironmental
evolution of the late Triassic in Silesia. The stratigraphy was updated
by Racki and Szulc (2015), but a detailed sedimentary model for the
Upper Triassic succession in Upper Silesia still needs to be produced
and until this is resolved, any evolutionary versus ecological hypoth-
esizes for tetrapod successional changes could be considered as
premature.

This paper addresses these shortcomings by reconstructing the
depositional history of the Upper Triassic continental strata from
Upper Silesia in a broader context of climate, tectonism, and material
provenance. It is demonstrated how the palaeoenvironment changed
with time between a dry playa, monsoon-controlled floodplain (gilgai
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relief dominated), and meandering, braided, and anastomosing river
systems, and therefore has the potential to test various climatic hypoth-
eses for the late Triassic. Our sedimentologicalmodel can be treated as a
baseline for further palaeobiological deliberations.
Fig. 1. (A) Palaeogeographic map of the Germanic Basin in the Late Triassic. The Upper Silesia re
studied area (blue rectangle) and potential source areas for Upper Triassic detritus. Outlin
lithostratigraphic position of the Upper Silesian Keuper Group. Geochronological time
lithostratigraphy after Deutsche Stratigraphische Kommission (Beutler et al., 2005). The ex
location of the studied outcrops, boreholes, and vertebrate-rich sites, relative to the Lubliniec
colour in this figure legend, the reader is referred to the web version of this article.)
2. Geological setting and stratigraphy

In the late Triassic, the Upper Silesia region formed the most south-
easterly part of the subtropical continental Germanic Basin (Fig. 1A).
gion (blue rectangle) was situated in the proximal, SE part of the basin. (B) Location of the
e of the Germanic Basin after Feist-Burkhardt et al. (2008). (C) Geochronological and
scale after International Commission on Stratigraphy (Cohen et al., 2013). German
tent of potential age gaps after Nitsch (2018). (D) Simplified geological map showing
Fault System (modified from Szulc et al., 2015b). (For interpretation of the references to
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The area was bound to the south by the Bohemian, Pre-Carpathian/
Moesian, and San River Massifs (Fig. 1B). These lands provided a con-
stant supply of siliciclastic material deposited in fluvial, floodplain, and
playa environments. Variegated mudstones and claystones dominate
the succession, whereas sandstones and conglomerates are much
thinner and geographically limited (Fig. 1C). Rare carbonates formed
during short-termmarine incursions or in spring-fed pans. Collectively,
these sediments are termed as Keuper Group. Most of the vertebrate
remains have been found in the Norian Grabowa Formation. Bone-
bearing levels have been found in almost all outcrops, but the most
known intervals with thousands of bones occur in Krasiejów and Lipie
Śląskie (Fig. 1D).

Numerous lithostratigraphic schemes for the Upper Silesian Keuper
have been proposed by various authors (for summary see Szulc et al.,
2015b),making regional lithostratigraphic correlations difficult. Recently,
Szulc and Racki (2015) have established a new formal lithostratigraphy
for the Carnian–Norian interval although older units remain informal,
i.e., Lower Gypsum Beds (“Chrzanów formation”) and Schilfsandstein
(“Bolesław formation”). These units (both formal and informal) can be
lithostratigraphically correlated with German subdivisions created
by the German Stratigraphic Commission (Beutler et al., 2005), although
it is widely accepted that sedimentation was diachronous over the
Germanic Basin (Franz, 2009) and successively migrated westwards
from the Polish to German part of the basin (Szulc, 2000). This migration
was linked to the shifting of the Tethyan rift axis from the east to west
and/or opening of the Viking Graben (or proto-Atlantic rift system)
(Paul et al., 2009).
3. Material and methods

3.1. Fieldwork

Fieldwork focused on detailed sedimentological logging and was
carried out in four Upper Silesian claypits (Fig. 1D). The exposed sec-
tions are each b20m thick (Fig. 2). The outcrop data was supplemented
with sedimentological description of four drill cores: Patoka (208 m
long), Koziegłowy WB-3 (162 m), Woźniki K-1 (100 m), and Kobylarz
also known as Marciszów (54 m). The first three cores penetrated the
entire Keuper succession (Figs. 1C; 3–5).

Facies were distinguished based on texture, colour, sedimentary
structures, the occurrence of bioturbation structures and faunal and
floral remnants. Diagenetic alterations were described where visible.
Facies classification is based onmodifiedMiall's (1996)fluvial classifica-
tion with G, S, M, C, L, D representing dominant grain size/lithotype
(gravel, sandstone, mudstone/siltstone, claystone, limestone, and dolo-
mite, respectively). When macroscopic identification of grain size was
impossible, the more generic term of mudstone was applied. Grain
size is followed by the sedimentary structure type (m – massive/
structureless deposit, h –horizontal lamination or bedding, x – low
angle cross-bedding or lamination, r – ripple cross-lamination, t – trough
cross-bedding, ped – pedogenically modified, evp – evaporitic). Facies
are presented in Table 1.

Fluvial components, such as channels, laterally accreted sedimentary
bodies, and overbank deposits, were recognized based on the lithofacies
association, internal structures, and surfaces bounding individual com-
plexes. Fluvial architecture elements are presented in Table 2.

Palaeosols and their component horizons were identified in cores
and outcrops based on macroscopic features, such as colour, pedogenic
nodules, slickensides, root structures, and mottles, following the
classification of Retallack (2001): (1) dark red, blocky palaeosolwithout
pedogenic concretions – superficial horizon ‘A’; (2) angular, blocky
structure with clay skins and common mottles – argillic, pedogenic
horizon ‘B’; and (3) transitional to parent material horizon – horizon
‘BC’. The palaeosol horizon modifiers are represented by accumulation
of carbonates (k) and presence of slickensides (ss).
3.2. Geochemistry

Geochemical ratios were calculated from the geochemical data
of Środoń et al. (2014) which were obtained from diagenetic,
weathering, and mineralogical study of the Keuper sediments from
Upper Silesia. All major elements have been normalized to 100%
to take into account loss of ignition (LOI) and then converted from
weight percent to molar percent. To characterize and quantify
weathering processes, CALMAG (Nordt and Driese, 2010) and
CIA-K (Sheldon et al., 2002) weathering ratios and their respective
Mean Annual Precipitation (MAP) from regression models have
been calculated. Chemical (major, trace, and rare earth elements,
REEs) and mineralogical data, and weathering ratio calculations are
provided in Supplementary Material 1.

3.3. Gravel analysis

Gravel analysis from Patoka-1 well has been performed to quan-
tify compositional groups of the 8–16 mm grain size fraction. Two
bulk samples from the deepest coarse-grained intervals of Grabowa
and Połomia formations were collected and underwent microscopic
identification of the grain types. Among many Norian gravel beds and
intercalations within the mudstone carbonate Grabowa Formation,
only dispersed clasts above 9 mm have been qualitatively studied. The
quantitative results for the Rhaetian Połomia Formation are provided
in Table 3.

4. Results and interpretation

4.1. Depositional facies

Fifteenmajor Upper Triassic lithofacies were identified. The detailed
characteristics and interpretation of each facies and their associations
are given in Tables 1, 2, and 4. The facies are dominated by siliciclastics
which consist of various proportions of quartz grains and clay minerals.
Sediments rich in clayminerals are characterized by amassive structure
and were classified as massive claystone (Cm) interpreted as having
been formed in ephemeral ponds developed in the localized topo-
graphic depressions.

With increasing quartz content, claystone grades into mudstone
that is mainly massive (Mm), horizontally-laminated (Mh), or ripple
cross-laminated (Mr). The three facies were most likely deposited
in distal overbanks during flood events, with the first two facies
representing tranquil low-flows to stagnating waters and the latter
facies being accumulated by high-energy flows. Locally, some mud-
stones are pedogenically altered (Mped), or rich in evaporite nodules
and veins (Mevp).

Fine- to coarse-grained sandstones with amassive structure (Sm) or
low-angle cross-stratification (Sx), horizontal lamination (Sh), ripple
cross-lamination (Sr), trough cross-stratification (St), pebbly sand-
stones (Sg), and clast-supported (Gcs) and matrix-supported (Gms)
conglomerates are all associated with fluvial environments. Sandstones
generally formed as channel-fills, bars, and crevasse splays, while
conglomerates are considered as high-density flow deposits related to
catastrophic runoffs.

Minor carbonates (D, L) are either of marine (Grenzdolomit),
palustrine or hydrothermal origin (Woźniki Limestone Member).
These facies were described elsewhere (e.g., Szulc et al., 2006).

4.2. Small-scale vertical and horizontal arrangement of depositional facies

The distinguished facies display no cyclic organization in a vertical
profile and instead are arranged in various configurations and random
alternations (Figs. 1–4). The contacts between successive facies are
generally sharp and are conformable where a fine-grained sediment
overlies a coarse-grained deposit or are erosional where a reversed



Fig. 2. Sedimentological logs for Krasiejow, Lipie Śląskie, Woźniki, and Zawiercie outcrops, representing various intervals of the Norian Patoka Member (Grabowa Formation). Note large-
scale vertical changes in sediment colour and composition, interpreted to reflect climatic changes in the area. TheWoźniki log is modified and reinterpreted from Szulc et al. (2015a). For
facies codes see Table 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Sedimentological log for Patoka well penetrating the upper half of the Norian Patoka Member (Grabowa Formation) and the entire Rhaetian. For facies codes see Table 1.
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Fig. 4. Sedimentological log for KoziegłowyWB-3 well penetrating the entire Upper Silesian Keuper, from the Ladinian Grenzdolomit to the Rhaetian Połomia Formation. For facies codes
see Table 1.
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Fig. 5. Sedimentological logs for Woźniki K-1 (Ladinian-Rhaetian) and Kobylarz (Norian) wells. For facies codes see Table 1.
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facies succession occurs. In the latter case, the depth of erosion is un-
known. Locally, a gradual fining-upward transition from conglomerate,
through sandstone, to fine-grained facies is observed.
Claystones (C) andmudstones (M) dominate volumetrically and are
laterally persistent at the outcrop scale, and perhaps could be correlated
between neighboring localities if any marker beds or biostratigraphic



Table 1
Description and interpretation of depositional facies in the Upper Triassic of Upper Silesia.

Facies Description Depositional process and setting

Massive claystone (Cm) White and beige, structureless, locally silty, calcareous claystone forming up to
20 cm thick and dm to m-wide, irregularly shaped lenses. Lower and upper
boundary commonly sharp. Local rare bivalves (e.g., Unio sp.) (Fig. 6A–B).

Deposition by suspension fallout within ephemeral shallow ponds
developed in local depressions.

Massive mudstone
(Mm)

Variegated and grey, structureless, friable mudstone with blocky cleavage.
Gradual or sharp base. Occasional faint planar or ripple-cross lamination, white
calcareous nodules, and/or carbonaceous matter. Locally disturbed. Thickness
from several centimeters to 5 m (Fig. 6A–B).

Dark grey, grey and beige mudstone with floral remains – infill of
small local basins, possibly oxbows or waterholes.
Variegated mudstone with calcareous nodules and/or sharp bases –
high-density mud flow deposit (Szulc, 2005).

Pedogenically modified
mudstone (Mped)

Dark red, red, bluish, and grey, friable, blocky mudstone with predominant
mottled texture. Local root structures and slickensides. Base sharp or gradual,
top irregular often overlaid by planar or ripple cross laminated mudstones
Thickness from a few millimeters to 4 m (Fig. 6C–E).

Primitive soil (inceptisol/regolith) and palaeosol (vertisol and
calcisol) developed on floodplains.

Evaporitic mudstone
(Mevp)

Dark red, red, and variegated mudstone with gypsum aggregates (up to 10 cm
across) and veins (up 2 cm thick). Common thin caliche intervals (Fig. 6F).

Distal floodplain with transpiration exceeding precipitation to
promote gypsum crystallization.

Horizontally laminated
mudstone (Mh)

Variegated mudstone with distinct mm-scale horizontal lamination. Local
Skolithos isp. and undetermined burrow mottles (Fig. 6G–H, K)

Deposition by tranquil low-flow or from suspension (Simon and
Gibling, 2017b). Skolithos burrows indicate relatively firm substrate.

Ripple cross-laminated
mudstone (Mr)

Variegated mudstone with mm- to cm-scale sets of ripple cross lamination,
commonly truncated and/or with sub-critical climbing. Abundant silty streaks
and interlaminae (Fig. 6G–I)

Flood-type deposit formed under variable energy flow: transition
from ripple cross-lamination to planar lamination represents gradual
decrease in the fluid flow velocity, while climbing-ripple
cross-lamination is associated with very high rate of suspension
fall-out relative to the rate of ripple migration (Collinson et al., 2006).

Massive fine-grained
sandstone (Sm)

Beige and grey, well-cemented, structureless sandstone with well-sorted quartz
grains ranging in size frommid fine to upper fine. Common normal grading. Local
carbonaceous matter and quartz pebbles. Thickness 1 to 3 m (Fig. 7A).

Rapid deposition from highly concentrated, heavy leaden
(hyperconcentrated) laminar sediment/water flows in ephemeral
rivers (Horn et al., 2018).

Trough cross-stratified
sandstone (St)

Beige, grey, and dark grey, well-sorted, fine- and medium-grained sandstone
organized into dm-scale cross-bedded trough sets, stacked to form up to 3 m
thick units. Individual sandstone troughs typically display lenticular shapes.
Small-scale sedimentary structures represented by planar or very low angle
(up to 5°) laminae and cm-scale oscillatory or climbing-ripple cross laminae.
Common carbonaceous detritus and pyrite nodules. Local strong calcite
cementation. Occasional convolute structures.

Trough cross-bedding can be attributed to migration of lower flow
regime 3D dunes (Collinson et al., 2006), commonly linguoid in
form. In-channel position.

Low-angle
cross-stratified
sandstone (Sx)

Beige, grey, and dark grey, fine-grained and rarely medium-grained sandstone,
moderately to well sorted, showing low-angle (up to 20°) lamination or bedding.
Lamination picked out by grain-size variation or dispersed plant debris.
Individual sets thickness varies from a few cm to m. Laminasets tops and bottoms
are erosive. Laminasets are organized in cosets up to 2 m thick (Fig. 7C–D).

Aggradation and migration of small to medium size 2D microforms
(such as straight-crescent dunes) deposited in the transition
between subcritical and supercritical flows.

Ripple cross-laminated
sandstone (Sr)

Beige, grey, and dark grey, well-sorted, weakly cemented, fine to medium
grained sandstone with climbing current ripple cross-lamination. Thickness
from a few decimeters to 3 m (Fig. 7E).

Thicker units deposited under lower bed condition within
point-bars on the channel margins; thinner units sandwiched
between mudstones can be attributed to crevasse splays. Deposition
and reworking by turbulent sub-critical flows that generated 2D/3D
dunes (Ielpi and Ghinassi, 2015).

Horizontally
laminated/bedded
sandstone (Sh)

Beige, grey, and dark grey, well-sorted, fine- and medium-grained sandstone
with mm-scale horizontal lamination and locally bedding. Common dispersed
plant remains. Thickness between a few decimeters to 3 m (Fig. 7A–C, F).

Flood or high-flow deposit within the channel belt or, crevasse
splays if thickness is relatively small (b1 m) and the sediment is
embedded within the mudstone interval. Deposition and reworking
by perennial, turbulent-subcritical flows that generated bedload
sheets (Ielpi and Ghinassi, 2015).

Pebbly sandstone (Sg) Beige and grey, medium- and coarse-grained, poorly-sorted sandstone with
parallel lamination and quartz and mudstone flat pebbles up to 5 cm long
(Fig. 7H–J).

Deposition within fluvial channels of heavy-loaded fluvial system.
Mudclasts suggests reworking of old lag deposits (Ielpi and
Ghinassi, 2014).

Matrix-supported
conglomerate (Gms)

White, grey, and light grey, poorly sorted conglomerate with loosely organized
oncoids and subangular to subrounded clasts of claystone, quartz, dolostone,
limestone, and/or pedogenic sediment. Clasts oriented chaotically or parallel to
bedding planes, rarely imbricated. Matrix composed of moderately to poorly
sorted, fine- and medium-grained sand (Fig. 7H–J). Occurs astabular or
lenticular sedimentary bodies rarely exceeding 50 cm in thickness.

Deposition from high-density bedloads and suspended load flows,
related to ephemeral unconfined sheet-floods or braided
fluvial/alluvial fan systems.

Clast-supported
conglomerate (Gcs)

White, grey, and beige, well-cemented conglomerate with densely packed,
angular claystone clasts, subrounded to well-rounded granules of pedogenic
nodules, and subordinate quartz pebbles. Bed bases sharp and undulating with
common load marks. Bed tops either sharp or fining upward into sandstone or
siltstone. Individual beds up to a few cm thick and commonly organized in a
few-meters wide sheets (Fig. 7G, J).

Deposition by high-density flows. The lateral extent of these
conglomerates suggests high-density floods causing redeposition of
pedogenic nodules in unconfined or poorly confined conditions.

Limestone (L),
dolostone (Dol)

This wider group includes nodular limestone, oncolite and stromatolite (for their
detailed description see Szulc et al., 2006). Limestones form localized bodies up
to 30 m thick. Some limestones show secondary dolomitization features.

Pedogenic, swamp, and spring deposits, partly of hydrothermal
origin (Szulc et al., 2006).
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control existed. In contrast, sandstones (S) and conglomerates (G) form
m- to dm-wide lenses that cannot be traced from one site to another.

4.3. Facies associations

Threemajor facies associations can be distinguished for the Carnian–
Rhaetian interval, based on the vertical and lateral distribution of the
lithofacies and their internal architecture: floodplain, playa, and fluvial
depositional settings. For summary see Table 4.
4.3.1. Floodplain facies association

4.3.1.1. Description. The floodplain environment is dominated by
overbank fines: red or variegated mudstones and claystones that are
massive (Cm, Mm), horizontally laminated (Mh) or ripple cross-
laminated (Mr), up to 2 m thick with marked lateral variation in thick-
ness. Lamination is visiblemainly due to subtle changes in the grain size
or dispersed plant detritus concentrated on inclined lamina surfaces.
Ripple cross-laminated sets show sharp bounding surfaces, abundant



Table 2
Fluvial Strata Architecture.

Architecture element Lithology, grain size, geometry, and dominant lithofacies Interpretation

Gravel bars and
bedforms (GB)

Matrix- and clast-supported conglomerates with angular or subangular clasts, medium to coarse-grained
sandstones, commonly organized in lenticular or sheet geometry.
Main lithofacies: Gms, Gcs, St, Sr, Sh, Sx,

Sheet flood deposits and channel
fills of the braided river system.

Sandy bedforms (SB) Fine- to coarse-grained sandstones organized in lenticular, wedge or sheet-like units with clear base erosional surfaces.
Main lithofacies: Sh, St, Sr, Sm, Sx,

Channel fill point bar, and crevasse
splay deposits.

Laminated sandstone
sheets (LS)

Fine- and medium-grained sandstones organized in sheet-like units with erosive bases. Main lithofacies:
Sh, Sr, Mh, Mm.

Sheet flood and crevasse splay
deposits.

Overbank fines (OF) Laterally extensive claystones, mudstones, siltstones, and fine-grained sandstones. Main lithofacies:
Cm, Mr, Mped, Mh.

Overbank and flood deposits (gilgai).

Table 3
Main type of clast percentage composition: P-2- sample of 8–16 mm fraction from the
Połomia gravel (n = 120); averaged interval 26.5–28 m from Patoka 1 borehole.

Clast lithology Percentage in sample
from Połomia Formation

Quartzite: quartz arenite metaquartzite etc. 16
Jaspilite 4
Chert fossiliferous, silicified limestone, ganister (silcrete) 16
Vein quartz 54
Metachert 5
Meta-siltstone 2
Carbonate: Woźniki limestone, coated grain from
Lisów breccia, etc.

3

33K. Jewuła et al. / Sedimentary Geology 379 (2019) 25–45
climbing features, and various palaeotransport directions (Fig. 6H),with
the dip angle of individual laminae rarely exceeding 20°.

Palaeosols and regoliths (Mped) are also common in this environ-
ment and vary in thickness from a few centimeters to 4 m, showing
lateral thickness changes (Fig. 6C–E). They form friable, angular to
sub-angular, dark red to red, moderately to highly-calcareous, silty
intervals with scattered mm- to cm-scale (up to 4 cm in diameter)
subrounded to rounded, light grey calcareous nodules, locally forming
thin (up to 20 cm thick) irregular layers (Fig. 6D). Palaeosols addition-
ally comprisemm-scale bluish-greyishmottleswith distinct boundaries
and clay-skinned, concave slickensides having complementary sets of
planes with dip angles up to 45°. Greyish-bluish gleying hydromorphic
features, small root canals (up to 20 cm long) with diffusive boundaries
(rhizohaloes), and/or massive, rarely fibrous, white hardpan-type
calcretes up to 50 cm thick are locally present (Fig. 8E).

Fine-grained sediments are intercalated with well-sorted, massive
sandstones (Sm), matrix-supported calcareous conglomerates (Gms)
Table 4
Facies associations and their stratigraphic architecture. Lithofacies abbreviations are consistent

Lithostratigraphic unit Facies association Lithofacies Architect

Rhaetian
(Połomia formation)

Braided fluvial system. Gcs, Sx, St, Sr? Gravel ba
sandy bed

Grabowa Formation
(Woźniki Limestone
Member)

Floodplain mudstones with
freshwater carbonates, rarely
multi-storey braided river.

Gcs, Sx, St, Sr, Sg,
Mh, Mped, L

Overbank
bedforms

Grabowa Formation
(Patoka Member)

Meandering Fluvial System Sx, St, Sr, Sm, Sh,
Mr., Mped,

Overbank
bedforms

Grabowa Formation
(Patoka Member)

Braided Fluvial System Gms, Sg, Sm, Sr, Sh, Gravel ba
bedforms

Grabowa Formation
(Patoka Member)

Floodplain System Gcs, (Sr), (Sh), Mr.,
Mh, Mped, Cm

Overbank
(SB) and

Grabowa Formation
(Ozimek Member)

Playa System Mm, Mped, Mh,
Mevp, Sh,

Overbank
sandy she

“Bolesław formation”
(informal unit)
Schilfsandstein

Meandering Fluvial System Sx, St, Sr, Sm, Sh,
Mr., Mped,

Sandy bed
sheets (LS

“Chrzanów formation”
(informal unit)
(Lower Gypsum Beds)

Playa System Mm, Mped, Mh,
Mevp, Sh.

Overbank
sandy she
or fining-upward, clast-supported conglomerates (Gcs; Fig. 6B, G),
occurring as m-scale and cm-thick lenses or layers (Fig. 6B). Locally,
bone-bearing levels with numerous cm-long bone fragments and unde-
termined cm-scale straight or slightly concaved burrows filled with red
or grey silty material can be seen (Fig. 6J–K). Rare carbonate intervals
comprise white or yellowish micritic limestones interbedded with
grey or red, friable marls.
4.3.1.2. Interpretation. This facies association is interpreted to have been
formed in a distal, mud-dominated floodplain, occasionally affected by
catastrophic flashfloods. Mudstones with horizontal and ripple cross-
lamination (Mh and Mr) were deposited under vigorous water flows
and represent migration of small-scale bedforms in lower and upper
flow conditions, likely related to the final stages of floods (Reineck
and Singh, 1980). The mottled structure of claystones and mudstones
most likely reflects seasonal changes in the groundwater table, which
are frequently accompanied by local variations in redox conditions
(Mücke, 1994). The scarce and undiversified trace fossils are dominated
by shallow burrows of feeders and aquatic dwellers that colonized top
parts of the sheet deposits, controlled by local hydrodynamic conditions
(Sarkar and Chaudhuri, 1992). Alternatively, laminatedmudstonesmay
represent a channel infill with significant vertical aggradation in an
anastomosing-type low-energy river system (Gruszka and Zieliński,
2008).

Palaeosols developedwithin abandonedflood-event deposits during
relatively calm periods. Conglomerates composed of calcareous pedo-
genic nodules (locally known as the “Lisów breccia”which even became
an informal lithostratigraphic unit), suggest localized recycling of the
soil intervals, winnowing of fine material, and further transport as a
clast-supported debris flow during catastrophic run-offs (Szulc, 2005;
with Table 1.
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Fig. 6. Summary of the claystone and mudstone facies in the uppermost Carnian–Norian Grabowa Formation. (A) Alternation of pedogenically alteredmudstones (Mped) and claystones
(Cm/Mm). Patoka Member, Patoka clay-pit. (B) Ripple-cross laminatedmudstones (Mr) and massive claystones (Cm), interbeddedwith clast-supported conglomerates (Gcs) composed
of reworked pedogenic carbonate nodules and representing flash floods. Patoka Member, Krasiejów. (C) Vertisol profile with well-preserved A and B horizons with slickensides and
carbonate nodules (Bss and Bssk horizons). Patoka Member, Krasiejów. (D) Pedogenic carbonate nodules (arrows) in Bk horizon. Patoka Member, Krasiejów. (E) Vertisol with slicken-
side structures (blue arrows; Bssk horizon) and reductive spots developed around small pedogenic calcareous concretions (yellow arrows). Patoka Member, Krasiejów. (F) Gypsum
nodules (arrows) in playa claystone of the Upper Gypsum beds, Ozimek Member, Woźniki K-1 well. (G) Approximately 1-m-thick vertisol horizon. Yellow arrow points at thin
conglomeratic beds (flood deposits) and horizontal and ripple-cross laminated mudstones (Mh/Mr). Patoka Member, Krasiejów. (H) Horizontal (Mh) and ripple cross-laminated (Mr)
mudstones with different palaeoflow directions (arrows). Patoka Member, Krasiejów. (I) Palaeosol and regolith horizon (Mped) developed on and capped by horizontally laminated
floodplain mudstone (Mh). Patoka Member, Krasiejów. (J) Bone fragment (between yellow arrows) in claystone/mudstone, an example of the bone-bearing levels. Patoka Member,
Krasiejów. (K) Undetermined shallow burrows (arrows) penetrating reddish massive mudstone (Mm). Patoka Member, Krasiejów. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Bodzioch andKowal-Linka, 2012). Isolated carbonate bodies are consid-
ered as spring-fed palustrine facies (Szulc et al., 2006).

4.3.2. Playa facies association

4.3.2.1. Description. Facies assigned to the playa include red marly
claystones that are massive (Mm) or locally horizontally laminated
(Mh). Evapotranspiration resulted in cm-thick white or greyish
amorphic or locally fibrous calcretes, subrounded to rounded calcite
nodules up to 2 cm in diameter or irregular gypsum crystal aggregates
(Mevp; Fig. 6F). Less abundant are pedogenic intervals (Mped) repre-
sented by red friable, highly calcareous mudstones with numerous
mm-scale subrounded carbonate nodules, displacive gypsum and/or
brecciated fabrics. The pedogenic horizons are up to 3 m thick. Locally,
thin fine-grained,well-sorted, horizontally laminated, light red or rarely
greenish sandstone intercalations (Sh) are observed. This facies associ-
ation was recognized only in Woźniki K-1 and Koziegłowy WB-3 wells
therefore its lateral extent is unknown.

4.3.2.2. Interpretation. The facies association is interpreted to have
formed as terminal splays or peneplained continental, saline mudflats
(continental sabkhas), under arid and semi-arid conditions when evap-
oration exceeded precipitation (Simon and Gibling, 2017a). Gypsum
nodules likely developed in the ca. 1 m thick capillary zone above the
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water table (Gunatilaka and Mwango, 1987). Thin, poorly developed
soils with calcium and gypsum agglomerates most likely represent
aridsols group, specifically calsisols, calgypsols, and gypsols indicative
of arid and semi-arid environments (Retallack, 2001). Thin laminated
sandstones could have been deposited by episodic floods (North and
Davidson, 2012) triggered by torrential rains.

4.3.3. Fluvial facies association

4.3.3.1. Description. The fluvial facies association essentially comprises
sand- and gravel- dominated facies, whereas fine-grained clastics form
Fig. 7. Summary of the sandstone and conglomerate facies in the Upper Silesian Keuper. (A) ‘Bo
and ripple cross-laminated sandstone (Sr), reflecting gradual decrease in the flow discharge in fl
bedded sandstone (Sx) capped by horizontally-bedded sandstone (Sh) and younger massive da
Lipie Śląskie. (C) Large-scale cross-bedded sandstones (Sx, Sh). Patoka Member, Lipie Śląskie. (D
(Mh/Mm; oxbow deposit). Patoka Member, Lipie Śląskie. (E) Ripple cross-laminated sandsto
wooden charcoaled fragments (black components). Patoka Member, Lipie Śląskie. (G) Matr
sandstones (Gms, Sg, Sx, and Sh) with erosive boundaries (yellow lines). Sand-dominate
(H) Gravel-dominated clast-supported conglomerate (Gcs) with erosive base and angular red
Gravel-dominated braided river system (Patoka Member, Poręba). (I) SEM view of pyrogen
gravel sample from interval 156.0–158.9 m). (J) Gravel (Cgs) from Połomia Formation (Pat
(For interpretation of the references to colour in this figure legend, the reader is referred to th
only thin intercalations. Sand-dominated facies are represented mostly
by fine- and medium-grained sandstones with a massive structure
(Sm), trough cross-bedding (St) or large scale cross-bedding (Sx) or
smaller-scale sedimentary structures, such as ripple cross-lamination
(Sr) and horizontal lamination (Sh), (Fig. 7A–E). The coarser-fraction
intervals are frequently overlain by low-angle cross-bedded sandstone-
mudstone heteroliths showing a down-dip thickening of sandstone
sets (Sx) and an up-dip increasing contribution of siltstone interbeds
with ripple cross-lamination (Mr). The heteroliths are laterally or verti-
cally juxtaposed to dark grey and black, massive or horizontally lami-
nated mudstone rich in a pyritized organic matter (both faunal and
uma-like’ sequence with massive sandstone (Sm), horizontally laminated sandstone (Sh),
uvial channel facies. PatokaMember, Lipie Śląskie. (B) Low angle tabular low angle cross-
rk mudstone (Mm). Erosive surfaces are marked by yellow dashed lines. Patoka Member,
) Cross-bedded sandstone (Sx; lateral accretion of bar) truncating organic-richmudstone
ne (Sr). Patoka Member, Lipie Śląskie. (F) Massive sandstone (Sm) with well-preserved
ix-supported conglomerate, pebbly sandstones, and cross- and horizontally laminated
d braided river channel facies (Patoka Member, Patoka well, depth 109.5–112.5 m).
claystone clasts (arrow), sandwiched between pebbly coarse-grained sandstones (Sg).

ic euhedral quartz phenocryst from Grabowa Formation (Patoka well, averaged sandy
oka well, depth 34 m). (K) Stromatolite from Poręba site (from Szulc et al., 2015a, b).
e web version of this article.)
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floral; Zatoń et al., 2015) and lenticular (up to 20 cm in diameter) calcite
concretions.Mudstone are locally interbeddedwith relatively thin (up to
50 cm) horizontal and ripple-cross laminated fine-grained sandstones
(Sh, Sr) and variegated palaeosol horizons (Mped) of up to 1 m thick,
rich in root structures, mottles, and local small (up to a few mm)
rounded carbonate nodules.

Less abundant are coarse-grained pebbly, massive, and horizontally
laminated coarse-grained sandstones (Sg, Sm, Sh) with sharp erosive
bases (Fig. 7G–J) andmatrix- and clast-supported polymictite conglom-
erates (Gms, Gcs), They all occur as 3-m-thick fining-upward bodies
with lenticular and tabular shapes, locally stacked onto one another in
an offset manner. They can be intercalated with red and variegated
mudstones with horizontal and ripple cross-laminations (Mh, Mr)
and/or thin palaeosols represented by yellowish to dark red friable
mudstones with poorly developed bedding (Mped).

4.3.3.2. Interpretation. Recognized fluvial lithofacies are considered to
represent various channel and overbank sub-environments, such as a
channel (sensu stricto), point bar, crevasse splay, proximal floodplain,
and overbank lake. The palaeochannels can be characterized by trough
cross-bedding, concave erosional bases and sandy or gravel infill often
with a distinct coarse channel lag. The coarse material represents chan-
nel fills with frequent channel shifts and erosion likely related to the
braided-river system. Low-angle stratification of coarse material with
normal grading may indicate a downstream accretion of the straight
crest bedforms, transverse bars, chute bars, and 2D dunes (Huerta
et al., 2011). The occurrence of angular red claystone clasts and carbon-
ate pedogenic nodules suggests rapid cannibalistic erosion of the rela-
tively cohesive floodplains and associated soils (Fig. 7I) (Szulc, 2005),
while the presence of dolomitic clasts indicates local erosion of older
(Middle Triassic?) strata. The poorly developed bedding and cross strat-
ification implies deposition from traction (Miall, 1996). Thin intervals of
massive and pebbly sandstones were possibly deposited during single
flash-flood events (North and Davidson, 2012). Unidirectional cross-
stratified sandstone/mudstone heteroliths represent lateral accretion
of point bars. Locally, the channel and point bar deposits enclosed by
black organic mudstones typical of oxbows (Collinson et al., 2006).
Oxbow claystone/mudstone intervals are interbedded with sandstones
which might have formed as crevasse splays during a high-water
stage. The described fining-upward trend (coarse channel sandstone
→ cross-stratified heteroliths sandstone-mudstone of laterally migrat-
ing point bars → fine grained oxbow claystone/mudstone) suggests a
progressive abandonment of the fluvial channels indicative of a
meandering river system (cf. Ielpi and Ghinassi, 2014). Local pedogenic
horizonsmay represent poorly developed soil types, perhaps inceptisols
(Varela et al., 2018).

4.4. Palaeosol geochemistry and mineralogy

Thirty-four geochemical samples were collected from the Krasiejów
outcrop and Patoka, Woźniki K-1, and Kobylarz wells (Ladinian–Norian
interval). They represent only a clay (B) soil horizon, as it has a mean
residence time long enough to disregard short-term surficial composi-
tional changes and residual accumulation (Retallack, 2001; Sheldon
et al., 2002).

Quantitative XRD analysis by Środoń et al. (2014) revealed that all
samples have a very similar average composition dominated by illite/
smectite (average of 33.2 wt%) and quartz (26.6 wt%), followed by
carbonates (either calcite or dolomite, with average values of 10.5 and
3.8 wt%, respectively). Illite (5.9 wt%), kaolinite (4.9 wt%), hematite
(2.1 wt%), chlorites (average value of 2 wt%), K-feldspars (1.6 wt%),
plagioclases (mainly albite with average of 0.6 wt%) have a minor con-
tribution to bulk mineralogy. Anatase, pyrite, siderite and goethite
occur in trace amounts. For details see Supplementary Material 1.

The chemical composition of the palaeosol samples is dominated by
SiO2 (average of 58.3wt%) andAl2O3 (average of 15.71wt%). An average
content of CaO is 10.97 wt% and 17 samples with CaO higher than 10%,
are classified here as calcareous. The average molecular calcification
ratio (defined as molar Ca + Mg/Al, see Sheldon and Tabor, 2009) is
2.18. Other major elements include FeO (Total), MgO, and K2O, with
averages of 6.15 wt%, 4.22 wt%, and 3.02 wt%, respectively, however,
the increased K2O content is a secondary phenomenon, as discussed
by Środoń et al. (2014). Trace elements are represented by Ba (average
of 417 ppm), Zr, Sr, V, and Rb (averages of 196 ppm, 194 ppm, 118 ppm,
and 111 ppm, respectively). Other trace elements have abundances of
b100 ppm. For details see Supplementary Material 1.

The chemical data, recalculated to molar weights, were used for
calculating CALMAG (Nordt and Driese, 2010) and CIA-K (Sheldon
et al., 2002) weathering ratios. These models track fluxes of Ca and Mg
or Na, sourced from calcium carbonate, detrital clay, and exchangeable
Ca2+ and Mg2+ (Nordt and Driese, 2010). Standard molar weathering
proxies (e.g., Chemical Index of Alternation, CIA) could not be used
here because (1) a thermal event in the Cretaceous resulted in a signif-
icant potassium balance change due to smectite and partial kaolinite
illitisation (Środoń et al., 2014), and (2) a depth to the calcareous
horizon (Bk)which is commonly used for the palaeoprecipitation calcu-
lation could not be measured due to multiple erosive events marked by
thin conglomerate (Gcs, Gms).

Calculated palaeoweathering indices vary significantly, mostly
due to the variable CaO content. The CALMAG values range between
12 and 81 (average value of 37.8), corresponding to calculated Mean
Annual Precipitation (MAP) between 0 and 1399 mm/yr (average of
437 mm/yr). Chemical Index of Alteration minus Potassium (CIA-K)
shows a similar variation of values (between 13 and 90), giving
palaeoprecipitation levels between 141 and 1229 mm/yr (average
of 651 mm/yr). Samples with a lower calcification ratio (i.e. molar
CaO + MgO/Al2O3 b 1) have Mean Annular Precipitations of
899mm/yr and 1027mm/yr for the CALMAG and CIA-Kmodels respec-
tively. The Mean Annual Precipitation average values have been also
calculated for samples with b10 wt% of total carbonates, with MAPs
of 721 mm/yr and 897 mm/yr for CALMAG and CIA-K models, respec-
tively. Calculation results are presented in Supplementary Material 1.

4.5. Gravel composition

Gravel samples from the Grabowa and Połomia formations from
Patoka well include two distinctive groups of coarse grains – intraclasts
and extraclasts. Intraclasts are composed of mudstones and claystones
eroded from sedimentary background of the Grabowa Formation and
nodular carbonateswith concentric fabrics, derived from reworked cali-
che horizons or a nodular variety of the Woźniki Limestone Member
(see Szulc et al., 2006). Extraclasts encompass the following lithologies:
(1) vein quartz and quartzites; (2) meta-cherts, radiolarites, spiculites,
and Algoma/Lahn-Dill-type jaspilites; and (3) kaolinized igneous rocks.

The proportion of these clasts differs between the two formations.
The Grabowa Formation is characterized by abundant intraclasts
(up to 90%) and rare extraclasts of vein quartz quartzites and
kaolinized magmatic rocks (b10%). In addition, rare idiomorphic quartz
phenocrystals are found in the sandy fraction of this formation, specif-
ically in the Patoka Member (Fig. 7I). In contrast, the Połomia gravels
are rich in extraclasts, mainly of vein quartz (54%), quartzite (16%),
and chert (16%) which is consistent with studies of surface outcrop
localities (see Unrug and Calikowski, 1960).

5. Discussion

5.1. Facies and depositional style

5.1.1. Playa system
Playa deposits are known from the Lower and Upper Gypsum Beds

which mark harsh conditions in arid climate. Numerous evaporitic
pseudomorphoses and caliche levels imply precipitation either by
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evapotranspiration above the ground water table or by pedogenic pro-
cess (Huerta et al., 2011). An older playa system represented by the
Lower Gypsum Beds (Chrzanów Formation), have been considered as
highstand deposits (HST; Aigner and Bachmann, 1992; Szulc, 2000;
Feist-Burkhardt et al., 2008) and formed after a Grenzdolomite trans-
gression in the late Ladinian. Their elevated Mg values (N5 wt%) result
either from a significant admixture of local dolomitic material or
early-diagenetic precipitation of dolomite (see Środoń et al., 2014).

A younger playa system, recorded as the Upper Gypsum Beds
(Ozimek Evaporitic-Mudstone Member of Grabowa Formation), devel-
oped after a pluvial event of the Schilfsandstein and was induced by a
return to more arid conditions in the late Carnian. This climatic shift
was mega-regional, as evidenced by the distribution of the Upper
Gypsum Beds over the entire Germanic Basin (Feist-Burkhardt et al.,
2008), reaching Spain in the southwest (López-Gómez et al., 2002)
and the UK in the northwest (Hounslow and Ruffell, 2006). The climate
was hotter and drier than that during deposition of the Lower Gypsum
Beds, as indicated bymore extensive development ofmudflats and local
occurrence of palaeosols with well-developed caliche intervals (Feist-
Burkhardt et al., 2008). Enhanced transpiration under these climatic
conditions promoted precipitation of gypsum from deep, gypsum-
supersaturated, saline groundwater (Cendón et al., 2010; Simon and
Gibling, 2017a). Rare pedogenic intervals with gypsum aggregates
(gypsols) could have been formed under severe arid conditions with
annual precipitation as low as 250 mm/yr (Simon and Gibling, 2017a).
Local sandstone and conglomerate interbeds imply a low sedimentary
influx/or bypass with only sporadic erosive events. Such climatic condi-
tions continued until the early Norianwhen a gilgai floodplain environ-
ment of the Grabowa Formation was established.

5.1.2. Floodplain – gilgai system
Numerous, often contradictory facies and environmental models

have been proposed for the bone-bearing Norian sediments. For exam-
ple, for the Krasiejów site alone, Bilan (1975) has suggested a brackish
(mesohaline) basin with sporadic fluvial sedimentation, whereas Dzik
et al. (2000) have postulated lacustrine sedimentation with the accu-
mulation of reptiles and amphibians in a river delta system. Szulc
(2005) has ejected lacustrine interpretation of the strata and concluded
instead that deposition took place under fluctuating dry to semi-dry
climatic conditions with episodic rapid runoff and soil development
during tranquil periods. In contrast, Gruszka and Zieliński (2008)
have distinguished three sedimentary units, with two alluvial units
(anastomosing and meandering) separated by a lacustrine unit with
the associated pedogenic zone indicating emergence. Finally, Bodzioch
and Kowal-Linka (2012), like Szulc (2005), have regarded a layer with
vertebrate remains as a product of a short-lived, high-energy event.
Nonetheless, Krasiejów represents only a small part of the entire flood-
plain system and therefore should not be considered alone, as these
studies have done.

The Patoka Member of Grabowa Formation (Steinmergelkeuper)
is dominated by mudstones deposited in a floodplain environment,
occasionally affected by floods. The flood deposits are represented by:

(1) massive conglomerates dominated by pedogenic nodules (Gcs,
Fig. 8A);

(2) massive mudstones with mm-scale calcareous clasts/nodules
supported in the mud matrix (Gms, Fig. 8B); and.

(3) mudstones with internal convolutions (Fig. 8C).

As noted by Bodzioch and Kowal-Linka (2012), the bone breccia
encountered in Krasiejów was hydraulically segregated, intermingled,
and often fragmented (Fig. 6J) which also points to catastrophic
flood events. Local soft-sediment hydroplastic deformations related to
localized slumps or hyperconcentrated mudflows could also point to
catastrophic run-offs, however earthquake-induced slumps and lique-
faction phenomena are also possible.
An important element, which so far has not been discussed in detail
are pedogenic intervals. The palaeosol horizons have thicknesses
ranging between centimeters to a few meters (e.g., Patoka or
Woźniki K-1 well). The mottled structure of palaeosols is common
and mainly concentrated around pedogenic concretions, cracks, and
slickensides which are typically formed by temporal water-table
changes (pseudogleying; Licht et al., 2014, denoted also as “g”). Oxida-
tion of the palaeosols is highlighted by the red colors developed
by rubefaction. Slickensides were formed during desiccation caused
by increased aridisation. Pedogenic carbonates (nodules, caliche, and
laminar caps) developed during the soil drying when the rate of evapo-
transpiration exceeded the rate of precipitation (Zamanian et al., 2016).

Most of the recognized palaeosol intervals (both in outcrop and
wells) have a distinct Bss-Bssk sequence (Fig. 6B–D) which is indicative
of vertisols. Vertisols develop in alluvial plains of semi-dry tropical areas
with a significant climatic seasonality, precipitation between 600 and
800 mm per year, and 3 to 6 months of annual moisture soil deficit
(Retallack, 2001; Nordt and Driese, 2010). Formation of vertisols is
also controlled by (1) seasonal flooding reflecting a seasonality in the
catchmentarea (Buol et al., 2011), (2)grain-sizevariation, and(3)distance
from river channels and avulsion belts where the water table is more
stable (Licht et al., 2014).

Soils with elevated CaO values as well as numerous pedogenic
carbonates (including caliche, Fig. 8E) could be classified as calcisols
(e.g., Środoń et al., 2014) which often occur in dry environments. Pedo-
genic carbonates alone, however, are not an indicator of arid climates
because theymay also form in semi-arid conditionswith a high climatic
seasonality (Dawit, 2016), when the dissolved ions are transported
during wet seasons and precipitate as calcium carbonate in dry periods
(Hellwig et al., 2018).

Soil movements due to the seasonal expansion and shrinking of clay
minerals can create pedoturbations responsible for local relief variations
and formation of small mounds and depressions. The mounds reach up
to 3 m in height and are separated by depressions with wavelengths
of between 1 and 300 m (Fig. 9B). Microhighs and microlows, often
truncated by fluvial deposits, are well seen in Krasiejów (Fig. 9C). The
intermound areas (micro-lows) are often accompanied by thin massive
claystone lenses with freshwater or brackish biota (e.g., charophyte
flora; Zatoń et al., 2005). The biota, along with the presence of
palygorskite, points to development of small ephemeral, most likely
freshwater, lakes/ponds (Środoń et al., 2014; Szulc et al., 2017). As
typical lake sediments have not been recognized in the area, small
mounds, associated ephemeral ponds deposits and soil profiles could
have been associated with a low energy, cohesive floodplains often
inundated during flood events, typical for gilgai environment known
for instance from modern Australia (Fagan and Nanson, 2004; Dixon,
2009) (Fig. 9D). The fresh groundwater was possibly recharged after
episodes of catastrophic floods, as evidenced by the mottled structure
of the described succession.

5.1.3. Fluvial system
The alluvial architecture in the studied area is dominated by

overbank deposits, whereas fluvial channels are relatively sparse, rarely
exceed 10 m in thickness, and are made of meandering, braided, and
possibly anastomosing fluvial systems. The fluvial channel stacking
patterns can be clearly seen in the cored intervals (e.g. Woźniki K-1 or
Patoka), whereas the 3D geometry is partially seen in Krasiejów, Lipie
Śląskie and Poręba (Fig. 2). The meandering system is best preserved
at Lipie Śląskie where trough- and tabular-bedded channel-fill sand-
stones, low angle cross-bedded sandstone-mudstone heteroliths of
point bars, and laminated mudstones of oxbow lakes with preserved
organic matter are interfingering. Very low-angle stratification of
sandstone/siltstone intervals suggests deposition through lateral
accretion and migration of low relief 2D dunes (Fielding, 2006).
Changes in the dip angle and common reactivation surfaces indicate
high-discharge events (Simon and Gibling, 2017a).



Fig. 8. Summary of mudstone and conglomerate facies of the Norian Grabowa Formation. (A) Clast-supported conglomerate composed of reworked pedogenic carbonate nodules, flash-
flood deposit, Krasiejów outcrop. (B) Normal-graded matrix-supported conglomerate/breccia (Patoka Member, Patoka well, depth 176.8 m). (C) Mudstone with internal convolutions
(Patoka Member, Kobylarz well, depth 46.0 m). (D) Pedogenic alterations (Mped) in horizontally-laminated and massive mudstones (Mh and Mm), distal floodplain facies (Patoka
Member, Patoka well, depth 130.0–134.0 m). (E) Calcisols with caliche nodules and layers (Patoka Member, Patoka well, depth 101.5–104.5 m). (F) Thick red palaeosol horizon
(Mped) with fine carbonate pedogenic nodules (Patoka Member, Patoka well, depth 122.0–126.0 m). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Determination of the sinuosity of the fluvial system at Lipie Śląskie
is impossible due to limited exposure, however, this parameter can be
estimated using the empirical relation ofWilliams (1986) and themax-
imum observed channel depth. As the depth of fluvial channels in Lipie
Śląskie does not exceed 2 m, this means that the meander belt is
modelled as being approximately 450 m wide. The river sinuosity may
well have been strongly affected by the river bank vegetation, as
indicated by accumulation of small and large plant remnants (Fig. 7F),
including tree trunks as long as 14 m. Dense bank vegetation would
have reduced the erodibility of the river through restricting channel
mobility, which ultimately leads to choking off of weaker channels
and creation of the oxbows, rather than redistribution of the river
flow into fewer channels with higher velocities (Tal et al., 2004). The
water discharge varied, as indicated by choke-off channel deposits
with the Bouma-like sequence (massive sandstone → horizontal lami-
nated sandstone → ripple cross-laminated fine sandstone), implying a
relatively rapid sedimentation from sand-loaded flows (Fig. 7A). The
presence of variously shaped oncoid beds (low-energy and stagnant
water conditions) and stromatolites (Fig. 7K) under breccias (high-energy
episodes) also suggests a variable water discharge (Tałanda et al., 2017).
The sandstones are relatively well sorted, and contain rounded sand
grains and charcoaled organic matter (see Marynowski and Simoneit,
2009), suggesting a long transport distance (Kubik et al., 2015). However,
episodic floods eroded nearby floodplains bringing local material, such as
pedogenic nodules or dolomite clasts. The meandering river system
model for Lipie Śląskie is presented in Fig. 9A. Transition from cross-
laminated sandstones to organic-rich horizontally laminated mudstones
is also seen in Woźniki K-1 well (basal part of Schilfsandstein at 82 m)
and Patoka well (at 145–159 m) (Figs. 3,5).

The braided river system is likely exposed in the Poręba outcrop (SE
part of the studied area). The architectural elements include vertically
amalgamated channel bodies with multistorey coarse-grained and
pebbly sandstones (Sg and Gms) and polymictic conglomerates with
dolomite/claystone clasts and oncoids (Gcs, Gms; Fig. 7H). These
sedimentary features can be attributed to proximal sand and gravel
dominated parts of the system, fed by episodic floods. Alternatively,
the coarsematerialmay also be associatedwith local alluvial fans devel-
oped at the foot of locally elevated areas. The presence of alluvial fans



Fig. 9. (A) Schematic illustration of the gilgai palaeoenvironment at Krasiejów (upper model) and meandering river system at Lipie Śląskie (lower model) (cf. Bodzioch and Kowal-Linka,
2012; Szulc et al., 2015a). (B) Gilgai relief (after Dixon, 2009, modified). (C) An example of gilgai relief in Krasiejów. (D) Satellite image of the Darling river in Northern Basin (Murray-
Darling Basin, SE Australia), as a modern analogue for the Norian gilgai environment in Upper Silesia. The dryland river system encompasses a complex channel system characterized
by broad alluvial plains (red dashed line) with well-developed vertisols and gilgai microrelief. Highly seasonal climate is driven by wet La-Niña and dry El Niño. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
(Source: Google Earth, 2018.)
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and braided rivers in the studied area has been postulated by
Pieńkowski (1988).

In addition to meandering and braided system, a low-energy fluvial
system could have also existed, especially in the distal parts of the
Silesian Keuper system. Gruszka and Zieliński (2008) proposed a silt-
loaded anastomosed river with low energy, flowing to the north-west.
They recognized fluvial palaeochannels with an anabranching channel
pattern and filled with siltstones. Such systems develop in a relatively
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high aggradation environment with a constant base level rise, con-
trolled mainly by tectonic subsidence. The aggradation rate may
be assessed by stacking patterns of soil horizons (see Kraus, 1999).
Most of the palaeosol horizons in the analysed boreholes represent a
cumulative palaeosol type (Kraus, 1999), indicating pedogenesis rates
higher than sediment aggradation and development in some distances
from the avulsion belt. In the Krasiejów site, however, a thin initial
soil (probably inceptisols) sandwiched between laminated mudstones
indicates higher aggradation rates.

Although Gruszka and Zieliński (2008) suggested a low-gradient
and low-energy environment, numerous coarse-grained sandstones
and conglomerates composed of outwashed pedogenic nodules
as well as disarticulated bone fragments indicate high energy events
likely related to unconfined flash-floods and localized steeper gradients.
Various palaeotransport directions visible in the Krasiejów site
(e.g., Fig. 6H) also point to variable topography.

The presence of large-scale cross-stratified structures in the
Krasiejów outcropmay be associated with bedload transport and depo-
sition of the sand-size (or even larger) clay aggregates which hydrody-
namically differ from denser and smaller quartz particles (see Simon
and Gibling, 2017b). Such aggregates have been documented in
analogue Australian alluvial environments of Cooper and Diamantina
Rivers floodplains (Rust and Nanson, 1989) representing an important
fraction of the alluvial plain deposits. Formation of mud aggregates
was enhanced by the abundance of swelling-type clays such as smectite,
abundant in the Silesian Upper Triassic vertisol profiles (Środoń et al.,
2014) and as such these could be incorporated into migrating point
bars (Simon and Gibling, 2017b).

Anastomosing rivers are known from the semi-arid settings of
Australia (Makaske, 2001; Fagan and Nanson, 2004). Such system can
coexist with braided-channel system even in the low-gradient environ-
ments, especially where the mud-pellet bedload transport dominates
(cf. Nanson et al., 1986).

5.2. Tectonic control on distribution of fluvial deposits

The spatial and temporal distribution of Upper Triassic fluvial
deposits in the studied area can be linked to the development of tecton-
ically controlled depressions. Although the orientations of individual
river tracks have proved impossible to reconstruct, mostfluvial deposits
are bound to Kraków-Lubliniec Fault (Fig. 1C) which is one of themajor
lineaments in the area (Morawska, 1997) and marks the boundary
between the ancestral Upper Silesian and Małopolska Terranes. The
fault was particularly active in the late Palaeozoic, however there is
also evidence of its reactivation in the Triassic (Szulc, 2000). Norian
spring-related carbonates (Woźniki LimestoneMember of the Grabowa
Formation, Fig. 1C) located along the Kraków-Lubliniec fault system
have a clear hydrothermal oxygen isotopic signature (Słowakiewicz,
2003; Szulc et al., 2006), suggesting that the fault was active in the
Norian and possibly throughout the entire late Triassic. The possible
block movements in the Norian (and possibly earlier during deposition
of the Carnian Schilfsandstein clastics) could have therefore resulted in
the lateral facies variations, hiatuses and discordances and changes in
accommodation space required for the preservation of the system. Yet,
the uplifted, fault-controlled areas were likely eroded by incised river
systems and sourced alluvial fans or the proximal braided-fluvial
system (see Dittrich, 1989).

In fault-controlled valleys and rifts, the abundance of multistorey
channels increases proximal to active faults whereas palaeosols tend
to be preserved distal to the fault system. This is analogous to the
Pliocene-Pleistocene Rio Grande Rift system in the United States
(Mack and Madoff, 2005) and Upper Triassic Ischigualasto Formation
in Argentina (Currie et al., 2009). Coarse-grained and more commonly
stacked and amalgamated facies can be found in Upper Silesia, albeit
with low thicknesses. The coarse-grained sediments are more common
in the SE part of the studied area and close to the Lubliniec fault. In the
northwestern distal part of the system, fluvial deposits are sandwiched
by relatively thick (N10 m) overbank deposits, suggesting a discrete
ribbon shape of the channel belts, further indicating a relatively high
accommodation space and sediment supply (Huerta et al., 2011).
Discrete ribbons were more likely prone to sediment plugging and
avulsions. This is similar to patterns proposed for the Triassic fluvial
system of the northern Permian Basin (McKie, 2014). Conversely,
well-preserved stacked palaeosol intervals point to a very low sediment
supply. As such, the palaeolandscape, if controlled by tectonics, had only
a minor impact on the Norian river track system development in the
area (Szulc et al., 2015b).

Relatively weak tectonic activity in the Norian was probably linked
with early Cimmerian block tectonism which was related to the rifting
in the Western Tethys (Szulc, 2000) and its effect in the Upper Silesia
region was probably minor. A clearer pulse of rejuvenation of the land-
scape took place in the Rhaetian when compositionally mature con-
glomerates and coarse-grained sandstones of the Połomia Formation
accumulated (Fig. 9J). The base-Rhaetian disconformity in Upper Silesia
could correspond to the regional D6 unconformity in Germany (Beutler
et al., 2005) or Kimmerian II unconformity in the UK (Hounslow and
Ruffell, 2006).

5.3. Sediment supply – provenance and palaeotransport

The qualitative analysis of the coarse-grained fraction from the
Patoka well shows significant compositional differences between con-
glomerates of the Grabowa (Norian; Fig. 7G, H) and Połomia (Rhaetian;
Fig. 7J) Formations. The compositional maturity generally increases
towards the Rhaetian, which can be independently confirmed by an
increase in the Zr/Al ratio (Środoń et al., 2014), which implies enhanced
hydraulic sorting. Local variations in the thickness of fluvial deposits
of the Grabowa Formation and the relatively uniform composition
of grains dominated by intraclasts and kaolinized effusive extraclasts
indicate intensive erosion and aggressive chemical weathering of the
immature siliciclastic material in a seasonal, semi-arid climate.

The provenance and transport directions of the Grabowa Formation
coarse intervals remain controversial. As the northern massifs (such
as Scandinavia) could have supplied detritus to the NE part of the
Germanic Basin, the study area was more likely sourced from the
western, southern, and/or eastern directions (Fig. 1B). Based on lateral
patterns in the distribution of the siliciclastic strata, Pieńkowski et al.
(2014) proposed eastern and southern zones as sources for the Upper
Triassic–Lower Jurassic interval. In contrast, Sm-Nd isotope analysis by
Konieczna et al. (2015) indicates that the Saxothuringian zone of the
Variscan orogeny (or more broadly Sudety Land; sensu Pieńkowski
et al., 2014) was the primary source of detritus. Based on available
geochemical data from the studied area (Środoń et al., 2014), a gradual
increase in Cr/Ti ratio could indicate a shift in the source frommore geo-
chemically mafic towards more basic sources over the Carnian–Norian
period. This is supported by the presence of idiomorphic quartz pheno-
crysts, recognized in the sand fraction of the Patoka Member in the
Patoka well (Fig. 7I), which can be interpreted as a residuum of
completely weathered matrix of acidic rhyolitic material.

The Połomia gravels are generally characterized by a diverse compo-
sition of pebbles when compared to the Grabowa Formation. Many of
these lithologies are not recognized in the Fore-Carpathian and Lublin
Land areas which are widely accepted as main source terrains for
the Upper Silesian Keuper and Lower Jurassic. Ordovician glauconitic
limestone pebbles (recently radiometrically dated by the K-Ar method
ca. 465 Ma, Banaś; personal communication, January 2018) are common
in Sloboda Miocene conglomerates which were sourced from the
Lower San River Massif (Fig. 1B) located northwards in the Ukrainian
Carpathians (Oszczypko et al., 2012). In contrast, the presence of
clasts of Algoma/Lahn Dill-type jaspilites (known from the Eastern
Carpathians) and various effusive volcanics strongly suggests that the
main source area was the Moeasian Platform, located in a pre-Carpathian
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position in the late Triassic (Tari et al., 2012). In the latter scenario,
the hypothesized drainage system would be determined by a long-
distance fluviatile delivery along the faulted southern Laurasian
coast. This hypothesis is given added credence by K-Ar ages of detri-
tal micas from the Arnstadt Formation in central Germany whose
ages are linked with the “Panafrican” source located at the current
position of southern Poland or Slovak Republic (Paul et al., 2009).

5.4. Climatic control

As tectonism is hypothesized to play only a minor part in the
sedimentary pattern of the studied area, the development of the
Upper Silesian floodplain (“gilgai”) – playa system is attributed to
climatic variations. Dry periods are marked by the presence of
evaporites (Lower and Upper Gypsum Beds), while wet periods were
accompanied by an increase in sediment supply and moving of the
proximal facies towards the central part of the German basin (Carnian
Schilfsandstein and Rhaetian).

The Carnian Pluvial Episode (CPE) is recognized across the entire
Germanic Basin in the humid intervals (Feist-Burkhardt et al., 2008).
This event is recorded in the Upper Silesia region as the fluvial
Schilfsandstein encountered in both the Woźniki and Koziegłowy
WB-3 wells, dominated by fluvial facies with poorly preserved hydro-
morphic soils of proximal floodplains. The reasons for increased humid-
ity in themiddle Carnian are still debated: Kozur and Bachmann (2010)
attributed the CPE in the Germanic Basin to tectonic factors, as the
monsoonal circulation was strengthened by the uplifted rift shoulder
of the Caledonides between Scandinavia and Greenland. In addition,
the influence of large volcanic eruptions on climate cannot be ruled
out (e.g., related to the formation of Wrangellia Igneous Province;
Tanner, 2018).

The internal architecture of the Steinmergelkeuper floodplain in
Upper Silesia can also be explained by climatic changes, as the local
m-scale alternation of flood-related deposits and palaeosols indicates
a short-term recurrence of humid and arid periods respectively. Similar
cyclicity in the correlated Norian central playa sediments, Central
Germany, was interpreted as the result of an orbitally modified mon-
soonal circulation (e.g., Reinhardt and Ricken, 2000; Vollmer et al.,
2008) this interpretation is uncertain for sediments in this study. Also,
the appearance of fluvial channels in the relatively distal Patoka-1
well could be linked to climate wetting and the associated progradation
of the coarse proximal facies towards the basin center. Finally, the thick-
ness changes of zones and annuli in Metoposaurus femora bones have
been attributed to a high climate seasonality (Konietzko-Meier and
Sander, 2013).

An increase in the sediment maturity (Grabowa vs. Połomia
Formations) and in the abundance of kaolinite and smectite in the
Upper Norian (Środoń et al., 2014) and Rhaetian sediments (Pieńkowski
et al., 2014) points to a gradual onset of humid climate across the
Norian/Rhaetian boundary. This was possibly associated with a slow
northward drift of Silesia as demonstrated bymagnetostratigraphic stud-
ies (e.g., Nawrocki et al., 2015) which corresponds to a transition from
subtropical convergence zone (possibly strongly affected by a monsoon
circulation system) to more temperate latitudes.

5.5. Pedogenesis and the climatic record

Palaeosols are an important tool in reconstructing palaeolandscapes
and environmental processes, as they record atmospheric conditions
and the evolution of floodplains (cf., Licht et al., 2014; Dawit, 2016).
Pedogenesis takes place in periods of landscape stability when the rate
of sedimentation is lower than the rate of soil formation (Kraus,
1999), and the level of pedogenesis is a function of the mean annual
precipitation (MAP; mm) and mean annual temperature (MAT; °C;
Sheldon et al., 2002).
The majority of the analysed palaeosol horizons are calcareous and
consequently their CALMAG and CIA-K ratios as well as MAPs are rela-
tively low, between 300 and 500 mm/yr (mean: 401 mm/yr, standard
deviation of ±108 mm/yr and ± 172 mm/yr for CALMAG and CIA-K
models respectively; Fig. 10). These values are in agreement with
those presented in an idealized Pangean climatic model for the inland
position in the late Triassic (350–750 mm/yr; Kutzbach, 1994) as well
as the General Circulation Models for a summer-wet biome zone
(which the Upper Silesia belonged to; Sellwood and Valdes, 2006).
Sixteen samples with low carbonate content (b10%, see Supplementary
Material 1 and Środoń et al., 2014) yield MAPs ranging from 500 to
1154 mm/yr (average 721 mm/yr) and these values fall within the
range obtained for Upper Triassic Chinle Formation vertisols in eastern
NewMexico (701 ± 108 mm/yr; Nordt and Driese, 2010).

One should remember that mean annual precipitation values will
have differed geographically as a function of the distance from the
Tethys ocean, monsoonal activity strength, and palaeo-elevation.
Topographic roughness of the areas due to variable landscape could
be also responsible for increased rainfalls in the hinterlands due to oro-
graphic precipitation (e.g., Fig. 13.15 in Feist-Burkhardt et al., 2008).
Additionally, the ocean-land configuration in the late Palaeozoic/early
Mesozoic created a significant climatic gradient, withmaximumprecip-
itation located near the Tethys coast and severe continental climate in
the continental interior (more likely arid; Kutzbach and Gallimore,
1989; Kutzbach, 1994; Wang et al., 2014). The role of the Vindelican
and/or Moesian lands in affecting the atmospheric palaeocirculation in
the studied region is unknown. Recently, Onoue et al. (2018) have sug-
gested that the mid-Norian pluvial event resulted from the uplift of the
Cimmerian Mountains, which affected a global atmospheric circulation
and enhanced rainfall in the western part of the Tethys domain.

The palaeoposition of the Upper Silesia region within the Germanic
Basin can potentially be compared with modern analogues from
Australia, with the Lower and Upper Gypsum Beds corresponding to
the playa/alluvial zone located in the north-eastern portion of the
Lake Eyre (Cooper Creek in the Channel Country of Queensland).
There, rainfalls and runoffs are currently controlled by the monsoonal
activity influenced by the El Niño-Southern Oscillation, with wet
La-Niña and dry El Niño conditions, giving the mean annual precipita-
tion of only 127 mm/yr (Cendón et al., 2010). Conversely, localities
closer to the Great Divine Range have higher annual precipitation of
approximately 500–600 mm/yr (Australian Bureau of Meteorology
website, http://www.bom.gov.au/climate/data/ 2018), which results
from orographic precipitation and generates dry-land type rivers
(e.g., the Darling river) and extensive floodplains with well-developed
vertisols (Fig. 9D).

Analysis of two samples from Schilfsandstein palaeosols produces
higher annual palaeoprecipitation values of approximately 1143 mm
for the CALMAG model and 1050 mm/yr for the CIA-K model. These
may be overestimated because these palaeosols are not classical
vertisols, but soils developed in frequently inundated floodplains.

One should be careful in accepting that Mean Annual Precipitation
(MAP) values are definitive for producing late Triassic palaeoclimatic
reconstructions, as large variations in Ca and Mg concentrations
significantly underestimate MAP. Although CALMAG-based palaeo-
precipitation estimations for vertisols are more accurate than CIA-K-
based ones (Nordt andDriese, 2010; Adams et al., 2011), the differences
inMAP calculationmay be large if samples were taken from inappropri-
ate soil horizons or if the B horizon is b1 m thick (Adams et al., 2011).

Temperature determination from the chemical data using potassium
(e.g., Sheldon and Tabor, 2009) was not possible due to post-
depositional incorporation of K into sediments (Środoń et al., 2014).

5.6. Taphonomical implications

Numerous palaeontological sites in the Upper Silesia region have a
great potential in contributing to the evolutionary analysis of various

http://www.bom.gov.au/climate/data/


Fig. 10. Geochemical data for selected palaeosol horizons from Patoka, Woźniki K-1, and Kobylarz wells. Al2O3, MgO, Na2O, and CaO are in wt % / molecular weights. Molecular ratios of
CALMAG and CIA-K and Mean Annular Precipitation (MAP) were calculated following Nordt and Driese (2010) and Sheldon et al. (2002). MAP results for samples rich in CaO (N10 wt%,
0.17 molar) should be taken with caution as they may be underestimated. The “vertisol” range is between 600 and 800 mm/yr, typical for vertisol-dominated environments (Retallack,
2001; Nordt and Driese, 2010). Most of the samples with CaO below 10% are within the vertisol range.
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groups of animals such as large vertebrates. Although some authors
claim bone accumulations are in situ (e.g., Dzik and Sulej, 2007),
osteohistological and diagenetic analyses of bone fragments combined
with sedimentological studies of the bone-bearing horizons point
to a secondary accumulation of the skeletal material (Szulc, 2005;
Bodzioch and Kowal-Linka, 2012; Konietzko-Meier and Klein, 2013;
Szulc et al., 2017). As demonstrated above, although the gilgai environ-
ment was relatively stable, thin intercalations of conglomerates with
pedogenic nodules implicate occasional catastrophic floods which
were responsible for the accumulation of bone material in small
topographic depressions and subsequent quick burial. Bodzioch and
Kowal-Linka (2012) have identified two bone populations with differ-
ent diagenetic histories within the richest bone level in Krasiejów, indi-
cating that the skeletons were transported from different parts of the
gilgai environment. The post-depositional disintegration of bone mate-
rial was likely inhibited by elevated alkalinity at the early stage of dia-
genesis (Dzik and Sulej, 2007). The enhanced alkalinity was sourced
from the weathering of the highly calcareous (CaO N 10%) host rock.
Accordingly, the greatest potential for the bone preservation is in the
flood-related deposits (both conglomerates and mud-flow deposits).

5.7. Vertical depositional model

The construction of a depositional model for the studied area is
not a trivial task, as demonstrated by numerous, often contradictory,
works discussing sedimentology and stratigraphy of the Carnian–
Rhaetian sediments of Silesia region (e.g., Bilan, 1975; Dzik, 2001;
Szulc, 2005; Dzik and Sulej, 2007; Gruszka and Zieliński, 2008;
Bodzioch and Kowal-Linka, 2012; Pieńkowski et al., 2014;
Fijałkowska-Mader et al., 2015; Racki and Szulc, 2015, Racki and
Lucas, 2018). The difficulty has arisen from the facies variability and
scarcity of outcrops and cored wells. In addition, two different method-
ological approaches (sedimentological vs. palaeontological) have been
used, leading to conflicting interpretations.

The vertical arrangement of the facies associations within the Upper
Triassic succession records a long-term transition from playa to gilgai
environments, interrupted by the development of short-lived fluvial
systems which can be interpreted in terms of changes in accommoda-
tion space and sediment supply. Depositional models for SE Germany
in the Carnian, Norian, and Rhaetian were constructed based on
progradation and retrogradation of facies belts (terminal alluvial plains,
playa margin, and playa lake), which were controlled chiefly by the
strength of monsoonal activity and base level rise/fall (Hornung and
Aigner, 1999, 2002a, 2002b; Reinhardt and Ricken, 2000). A similar in-
teraction of alluvial and lacustrine environments has been documented
in Upper Triassic deposits of the Travenanzes system in the Italian
Dolomites (Breda and Preto, 2011). There, remobilization of the ‘stored
sediment’ in basinal margins was interpreted to have been associated
with local erosion and progradation of the proximal sandstone facies
and mudflats developed in the playa lake bottom. These were in turn
linked to periods of low base level which resulted from significant evap-
oration of the playa lake during arid climatic stages. Carbonates were
formed during high playa lake levels and transitions from humid to
arid phases. Because of the relatively high base level, erosion was min-
imal and therefore pedogenic processes were widespread. Catastrophic
events such unconfined flows (possibly developed as sheet floods) was
associated with the initial stages of base level fall associated with arid
climatic conditions. The localized uplift of tectonic blocks and the resul-
tant erosion and sediment supply also attributed to localized changes in
the sedimentary architecture. Isolated fluvial architectural elements in
the Patoka well may represent isolated short-lived, ribbon-shape,
sand-dominated channel belts which could have formed during a high
sediment supply and high accommodation space with a relatively
high avulsion frequency (Bryant et al., 1995), although the latter feature
is difficult to recognize in the sedimentary record (Huerta et al., 2011).
Extensive floodplainswith stacked soils and solitary, scattered channels
may be indicative of relatively low accommodation space and low
sediment supply. This provided a stable environment controlled by a
climate seasonality which was an optimal habitat for numerous groups
of animals. The high seasonality of the climate, responsible for trigger-
ing catastrophic run-off, had also great potential for taphonomic preser-
vation of the vertebrate bones (Bodzioch and Kowal-Linka, 2012).

6. Conclusions

Results of integrated sedimentological and geochemical study of the
Keuper strata from SE Poland can help in our understanding of the cli-
mate driven changes of terrestrial environments through the late Triassic
and their impacts on vertebrate evolution. The analysed succession starts
with Carnian inland playa depositswith gypsumnodules andweakly de-
veloped soils, shortly interrupted by fluvial facies of the Schilfsandstein,
likely associated with mid-Carnian Pluvial Event (CPE). With the begin-
ning of Norian, a shift to semi-dry climate resulted in widespread
vertisoles and flood-related deposits. Palaeosol development was facili-
tated by a very low sediment supply, low accommodation space, and
reduced tectonic subsidence. The pedogenic processes were dominated
by vertisation and rare hydromorphism. The soil movements, enhanced
by enrichment in swelling clay minerals were responsible for develop-
ment of a system of micro-lows and micro-highs, diagnostic of a gilgai
relief. Such relief had an influence on the distribution and extent of
small freshwater ponds and the direction of floods.

The Keuper fluvial system is volumetrically subordinate and is
represented by braided, meandering, and potentially silt-dominated
anastomosing river deposits. Braided and meandering river systems
predominated in the proximal, southern part of the basin, where local
gradients were likely higher. In more distal parts of the basin (north
and north-west), where overbank deposits prevailed, low-energy silt-
loaded anastomosing/braided river systems and ephemeral streams
could have also developed, especially during occasionally wetter sea-
sons. Gravel and sand transport was dominant in the proximal part of
the studied system, whereas mud-aggregate bedload transport and
unconfined flow processes such as sheet-floods prevailed in distal set-
tings. All environmental changes through the late Triassic were mostly
controlled by climatic factors and to a lesser degree by synsedimentary
tectonism associated with the regional Lubliniec fault system. The
uplifted blocks, likely composed of Middle-Triassic marine carbonates,
were a source of the local material incorporated into floodplain
deposits. The change in thematurity and composition of the gravel frac-
tion between the Norian Grabowa and Rhaetian Połomia Formations
can be attributed to the change in provenance. The dominance of
extraclasts within the latter formation points to a long-river track fed
from the south-east (River San Massif and/or Moesian Platform).

The geochemical analyses of vertisol samples from the Grabowa
Formation enabled calculating Mean Annual Palaeoprecipitation of
721 mm/yr (±108 mm/yr). The calcisols have lower values, but they
are still in accordance with numerical-based palaeoclimatic models for
the 40°N in the late Triassic. High climatic seasonality is reflected in
the alteration of well-developed vertisols and flood-related deposits.
The geochemically-derived Mean Annual Precipitation (MAP) values
as well as facies arrangement can be compared with modern SE
Australia lowlands characterized by semi-arid conditions and a high
climatic seasonality. Modern Australia environment can thus be
regarded as a basic model for studying palaeoecology of various groups
of animals including large vertebrates found in Fossillagerstätten-type
bone beds in the Upper Silesia region.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.sedgeo.2018.11.005.
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