
The youngest deposits of the Bohemian Cretaceous 
Basin, classified by Čech et al. (1980) as the Merboltice 
Formation of the Santonian age, are preserved only in 
the northern part of the basin, in the central and eastern 
parts of the České Středohoří Mts., in the vicinity of Ústí 
nad Labem and Děčín, Czechia (Fig. 1B). The formation, 
composed of sandstones with subordinate mudstones, 
was originally classified as Tertiary in age due to scarcity 
of fossils. The previous research focused mainly on the 
chrono- or lithostratigraphy of the formation. Except for 
a few localized studies, petrological, sedimentological or 

palaeogeographical analyses have not yet been published  
to date. Petrological data (grain size, contents and 
composition of the clay fraction) were reported only 
from the Zálezly sand pit (now abandoned, south of Ústí  
nad Labem; Gabriel 1984), two abandoned sand pits near 
Skorotice and a shallow borehole near Malé Chvojno,  
in the northern surroundings of Ústí nad Labem (Ze- 
lenka 1980). A  sedimentological analysis was carried 
out only at the type locality in the Merboltice quarry 
(unpublished report by Valečka & Slavík 1985) and sug
gests that the Merboltice Formation exhibits a relatively 
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Sedimentary features and palaeogeography of the 
youngest deposits in the Bohemian Cretaceous Basin 
(Merboltice Formation, Santonian)

Jaroslav Valečka 

A relic of the Merboltice Formation of the Santonian age, up to 200 m thick, is preserved over an area of 800 km2 

in a deeply buried block within the Tertiary Ohře Rift, in the north-western part of the Bohemian Cretaceous Basin. 
The Formation represents the youngest deposits preserved in this basin. The Formation was studied in detail at eight 
large outcrops and in three boreholes. It consists of a succession of several centimetres- to several metres-thick  
sandstone beds, with sharp to erosive contacts, that typically grade upward into dark mudstones. Thin, sharply 
bounded intercalations of greenish, light grey mudstones are found rarely between the sandstone beds. Facies analysis 
performed here suggests that these beds were deposited from gravity flows, mostly as “cogenetic turbidite-debrite 
beds”, or, less frequently, as deposits either from cohesive debris-flows or turbidity currents. Most of the beds record 
vanning of a cohesive flow and its transition into a turbidity current. The predominance of debrites allowed for a higher 
clay content in the sandstones (6–15%, occasionally up to 17.5%). The intercalated mudstones reflect periods of quiet 
suspension settling between the deposition from gravity flows. Petrographic analysis showed a uniform composition 
of the sandstones, falling into a very narrow field of subarcoses. Feldspar contents with a large predominance of  
K-feldspars, most of them only slightly altered, range from 6–15%. Granitoids are present along with stable quartzites 
and cherts, in the rock fragments. The Merboltice Fm., which formed during the regressive phase under the influence 
of gravity flows, represents exceptional facies, which has no counterpart in any of the Cretaceous basins in the 
Bohemian Massif. Its formation was enabled by an accelerated uplift of the source area north of the Lusatian Fault 
at the basin margin and erosion of the uplifted sediments, granitoids, and, to a lesser extent, metamorphites. Large 
amounts of detritus accumulated near the coast of the basin and were transported by gravity flows to a distance of up 
to ~ 50 km. It is hypothesized here that these flows were mainly initiated by increased seismic activity on the Lusatian 
Fault, whereas other faults of the Elbe Fault System appeared inactive. The activity of gravity currents may have been 
facilitated by an increased slope of the basin margin near the Lusatian Fault. The gravity flows could also have been 
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low mineralogical maturity due to an elevated feldspar 
content (up to 12–15%) and sedimentary structures that 
are indicative of deposition from density flows. These 
features make the Merboltice Formation unique in 
the Bohemian Cretaceous Basin and among all Upper 
Cretaceous basins located in the Bohemian Massif  
(Fig. 1A, see below Provenance). The present study 
focuses on sedimentological, petrographical and palaeo­
geographical analysis of sections across the entire ero­
sional relic of the Merboltice Formation with the aim 
to interpret the depositional conditions of this unique 
succession. 

Geological and tectonic setting 

The Merboltice Formation covers the total area of ca. 
800 km2 in discontinuous relics in the vicinity of Ústí 
nad Labem. The area is situated within the Ohře Rift, 
Tertiary in origin. This area of occurrence is located in the 
deepest part of the rift and is bounded by Litoměřice and 
Česká Kamenice faults (Fig. 1B). The area is structurally 
the lowest part of the Bohemian Cretaceous Basin, with 
the base of basin fill located at −150 m to −650 m below  
the sea level. The Merboltice Formation forms the  
uppermost part of the ~ 1 km thick basin fill (Fig. 2) and 
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Figure 1. A – Late Cretaceous basins within the Bohemian Massif (adapted from Valečka & Skoček 1991). Abbreviations: AC – autochthonous 
Cretaceous on the southern and south-eastern slopes of the Bohemian Massif; BC – Bavarian Cretaceous Basin (Regensburg Basin or Regensburg 
Gulf); BCB – Bohemian Cretaceous Basin; NSB – North Sudetic Basin; OB – Opole Basin; SBB – South Bohemian Basin. • B – position of the 
Merboltice Formation in the Bohemian Cretaceous Basin. Legend: 1 – Bohemian Cretaceous Basin; 2 – Merboltice Fm. area; 3 – important faults  
(LF – Lusatian Fault, ZHF – Železné hory Mts. Fault); 4 – boundary faults of the Ohře Rift; (KHF – Krušné hory Mts. Fault, OF – Ohře Fault;  
5 – faults within the Ohře Rift (LF – Litoměřice Fault, CKF – Česká Kamenice Fault).
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consists of a  number of erosional relics separated by 
deep valleys cut into the underlying Březno Formation 
(Fig. 3). The underlying Březno Formation, Coniacian 
in age, is 230 m to ~ 300 m thick and contains flysch-like 
facies (in the works of Czech authors called as “flyschoid 
facies”) in its uppermost part. In several localities, the 
Merboltice sandstones are covered with relics of Tertiary 
fluvial deposits consisting of medium- to coarse-grained 
sandstones and conglomerates, often cross-bedded, 
strongly silicified and including claystone layers and 
Palaeogene flora (Domácí 1976, Valečka 1999, Váně 
2001, Valečka & Valigurský 2003, Malý et al. 2006). 
The extent of these deposits exceeds 1 km2 at only a few 
localities, the largest occurrence being northwest of Česká 
Lípa. Large areas of the Merboltice Formation are covered 
by a Tertiary volcanosedimentary complex, up to ~ 350 m 
thick (Fig. 3). 

The Merboltice Formation formed in a sedimentary 
basin, which, according to Valečka (2020), had the 
character of a  basin on a passive continental margin. 
Uličný (2001) and Uličný et al. (2009) considered this 
basin to be a  strike-slip or transtensional basin. The 
detailed tectonic setting of the basin remains debated, 
but the reactivation of basement faults during the late 
Cretaceous was likely affected by a compressional event 
related to the convergence of Iberia and Europe (Voigt 
et al. 2021). This compression phase led to shortening 
of the basement accompanied by inversion movements 
in the existing basins and to uplift of basement blocks 
(anticlines). At the edge of the European Platform, the 
Krkonoše-Jizera Unit (“Anticlinal zone”) was uplifted 
simultaneously with the formation of the Bohemian 
Cretaceous Basin (Voigt 2009). This block, called West 
Sudetic Island in palaeogeographic reconstructions (e.g. 
Tröger 1967, Klein et al. 1979, Valečka 1989, Uličný et al.  
2009) was part of large platform basins in the Late Jurassic 
(Valečka 2019) and, according to some opinions (Voigt 
2009), also in the Early Cretaceous. Movements of the 
aforementioned block and movements in the adjacent part 
of the basin were influenced by faults belonging to the 
Elbe Fault System sensu Scheck et al. (2002). Of these, 
the most significant faults were the Intra-Sudetic and 
Lusatian Fault that bounded the rising block of the West 
Sudetes (Voigt 2009). Within the basin, at least in some 
phases of sedimentation, other Elbe Fault System faults, 
e.g. the Mid-Saxonian Fault, were active (see below). For 
the Bohemian Cretaceous Basin, the Lusatian Fault was 
primarily important as an active tectonic boundary of the 
main source area of coarse clastics – the West Sudetic 
Island – situated at the NNW margin of the basin. The 
clastic material came from eroded Permian, Jurassic, 
Lower Cretaceous? and Upper Cretaceous sediments, 
granitoids of the Krkonoše-Jizera and Lusatian granitoid 
massifs and the remnants of their metamorphic mantle. 

Sandy and conglomeratic detritus accumulated in the 
vicinity of the Lusatian Fault, in a rapidly subsiding zone 
situated asymmetrically in the basinal north-eastern wing 
(Tröger 1967, Klein et al. 1979, Valečka 1989). During 
phases when the input of coarse detritus exceeded the ac
commodation in the subsiding zone, progradation occur
red towards the basin axis, up to a distance of ~ 50 km.  
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Figure 2. Simplified stratigraphic and lithologic chart of the Upper 
Cretaceous in the České Středohoří Mts. (numerical age is given 
according to the international chronostratigraphic chart 2023/2024). 
Legend: 1 – calcareous claystones, marlstones, in the Teplice Fm. 
with limestone layers; 2 – marlstones with layers of hard silicified 
limestones; 3 – calcareous claystones and marlstones with thin fine-
grained sandstone intercalations, flysch-like facies (so-called flyschoid 
facies); 4 – spiculitic marlstones and spongolites; 5 – calcareous fine-
grained sandstones; 6 – fine- to medium-grained clayey or quartzose 
sandstones, in the Merboltice Fm. fine- to medium-grained subarcoses;  
7 – medium to coarse-grained quartzose sandstones; 8 – cyclic 
alternation of fluvial conglomerates, sandstones and dark claystones; 9 – 
Cretaceous basement (metamorphites, granitoids, Permo-Carboniferous 
sediments and volcanites).
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The extent of these bodies was also influenced by 
synsedimentary activity of other faults (e.g. the Mid-
Saxonian Fault) bordering to the SW rapidly subsiding 
zone near Lusatian Fault. The activity of the Mid-Saxonian 
Fault is indicated by isopachs of rapidly decreasing 
thickness of the Jizera Formation, concentrated in a very 
narrow NW–SE trending zone, running conformably with 
the fault (Valečka 1989). 

Geological mapping and numerous deep drill holes 
(Tröger 1967, 1969; Valečka 1979, 1989; Klein et al. 
1979; Coubal et al. 2018) suggest that the maximum 
thicknesses of marine lithostratigraphic units, achieved 
in the vicinity of the Lusatian Fault are approximately 
115 m in the Korycany Member, 135 m in the Bílá hora 
Fm., 420 m in the Jizera Fm., 130 m in the Teplice Fm. 
and 500 m in the Březno Fm. The maximum preserved 
thickness of the basin fill, excluding the Merboltice 
Formation, is ~ 1.2 km. Subsidence analysis is available 
only for the Lower Turonian depocentre and suggests total 
subsidence of 158 m/Myr, of which 92 m/Myr is attributed 

to tectonic subsidence (Laurin et al. 2023). Isopach maps 
for the Turonian through Coniacian (Laurin & Uličný 
2004, Uličný et al. 2009) suggest increasing asymmetry of 
the basin fill, with accelerated subsidence in the vicinity 
of the Lusatian Fault, towards the Coniacian, possibly 
extending to the Santonian.

Stratigraphic position of the Merboltice 
Formation

The extremely rare occurrence of fossils influenced the 
stratigraphic classification of the Merboltice Fm. One of 
the first authors who commented on the stratigraphy of 
the Merboltice sandstones was Krejčí (1869), who studied 
them in the vicinity of Litoměřice. Krejčí stated that “some 
circumstances indicate that they belong to the Chlomek 
beds”, i.e. to the youngest sediments of the Bohemian 
Cretaceous Basin. Maps of the České Středohoří Mts. (scale 
1:25,000 with explanatory notes), published by Hibsch and 

Figure 3. Geological map of the central and eastern part of the České Středohoří Mts. and vicinity. Legend: 1 – crystalline complex; Upper Cretaceous: 
2 – sediments of the Cenomanian, Turonian and Coniacian (Peruc-Korycany Formation to Březno Formation); 3 – Merboltice Formation (Santonian); 
Tertiary: 4 – Palaeogene fluviatile sediments; 5 – Tertiary volcanosedimentary complex of the České Středohoří Mts.; 6 – North Bohemian Coal Basin; 
7 – faults; 8 – localities with the sections in Figs 7 and 8.
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collaborators between 1897 and 1930, classified these beds 
as “Oligocene Sand und Sandstein”. The same attribution 
appeared in the map sheet of Česká Kamenice (Hibsch 
1927). Zahálka (1914) also considered these sandstones as 
Oligocene in age. Similarly, Hibsch (1924) marked these 
beds as Oligocene sands (Oligozäner Sand) on his map 
of the České Středohoří Mts. at the scale of 1:100,000. 

Only at the end of his research did Hibsch (1930a, b)  
reclassified the Merboltice sandstones as a Cretaceous 
formation. The main reason for this update was the 
finding of Cretaceous fauna in sandstones in the southern 
surroundings of Česká Kamenice, especially in the pit in 
Markvartice described by Andert (1929, 1934) and Prinz 
(1930). Later mapping and evaluation of deep boreholes, 

Figure 4. Studied sections in 
Merboltice Fm. • A – section 6, 
abandoned quarry in the village 
of Zubrnice. • B – section 9, 
abandoned quarry near the Ryjice 
village.

A

b
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however, resulted in attribution of the sandstones in the 
southern surroundings of Česká Kamenice, including the 
sandpit in Markvartice, to the older, Březno Formation. In 
this area, the sandstones form bodies, several metres to tens 
of metres thick, embedded in calcareous mudstones. Their 
attribution to the Březno Formation is also supported by 

the discovery of an involute form of Inoceramus by Prinz 
(1930) in the sandpit in Markvartice. The Inoceramus spe- 
cimen was determined as Inoceramus involutus koeneni  
Müller, 1887 (Andert 1929, p. 66, footnote) and later 
illustrated (Andert 1934, tab. 8, figs 2, 3). Accord- 
ing to personal communication with S. Čech, it is an 

Figure 5. Section 4, abandoned 
quarry in the village of Březiny.

A b c

Figure 6. Studied sections in Merboltice Fm. • A – middle part of section 2 in the abandoned quarry near the village of Mírkov. • B – section 10 in the 
abandoned quarry near the Krásné Březno village. • C – section 11 Hibsch’s cave (Hibschova jeskyně) near the village Skalice, the arrow indicates the 
upper surface of the thick graded bed (Facies 5) in the lower part of the section.
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involute form of an inoceramid, which is typical for the 
middle part of the Březno Formation. It is thus para- 
doxical that Hibsch reclassified the Merboltice Formation 
as Cretaceous on the basis of fauna from the older, 
Coniacian sandstones. The first real evidence of the Cret- 
aceous age of the Merboltice Formation was provided 
by the discovery of the Inoceramus species in a quarry 
in Merboltice in 1959 (Fig. 15C), published by Soukup 
(1963), who classified the Merboltice sandstones as Lower 
Senonian. Klein & Soukup (1963) stated that “in the sandy 
facies of the České Středohoří Mts. the Upper Emscher 
beds, namely the Inoceramus undulatoplicatus and  
Inoceramus cordiformis zones, are probably represented”. 
Further confirmation of the Cretaceous age was also 
provided by the findings of Cretaceous flora at the Mojžíř 
locality (near the section 10 in Fig. 8). At this site, Macák 
(1966) found flora from which Č. Bůžek identified the 
species Sequoia reichenbachi Gein. and Myrtophyllum 
augusta (Vel.). of Cretaceous age. Zelenka (1980) also 
mentioned the occurrence of fragments of agglutinated 
foraminifera of genera Hyperammina and Pernerina 
(determined by J. Hercogová) characteristic of shallow-
marine environments. In this case, however, it may 
also be a  redeposition from older Cretaceous deposits. 
Soukup (1956) concluded on the basis of inoceramids in 
the mudstones below the Merboltice sandstones that the 
“palaeontologically sterile sandstone series” above the 
mudstones belongs to the higher part of the Coniacian and 
extends to the Coniacian–Santonian boundary. Later, he 
states that it very probably belongs to the lower Santonian 
(Soukup 1968). Macák & Müller (1963, 1968) identified 
the species Inoceramus subquadratus Schlüter, 1887, 
Inoceramus cycloides Wegner, 1905 and Inoceramus pachti 
Arkhangelsky, 1912 in the calcareous claystones beneath 
the Merboltice sandstone and assigned the Merboltice 
Fm. to the Santonian Inoceramus undulatoplicatus Zone. 
Čech et al. (1980) defined the Merboltice Formation as 
a sandstone-dominated, regressive sequence of Santonian 
age. They defined a section in an abandoned quarry in 
Merboltice southeast of Děčín (Fig. 3, section 3 in Fig. 7)  
as the stratotype locality. The placement of the strata 
into the Santonian is supported by recent revisions of 
the ammonite and inoceramid fauna and the findings of 
nannofossil associations at localities in the western part 
of the České Středohoří Mts. in the vicinity of Ústí nad 
Labem. At the locality near Prackovice between the towns 
Ústí nad Labem and Litoměřice and in the borehole TH-29 

Strážky near Ústí nad Labem, the occurrence of the highest 
Coniacian index fossils, namely the ammonite Texanites 
pseudotexanus (de Grossouvre, 1894) and the inoceramid 
Magadiceramus crenelatus (Seitz, 1970), was confirmed 
in marlstones in the uppermost 25 m of the Březno 
Formation (Svobodová et al. 2014). At the localities  
near Prackovice, the youngest nannofossil association 
in the Bohemian Cretaceous Basin was found in these 
marlstones, which places them in the uppermost Coniacian 
or in the Coniacian–Santonian boundary interval (Švábe
nická et al. 2016).

Methods

The Merboltice Formation was studied in eight sections 
in old quarries and sand pits and in three borehole 
cores (Figs 3; 4A, B; 5; 6A–C; 7; 8). These are the only 
sections of this formation in which the textural and 
structural characteristics of the individual sandstones 
beds and their successions can be studied. Between two 
and twelve individual beds were superimposed in the 
studied sections. Forty-four samples were taken from the 
sections for microscopic study. The quantity of individual 
components in the thin sections (quartz, feldspars, 
micas, rock fragments, mud, etc.) was determined using 
comparative charts. Two samples of mudstones  were 
analysed for their CaCO3 contents using the titration 
method in the laboratories of the Czech Geological 
Survey. The microphotographs were taken using the NIS-
elements AR 2130 software. Seven samples from the type 
locality Merboltice, two samples from a borehole Úc-2 
Hlinná (section 7 in Fig. 8), two samples from borehole 
Úd-5 Pohořany (near the section 11, Fig. 8) and six 
samples from localities in the Ústí nad Labem area were 
analysed for heavy mineral associations by Slavík (1988, 
the Merboltice section) and M. Fassová from Czech 
Geological Survey. Heavy minerals were separated from 
the size fraction below 0.25 mm. The number of grains 
analysed for a single sample ranged between 300 and 500 
increasing to around 740 in the case of the Merboltice 
section. The heavy mineral concentrates were studied in 
stereoscopic and polarizing microscopes. A set of im
mersion liquids was used to study the transparent grains. 
Trace fossils descriptions are based on eight findings by 
the author of this paper and six samples that are deposited 
in the Municipal Museum of Ústí nad Labem. 

Figure 8. Structural and textural features of the Merboltice Fm. in sections 7 to 11. Legend: 1 – coarse-grained sandstones with floating quartz 
pebbles; 2 – coarse-grained sandstones; 3 – fine to medium-grained sandstones with floating quartz pebbles; 4 – fine to medium-grained sandstones; 
5 – silty-clayey fine-grained sandstones; 6 – dark mudstones; 7 – greenish grey claystones; 8 – violet-red or multicoloured mudstones; 9 – calcareous 
claystones; 10 – wavy lamination; 11 – horizontal lamination; 12 – mudclasts; 13 – burrows filled with mudstone; 14 – neovolcanites; 15 – interval 
without core; 16 – the facies described in Facies analysis.
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Results

Facies analysis of the Merboltice Formation 

The Merboltice Fm. is characterized by the dominance 
of massive, grain-supported, structureless, ungraded 
sandstone beds that reach considerable thickness, very 
often in metres with maxima around 5 m. The ungraded 
sandstones generally make up almost the entire thickness 
of the beds except for their uppermost part. Some 
sandstones are ungraded throughout their thickness. Beds 
with multiple structures (divisions) of the standard Bouma 
(1962) sequence are scarce. The observed features suggest 
sedimentation from gravity flows as discussed in detail 
below. Papers dealing with deposition from gravity flows 
(notably Middleton & Hampton 1973; Lowe 1982; Mutti 
1992; Shanmugan 1996, 1997, 2000, 2002; Mulder & 
Alexander 2001; Amy & Talling 2006, etc.) emphasized 
the sediment support mechanisms which enabled the 
formation of gravity flows, investigated the rheological 
and dynamic properties of sediment-water mixtures, and 
interpreted structural intervals in relation to the nature 
of flow. The resulting terminologies for cohesive debris 
and turbidite flow types and corresponding deposits, and 
for the relationship between structures and corresponding 
flow type, are not uniform (cf. Shanmugam 2002). In this 
paper the author uses the terminology of Talling et al. 
(2012, 2013), who inferred the classification of flows and 
their deposits from features that are visible in outcrop or 
core and are therefore comparable to the material of this 
study and that is for our aim advantageous. Talling et al. 
(2012, 2013) also detailed the standard Bouma sequence 
and inferred depositional processes. The small extent 
of outcrops of the Merboltice Formation does not allow 
long-distance monitoring of structural changes within 
individual beds. It is therefore not possible to detect 
changes in the structure and grain size influenced by 
downflow transformation (Amy et al. 2005, Talling et al. 
2007) and thus to establish facies tracts sensu Mutti (1992), 
Talling et al. (2012, 2013) or Malgesini et al. (2015). The 
lateral stability of the beds was variable as evident from 
erosional truncation of two beds, 0.3 m thick, observed 
in the section 2 Mírkov (Fig. 7). In the sections examined 
in this study, 45 complete beds with both boundaries 
were observed in addition to 21 incomplete beds with 
missing lower or upper boundaries. Structural and textural 
analysis of the complete and some incomplete beds 
made it possible to distinguish six lithofacies (Figs 7, 8)  
and to interpret the sediment transport mechanism.

Facies 1. – Descr ip t ion:  Nine beds in sections 1, 6, 
7, 8 and 10, from 0.25 m to 4.2 m thick; the beds consist 
of massive, structureless, ungraded grain-supported 
fine- to medium-grained (in one bed coarse-grained) 

sandstone with clay matrix between 8% and 12%; floating 
(dispersed) very coarse quartz grains and small quartz 
pebbles up to 1.1 cm in diameter occur in five beds that 
are 1.85–4.2 m thick; the thickness of four beds without 
floating very coarse quartz grains or quartz pebbles is 
0.25–1.00 m. 

Interpretation: Facies 1 correspond to the interval 
TA of Talling et al. (2012) (subfacies Cs6 of Talling et al. 
2013), deposited by cohesive debris flows, equivalent of 
ungraded Ta division of Bouma (1962).

Facies 2. – Descr ip t ion:  Thirty-two beds located in 
most sections (except sections 5, 10 and 11), from 0.3 m 
to 5.7 m thick (mean thickness 2.05 m). Almost the entire 
thickness or greater part of the bed consists of massive, 
structureless, ungraded grain-supported fine to medium-
grained (in one bed coarse-grained) sandstone with  
6–15% of mud matrix. In the upper part of the beds, the 
sandstone passes abruptly into a thin (1–50 cm) layer of 
dark, slightly graded mud with very fine sand admixture, 

Figure 9. Superimposed beds with thin mudstone layer in the uppermost 
bed part (Facies 2), section 2, abandoned quarry near the Mírkov village. 
Artificially carved holes in the sandstone were used for wooden pins. 
Scale bar is 1 m. 
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commonly with coalified, dispersed plant detritus (Figs 
9, 10A, 11B, 14E). Mudstone clasts, some of them well-
rounded, rarely contorted, occur concentrated in the 
middle or upper parts of six beds, the thickness of which 
varies from 0.6 m to 5.0 m. Two beds contain dispersed, 
very coarse quartz grain or small quartz pebbles.

In t e rp re t a t i on :  The sandstone part of Facies 2 
corresponds to the interval TA of Talling et al. (2012) 
(subfacies Cs6 of Talling et al. 2013), graded mudstone in 
the uppermost part of the bed corresponds to the interval 
TE-2 in the Bouma sequence modified by Talling et al. 
(2012), or Te division sensu Bouma (1962). This facies 
records deposition from cohesive debris flow of the first 
phase of the flow event that changed into mud-density 
flow, i.e. turbidity current, towards the end of the flow 
event. 

 
Facies 3. – Descript ion:  Two beds, 3.20 m and more 
than 4.0 m thick, in sections 3 a 6. In the section 3, the 
major part of the bed consists of clast-supported, massive, 
ungraded fine- to medium-grained sandstone, with 8–14% 
of clay matrix with floating very coarse quartz grains and 
small quartz pebbles up to 8 mm in diameter. In the section 
6, mud clasts, some of them well rounded, occur in the 
middle and upper parts of the bed (Fig. 11A). An interval 
of deformed, convolute (wavy) lamination overlain by 
a  thin layer of graded mudstone forms the upper part  
of these beds. The deformation of laminae does not  
affect the upper boundaries of the beds. In the section 3, 
the convolute lamination is highlighted by coalified plant 
detritus and clay, while in the section 6 it is manifested 
by deformation within the fine-grained sandstone  
(Fig. 11C, D). 

Interpretat ion:  Massive, ungraded sandstone part 
of the beds corresponds to the interval TA of Talling et al. 

(2012) (subfacies Cs6 of Talling et al. 2013) or ungraded 
Ta Boumaʼs division; convolute lamination corresponds 
to the interval TC sensu Talling et al. (2012) or Tc 
division of Bouma. The layer with convolute lamination 
is interpreted as horizontal lamination deformed during 
or immediately after deposition of the layer, probably due 
to the escape of water from rapidly deposited sand. In this 
sense the described lamination could be the deformed 
division Td in the Boumaʼs sequence. The beds were 
deposited from cohesive debris flow that passed towards 
the end of the flow event into low-density turbidity current 
(convolute laminated interval) resp. mud-density flow, 
i.e. turbidity current (graded mudstone, interval TE-2 in 
the Bouma sequence adapted by Talling et al. 2012, Te 
Boumaʼs division). 

Facies 4. – Descr ip t ion :  This facies includes four 
beds from sections 1, 6 and 10, ranging in thickness 
from 0.15 m to 2.5 m. It is distinct by the occurrence of 
horizontal lamination, which is formed by accumulations 
of coalified plant detritus with clay admixture. Three 
subfacies can be distinguished in this facies. Subfacies F4a 
is represented by one bed, 0.40 m thick, from section 1,  
where it exhibits three textural intervals: massive, 
ungraded fine- to medium-grained sandstone with 8% clay 
mud at the bottom, laminated sandstone in the middle, 
and graded mud at the top. Subfacies F4b consists of two 
beds, 0.12 m and 2.5 m thick, from sections 10 and 6,  
respectively. In these, a  laminated interval at the top 
of the beds overlies ungraded clast-supported fine- to 
medium-grained sandstone with 8–10% clay matrix. The 
bed from section 6, 2.5 m in thickness, contains abundant 
mud clasts in two levels (Figs 7, 10B). Subfacies F4c is 
represented by a single, 0.12 m thick, laminated bed of 
clast-supported fine- to medium-grained sandstone with 

a b

Figure 10. Sedimentary features in the Merboltice Fm. • A – upper part of the bed with a thin mudstone layer in the top. The erosive base of the 
overlying beds (Facies 2) illustrates partial erosion of the mudstone layer, section 9, abandoned quarry near the Ryjice village. • B – mud clasts 
concentrated into wawy layer in the ungraded division of the bed of Facies 4b, section 6, abandoned quarry in the Zubrnice village.
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8–10% clay matrix in section 6. In the upper part of the 
bed, the lamination is deformed by an irregular pressure of 
the overlying sediment and follows the uneven base of the 
overlying bed (Fig. 11D). 

In te rpre ta t ion :  Intervals TA, TB, TD, and TE-2 
of the Bouma sequence adapted by Talling et al. (2012) 

corresponding to the Ta, Tb, Td, and Te intervals of 
Boumaʼs sequence are represented in the Facies 4. The 
massive, ungraded sandstones at the base of the beds 
of subfacies F4a and subfacies F4b are interpreted as 
deposits of high-density turbidity currents due to their 
low thickness and the absence of floating coarse grains 

a

c

b

d

Figure 11. Sedimentary features in the Merboltice Fm. • A – well rounded mud clasts in the ungraded division of the bed Facies 3, section 6, 
abandoned quarry in the Zubrnice village. • B – detail of upper part of bed with very thin mudstone layer in the uppermost bed part (Facies 2), section 2,  
abandoned quarry near the Mírkov village. Artificially carved hole in the sandstone was used for wooden pin. Diameter of the coin is 2.4 cm. •  
C – convolute (wawy) lamination in the upper part of the bed Facies 3, section 6, abandoned quarry in the Zubrnice village. Artificially carved hole in 
the sandstone was used for wooden pin. • D – detail from the identical part of the section as in Fig. 11C. The bed of Facies 3 with convolute (wawy) 
lamination is superimposed by horizontally laminated bed of Facies 4c, the upper part of which was deformed after the deposition of the bed of Facies 1.  
Very irregular base of the bed of Facies 1 indicates the occurrence of imprints. Artificially carved hole in the sandstone was used for wooden pin.
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and pebbles (cf. Shanmugan 1997). The laminated interval 
present in all subfacies was deposited by high-density 
or low-density turbidity currents. Graded mud in the 
top of the subfacies F4a was deposited by mud-density 
flow, i.e. turbidity current. The two beds of subfacies F4b 

contain intervals TA and TB of Talling et al. (2012) and 
Ta and Tb Bouma’s divisions, respectively. The subfacies  
F4c corresponds to the TB or TD interval of Talling et al. 
(2012) and to Tb or Td Boumaʼs divisions. 

Facies 5. – Description: three beds from sections 4, 7 
and 11 ranging in thickness from 1.6 to more than 4.0 m. 
These beds are characterized by normal gradation, ranging 
from medium- to coarse-grained sandstone to fine-grained 
and silty-clayey sandstone to graded mudstone, and in the 
case of section 11 to very fine-grained, light-coloured, 
silty-clayey sandstone (Figs 6C, 8). The sandstones are 
clast-supported and contain 8–12% of clay matrix. 

Interpretat ion:  Beds from section 4 and 7 exhibit 
the intervals TA and TE-2 as defined by Tallings et al. 
(2012, 2013) or the Ta and Te divisions in the Boumaʼs 
sequence. The bed from section 11 corresponds to in
terval TA or division Ta. Normal gradation in this facies 
indicates deposition from a high-density (sandy) turbidity 
current followed, in the beds from sections 4 and 7, by 
mud density flow (Talling et al. 2012).

Facies 6. – Description:  In sections 4 and 10, thin layers  
of faint greenish, light grey ungraded mudstone, 3–4 cm 
thick, were found. In section 4 (at the 8.0 m level) the 
mudstone layer sharply overlies the dark grey graded 

Figure 12. Sandstones of the Merboltice Fm. (narrow red box) in Dott’s 
(1964) classification diagram modified by Pettijohn et al. (1972).

a

d

b

e

c

f

Figure 13. Petrology of the Merboltice Fm. sandstones. • A – section 11, Hibsch cave, 0.55 m, moderately sorted subarcose, rounded K-feldspar 
grain in the middle of the picture, feldspar grains above the scale are sericitized. Crossed polars. • B – section 2, Mírkov, −0.50 m, less to moderately 
sorted subarcose, feldspar grains are nearly unaltered or only slightly altered. Crossed polars. • C – section 2 Mírkov, −0.50 m, poorly sorted (bimodal) 
subarcose, floating quartz grains in the coarse fraction exhibit contrasting roundness. Crossed polars. • D – section 10, Krásné Březno, −0.65 m, 
moderately sorted subarcose, right of scale floating broken well rounded quartz grain (textural inversion). Crossed polars. • E – section 2 Mírkov, 
7.20 m, poorly sorted subarcose, in the middle of the picture rounded quartz grain with partly abraded rim of SiO2. Crossed polars. • F – section 4, 
Březiny, 5.50 m, less sorted subarcose, cluster of feldspars in different alteration stages, from unaltered to strongly sericitized. Crossed polars.
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mudstones that form the top of the underlying Facies 2 
(Fig. 7). In section 10 (at the −0.15 m level) the mudstone 
layer sits sharply on a  bed of ungraded sandstone  
(Fig. 8). The terrigenous quartz grain content in the silt, 
and, to a smaller extent, also in the very fine sandy fraction, 
is about 20%. There are no fragments of coalified plant 
detritus (Fig. 14F). 

Interpretat ion:  These mudstones represent in situ 
sediment that was deposited from suspension in the pause 
between gravity flows. The ungraded mudstones from 
sections 4 and 10 are comparable to interval TE-3 of 
Talling et al. (2012).

 
Petrography 

The petrographic composition of the Merboltice sand
stones was analysed in forty-four samples from nine 
localities. Sandstones with a grain-supported structure 
are mostly composed of three main components: 
quartz, feldspars and clay matrix (Tab. 1). With a few 
exceptions the matrix content does not exceed 15%, 
therefore, the modified diagram of Dott (1964) was 
used for classification of the sandstones (Fig. 12). The 
diagram shows very little variation in the composition 

of the sandstones, which fall within a narrow range of 
subarcoses. The other components are present in accessory 
amounts, generally ranging from < 1 to 2–3% (Tab. 1). 

Quartz contributes on average 78.5% to the com
position of the sandstones with extreme values of 70% and 
85% respectively. Monocrystalline grains predominate 
over polycrystalline grains, forming ca. 85–90% of the 
quartz. Roundness was evaluated visually and the grains 
were divided into five classes according to Krumbein 
(1941). Subangular grains represent the majority of grains 
(ca. 65–70%) and sub-rounded grains form a maximum 
of 15–20%. Angular grains (ca. 10–15%) are also present. 
Well-rounded grains are very rare (< 1%). Contrasting 
roundness can often be observed in grains of the same 
grain size (Fig. 13C). There are also rounded grains with  
a  sharp-edged broken part or broken rounded grains 
(textural inversion, Fig. 13D). Rarely, grains with a par
tially abraded syntaxial rim occur (Fig. 13E). The mean 
grain size varies in a narrow span between 0.20–0.37 mm.  
Sorting (Fig. 13A–F) was observed visually. Poor to moder- 
ate sorting predominates, less frequently the sorting is  
well, very rarely very well. The poor sorting is influen
ced by the presence of scattered coarse grains in the pre
dominant fine- to medium-grained fraction and also by the 
admixture of grains below 0.063 mm (silt). With a greater 

a

d

b

e

c

f

 Figure 14. Petrology of the Merboltice Fm. sandstones and mudstones. • A – section 10, Krásné Březno, −0.35 m, less sorted subarcose, in the 
lower part of the photo a cross-section of columnar, nearly unrounded, unaltered K-feldspar. Crossed polars. • B – section 2, Mírkov, −2.30 m, nearly 
unaltered grain of microcline (in the middle of the photo, the upper edge of the grain is weakly sericitized) in the less sorted subarcose. Crossed polars. •  
C – section 2, Mírkov, −0.50 m, less to moderate sorted subarcose with floating coarse granitoid clast consisting of quartz and unaltered plagioclase 
grains. Crossed polars. • D – section 4, Březiny, 3.00 m, less to moderately sorted subarcose, elongated grain of very fine-grained micaceous quartzite 
in the upper part of the picture. Crossed polars. • E – section 9, Ryjice, −0.05 m. Transition of subarcose to mudstone (upper part of thin section) near 
the top of the basal bed. Small scattered dark fragments of coalified plant matter and large fragment of coalified wood are visibles. • F – section 4, 
Březiny, 8.02 m, mudstone of the Facies 6 forming a thin layer between two beds deposited from gravity flows. 
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Locality, metrage Qtz Kfs Plg Sorting S.R. U.R. Mean 
gs.

Max. 
gs. Roundness Ms C.P.D. C.M.  B.I. Grains & Notes

Mírkov  −2.30 m 80 10 1 2 1–2 0 0,30 1,5 a < sa > sr >> r < 1 0 6–7 0 1 Mc 
Mírkov  −0.50 m 80–82 8–10 1 2, bmd 1 <<< 1 0.30–0.32 1,7 a < sa > sr >> r 0 0 8–10 0 2 grnt

Mírkov 0.40 m 82–83 8 1 2–3 < 1 0 0.25–0.27 1,3 a < sa > sr >> r < 1 1 7–8 0

Mírkov 0.88 m 79–80 8 < 1 3–4 0 0 0.20–0.23 0,6 a < sa > sr >> r < 1 < 1–1 12 0

Mírkov 0.95 m 75–77 8 < 1 2–3 < 1 0 0.20 – 0.25 0,9 a < sa > sr >> r < 1 15 0

Mírkov 6.70 m 75–77 8–10 1 3–4 < 1 0 0.25–0.27 0,8 a < sa > sr >> r < 1 12 0 1 Mc

Mírkov 7.20 m 79–80 10 1 2 < 1 0 0. 25–0.30 0,9 a < sa > sr>> r < 1 10–12 0 1 myr

Mírkov 8.00 m 82–84 8 < 1 2–3 < 1 0 0.25–0.27 1,2 a < sa > sr >> r < 1 8 1 1 *

Mírkov 8.50 80–82 8–10 1 3 1 0 0.23–0.25 1,3 a < sa > sr >> r < 1 7–8 0 1 Mc

K. Březno  −0.65 m 82–84 6–7 < 1 3 3 0 0.25–0.27 0,9 a < sa > sr < 1 < 1 6–8 0 2 Mc

K. Březno −0.45 m 70–72 6–8 < 1 2 < 1 0 0.23–0.25 0,7 a < sa > sr >> r < 1  4–5 15 0 3 Mc

K. Březno  −0.35 m 75–77 8 < 1 2, bmd 2 0 0.28–0.30 1,1 a < sa> sr >> r << 1 0 13–15 0 1 Mc

K. Březno 0.10 m 78–80 8 < 1 4  < 1–1 0 0.23–0.25 0,8 a < sa > sr >> r < 1 3 8–10 0 1 Mc

K. Březno 1.30 m 76–78 10 < 1 4 < 1 <<< 1 0.21–0.23 0,4 a < sa > sr >> r < 1 2 10 1 1 grnt, Mc, Glt 

Březiny  0.50 m 80–84 6–8 < 1 1–2, bmd  4 <<< 1 0.40–0.50 1,8 a < sa > sr >> r < 1 0 6–7 0 1 grnt

Březiny 2.00 m 80–82 6–7 < 1 3 1 <<< 1 0.28–0.30 1,3 a < sa > sr >> r << 1 < 1 10 0 1 Mc & grnt

Březiny 3.00 m 80–82 9–10 < 1 2  < 1–1 <<< 1 0.24–0.26 1,0 a < sa > sr >> r << 1 0 7–8 0 1 grnt; 1 Bt

Březiny 3.90 m 85–87 5 < 1 3–4 < 1 0 0.22–0.23 0,9 a < sa > sr >> r < 1 < 1 6–7 0 1 myr

Březiny 4.50 m 83–85 7–8 < 1 2–3 2 0 0.35–0.37 0,9 a < sa > sr >> r << 1 0 6–7 0 1 Mc & myr

Březiny 5.50 m 76–78 8–10 1 2 2–3 0 0.26–0.28 0,9 a < sa > sr << 1 0 10–12 0 2 Mc, myr; 1 Bt

Březiny 6.50 m 77–79 10–12 < 1 3 3 0 0.26–0.28 1,3 a < sa> sr 0 0 7–8 0  

Březiny 7.50 m 77–79 8–10 < 1 3 1 0 0.24–0.26 1,0 a < sa > sr >> r < 1 0 10 0 1 Mc, myr

Březiny 8.02 m 28–30 < 1 << 1 0 0.04–0.045 0,0 a < sa>>sr  < 1–1  < 1–1 75–77 0 mdst

Merboltice 1.30 m 73–75 12–13 1 2–3 1 0 0.20–0.22 1,9 a < sa > sr >> r < 1 1 10–12 0

Merboltice  2.95 m 77–78 8 < 1 2 < 1 0 0.28–0.30 1,6 a < sa> sr >> r 0 1 12–13 0

Merboltice  3.50 m 79–80 10 1 2–3 1 0 0.18–20 0,8 a < sa > sr >> r 1–2 0 8–10 0

Merboltice  5.90 m 75–77 12–13 1 2–3 1 0 0.20–0.22 0,8 a < sa > sr >> r 1–2 1 10 0 1 Mc

Merboltice 6.35 m 82–84 6–8 < 1 2–3 1 0 0.20–0.22 0,7 a < sa = sr >> r < 1 0 10 0

Merboltice  8.35 m 70–72  13–15 1–2 1–2 1–2 0 0.20–0.22 1,3 a < sa > sr >> r < 1 0 10 0

Ryjice   −2.10 m 73–75  10 1–2 2 < 1 0 0.24–0.26 4,0 a < sa > sr >> r << 1 < 1 13–15 0 1 Mc

Ryjice   −1. 00 m 79–80 6–8 1 2–3 < 1 0 0.28–0.30 0,9 a < sa > sr >> r < 1 < 1 12 0

Ryjice  −0. 35 m 78–82 6–8 < 1 2 < 1 0 0.28–0.30 0,8 a < sa > sr >> r << 1 0 12–14 0 1 Mc

Ryjice  −0. 05 m 25–35  3–4 << 1 3 << 1 0 0.15–0.04 0,2 a < sa > sr 3–4 4–5 40–60 0 mdst

Ryjice  0. 25 m 76–78 7–9 1 2 1 0 0.28–0.30 0,9 a < sa > sr >> r << 1 << 1 10–12 0 3 Mc

Ryjice  1. 10 m 78–80 8–10 1 2–3 1–2 0 0.28–0.30 1,3 a < sa > sr < 1 << 1 8–9 0 1 Mc

Hibsch cave −2.60 m 77–80 8–10 < 
1–1 2–3  < 1–1 0 0.28–0.30 1,0 a < sa > sr < 1 0 8–10 0 2 Mc

Hibsch cave  −0.35 m 88–90 5–6 < 1 4 < 1 0 0.21–0.23 0,5 a < sa > sr >> r < 1–1 0 5–6 0 1 Mc

Hibsch cave −0.10 m 36–40 2 << 1 2 < 1 0 0.21–0.23 0,5 a < sa > sr < 1 0 58–62 0

Hibsch cave  0.55 m 76–78 7–8 < 1 2–3 2 0 0.28–0.30 1,3 a < sa > sr >> r < 1 0 12–13 0

Hibsch cave  4.00 m 82–84 6–7 < 1 2–3 < 1 0 0.28–0.30 1,3 a < sa > sr << 1 0 10–12 0 1 Mc

Maškovice  2.50 m 82–84 5–6 < 1 3–4 << 1 0 0.23–0.25 0,6 a < sa > sr < 1–1 0 10–12 0

Maškovice  5.80 m 83–85 5–6 < 1 2  < 1–1 0 0.35–0.37 1,7 a < sa > sr < 1 0 10–12 0 myr

Myštice  11.00 m 82–85 6–8 1 1–2, bmd < 1 <<< 1 0.45–0.55 2,8 a < sa > sr >> r << 1 0 8–9 0 1 grnt, Mc; 2 myr
Zubrnice  −2.50m 78–80 10–12 1 3 1 <<< 1 0.28–0.30 1,8 a < sa > sr >> r << 1 << 1 10 0 1 grnt, 2 Mc

Table 1. Distribution of major components in thin sections of sandstones and mudstones of the Merboltice Fm. 

Abbreviations: B.I. – bioturbation index; bmd – bimodal; Bt – biotite; C.P.D. – coalified plant detritus; C.M. – clayey matrix; Glt – glauconite; grnt – 
granitoid; gs. – grainsize; Kfs – K-feldspar; Max. gs. – maximum grainsize; Mc – microcline; mdst – mudstone; Ms – muscovite; myr – myrmekite; 
Plg – plagioclase; Qtz – quartz; S.R. – stable rocks; U.R. – unstable rocks. Legend: Sorting: 1 – very low, 2 – low, 3 – medium, 4 – good. Roundness: 
a – angular, sa – subangular, sr – subrounded, r – rounded. Notes: * – bioturbation tunnel of mm diameter.
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admixture of floating coarse grains, the sandstones 
are bimodal (Fig. 13C). Similar conclusions were also 
reached by Zelenka (1980), who found that, in the sense 
of Folk (1954), the sandstones were “slightly sorted”. 

Feldspars contribute on average 8% to the composition 
of the sandstones, with extremes of 6% and 15%. The ratio 
of K-feldspars to identifiable plagioclase is ca. 10:1 to 8:1. 

The plagioclase probably includes most of the completely 
kaolinized or sericitized grains (Fig. 13A, F). Identifiable 
K-feldspar grains are grey to blue-grey in colour and are 
nearly unaltered or slightly altered (Figs 13A, B; 14A, 
B). Feldspar grains are mostly subangular, less frequently 
suboval. Oval grains were also found in two thin sections 
(Fig. 13A). The K-feldspars partly retain a prismatic shape,  

a
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Figure 15. Trace fossils and fossils in Merboltice Fm. • A – ichnogenus Planolites?, locality Těchlovice near locality 1 (borehole SK-12c Těchlovice). 
Collections of Municipal Museum of Ústí nad Labem. Inventory No. G 29987. Photo by J. Preclík. • B – branching tunnel of the ichnogenus 
Ophiomorpha, locality Těchlovice near locality 1 (borehole SK-12c Těchlovice). Collections of Municipal Museum of Ústí nad Labem. Inventory 
No. G 29986. Photo by J. Preclík. • C – Inoceramus sp. from section 3, abandoned quarry in the Merboltice village. Collection of S. Čech. Photo by S. 
Čech. • D – Ophiomorpha ichnogenus tunnel on section 10, abandoned quarry in the Krásné Březno village. • E – ichnogenus Paleodyction, locality 
Těchlovice near locality 1 borehole SK-12c Těchlovice. Collections of Municipal Museum of Ústí nad Labem. Inventory No. G 29984. Diameter of the 
coin is 2.4 cm. Photo by J. Preclík.
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sometimes only slightly affected by transport (Fig. 14A). 
One to three grains of microcline were found in twenty 
thin sections (Fig. 14B). Five thin sections contain one 
to two grains with letter-like intergrowth of quartz and 
feldspar (myrmekite). The fragments of stable rocks are 
represented by quartzites and very fine-grained silicites, 
occurring in all thin sections in amounts up to 2–3%, 
rarely 4%. The quartzites include polycrystalline grains 
with a  large number of equal-sized grains, elongated 
grains, or elongated sutural grains. A few grains are fine-
grained sericitic quartzites (Fig. 14D). Fragments of 

unstable rocks were found in seven thin sections. They 
were always granitoid clasts, consisting of a few quartz 
and feldspar phenocrysts. The clasts are found in the 
coarse fraction, ranging in size from 0.8 mm to 1.8 mm. 
The largest granitoid clast consisting of quartz phenocrysts 
and only slightly altered plagioclase was found in 
the section 2 (Fig. 14C). The micas are represented by 
muscovite (Fig. 14A), which occurs in quantities of up to 
1–2%. In two thin sections, one biotite flake with typical 
pleochroism was found. Glauconite was found in a single 
thin section as an isolated dark green oval grain, 0.15 mm 

Figure 16. Palaeogeographical situation in the Santonian in the Bohemian Massif and adjacent areas. (Area of the North Sudetic Basin around 
Boleslavec modified after Milewicz 1997). Abbreviations: AC – autochthonous Cretaceous on the southern and south-eastern slopes of the Bohemian 
Massif; BC – Bavarian Cretaceous (Regensburg Basin or Regensburg Gulf); EBCB – eastern part of the Bohemian Cretaceous Basin; NSB – North-
Sudetic Basin; OB – Opole Basin; SBB – South Bohemian Basin; WBCB – western part of the Bohemian Cretaceous Basin. Legend: 1 – calcareous 
mudstones, marlstones; 2 – marlstones, sandy mudstones and calcareous fine- to medium-grained sandstones; 3 – fine- to medium-grained sandstones 
of the Merboltice Fm.; 4 – sandstones and conglomerates; 5 – sandstones with claystones and coal seams (deltaic sedimentation); 6 – cyclic 
sedimentation of conglomerates, sandstones and dark and varicoloured claystones; 7 – conglomerates and breccias with claystone intercalations;  
8 – major source areas during the sedimentation of the Březno Fm. (Coniacian) in the north-eastern marginal part of the Bohemian Massif (WSI – West 
Sudetic Island, ESI – East Sudetic Island); 9 – main directions of detrital input to the western and eastern part of the Bohemian Cretaceous Basin in the 
Santonian; 10 – regression directions; 11 – important faults (LF – Lusatian Fault, ISF – Intra Sudetic Fault, SMF – Sudetic Marginal Fault, WLF – West 
Lusatian Fault, MSF – Mid-Saxonian Fault).
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in size. Small fragments of coalified plant detritus and 
rarely centimetre-sized fragments of leaves and wood, 
occur locally in the sandstones. The clay matrix has both 
coating and porous character. Its content varies from 6 to 
15%. According to the analytical data of Gabriel (1984), 
the matrix content ranges from 6.4% to 17.6% and is 
composed of kaolinite. Mudstones at the top of the beds 
deposited from gravity flows are dark grey. The contents 
of terrigenous quartz in the silt, and subordinately in the 
fine sandy fraction floating in the clay matrix, is around 
20–25%. Feldspar grains in mudstones are less frequent 
compared to sandstones, the content is only around 3–4%. 
Fragments of coalified plant detritus are common in 
mudstones, and fragments of leaves or wood up to 5–6 cm 
in size also occur (Fig. 14E). 

Trace fossils

Trace fossils are rarely found in the Merboltice Fm. and 
occur within the sandstones (endichnia) and on their lower 
bedding planes (hypichnia). The trace fossils described 
below come from the authorʼs findings and from the 
findings of T. Durdinec, deposited in the Municipal 
Museum of Ústí nad Labem. The findings of T. Durdinec 
(Fig. 15A, B, E) found close to the section 1 were 
published by Mikuláš & Vařilová (2021). Three types 
were identified in the endichnia group, which are shafts 
penetrating perpendicularly or steeply to the stratification:

1) A tunnel with smooth walls, 0.8–1.5 cm in diameter, 
penetrating subvertically to a depth of at least 2 m, filled 
with material identical to the surrounding sandstone; 
morphologically, it is similar to the ichnofossil Planolites 
(Fig. 15A), but it cannot be classified with certainty. 

2) Tunnels penetrating into the depth of 0.5 m below the 
upper surface of a 1.9 m thick bed in the section 3 (Fig. 7);  
these tunnels have a diameter of 1–1.5 cm and are filled 
with mud from the top of the bed; they are probably 
dwelling structures representing colonization of the  
bottom during a pause between successive gravity flows.

3) Tunnels with a  diameter of about 1.5–2 cm 
penetrating perpendicularly to obliquely to the bedding 
surface to a depth of ca. 0.4 m in the section 10; small 
negatives of the bumps covering the surface of the tunnels 
are visible on the inner surface of the tunnels (Fig. 15B, D); 
morphologically, this type corresponds to the ichnogenus 
Ophiomorpha; a  typical ichnogenus Ophiomorpha from 
the T. Durdinec findings was also described and illustrated 
by Mikuláš & Vařilová (2021). 

Among the hypichynia, a regular network structure with 
positive relief, typical of the ichnogenus Paleodyction, was 
found on the lower bedding surface (Fig. 15E). A similar 
ichnofossil, found in the Elbe Valley in the outcrop near 
section 1, was published as Paleodyction by Prinz (1930). 

According to archetypal depth zonation by ichnofossils, 
the ichnogenus Ophiomorpha was considered as an 
indicator of shallow-water, marine environment, while 
the ichnogenus Paleodyction was usually considered an 
indicator of a deep-water environment. However, these 
ichnogenera have been found in both shallow and deep-
water environments (e.g. Seilacher 2007, Fürsich et al. 
2007, Demircan & Uchman 2017). Hence, scarce trace 
fossils cannot be used to determine the depth at which the 
Merboltice Fm. was deposited.

Discussion

Depositional processes – flow dynamics 

Textural and structural analysis presented in section 5 
suggests that most of the beds in the Merboltice Fm. were 
deposited during a flow event which began as a cohesive 
flow changing during the flow vanning into turbidity 
current. The beds are composed of debrites transitioning 
at their tops into turbidites (Facies 2 and 3) due to an 
event that comprises two different types of flow. The 
succession of different flow types during individual flow 
events is evidenced by Mulder & Alexander (2001), Amy 
et al. (2005) or Talling et al. (2012, 2013). According to 
Amy et al. (2005) these are “cogenetic turbidite-debrite 
beds”, according to Talling et al. (2012) “linked turbidite-
debrite beds”. Only a  small number of the beds was 
deposited either from cohesive flows as debrites (Facies 1)  
or from turbidity current as turbidites (Facies 4 and 5). 
Debrites deposited during en masse consolidation of 
sand without size segregation (abrupt freezing of sandy 
detritus). A content of clay matrix in the order of the first 
percentages is sufficient to form a debris flow (Hampton 
1975, Shanmmugan 1997, Marr et al. 2001, etc.). The 
predominance of debrites in the Merboltice Fm. was made 
possible by the content of clay matrix, not dropping below 
6–7%, usually around 10%, often even more, between 
12% and 15%. Gabriel (1984) mentioned clay matrix 
content up to 17.6% from the present-day abandoned sand 
pit Zálezly near Ústí nad Labem. Talling et al. (2012) 
defined 12% mud content in massive sandstones at the 
boundary between cohesive flows (above 12% mud) and 
poorly cohesive flows (below 12% mud). According to 
their concept, the massive, ungraded sandstones of the 
Merboltice Fm. represent a continuous transition from 
poorly cohesive to cohesive gravity flows.

Provenance
 

The character of source rocks can be determined by heavy 
minerals (HM) associations (Tab. 2), feldspar content, 
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the nature of rock fragments and grain roundness. The 
HM association is strongly dominated by ultrastable 
minerals (Tab. 2). Due to the relatively low mineralogical 
maturity of the Merboltice sandstones, the ZTR index 
(zircon, tourmaline and rutile content; Hubert 1962) is 
striking high, reaching 92.48% a value reported for quartz 
sandstones (orthoquartzites). The ZTR index indicates 
a  significant proportion of older, mainly Cretaceous, 
sediments in the source, which was already assumed by 
Slavík (1988). A large contribution of recycled sediments 
to the composition of sandstones was also found in 
the nearby North Sudetic Basin (Biernacka 2012).  
The negligible content of other HM can be explained by 
1) their long diagenetic dissolution in older Cretaceous, 
mainly psammitic sediments, before their erosion and 
redeposition (Morton & Hallsworth 1999, Garzanti 2017); 
and 2) the warm and mostly humid climate (see below), 
which led to their dissolution in the weathering mantle 
(Garzanti & Ando 2007). At the Merboltice type locality 
(section 3 in Fig. 7), Nádaskay et al. (2019) found an 
abrupt change in the proportion of Variscan-age zircons 
from 23% in the underlying Březno Fm to 48.5% in the 
Merboltice Fm. This change can be explained in terms of 
an increased contribution from the Variscan Krkonoše-
Jizera Plutonic Complex in the south-eastern part of the 
source area. Relatively high feldspar content, with little 
alteration of K-feldspars, which often preserve prismatic 
shapes, together with granitoid clasts, demonstrate 
a significant contribution from granitoids. The very low 
plagioclase content was probably influenced by the warm 
and humid climate (see below). Chemical weathering 
reduced the feldspar content, preferentially of the less 
stable plagioclase in the weathering section (Johnsson 
1993, Garzanti 2017). According to James et al. (1981), 
a  humid climate reduces the plagioclase content of 
fluvial sediments to one third. The small proportion of 
plagioclase may also be related to the significant presence 
of K-feldspar-dominated monzogranites in the adjacent 
source. In the source area (West Sudetic Island, Fig. 16),  
the Lusatian granitoid Massif was exposed over a con
siderable area during the Cretaceous sedimentation 
(Skoček & Valečka 1983). One of the main granite types is 
the Rumburk monzogranite to granodiorite (Kozdrój et al. 
2001), in which K-feldspars prevail over the plagioclase 
(Opletal et al. 2006). This monzogranite is exposed at the 
present-day erosional level over a large area adjacent to the 

Lusatian Fault. It is likely that the monzogranite provided 
detritus already during the deposition of the Merboltice 
Fm. Grains of quartzites, partly micaceous and silicites 
suggest an additional contribution from metamorphites. 
The metamorphites also yielded strongly elongated, partly 
lance-shaped quartz grains. Grain roundness is considered 
to be a poorly indicative factor (Garzanti 2017). Well-
rounded grains, grains with partially abraded SiO2 rims 
and broken rounded grains (structural inversion) can be 
considered as an evidence of redeposition of the parent, 
older Cretaceous (or also Permo-Carboniferous) rocks. 
Due to the modest extent and shape of the source area 
(Fig. 16), the river transport was short and did not allow 
a higher degree of rounding. The difference in rounding 
may also have been influenced by the duration of grain 
residence time in the nearshore (beach) zone. Some grains 
may have been rapidly transported from the coast to the 
basin, while others may have remained in the nearshore 
zone longer and reached a higher degree of roundness. 
A  large difference in the roundness of the first-cycle 
material can be observed, among others, in the feldspars. 
In addition to the poorly rounded, prismatic grains, oval 
grains are also found.

Palaeogeography 
 
Santonian deposits in the eastern part 
of the Bohemian Cretaceous Basin and in the other 
Cretaceous basins of the Bohemian Massif

The only other deposits of the Bohemian Cretaceous Basin 
that can be assigned to the Santonian are depositional 
relics in the Králíky Trench (Nysa Graben), south of 
Kladsko (Fig. 16). These deposits, are known as the upper 
part of the Idzikow Member resp. Idzikow sandstones 
and conglomerates and were interpreted by Jerzykiewicz 
(1970, 1971) as regressive, offshore sediments because 
they developed by coarsening from a  predominantly 
pelitic flysch-like facies. Jerzykiewicz (1970, 1971) 
estimated their thickness at 200–320 m. Pebbles found in 
polymictic conglomerates in the upper part of the Idzikow 
Member suggest a  source area in the vicinity of their 
occurrence, in the crystalline area of the Králický Sněžník 
Mts. Wojewoda (1997) also interpreted these deposits as 
nearshore, regressive sediments. They developed from 

Table 2. Distribution of heavy minerals in the subarcoses of the Merboltice Fm. (mean values from 17 analyses taken at outcrops and in boreholes). 

rutile zircon tourmaline  monazite garnet staurolite anatase kyanite titanite topaz

Number of grains 205 583 232 27 8 6 36 1 6 1

Percentage 18.5 52.9 21.08 2.4 0.7 0.54 3.2 0.09 0.5 0.09
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the flysch-like facies described by Jerzykiewicz (1971) 
and Valečka (1984, 1988). The highest part of this facies 
in the Králíky Trench was classified as Lower Santonian 
by Hercogová (1985). The regressive sandstones and 
conglomerates are also classified as Santonian by Voigt 
et al. (2008) and Wojewoda et al. (2022), who estimated 
their thickness in contrast to Jerzykiewicz’s data as little 
as 85 m. 

Santonian strata outside of the Bohemian Cretaceous 
Basin include occurrences in the North Sudetic Basin. 
Santonian in this basin is characterized by a regressive 
development or in its south-eastern part, deltaic or 
coastal sandstones with clay and coal layers are deposited 
(prograded) over the marine sediments. Towards the NW, 
these deposits pass into marine calcareous mudstones 
(Milewicz 1997, Lezczyński et al. 2022). From the 
geographic position of the deltaic deposits in the North 
Sudetic Basin, it is clear that the connection of the North 
Sudetic Basin with the Bohemian Cretaceous Basin 
was interrupted and a watershed was created between 
the basins. Two source areas, the West Sudetic and East 
Sudetic Island still existing at the end of the Coniacian 
(Fig. 16), formed a connected complex. The detritus for 
Merboltice Fm. was primarily brought from the enlarged 
area of the former West Sudetic Island. Figure 16 shows 
the idea that the aforementioned watershed continued 
further to the SW and divided the Bohemian Cretaceous 
Basin (BCB) in two parts: the Merboltice Fm. formed 
in the western part of the basin (WBCB), while shallow-
water Idzikow sandstones and conglomerates were 
deposited in the eastern part (EBCB). 

The situation in the Opole Cretaceous Basin is un
clear, marine marlstones to limestones are the youngest 
preserved sediments. Walasczyk (1992) and Kedzierski 
(2008) placed these sediments in the Middle Coniacian 
and considered the continuation of marine sedimentation 
into the Santonian as very likely. However, Santonian 
sedimentation is stratigraphically well documented at the 
southwestern, southern and south-eastern margins of the 
Bohemian Massif. On the opposite, a regression occurred 
in the Bavarian Cretaceous (Regensburg Basin or 
Regensburg Gulf) and terrestrial clastics, conglomerates, 
breccias and sandstones with claystone intercalations 
were deposited in its northern part in the Santonian 
(Tilmannn 1964, Meyer 1996). These fluvial and proluvial 
clastics, several-hundred-metres-thick, are defined by 
Niebuhr et al. (2009) as the Hessenreuth Formation. 
Upper part of these clastics (Hesserberg Member) at 
Auerbach is deposited on Coniacian marlstones and 
sandstones belonging to the Hellkofen and Jeding 
formations (Niebuhr et al. 2009). Further to the southeast, 
marine marlstones with beds of fine- to medium-grained 
sandstones were deposited in the Braunau Basin sensu 
Herm (1979) in the Santonian (Unger & Meyer 1996). 

These sediments covered by alpine molasse have been 
verified by drillings in Straubing and Birnbach (Tillmann 
1964, Unger & Risch 1991). Further to the SE to E, on 
the southern and south-eastern slopes of the Bohemian 
Massif, marlstones, mudstones and calcareous sandstones 
were deposited, often with a high glauconite content, as 
evidenced by boreholes into the basement of the Alpine-
Carpathian molasse and the Carpathian folds at Ameis, 
Poysdorf and on the southern Moravia (Řehánek 1978, 
Eliáš & Wessely 1990). These Santonian deposits, 
continuously following the Coniacian sedimentation are 
classified as Pálava Fm. of Lower Coniacian to Upper 
Campanian age (Bubík et al. 1995, Stráník et al. 1996) 
in the Pavlovské vrchy hills in southern Moravia. The 
palaeontological record in the Pálava Fm. demonstrates 
a broad connection with the Tethys area. 

The South Bohemian Basin records continental 
sedimentation of a  fluvial system that flowed into the 
marine area on the south-eastern slopes of the Bohemian 
Massif adjacent to the Tethys. In this basin, fluvial and 
lacustrine, cyclically arranged conglomerates, sandstones 
and claystones were deposited, sometimes coal-bearing, 
forming the Klikov Formation, several hundred metres 
in thickness. The upper part of this formation is classified 
as Santonian (Slánská 1974, Váchová 2007, Váchová & 
Kvaček 2009).

Control on gravity flows

The Merboltice Fm. deposited from gravity flows, 
represents an anomaly due to specific, local conditions in 
a sub-segment of the shrinking sedimentary basin within 
the Santonian sedimentation in the Bohemian Massif (Fig. 
16). The analogous sedimentary sequence was not found 
in other basins in the Bohemian Massif. The formation 
follows the flysch-like facies of the Březno Formation, 
in which gravity (turbidity) flows were also active. The 
flysch-like facies was deposited only at the north-eastern 
margin of the Bohemian Cretaceous Basin, adjacent to 
tectonically active source areas that increased in extent 
during the Coniacian (Valečka & Rejchrt 1973; Valečka 
1984, 1988; Valečka & Skoček 1991). However, the 
flysch-like facies is dominated by calcareous mudstones 
deposited in the shallow (shelf) environment of the 
open sea, as evidenced by the associations of bivalves, 
especially articulated Nucula and inoceramids (e.g. 
Volviceramus and Platyceramus) often in growth position 
and associations of shallow-water benthic foraminifera 
with abundant Neoflabelina and Stensioenia (Hercogová 
& Valečka 1977; Valečka 1984, 1988; based on data from 
S. Čech). The sedimentation of calcareous mudstones 
was occasionally interrupted by deposition of fine sandy 
turbidites, and tempestites, usually a  few centimetres 
to decimetres thick. The ratio of the thicknesses of cal
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careous pelites to the sandy layers ranges from 15.9:1 
to 56.9:1 (Valečka 1984). From the spatial distribution 
of the flyschoid facies, forming the belt bordering the 
basin’s north-eastern margin (Klein et al. 1979), it can 
be inferred that the dominant impulse for the formation 
of gravity flows was an increased seismicity in the 
adjacent source areas that were tectonically active since 
the formation of the Bohemian Cretaceous Basin (Tröger 
1969, Valečka 1979, Klein et al. 1979, Skoček & Valečka 
1983). The seismic activity at the north-eastern margin 
of the basin is confirmed by structures (extention cracks, 
circular and elongate collapse structures and fracture 
zones) and sediments (seismites) produced during seismic 
events described by Wojewoda (1987). The deposition 
of the Merboltice Fm. with its rapid sedimentation of 
dominantly sandy beds from gravity flows represents 
a dramatic change. The sedimentation was influenced 
by accelerated uplift of the source area, due to increased 
movement activity at the Lusatian Fault, which is one of 
the most important structures in the Elbe Fault System 
(Scheck et al. 2002, Jelínek et al. 2020). This Lusatian 
Fault of Variscan origin was characterized by intense 
block movements even before the Cretaceous (Coubal et 
al. 2014, 2015). During the existence of the Bohemian 
Cretaceous Basin, movements on the Lusatian Fault were 
continuous and the most intense of all faults (see also 
Geological and tectonic setting). On the Lusatian Fault, 
structures related to earthquake activity have also been 
identified, although not dated (Coubal et al. 2018). Block 
vertical movements, often inverse, reached hundreds of 
metres to more than 1 km. The rapid uplift of the source 
area led to its accelerated erosion, cut, among others, deep 
into the unweathered granitoids. The uplift may have 
been accompanied by a gradient increase of the bottom 
slope in the adjacent segment of the basin facilitating 
gravity flows activity. Detritus rapidly accumulated in the 
nearshore part of the basin and was transported further 
into the basin by gravity currents. For these reasons, 
I presume the gravity currents were initiated primarily by 
seismic activity at the Lusatian Fault. The gravity currents 
carried detritus in rapidly repeating pulses up to 50 km 
from the basin margin. The frequency of these pulses 
made sedimentation of fine-grained muddy sediments 
deposited from the suspension almost impossible. These 
were deposited only intermittently, in pauses between 
the deposition from gravity flows. They are therefore 
sparse, occurring only in thin layers between some beds 
(sections 4, 10 in Figs 7, 8). It is generally assumed that 
gravity flows are triggered not only by earthquakes but 
also by storms or river floods. Severe storms can increase 
suspended sediment concentrations near the bottom and 
trigger gravity flows (Puig et al. 2004). Currents induced 
by these processes might have been active in the formation 
of Merboltice Fm. 

According to Voigt (2011) and Valečka (2019) deposits 
formed during strong storms occur in the progradation 
area near the Lusatian Fault in the psammitic Jizera 
(Postelwitz) and Teplice fms. These deposits are normally 
graded beds, up to about 1 m thick, with an erosional base. 
The influence of river floods generating hyperpycnal 
flows is not documented as the Merboltice Fm. lacks 
features typical of hyperpycnites – reverse gradation and 
sharp, erosional boundaries within the beds (Mulder et al. 
2003). Another factor that could have triggered gravity 
flows in the Merboltice Fm. is a failure of a thick sand 
layer, rapidly deposited on the sloping nearshore zone. 
Rapidly or gradually deposited thick sand layer may have 
formed at the river mouth as a delta. According to the 
Bailey et al. (2021) rapid or sustained sediment supply 
can produce elevated pore pressure and thus destabilize 
the sediment layer. Moderate storm-waves, for example, 
are then sufficient to collapse the sediment and trigger 
gravity flows. 

Source area, faults activity, climate conditions

The elevated clastic input from the source was com­
pensated by accelerated subsidence of the basin segment 
adjacent to the very active Lusatian Fault, in the subsided 
segment the maximum preserved thicknesses of the 
Cretaceous strata are concentrated (Klein et al. 1979, 
Valečka 1989), with a total value about 1.2 km (Valečka 
1979). The absence of analogous Santonian deposits in the 
North Sudetic Basin can be explained by a weak activity 
of the Intra-Sudetic and Sudetic Marginal faults, located 
at the margins of this basin. Similarly, inactive were the 
West Lusatian and Mid-Saxonian faults, which do not 
manifest themselves as the boundaries of sedimentary area 
or in facies development of the Merboltice Fm. (Fig. 16). 
A possible change of the watershed in the source area that 
was shifted to its north edge may have played a role in the 
deposition of the Merboltice Fm., so that the bulk of the 
detritus was carried into the Bohemian Cretaceous Basin. 
In the source area, mainly granitoids and older Cretaceous, 
and to a lesser extent Permian deposits were exposed. The 
smallest areas were occupied by metamorphites in the 
cover of the Lusatian granitoid Massif. Sedimentation of 
Merboltice Fm. took place in climatic conditions similar 
to those of the South Bohemian Basin. Váchová (2007), 
Váchová & Kvaček (2009) and Heřmanová et al. (2021) 
assumed a humid seasonally dry paratropical to warm 
temperate climate, with a mean annual temperature about 
15 °C and mean precipitation about 800 mm for these 
basins. A similar climate, with a mean temperature of 
about 17 °C and precipitation of 840 mm, was assumed 
by Kvaček et al. (2015) for the underlying flysch-like 
facies. The existence of plant cover in the source area is 
evidenced by centimetre- to decimetre-sized fragments 
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of wood and leaves and abundant small fragments of 
coalified plant matter scattered in the sandstones and 
forming accumulations in the laminas and abundant in the 
mudstones near the top of the beds.

Conclusions

(1) The Merboltice Formation consists of a sequence of 
beds, each up to about 5 m thick. The beds are composed 
of fine- to medium-grained rarely also coarse-grained 
subarcoses, mostly gradationally overlain by dark 
mudstones. Thin, sharp-bounded, light grey to greenish 
mudstone interbeds occur rarely between these beds.

(2) The beds were deposited by gravity flows. The 
majority of the beds were deposited in the first phase 
from a cohesive debris flow that changed into low-density 
turbidity current by the end of the event. Most of the beds 
represent cogenetic turbidite-debrite beds. A smaller part 
of the beds was deposited as single debrites or turbidites. 
The activity of the gravity flows was made possible by 
a clay matrix content between 6% and 15%, sporadically 
up to 17.6%. 

(3) Subarcoses contain 70–85% quartz clasts (average 
78.5%), 6–15% feldspar clasts (average 8%) and 6–15% 
clay matrix. Some of the K-feldspars, including micro
cline, are unaltered or only weakly altered. Among the 
rock clasts, granitoid clasts, consisting of feldspar and 
quartz phenocrysts, occur in addition to quartzite and 
silicite grains. 

(4) Merboltice Fm. is almost fossil-free. The available 
trace fossils cannot be used to interpret water depth as the 
assemblage contains taxa that were reported from both 
shallow and deep-water environments (Ophiomorpha and 
Paleodictyon, respectively).

(5) Merboltice Fm. was deposited during a significant 
regressive phase, also documented in the eastern part of 
the Bohemian Cretaceous Basin and in other Cretaceous 
basins in the Bohemian Massif, in the North Sudetic Basin 
and in the Bavarian Basin.

(6) Merboltice Fm., with the dominant influence of gravity 
flows, represents an anomaly among all sedimentary fills 
of Cretaceous basins of the Bohemian Massif.

(7) The impulse for gravity flows was mostly related to an 
intense seismic activity at the Lusatian Fault that probably 
formed the basin’s north-eastern margin in the Santonian. 
Syndepositional activity of other faults in the Elbe Fault 
System is not documented from the Merboltice Fm.

Other faults in the Elbe Fault System were seismically 
inactive. Another factor triggering gravity flows could 
be storms or a failure of thick sand layers (deltas) at the 
mouths of rivers attacked by storm waves. Structures 
indicating the influence of hyperpycnites (river floods) 
were not detected.

(8) Along the Lusatian Fault, the source area was intensely 
uplifted, exposing older (mainly Cretaceous) sediments 
and granitoids of the Lusatian Massif, and to a  lesser 
extent metamorphites. The uplift was accompanied by 
intense erosion cut even into unweathered granitoids.
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