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Fig. 9.	 Syndepositional deformation structures. A. Large-scale slump-generated deformation (outlined) in mud- to wackestone from 
the uppermost part of elementary sequence 29. Above another thinner bed with the same lithology and steeply dipping subparallel shear 
surfaces (between dashed lines), lower part of elementary sequence 30. The boundary between the elementary sequences (SB) and the 
transgressive surface (arrows) is marked. Hammer for scale. B. View oblique to the slumping direction of deformed package (outlined) 
of marl and wackestone of the maximum-flooding zone; elementary sequence 4. Hammer for scale. C. Ball-and-pillow structure of pack-
stone (outlined) in clayey wackestone, resulting from the development of the stepped sliding surface (dashed line), elementary sequence 8.  
D. Concentric ball-and-pillow structure (outlined) as part of large-scale slump in the upper part of elementary sequence 6. Hammer for 
scale. E. Dolo-marls with flame structure (arrows) in the uppermost part of elementary sequence 31, intruding into cross-bedded grain-
stone from the base of the Sfrazen Bed. F. Ball-and-pillow structure of wackestone in clayey dolo-mudstone developed at the top (de-
formed sequence boundary SB) of elementary sequence 6. G. Laterally well traceable (over 200 to 250 m) sigmoidal structure (highlighted 
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by vertical white lines) comprising the top 40 cm of the wacke-mudstones in the uppermost part of elementary sequence 9. H. Locally 
(several decimetres) developed sigmoidal structure (between arrows), situated 35 cm below G. Above, a wavy structure is recognized.  
I. Vertical sigmoidal structure that laterally correlates with a slump shear surface in the upper part of elementary sequence 8. J. Small 
erosional channel (above arrows), developed in transgressive packstone from the base of the first elementary sequence. In the right flank of 
the channel fill a laterally restricted (about 30 cm) sigmoidal structure (between dashed lines) is visible. K. Lateral view of the level of G 
with the large-scale sigmoidal structure (between white arrows) and inclined shear surface (dashed line). The circle marks the level of the 
structure shown in H. Hammer for scale, elementary sequence 9. L. Wackestone beds from the upper part of elementary sequence 6 with 
folded (between full lines) and sigmoidal (dashed line marks the top) structures. The top of the sigmoidal structure abruptly decreases to 
the right and finally disappears (arrow). The numbering of the elementary sequences is as in Figure 3.
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(Fig. 3; elementary sequences 54 and 61) and even up to  
80 cm (Fig. 8A). The majority of channel-like erosion sur-
faces show gently inclined flanks (Fig. 8C), but in some 
cases they are stepped (Fig. 8A) or very steep to almost ver-
tical (Fig. 8B), indicating a relatively advanced degree of 
cohesion and early lithification of the sediment, into which 
the channel was cut (Ajdanlijsky et al., 2019). 

Based on their lateral traceability, two groups are distin-
guished: erosional surfaces that can be easily followed over 
distances of several tens of metres or more and surfaces 
with laterally restricted development of a few decimetres up 
to several metres (Figs 8C, 9J). The morphology is irregular 
(Figs 8D, 9J) or symmetrical and channel-like (Fig. 8A, C). 

Stacking of multiple erosional surfaces is documented 
at several levels, mainly in the upper part of the section  
(Fig. 3; elementary sequences 54 and 61). 

Several specific surface morphologies can be distin-
guished. A wave-like morphology was observed with point-
ed, narrow crests and wide and smooth troughs (Figs 3, 8D; 
elementary sequence 6). The amplitude ranges from 6 to  
8 cm. These surfaces mark the top of massive to weakly 
laminated mudstones, overlain by massive wackestones 
(Fig. 8D). They can be traced over several tens of metres, 
where they gradually turn into flat bedding planes. They cut 
the lamination in the underlying fine-grained rocks and no 
sign of loading was observed. The origin of these surfaces is 
not fully understood, but it is hypothesized that they are the 
result of storm-wave erosion in a shallow lagoon.

Another group of channel-like surfaces have very smooth 
and sloping contours, developed in intervals within beds or 
bed sets with fine-grained texture. Their amplitude ranges 
from 10 to 30 cm (Fig. 9K) to over 65 cm (Fig. 8E). Since 
there is no change in lithology across such surfaces, they are 
often difficult to distinguish. They are interpreted as shear 
surfaces, resulting from soft-sediment sliding events. 

Firmgrounds 

Two different levels with firmground surface develop-
ment were documented (Fig. 3; elementary sequences 2 
and 21). In both cases they mark the top of wackestones, 
overlain by packstones (Fig. 8F). The surfaces are irregular, 
with amplitudes of several centimetres. Scattered small in-
traclasts were observed along these surfaces, which resulted 
from reworking of the consolidated sediment. 

Syndepositional soft-sediment deformations 

Small-scale folding, slumps, load casts, ball-and-pillow 
structures, as well as sets of sub-vertical, sigmoidal shear 
surfaces of different scale and morphology were document-
ed in the studied section, mainly in the lower part (Fig. 3). 
They may occur as single features, closely spaced and of 
the same type, or as a combination of different types. For 
example, within an interval 5 to 6 m thick, 5 to 9 separate 
levels of up to three different types of such syndepositional 
soft-sediment deformation structures were observed (Fig. 3; 
elementary sequences 6, 8–9, and 29–30). At the same time, 
up to four soft-sediment deformation levels, similar in scale, 
were established above each other within 3.5 m (Fig. 3;  

elementary sequence 28). In lateral distribution, they are 
both local, developed within a few tens of centimetres to 
several metres, or traceable over tens and even hundreds of 
metres. 

Slump structures are present at 14 distinct levels (Fig. 3).  
Generally, these slumps are characterized by chaotic 
folding, most commonly affecting 25–40 cm thick inter-
vals (Fig. 9B), in some cases exceeding 70 cm (Fig. 9A). 
Usually, each slump is developed at one distinct level, but 
they can also be part of cascading sets above a basal shear 
surface (Fig. 8E). Ball-and-pillow structures are often as-
sociated with such cascading slump structures, addition-
ally deforming the hosting materials (Fig. 9C). In particu-
lar cases, the ball bodies have a concentric inner structure  
(Fig. 9D). Simple and pendulous load casts (Figs 4L, 9F) 
can also be associated with small-scale ball-and-pillow 
structures. 

Small-scale folding is another type of syndeposition-
al soft-sediment deformation, common in wacke- and 
mudstones, observed in almost the entire section studied  
(Figs 3, 7C). 

Other commonly observed features in wacke- and mud-
stones are intervals with a set of sub-vertical shear surfaces, 
often with sigmoidal geometry. Their thickness ranges be-
tween 5 to 15 cm (Fig. 9H, I, J, L), but in some beds may 
reach or even exceed 40 cm (Fig. 9A, G). Generally, they 
are locally developed structures, extending laterally over 
several tens of centimetres (Fig. 9H, J) or several metres  
(Figs 8C, 9I, L), and only in very rare cases they can be 
traced laterally over 80 m (Figs 3, 9G; elementary sequence 
9). They are developed above channel floors (Fig. 8C) or in 
channel flanks (Fig. 9D), laterally corresponding to a local 
slide shear surface or to a local erosion surface interpreted as 
storm-induced (Figs 3, 8C; elementary sequence 6). They oc-
cur above small-scale folding or slump structures (Figs 3, 9I;  
elementary sequences 6, 9, 16, and 30). In some places,  
a direct contact between sigmoidal and slump structures can 
be observed (Fig. 9L).

The upper bounding surface of the intervals with sigmoi-
dal structures can be flat over some distance, but in many 
cases it is slightly concave-up or inclined. The reason for 
the latter is that their amplitude gradually decreases when 
traced over some distance, and finally the structure disap-
pears laterally (Fig. 9L). The orientation measurements 
reveal a prevailing NNE–SSW direction of the sigmoidal 
structures, which are interpreted as having formed by slid-
ing of soft but cohesive sediment, possibly by instabilities 
at channel margins (Hardie and Garrett, 1977). Another 
factor that could have controlled the development of such 
syndepositional soft-sediment deformation structures is the 
seafloor morphology. A combination of rapid sedimentation 
and a suitable slope, together with triggering factors, such 
as storm waves, could have led to the slumping and slid-
ing of soft sediment. There are no clear indicators of seis-
mic activity in the area and the limited lateral extension of 
these features makes an interpretation as seismites unlikely 
(Montenat et al., 2007). 

The observed differences in scale of soft-sediment fold-
ing, slumps, ball-and-pillow structures and the sets of 
sub-vertical, sigmoidal shear surfaces evidence syndeposi- 
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tional deformation processes in subtidal ramp settings. 
Small-scale deformation structures, occurring in intertidal 
to supratidal environments, are probably related to expan-
sion (forming tepees) and retraction (forming desiccation 
cracks) of the soft but cohesive sediment. 

Sequence stratigraphy  
and cyclostratigraphy

The sequence- and cyclostratigraphic interpretation fol-
lows the concepts proposed by Strasser et al. (1999). The 
sequence-stratigraphic nomenclature is that of Catuneanu  
et al. (2009), applied independently of the scale of the 
sequences (Posamentier et al., 1992; Catuneanu, 2019). 
Elementary sequences are the smallest units, in which fa-
cies trends and sedimentary structures indicate a cycle 
of sea-level change (first deepening, then shallowing). 
Because even these metre-scale units can be interpreted in 
terms of sequence stratigraphy, the present authors prefer 
to call them “sequences” and not “cycles”. Small-scale se-
quences are composed of several elementary sequences and 
generally display first a deepening and then a shallowing 
trend, with the shallowest facies at the boundaries. Several 
small-scale sequences compose a medium-scale sequence, 
which again displays a general deepening-shallowing trend 
of facies evolution with the relatively shallowest facies at its 
boundaries. If several elementary sequences make up an in-
terval of shallowest or deepest facies, a sequence-boundary 
zone and a maximum-flooding zone, respectively, is defined 
(Montañez and Osleger, 1993).

A total of 67 elementary sequences was identified in the 
Opletnya Member of the section studied (Fig. 3). These are 
generally grouped in fives to form 14 small-scale sequenc-
es, the last one incompletely recorded as a result of erosion 
at the top of the Mogila Formation (Fig. 3G). Two or four 
small-scale sequences are bundled into 5 medium-scale se-
quences, in which three parts can be recognized: transgres-
sive, maximum-flooding, and highstand deposits.

Elementary sequences

The elementary sequences are defined by their bound-
ing surfaces, composition, facies trends, and sedimentary 
structures that indicate a cycle of sea-level change. The base 
of each elementary sequence is marked by the shallowest  
facies, and/or by a laterally traceable erosional surface (se-
quence boundary: SB). Elementary sequences can be subdi-
vided into three parts – a lower part that represents the deep-
ening-up transgressive stage (transgressive deposits: TSd), 
a middle part containing the maximum-flooding surface 
(MFS) and an upper part representing the shallowing-up 
highstand stage (highstand deposits: HSd). The facies com-
position and thickness of these parts varies depending on  
the position of the elementary sequence within the small-
scale and especially within the medium-scale sequence it 
belongs to (Strasser et al., 1999). 

The sequence boundary can be marked by an abrupt faci-
es change, by an erosional surface, by desiccation cracks, or 
by load casts (implying rapid sediment accumulation over  

a soft sediment surface). The erosional amplitude common-
ly is in the range of a few centimetres. Only in one case  
(Fig. 3; elementary sequence 54) an erosion depth of 
about 80 cm was measured (Fig. 8A). Above the sequence 
boundary, well pronounced erosional surfaces may also 
occur. They are interpreted as transgressive ravinement 
surfaces (TS), and the sediment between SB and the ero-
sive TS therefore qualifies as lowstand deposit (e.g.,  
Fig. 3, elementary sequence 54). Intraclast lags at the base 
of elementary sequences are common. Some of them are 
with diffusive contours, indicating very fast reworking of 
not well lithified sediments during transgression; SB and 
TS thus are amalgamated (Fig. 3; elementary sequences 16, 
21, 61). Massive, mainly in the lower part of the section 
(Fig. 4H), and cross-bedded (Fig. 4I) ooidal, peloidal and/
or bioclastic pack- and grainstones (Fig. 6A, B, D, G) in 
the upper part, represent shallow bars or shoals that formed 
during transgression. In the lower part of the section they 
form only 6 to 11% of the sequences (Fig. 3; elementary 
sequences 4 and 6), while in other parts they completely 
build elementary sequences (Fig. 3; elementary sequences 
31–34). In such cases, the base is marked by a transgres-
sive surface and the sequence boundaries generally are not 
developed (elementary sequences defined by transgressive 
surfaces; Strasser et al., 1999). The sequence boundary 
also can be associated with load cast and flame structures  
(Fig. 9E, F). In the upper part of the section, in some units, 
local small-scale erosional channel stacking is observed 
(Fig. 3; elementary sequences 54 and 61). Thin tempestite 
beds are also documented (Fig. 4F). 

The maximum-flooding surface marks the top of the 
transgressive beds or can be identified by the relatively 
deepest facies and/or intense bioturbation (Fig. 4E, K) and, 
in many cases, syndepositional soft-sediment deformation 
such as small-scale folding. Firmgrounds are recorded 
(Fig. 3; elementary sequence 8). Along and above this 
level, the amount of terrigenous components increases, 
forming beds of marls or of mixed siliciclastic-carbonate 
sediment.

In the early highstand part of these elementary se-
quences, massive and laminated (Fig. 4A) and nodular, 
often bioturbated wacke- and mudstones predominate  
(Fig. 5A, D, E). In the lower part of the section, these in-
tervals are dominated by laminated lime- and clayey mud- 
and wackestones (Fig. 3; elementary sequences 7 and 8), 
or by irregular intercalation of marls, limy claystones and 
mudstones (Fig. 3; elementary sequences 22 and 23). Slide 
shear surfaces (Fig. 9C, K) and different types of small-
scale syndepositional folded beds (Figs 7C, 9A, B, L) were 
recorded. Sigmoidal structures of different scales are very 
common (Figs 3, 9G, H, I, K, L; elementary sequences 
5, 6, 9, 16, and 30). In the late highstand part desiccation 
cracks (Fig. 7D), stromatolitic beds, and – rarely – evapo-
rites also were observed (Fig. 7A, B). In the upper part of 
the section, the highstand intervals of the elementary se-
quences are dominated by nodular mud- and wackestones. 
If developed, the content of dolomite (Fig. 5G, H) or par-
tially dolomitized limestones (Fig. 8B) and dolo-marl beds 
gradually increases towards the top and in the uppermost 
part of the section almost all of the elementary sequences 
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are made up of dolomitic limestone (Fig. 3; elementary 
sequences 64 and 65).

Within the lower part of the section, local, small-scale ero-
sional channels (Fig. 3; elementary sequences 7 and 15) and 
slide shear surfaces (Fig. 3; elementary sequences 2 and 5),  
associated with syndepositional soft-sediment deforma-
tions, are developed as small-scale folding and slump struc-
tures. This stage is also associated with some storm-wave-
induced erosion (Fig. 8D).

Small-scale sequences

The elementary sequences described, grouped into sets of 
five, form a succession of 14 small-scale sequences (Fig. 3). 
Mainly in the lower part of the section and only in particular 
cases in the upper part, their base is marked by a pronounced 
erosional surface (Fig. 8B) and/or a intraclast lag (Fig. 4G). 
Ball-and-pillow structures are also developed (Fig. 9F). 
The measured erosional amplitude of these surfaces ranges 
from a few centimetres to decimetres (Fig. 8B). Stacking of 
several erosional surfaces within one elementary sequence, 
situated at the base of the small-scale sequences, is record-
ed in one case (Fig. 3; small-scale sequence 13). In some 
cases, the base is not defined by an erosional surface but 
interpreted with reference to lithological changes and by the 
stacking pattern of the elementary sequences (Fig. 3; small-
scale sequences 8–10).

Generally, small-scale sequences show first a deepen-
ing then a shallowing trend and their boundaries exhibit  
the shallowest facies. Generally, their lower, early transgres-
sive part is dominated by limestones, i.e., litho- and bioclas-
tic or ooid-dominated pack- and/or grainstones (Figs 4G,  
6A, E, H). Massive, laminated, planar, and trough cross-bed-
ding with intraclasts is common (Fig. 4I). Locally restrict-
ed small-scale erosional channels, reactivation surfaces 
and lateral accretion surfaces were documented (Fig. 4J). 
Different types of small-scale cross-bedding, indicating 
wave or current hydrodynamic regimes, are also typical for 
this part. The cross-bedding can be associated with partially 
dolomitized limestones (Fig. 4J). Most often the palaeotrans-
port directions vary in a wide range of orientation (Fig. 3; 
small-scale sequence 5, 7); however, unidirectional patterns 
also occur (Fig. 3; small-scale sequences 8, 13). 

Upsection, marking a deepening facies trend, the propor-
tion of pack- and grainstones in the small-scale sequences 
decreases and the proportion of wackestone, often nod-
ular or laminated, increases. Bioturbation also increases  
(Fig. 4K) and thin shell beds are common features (Fig. 4D). 
The erosion is local and small in scale (Fig. 3; elementary 
sequences 2, 3, and 7), reworking processes are often re-
lated to slide shear surfaces and slump structures (Figs 3, 
8E; elementary sequences 2 and 6), and firmground surfaces 
were recorded (Fig. 8F). Intervals with tempestites (Fig. 4F) 
and storm-wave-induced erosion (Fig. 8D) were observed. 
These features indicate shallow depositional environments 
with, mainly in the lower part of the section, local or even 
laterally developed instability of the still soft sediments, 
leading to syndepositional deformation (Fig. 9D). Ball-and-
pillow structures, indicating a relatively fast rate of sedi-
mentation, also were observed (Fig. 4L). 

The turn-around to a shallowing facies trend was asso-
ciated with a gradual increase of the amount of terrigenous 
material (Fig. 5F), penecontemporaneous or early-diage-
netic dolomitization, and syndepositional soft-sediment 
deformations. The intensity of bioturbation in the interval 
of maximum flooding is still high and gradually decreases 
upwards (Fig. 4B, E). The higher terrigenous content led to 
more nodular structures and platy bedding (Fig. 4C), well 
represented in the lower part of the section (Fig. 3; small-
scale sequences 2, 3, and 5).

In other cases, the shallowing-upwards trend is asso-
ciated with an increase in packstone beds (Fig. 6D), of-
ten cross-bedded, dolomitized limestones and dolomites  
(Fig. 5G, H). These can be associated with different types of 
lag deposits, tepees, and desiccation cracks (Figs 3, 4H, 7D; 
elementary sequences 5, 20, 29, 43, 54–55). Within dolomit-
ic intervals, levels of stromatolites (Fig. 7B) and tempestite 
beds (Fig. 7F) were observed. In places, the dolomitization 
is restricted to a local channel (Fig. 8A). 

Other highstand features of small-scale sequences are 
the increase of erosional and syndepositional soft-sediment 
deformation structures, especially in the lower part of the 
section, where sigmoidal structures are common and inter-
calate or even superimpose small-scale folding, ball-and- 
pillow and slump structures (Fig. 9A–C, G–I, K). Commonly, 
their development is associated with slide shear surfaces of 
different scales (Fig. 8E).

Variations from the above described pattern were ob-
served in two cases: in the Sfrazen Bed (Fig. 3; small-scale 
sequences 7 and 8), where bioclastic to intraclastic pack-
stones predominate almost entirely, and in the uppermost 
part of the section (Fig. 3; small-scale sequences 13), where 
dolomitic lithology is more widely represented. 

The thickness of the small-scale sequences varies be-
tween 6.7 and 29.8 m (average 12.9 m). Below the Sfrazen 
Bed, their thickness is constantly over 15.5 m, while above 
the Sfrazen Bed, it ranges between 6.5 to 10 m (Fig. 3). 

Medium-scale sequences 

Five medium-scale sequences have been identified, each 
subdivided into three parts – transgressive, maximum-flood-
ing and highstand deposits. The number of small-scale se-
quences within them, however, is not equal and varies from 
two to four (Fig. 3). The base of the first medium-scale se-
quence corresponds to the base of the Mogila Formation 
that marks the termination of a significant terrigenous sup-
ply to the basin and the beginning of shallow-marine sedi-
mentation in the study area. This is the second early Anisian 
regional transgression, after the first one at the base of  
the Svidol Formation (Ajdanlijsky et al., 2019). 

The medium-scale sequences are defined by particular-
ly well-developed sequence boundaries and by the trend 
of stacking of the small-scale and elementary sequences, 
which display a general deepening-shallowing trend.

In the transgressive part of a medium-scale sequence, the 
sequence boundary (SB) and transgressive surface (TS) of 
the elementary sequences are very close to each other or 
even amalgamated. The average thickness of the elementary 
sequences from the transgressive part of the medium-scale 
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sequences is 2.3 m. The thickest elementary sequences – 
elementary sequences 7 (5.2 m) and 21 (7.3 m) – occur in 
the two lower, medium-scale sequences (Fig. 3). The lower 
part of elementary sequence 21 is the Zitolub Bed, which 
has a varying thickness. Over a relatively short distance of 
about 400 m, a decrease from 3.6 to 1.9 m was observed. 
Regarding the vertical thickness trends of elementary se-
quences in the medium-scale sequences, the first and fourth 
medium-scale sequence document a gradual upwards thick-
ening, while the third one shows upwards thinning. Another 
feature of the section studied is that in its lower part, the 
average thickness of elementary sequences is in the range of 
3.5 to 4 m, while in its upper part, above the Sfrazen Bed, it 
is in the range of 1.5 to 1.6 m.

Wacke- and mudstones (Fig. 5C, D) dominate the elemen-
tary sequences in the maximum-flooding to early highstand 
stages of the medium-scale sequences (Fig. 3). In these in-
tervals, packstones (Fig. 6D) are rare and completely absent 
in the lower part of the section. Thin grainstone beds at the 
base of elementary sequences were documented mainly in 
the uppermost parts of the section. The sequence boundaries 
are erosional or defined as a sharp lithological contact (Fig. 3;  
elementary sequences 23, 40, and 41). In places, load cast 
structures were observed (Fig. 3; elementary sequence 9). 
The transgressive surface of these elementary sequences 
often is not recognizable, but its position probably is close 
to the sequence boundary. The transgressive part of the el-
ementary sequences found in the maximum-flooding to 
early highstand intervals of the medium-scale sequences is 
dominated by laminated to massive wacke- and mudstones 
that intercalate with thin beds of clayey mudstone and marls 
containing echinoderm fragments (Fig. 5E).

In some medium-scale sequences, the maximum-flood-
ing and early highstand stages are marked by a significant 
increase of the terrigenous component (Fig. 3; elementary 
sequences 12 and 22–23). In the lower part of the section, 
the same parts of the sequences are also characterised by 
relatively intensive syndepositional soft-sediment deforma-
tions (Figs 3, 9A, C, F–I, K; elementary sequences 12–19 
and 26–30).

In the highstand stages of the medium-scale sequences, 
the base of the elementary sequences generally is devel-
oped as packstones and grainstones (Figs 3, 4H, 6C, G). 
However, in the lower part of the section, these lithologies 
are rare (Fig. 3; elementary sequences 12–19), while in the 
upper part they increase and can form almost the entire 
transgressive part of the sequences (Fig. 3; elementary se-
quence 44–48). Massive and laminated wacke- and mud-
stones, occasionally intercalated with mixed siliciclas-
tic-carbonate or even claystone beds, are developed in this 
upper part. In the uppermost part of the section, dolomite 
and dolomitic limestones are observed (Fig. 3; elementary 
sequences 64 and 65). Elementary sequence boundaries in 
the highstand intervals of the medium-scale sequences are 
more often developed as erosional surfaces, and desicca-
tion cracks and tepee structures were observed (Figs 3, 7E; 
elementary sequence 50). Intraclast lags and imbrication 
structures also were recorded.

Regarding the thickness ranges of the elementary sequenc-
es in the highstand stages of the medium-scale sequences, 

a similar pattern as documented in the transgressive stages 
was observed. Their average thickness is around 2.8 m, and 
the thickness of the elementary sequences in the lower two 
medium-scale sequences is more than twice (3.3 to 4.0 m) 
that above the Sfrazen Bed (1.3 to 1.8 m). The thickest units 
were documented in the lower parts with 7.0 m (elementary 
sequence 20) and 6.4 m (elementary sequence 25). An up-
wards-thinning trend of the elementary sequences was ob-
served in almost each of the medium-scale sequences.

Regarding the individual medium-scale sequence thick-
ness, a fairly constant decreasing-upwards trend was ob-
served. The lowermost (first) unit is the thickest (67.5 m) 
and includes small-scale sequences 1 to 4 (first 20 elementa-
ry sequences). The second medium-scale sequence (46.2 m)  
is composed of small-scale sequences 5 and 6. The thick 
high-energy deposits in small-scale sequences 7 and 8 form 
the transgressive part of the third medium-scale sequence.  
It is difficult to define the top of this medium-scale se-
quence, but there is evidence for prolonged subaerial ex-
posure and intensive reworking at the top of elementary 
sequence 50, with small channel stacking, tepees and lag 
deposits. The thickness of the third medium-scale sequence 
(34.2 m) is less than, but close to that of the second one. 
The fourth medium-scale sequence is about 14 m thick and 
comprises small-scale sequences 11 and 12. The unit is as-
sociated with several levels of deep erosion and the promi-
nent erosion surface An1 defining its top (see Discussion).  
Due to regional, most probably Late Triassic erosion, only 
19.8 m of the fifth medium-scale sequence are preserved in 
the studied Tserovo section.

Palynofacies
The composition of the sedimentary organic matter 

within elementary sequences was used to complement and  
underpin the interpretation, based on sedimentological cri-
teria. Changes in terrestrial input, sorting and fragmentation 
of phytoclasts, and prominent acritarch peaks indicate major 
flooding and transgressive-regressive phases. In the Tserovo 
section studied, three major transgressive and three maxi- 
mum-flooding phases show peak abundances of marine 
acritarchs (Fig. 2), corresponding with the sedimentological 
interpretation.

For a high-resolution interpretation, a 7-m-thick interval 
in the lower Opletnya Member (representing elementary 
sequences 8 and 9; Fig. 3) was sampled to identify palyno-
facies patterns used for sequence interpretation (Fig. 10).  
The basal dolomite bed shows the lowest percentage (3.2%) 
of plankton, overlain by bioclastic beds with a marked in-
crease in marine particles, including the first foraminiferal 
test linings in sample 2. Marine plankton shows peak abun-
dance in sample 4 (24.2%) and sample 8 (28.3%), both ho-
rizons showing the highest ratios of opaque to translucent 
(OP/TR) and equidimensional to blade-shaped (ED/BS) 
phytoclasts. Translucent phytoclasts of different sizes and 
shapes are common in samples 2, 3 and 7. High percentag-
es of marine plankton and high OP/TR and ED/BS ratios 
are still characteristic of samples 5 and 9, while samples 
6 and 10 show low plankton percentages of 5.8% and 3.6%, 
respectively. Within the phytoplankton group, acritarchs are 
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most abundant in samples 2, 4, 5, 7, 8 and 9, while prasin-
ophytes are predominant in samples 5 and 9 and they are 
the only plankton group present in samples 1, 6 and 10. 
Foraminiferal test linings are recorded in samples 2, 4, 7  
and 8. Bisaccate pollen grains are the dominant group with-
in the terrestrial particles, spores are rare.

The basal grainstones and wacke-packstones (samples 2  
and 3) are interpreted as transgressive deposits, showing  
a high amount of “fresh” translucent phytoclasts with a 
huge variety in sizes and shapes and a first plankton peak re-
corded in sample 2, marking the initial transgressive pulse.  
In contrast, a very low percentage of plankton (prasino-
phytes) and a high percentage of terrestrial opaque mate-
rial of sample 1 is characteristic of late highstand deposits. 
Thus, the sequence boundary is placed at the base of the bio-
clastic grainstone bed. Its erosional base might indicate that 
the sequence boundary is directly overlain by the transgres-
sive surface. The level of sample 4 seems to indicate maxi-
mum flooding with a prominent plankton peak of acritarchs 
belonging to the Micrhystridium group, the lowest ratio in 
continental to marine particles, and the highest percentage 
of equidimensional, opaque phytoclasts. Percentages of 
marine plankton and equidimensional, opaque phytoclasts 
are still high in sample 5 but the influx of terrestrial parti-
cles is increasing, characteristic of early highstand deposits. 
Prasinophytes are the only phytoplankton in sample 6 point-
ing to a restricted shallow depositional environment, most 
probably lagoonal. This change in the plankton association, 
together with a high terrestrial influx of blade-shaped and 
mixed opaque and translucent phytoclasts, is interpreted as 
indicative of late highstand deposits. 

An increase of marine plankton, dominated by acritarchs, 
plus the presence of foraminiferal test linings in sample 7 
point to transgressive deposits. In sample 8, a peak abun-
dance of marine phytoplankton and foraminiferal test linings 
marks the next phase of maximum flooding. Again, percent-
ages of marine plankton and equidimensional, opaque phy-
toclasts are still high in sample 9, but the influx of terrestrial 
particles is increasing, pointing to early highstand deposits. 
The overlying dolomitic wackestones in sample 10 show nu-
merous large, blade-shaped phytoclasts and a prasinophyte 
association of Tasmanites and Cymatiosphaera, lacking 
acritarchs. They are interpreted as late highstand deposits. 
The erosional base of the overlying packstone to grainstone 
marks the boundary of the following elementary sequence.

Discussion
Lateral facies variation

The cyclic pattern described here has been identified 
also in the neighboring, northern sections Lakatnik and 
Sfrazen along the Iskar River gorge, representing the type 
area of the Mogila Formation (Ajdanlijsky et al., 2019), 
for which, based on biostratigraphic data, a tentative cyc-
lo- and sequence stratigraphic interpretation was presented 
(Ajdanlijsky et al., 2018, 2019).

Generally, the stacking pattern of the elementary, small- 
and medium-scale sequences is the same in all three sec-
tions and the variations found are related to the facies and 

thickness of the sequences (examples in Figs 11 and 12). 
While the thickness of the first two elementary sequences 
in all three sections is almost equal, upwards, in elementa-
ry sequences 3 to 5, the thickness of those of the Tserovo 
section gradually increases from 1.5 to over 4 times com-
pared to the same elementary sequences of the Lakatnik 
and Sfrazen sections (Fig. 11). In the northern sections, the 
portion of grain- and packstone beds in the elementary se-
quences is much higher, while in the Tserovo section wacke- 
and mudstones predominate, with a recognizable increase 
in marls and mixed carbonate-terrigenous component beds. 
In the Tserovo section, also syndepositional soft-sediment 
deformations, such as small-scale folding, slumps, and slide 
shear surfaces are common features. A pronounced lateral 
facies variation was recognized for the Tenuis Bed, inter-
preted as a storm-generated bed (Tronkov, 1968, 1983).  
In the Lakatnik and Sfrazen sections, this bed is a 0.65 to 
1.10 m thick, cross-bedded and partially dolomitized grain-
stone, containing Beneckeia tenuis, while at Tserovo, this 
stratigraphic level is represented by a 0.15-m-thick, massive 
grainstone without clear evidence of storm influence.

The described facies variation gradually disappears up-
section to the level of the Sfrazen Bed and in the upper 
part of the sections, the elementary, small- and medium- 
scale sequences show very similar facies. However, some 
variations persist (Fig. 12). The uppermost elementary se-
quences of small-scale sequence 12 of the Lakatnik and 
Sfrazen sections are dominated by dolo-wacke- and dolo- 
mudstones with evaporites, showing desiccation cracks, 
tepee structures and abundant intraclast lags. For the same 
stratigraphical level in the Tserovo section, the proportion 
of dolomites decreases and is finally replaced by intensive-
ly bioturbated wacke- and mudstones. In all sections, the 
boundary between small-scale sequences 12 and 13 is a pro-
nounced erosional surface with an amplitude in the range of 
0.2 to 0.7 m, associated with abundant and large intraclast 
lags. In the Tserovo section, above this boundary, stacking 
of local erosional channels and domination of cross-bedded 
pack- and grainstones was observed. These features contrast 
with those observed in both northern sections, where the 
proportion of coarse-grained limestone decreases upsection. 
Despite these differences in all three sections, the thickness 
range of the elementary sequences is the same.

Lateral and vertical evolution of depositional 
environments

Mud- and wackestones dominate the lower part of 
the Opletnya Member in the Tserovo section. The first  
6 small-scale sequences show a very small amount of pack- 
and grainstones and a prominent increase in clay content.  
This can be interpreted as a low-energy, deeper and more 
distal setting on the ramp, when compared to the north-
ern sections. The thickness of the elementary sequences in 
Tserovo decreases upsection, marking a loss of accommo-
dation space. Shallow depositional conditions, documented 
by the deposition of grainstones and dolostones, then occur 
in all sections across the ramp, above the Sfrazen Bed.

The consistent orientation of the sedimentary palaeo- 
transport direction towards NNE in almost all the sections, 
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Fig. 10.	 Palynofacies patterns of elementary sequences 8 and 9 of the Opletnya Member (Fig. 3A, B). SB: sequence boundary; TS: 
transgressive surface; TSd: transgressive deposits; MFS: maximum-flooding surface; eHSd: early highstand deposits; lHSd: late highstand 
deposits. CONT: continental particles; MAR: marine particles; OP: opaque phytoclasts; TR: translucent phytoclasts; ED: equidimensional 
phytoclasts; BS: blade-shaped phytoclasts. The legend is as in Figure 3.
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measured in pack- and grainstones documenting transgres-
sive deposits, is an indicator of the ramp morphology with  
a slope to the south. The north-dominated, onshore direction 
of sedimentary transport was also noted as characteristic for 
the transgressive parts of other sections studied in the Iskar 
River gorge area (Ajdanlijsky et al., 2019). 

The ramp morphology is also documented by the vari-
ety of syndepositional soft-sediment deformation, which 
is much more frequent and intensive in the lower part of 
the Tserovo section, below the Sfrazen Bed. Complex, me-
tre-thick, stacked slump units with prominent shear surfaces 
are recorded there, comprising small-scale folding, ball-
and-pillow, and sigmoidal structures. The orientation of  
the sigmoidal structures reveals an almost equal pattern 

(NNE–SSW), indicating a slope, steepening towards the 
south. The present study confirms the relatively local, lateral 
development and the dominance of small-scale, sigmoidal 
structures in the upper, highstand part of elementary se-
quences, as noted in other sections of the area (Ajdanlijsky 
et al., 2019). Moreover, on a large scale, such soft-sediment 
deformation structures with amplitudes over 40 cm are de-
veloped exclusively within early to late highstand deposits 
of the medium-scale sequences. This would indicate that 
during sea-level highstands, the soft sediment bodies pro-
graded towards the south.

The enigmatic sigmoidal structures sometimes have been 
interpreted as tsunamites or as seismites (e.g., Michalik, 
1997; Chatalov, 2001a, b, 2004). However, the position 

Fig. 11.	 Stratigraphic correlation of the first small-scale sequence of the Mogila Formation exposed in the Tserovo, Lakatnik and Sfrazen 
sections (logs of the latter two sections are from Ajdanlijsky et al., 2019). The legend and the numbering of the elementary sequences are 
as in Figure 3. 
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of these structures in the stratigraphic record is common-
ly related to highstand deposits, while seismites or tsuna-
mites would occur sporadically in any type of deposit. The 
interpretation as palaeoenvironmental indicators of high-
stand deposits as proposed by Ajdanlijsky et al. (2019) is 
thus supported by the new data from the Tserovo section. 
Nevertheless, a more detailed stratigraphic analysis of the 
Triassic ramp systems, previously seen as located in regions 
of strong seismic activity, should be carried out, differentiat-
ing carefully between local, regional, seismic, and sea-level 
induced features.

Cyclostratigraphic interpretation

The identification of three palynoassemblages 
(Ajdanlijsky et al., 2019), placing the Olenekian-Anisian 
boundary in the uppermost Petrohan Terrigenous Group and 
the Aegean-Bithynian boundary within the upper Opletyna 
Member (Fig. 2), provides a stratigraphic scheme that allows 
estimation of the time duration of the Opletnya Member 
(Fig. 13). The major sequence boundary Ol4 (Olenekian 4; 
nomenclature according to Hardenbol et al., 1998) is situat-
ed at the top of the Petrohan Terrigenous Group. Sequence 
boundary An1 (Anisian 1) has been identified at the major 
erosional surface between the thin elementary sequences 60 
and 61 (Figs 3, 12), where accommodation was low and the 
facies imply very shallow, subtidal to supratidal conditions 
(evaporites) and reworking. These two boundaries bracket 
the Aegean succession, for which a time span of 1.6 Myr 

has been established (Li et al., 2018; Ajdanlijsky et al., 
2019). Within this time span, 16 small-scale sequences have 
been identified, which means that one small-scale sequence  
represents 100 kyr and thus corresponds to the short orbital 
eccentricity cycle (Hinnov, 2018). In the Opletnya Member, 
12 small-scale sequences are found up to sequence bound-
ary An1 and two more above An1 that are situated in the 
Bithynian (Fig. 13). 

Commonly, the small-scale sequences are composed of  
5 elementary sequences, which consequently are interpreted 
as having formed in tune with the 20-kyr precession cycle 
(Hinnov, 2018). The orbital cycles translate into insolation 
changes, which – through complex feed-back processes – 
then influence climate and eustatic sea level (e.g., Strasser  
et al., 1999; Strasser, 2018). Humid climatic conditions fa-
vour terrigenous run-off and thus the input of siliciclastics 
onto the ramp. Furthermore, autocyclic processes, such as 
the lateral migration of sediment bodies, commonly are 
superimposed on the orbitally controlled, allocyclic para- 
meters. It is therefore not surprising that the elementary se-
quences are complex and do not always show a simple deep-
ening-shallowing trend of facies (Fig. 3). They may contain 
erosion surfaces (e.g., elementary sequences 12, 15, and 22) 
that are here not interpreted as sequence boundaries relat-
ed to eustatic sea-level falls but as being caused by local 
processes, such as channel migration or storm erosion. 
The combination of allo- and autocyclic processes is doc-
umented, for example, in the interval of the Sfrazen Bed 
in Tserovo (elementary sequences 31 to 37), which is also 

Fig. 12.	 Stratigraphic correlation of the An1 boundary detected in the Tserovo, Lakatnik and Sfrazen sections (logs of the latter two 
sections are from Ajdanlijsky et al., 2019). The legend and the numbering of the elementary sequences are as in Figure 3.
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recognized in the same interval exposed in the Lakatnik 
section. In contrast, allocyclicity is prominent in the same 
interval of the Sfrazen section (Ajdanlijsky et al., 2019).

The interpretation of the medium-scale sequences, com-
prising two or four small-scale sequences, is as yet unde-
termined. In South China, Li et al. (2018) identified four 
long eccentricity cycles (400 kyr; see also Hinnov, 2018) 
in the Aegean, while the present study documents five  
(Fig. 13). Most probably, this discrepancy results from  
a combination of allocyclic (e.g., Strasser et al., 2000; 
Boulila et al., 2008) and autocyclic processes, obscuring  
a clear signal of the long eccentricity cycle. 

The comparison of the Tserovo section with the two 
northern sections (Ajdanlijsky et al., 2019) shows the lat-
eral variation of facies composition and thickness, while  
the number of sequences (i.e., recorded orbital cycles) with-
in the succession is constant. This variation is interpreted 
as relating to the ramp morphology, which controlled water 
depth, clay content and the frequency, structure and intensi-
ty of syndepositional soft-sediment deformations. 

The most prominent variations are changes in thickness 
of the elementary sequences within the small-scale sequenc-
es. The thicknesses of the first 6 small-scale sequences in 
Tserovo range between 2.9 and 5.8 m, i.e., almost twice 

those in the northern sections (ranging between 1.6 to 2.7 m).  
Upsection, within small-scale sequences 7 to 12, the thick-
nesses are almost identical in all sections, ranging between 
1.3 and 2.0 m. The same trends were observed regarding 
the thickness of the small- and medium-scale sequences.  
The striking change in thickness pattern occurs at the base 
of the Sfrazen Bed, marking a prominent transgression in 
all sections. In Tserovo, in contrast to the other sections of  
the type area, the base of the Sfrazen Bed is not erosional, 
but associated with load casts and flame structures.

A major marine flooding phase is revealed by a distinct 
plankton peak (Fig. 13). The maximum abundance of ma-
rine acritarchs with 38% of the organic particles occurs in 
the lowermost Opletnya Member (within elementary se-
quences 8, which is part of the maximum-flooding zone of 
medium-scale sequence 1) and is interpreted to correspond 
to the maximum-flooding zone of the large-scale sequence 
Ol4 – An1 (Fig. 13). 

Supra-regional correlations

A robust stratigraphic framework is essential for supra-re-
gional correlations. The cyclicity of Anisian ramp systems 
along the northwestern Tethys margin has been described 

Fig. 13.	 Sequence- and cyclostratigraphic chart of the Opletnya Member in the studied Tserovo section. See text for explanation.
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from Hungary (Török, 1998; Götz et al., 2003) and Poland 
(Jaglarz and Szulc, 2003; Götz et al., 2005), where exist-
ing biostratigraphic schemes provide a reliable time frame. 
Götz and Török (2018) reviewed the cyclicity, described 
from Anisian ramps of the northwestern Tethyan and Peri-
Tethyan realms, and proposed a high-resolution correlation. 
Matysik (2019) questions long-distance correlations, due to 
lateral facies heterogeneities of high-frequency deposition-
al cycles in ramp settings, characterized by synsedimentary 
tectonics, such as the eastern Germanic realm of southern 
Poland. The ramp system of northwestern Bulgaria and its 
lateral extent have been recently discussed by Chatalov 
(2013, 2018). However, precise ages were not provided, due 
to the lack of biostratigraphic age control. With the recent 
palynological studies of Ajdanlijsky et al. (2018, 2019), 
the Olenekian–Anisian boundary and, including conodont 
data, the boundaries of the Anisian substages were identi-
fied in the uppermost Petrohan Terrigeneous Group and 
within the Mogila, Babino and Milanova formations of the 
lower Iskar Carbonate Group, respectively. Based on this 
stratigraphic framework, the timing of deposition can be 
estimated and cyclic hierarchies can be interpreted in the 
orbital Milankovitch frequency band. The precession and 
short eccentricity signals are very prominent, recorded as 
elementary and small-scale sequences, whereas the long ec-
centricity signal, documented in medium-scale sequences, 
is less prominent. 

The use of marine plankton peaks for correlation of 
Tethyan and Peri-Tethyan sequences of different scales was 
highlighted by Götz and Török (2008). Plankton peaks of 
marine acritarchs, recorded in the early Anisian of northwest-
ern Bulgaria, prove to be an additional correlation tool. In the 
present case, the maximum-flooding zone in the lowermost 
Opletnya Member correlates well with the maximum flood-
ing proposed by Li et al. (2018) in South China (Fig. 13). 
Within elementary sequences, palynological signals are also 
recorded and thus regarded as a high-resolution correlation 
tool for future studies across the northwestern Tethys shelf.

Conclusions
A robust biostratigraphic, sequence-stratigraphic and cy-

clostratigraphic framework for the early Anisian (Aegean) 
ramp deposits of NW Bulgaria is established. Detailed anal-
ysis of facies and sedimentary structures allows the defini-
tion of depositional sequences on three levels (elementary, 
small-scale and medium-scale), which are hierarchical-
ly stacked and can be traced laterally between sections. 
According to the chronostratigraphic framework that as-
signs a duration of 1.6 Myr to the Aegean, it is implied that 
the elementary sequences formed in tune with the 20-kyr 
orbital precession cycle and that the small-scale sequenc-
es were controlled by the 100-kyr short eccentricity cycle.  
The medium-scale sequences are difficult to interpret, 
but some could have been influenced by the 400-kyr long  
eccentricity cycle. This cyclostratigraphy enables high- 
resolution correlation across the ramp. 

The facies and sedimentary structures observed all indi-
cate shallow-marine to peritidal depositional environments. 
However, important lateral variations were observed, which 

are attributed to the ramp morphology and to autocyclic pro-
cesses, superimposed on the allocyclic, orbitally controlled 
sea-level changes. The study of sedimentary organic mat-
ter (more marine versus more terrigenous) complements 
the sedimentological and cyclostratigraphic interpretation. 
Moreover, the orientation of palaeotransport direction and 
common syndepositional deformation in the lower part of 
the succession reflects the ramp morphology, with a slope to 
the south. The results presented here are crucial for lateral 
correlation within the distinct ramp system of NW Bulgaria 
and for supra-regional correlation of the Anisian ramp sys-
tems in the northwestern Tethyan realm. 
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