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ABSTRACT

The Early Miocene Bilina Palaeodelta consists of fluvio-deltaic and lacustrine
clastics deposited along the south-eastern margin of the extensional Most
Basin, part of the Eger Graben in north Bohemia (Czech Republic). The Bilina
succession shows evidence of repeated advances of an axial deltaic system
across a thick accumulation of organic material and clay in the hangingwall of
an active fault. Exposures up to ca 4'5 km long in the Bilina open-cast mine
help bridge the gap between seismic scale and typical outcrop scale of
observation and thus allow the relationships between small-scale and basin-
scale stratal geometries to be evaluated. The Bilina Palaeodelta deposits
include sand-dominated, fluvial channel fills and heterolithic sheets
interpreted as delta plain strata, sand-dominated mouth-bar wedges and
heterolithic sheets of prodeltaic deposits, passing distally into lacustrine clays.
The depositional environment is interpreted as a fluvial-dominated, mixed-
load, lacustrine delta with a high degree of grain-size segregation at the feeder-
channel mouths. On the largest temporal and spatial scales, variable tectonic
subsidence controlled the overall advance and retreat of the delta system. The
medium-term transgressive-regressive history was probably driven by episodes
of increased subsidence rate. However, at this temporal scale, the architecture
of the deltaic sequences (deltaic lobes and correlative lacustrine deposits) was
strongly affected by: (i) compaction of underlying peat and clay which drove
lateral offset stacking of medium-term sequences; and (ii) growth of a fault-
propagation fold close to the active Bilina Fault. At the smallest scale, the
geometries of individual mouth bars and groups of mouth bars (short-term
sequences) reflect the interaction among sediment loading, compaction and
growth faulting that produced high-frequency relative lake-level fluctuations
and created local accommodation at the delta front.

Keywords Compaction, delta, Eger Graben, extensional tectonics, forced
folding, growth fault, Miocene.

INTRODUCTION

The stratigraphic geometry of depositional sys-
tems is generally thought to reflect the interplay
of subsidence, base-level changes and sediment
supply (e.g. Van Wagoner ef al., 1990). Subsi-
dence of the basin floor is primarily due to

tectonic processes but it can be significantly
modified by migration of ductile substrates, such
as salt or overpressured clay, and by differential
compaction. In systems with compressible and
mobile substrates, the interaction among deposi-
tion, loading, compaction and/or interstratal
remobilization can produce local accommodation
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that controls the resulting stratal geometries (e.g.
Gay, 1989; Reynolds et al., 1991; Howell et al.,
1996; Hunt et al., 1996). In coal-bearing basins,
syndepositional compaction of peat plays a sig-
nificant, but as yet not fully explored, role in the
depositional evolution and the resulting strati-
graphic geometries (Ryer & Langer, 1980; Elliott,
1985; Flores & Pillmore, 1987; Diessel, 1992;
Nadon, 1998; Michaelsen et al., 2000).

The Miocene Bilina Palaeodelta is an important
coarse-grained depositional system in the exten-
sional Most Basin, the largest sub-basin of the
Cenozoic Eger Graben of Central Europe (Fig. 1).
An extensive lignite seam immediately underlies
the Bilina deltaic succession (Figs 1B and 2).
Evidence presented below shows that an axial
delta system repeatedly advanced across a thick
accumulation of organic material in the hanging-
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Fig. 1. (A) Map showing the location of the Most Basin within the Eger Graben. (B) Regional stratigraphy of the Most
Basin (modified after Shrbeny et al., 1994; the time scale is according to Gradstein et al., 2004).
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wall of a normal fault that was active during
deposition (Fig. 3). The size of the Bilina open-
cast mine (over 45 km of continuous lateral
exposure) bridges the gap between a typical
outcrop scale and a seismic scale (cf. Fig. 2A).
The continuous highwalls expose nearly the
entire depositional system, along roughly one
half of the width of the receiving graben, together
with the underlying lignite, parts of pre-Cenozoic
basement and also faults of regional importance.
All these features make the Bilina Palaeodelta an
attractive case for assessing the relative roles of
tectonics and other controls in the formation of
the exposed deltaic geometries, and potentially a
useful outcrop analogue for lacustrine-deltaic
hydrocarbon reservoirs.

The main aim of this paper was to document
the interplay between tectonic fault-controlled
subsidence, local accommodation associated with
both shale and peat compaction, relative lake-
level fluctuations at a variety of spatial and
temporal scales, and the pattern of delta progra-
dation. The interpretations presented below are of
a qualitative nature, largely because of problems
with accurate dating and estimating the rates of
depositional processes (see below). However, the
results provide useful insight into the wider role
of compaction in controlling stratigraphic geo-
metries in deltaic settings.

GEOLOGICAL SETTING

The Most Basin is one of five sub-basins pre-
served in the Eger Graben (the Ohfe Graben or the
Ohre Rift in other Czech literature). The sub-
basins are separated from one another by volcanic
highs and fault systems that cut the axis of the
Eger Graben at a high angle (Fig. 1A).

Deposition in the Most Basin, and probably
over the entire Eger Graben, took place approxi-
mately from the latest Eocene to the latest Early
Miocene (Fig. 1) based on the geochronology of
the associated volcanics (Adamovi¢ & Coubal,
1999; Cajz et al., 1999; Cajz, 2000) and palaeo-
botanical data (Kvacek, 1998) correlated with the
Geological Time Scale (GTS) 2004 (Gradstein
et al., 2004). Limited biostratigraphical resolution
means that the duration of nested stratigraphic
cycles preserved in the Bilina Palaeodelta cannot
be constrained. On the longest time scale, two
extensional phases are interpreted as having
controlled the subsidence rate and basin geo-
metry (Rajchl, 2006). The first phase was charac-
terized by NNE-SSW to N-S-oriented horizontal

extension, oblique to the rift axis; this extension
caused the formation of an E-W to ENE-WSW
fault system (Rajchl & Uli¢ny, 2000a; Spitdkova
et al., 2000; Rajchl, 2006). This fault system
created a number of depocentres associated with
relatively low subsidence rates (Rajchl, 2006).
The E-W fault segments were arranged in an
en echelon pattern and were probably linked by
relay ramps that locally served as entry points for
clastic input (Fig. 3; Rajchl & Uli¢ny, 2000a; cf.
Gawthorpe et al., 1994; Peacock & Sanderson,
1994). The second phase of extension, with the
extension vector orthogonal to the rift axis,
produced a NE-SW-trending fault system that
overprinted the earlier structural fabric (Rajchl,
2006; cf. Spiéékové et al., 2000). Rajchl (2006)
suggested that the youngest parts of the Bilina
Palaeodelta could have been affected by the
change in the extension direction, but the exact
timing of the change in extension vectors is
unclear. The Bilina Palaeodelta prograded along
one of the Bilina Fault E-W segments, suggesting
that its deposition took place during the first
extensional phase.

The Bilina Palaeodelta is a unit of fluvio-deltaic
clastics overlying an extensive lignite seam that is
ca 30 m thick. The deltaic clastics were deposited
locally along the south-eastern margin of the Most
Basin, where a fluvial system entered a lacustrine
environment enclosed within an extensive peat
swamp during the Early Miocene (e.g. Hurnik,
1959; Mach, 1997). This depositional system is
relatively small (ca 5 km across), up to 150 m
thick and is very well-exposed because of con-
tinuous excavation in the Bilina open-cast lignite
mine. The margin of the preserved Bilina Palaeo-
delta deposits is cut by a segment of the Bilina
Fault (Fig. 2A). Because of the partial erosion of
the depositional record at the margins of the
basin, and because of later reactivation of the
fault systems (Rajchl, 2006), it is difficult to
identify the actual fault segments that governed
the subsidence of the Bilina depocentre. Figure 3
shows the synsedimentary fault pattern inter-
preted for the period of peat accumulation and
the Bilina Palaeodelta activity based on isopach
maps, interpretation of seismic reflection data,
and stratal geometries in outcrop and the sub-
surface (Rajchl, 2006).

METHODS

The deltaic deposits in the Bilina open-cast mine
have been studied using a combination of
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Fig. 3. (A) Interpreted palaeography for the period of
peat accumulation and deposition of the Bilina Palaeo-
delta (modified after Rajchl, 2006). (B) Schematic loca-
tion map showing position of the Bilina Palaeodelta
within the Most Basin, the locations of the cross-sections
shown in Fig. 2, and the reflection seismic profiles
shown in Fig. 4.

photomosaics covering most of the lateral extent
of the highwalls, and vertical sedimentological
logging (Rajchl & Uli¢ny, 1999). The larger scale
geometry of the system was based on the
interpretation of vertical two-dimensional cross-
sections (Fig. 2) constructed from outcrop docu-
mentation of successive positions of highwalls of
the Bilina mine between 1981 and 1996 (Dvorik &
Mach, 1999). General orientation of all docu-
mented highwalls is transverse to the main
depositional dip. Therefore, the cross-sectional
dimensions of sedimentary bodies discussed here

are derived from their lateral extent in the
highwalls, roughly transverse to palaeoflow. Spa-
tial reconstructions of geometries of selected
architectural elements (e.g. mouth bars, channel
fills) are based on correlation of several hundred
cored boreholes (original data in Mach, 2003).
Archive reflection seismic profiles 21/81 and 68/
83, acquired in the early 1980s (Jihlavec & Novak,
1986), were recently reprocessed and reinter-
preted (Rajchl et al., 2003a,b; Fig. 4). These: (i)
provide more precise information on the three-
dimensional geometry of the delta deposits iden-
tified in outcrops; and (ii) constrain the spatial
and temporal relationship between palaeo-
environments and the structural framework.

LITHOFACIES AND DEPOSITIONAL
GEOMETRIES

The Bilina deltaic succession shows a hierarchi-
cal arrangement of depositional geometries
(architectural elements sensu Miall, 1985, 1988,
1991) ranging in length scale from tens of metres
to kilometres (Fig. 5). The small-scale architec-
tural elements are represented by a number of
distinctive lithofacies associations: (i) delta-plain
heterolithic sheets; (ii) fluvial-channel fills; (iii)
sand-dominated mouth-bar wedges; (iv) prodelta
heterolithic sheets; and (v) lacustrine clay sheets
(Figs 5 and 6). At an intermediate scale, these
facies associations combine to form lenticular
packages of fluvio-deltaic deposits, and tabular
packages of lacustrine clay (Fig. 5). The largest
architectural scale is represented by the complete
assembly of deltaic and lacustrine deposits that
comprises the Bilina Palaeodelta (Fig. 2). Its
internal architecture is characterized by a shin-
gle-like arrangement of deltaic and lacustrine
deposits of systematically smaller scale.

The small-scale architectural elements, equiva-
lent to facies associations (Bridge, 1993), record
short-term physical processes (cf. Miall, 1991)
and thus provide a basis for understanding the
nature of the depositional system, and for estab-
lishing a facies model of the Bilina Palaeodelta.
The medium-scale and large-scale architectures
record the evolution of the palaeodelta at the
depositional system and basinal scale, respec-

Fig. 2. (A) Cross-section of the part of the Bilina Palaeodelta depositional system exposed in the Bilina open-cast
mine based on field documentation (modified after Dvofak & Mach, 1999). For location see Fig. 3B. (B) Six medium-
term sequences that are recognized in the cross-section (A) above (for details see text and Fig. 15). (C) Cross-section of
the part of the Bilina Palaeodelta depositional system, oriented parallel to the general direction of the delta pro-
gradation. The cross-section is based on correlation of borehole data. For location see Fig. 3B.
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Fig. 4. Two examples of reflection seismic profiles 21/81 and 68/83 recently reprocessed and reinterpreted (Rajchl
et al., 2003a,b) and showing the geometry and architecture of the Bilina deltaic succession: for location, see Fig. 3B.
(A) Profile 68/83 shows the distal part of the Bilina succession that is composed mostly of prodelta and lacustrine
fines. This profile demonstrates the wedge shape and lateral northern pinchout of the Bilina Palaeodelta. Onlap of
lacustrine strata onto the surface of the Bilina Palaeodelta sedimentary body suggests gradual drowning of the deltaic
sedimentary system. (B) Part of profile 21/81 showing the proximal part of the Bilina succession which is dominated
by sandy mouth bars. The shingle-like architecture and apparent downlap of deltaic strata onto the surface of the coal

seam is well-displayed and documents lateral migration of the deltaic system.

© 2008 The Authors. Journal compilation © 2008 International Association of Sedimentologists, Sedimentology, 55, 1419—1447



Tectonics and compaction in a rift-margin delta 1425
ARCH.
ELEMENT GEOMETRY SEQUENCE
Deltaic syzstem as a whosle P
LARGE-SCALE %00 Lacustrine clays Long-term
150 m thickness 200§ sequence set
5 km width w00l

__.Coal seam—

~.3o

MEDIUM-SCALE 100 m
0-70 m thickness

Medium-term

2-5 km width flpa?tl)(ilge?t:fc Package of sequences
”&" it ! . lacustrine clay
~ €posIts 3000 m .. sheets
,,,, Facies associations
SMALL-SCALE Fvial _—
. uvial elta-plain Sand-domi d h bar ™.,

dm-5 m thickness channel fills heterolithi’:: slheels v::dge:mmate mouth bar Short-term
< | sequences

metres width

tens to hundreds of #p L
10m

= ~ ==
Prodelta heterolithic sheef

500 m

<&
<

»
»

Fig. 5. Hierarchical arrangement of the main sedimentary geometries (architectural elements sensu Miall, 1985,

1991) and their sequence-stratigraphic interpretation.

tively, and provide data for understanding regio-
nal controls on the evolution of the delta. The
descriptive part of the paper begins with a
description and interpretation of the lithofacies
associations followed by evaluation of the depo-
sitional geometries, presentation of a depositional
model and, finally, by consideration of the
sequence stratigraphic aspects.

Lithofacies associations: small-scale
architectural elements

The spatial relationship between the facies asso-
ciations that make up the deltaic system is shown
schematically in Fig. 5. Component facies are
summarized in Fig. 6. Each of the five associa-
tions is described and interpretations of deposi-
tional processes and palaeoenvironments are
provided. The names of the architectural ele-
ments are based on a combination of their litho-
logical and geometric characteristics and are
partly interpretative for ease of further discussion
and because the mutual geometric relationships
in outcrop are generally straightforward. This
section also includes a description and interpre-
tation of the lignite seam.

Delta-plain heterolithic sheets are tens of cen-
timetres to several metres thick and tens of metres
to hundreds of metres wide. Three main litho-
facies are distinguished: (i) intensely rooted

homogeneous deposits (Fig. 7A) ranging in litho-
logy from clay to sand; (ii) carbonaceous mud
(Fig. 7B); (iii) stratified sand to clay (Fig. 7C),
characterized by weakly rooted ripple cross-
lamination, flaser bedding or lenticular lamina-
tion. Tree stumps, up to several metres tall,
locally occur in (i) and (ii).

Interpretation: The intensely rooted homo-
geneous deposits are interpreted as palaeosols
that developed on levées or in densely vegetated
distal overbank deposits or distal crevasse
splays; they dominate the delta plain record.
The type of vegetation was a riparian forest
characterized by a Parrotia-Ulmus association
(Kvacek, 1998). The carbonaceous mud was
deposited in areas of the swamp where the
clastic input was low and marshes and peat bogs
formed. The stratified sand to clay facies is
interpreted as sparsely vegetated areas of the
delta plain, as suggested by moderate rooting. It
represents suspended load and bedload sedi-
ments deposited in areas beyond the reach of
channellized flow. These sediments can repre-
sent deposits of interdistributary bays, crevasse
splays or they may correspond to intervals of
interruption of delta-plain deposition by a short-
term rise in lake level.

Fluvial-channel fills are divided into two types
according to scale: (i) large-scale multi-storey and
multi-lateral channel fills, 50 m to several hun-
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Fig. 7. (A) Intensely rooted homogeneous delta plain deposits. (B) Layer of carbonaceous mud (arrowed) with
coalified tree stump. (C) Stratified sand to clay represented by flaser-bedded silty sand. (D) Thickly bedded het-
erolithic deposits of the proximal prodelta, layers of sand are ripple-bedded and mud layers are characterized by a
high content of organic detritus. (E) Silt to silty clay of the distal prodelta, thinly interlaminated with fine-grained

sand. (F) Thinly laminated lacustrine clay.

dred metres wide (maximum width 600 m) and 3
to 20 m thick, always consisting of a number of
nested channel fills that are 5 to 30 m wide
(Fig. 8A), and (ii) isolated, small-scale channel
fills, 5 to 20 m wide and 05 to 15 m thick
(Fig. 8B). The channel fills, mostly composed of
coarse-grained sand to fine-grained gravel, com-
monly pass upwards into medium or fine-grained

sand. The dominant sedimentary structures are
trough cross-bedding with ripple-lamination in
the upper parts of the channel fills. Lateral-
accretion geometries occur only in the large-scale
channel fills (Fig. 8A).

Interpretation: The large-scale channel fills,
characterized by multi-storey and multi-lateral
stacking, are interpreted as channel-belts formed
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by lateral shifting of channels that were signifi-
cantly narrower than the resulting channel belts
(several tens of metres wide maximum). Channel
deposition was dominated by sandy bedforms
(dunes to ripples). The occurrence of lateral
accretion surfaces and the high ratio between
the channel-fill width and thickness suggests
some degree of sinuosity (Miall, 1996). The
isolated, small-scale channel fills are interpreted
as distributaries that fed individual mouth bars. A
lack of lateral-accretion geometries and a low
spread of palaeocurrents indicate that these
channels were relatively straight (sensu Bridge,
2003).

Sand-dominated mouth-bar wedges are up to
7 m thick and tens to several hundred metres
wide (Figs 9 and 10); they are generally com-
posed of fine to coarse-grained sand. The inter-
nal architecture of the mouth-bar wedges is
characterized by originally flat-lying, trough
cross-bedded or ripple-bedded topsets, and pla-
nar or tangential foresets, commonly steeply
dipping (up to 30°) and typically with inversely
graded laminae. Rarely, ripples migrated up the
foreset slopes. The foresets commonly downlap
sharply on the underlying prodelta heteroliths,
but locally the fine-grained foresets pass tangen-
tially into bottomsets (Figs 9 and 10A).

Homogeneous sand bodies locally occur close
to foreset toes, and backsets (sensu Nemec, 1990;
Massari, 1996) filling erosional scars on foreset
surfaces are common. The sandy topset and
foreset strata are interbedded with centimetre-
thick, silty or clayey layers that pass tangentially
downdip into the prodelta heteroliths and com-
monly overlie the fine-grained foresets, which
also tangentially pass into the prodelta hetero-
liths (see Fig. 10A; cf. ‘interforesets’ in Flores,
1990). In some cases, foresets are not developed
and the mouth-bar bodies are represented by
ripple-bedded or trough cross-bedded horizontal
sheets of sand.

The architecture of the sand-dominated wedges
is commonly affected by synsedimentary normal
faults with listric fault planes (Fig. 11) that are
characterized by a number of vertically stacked
sandy wedges and significant aggradation of the
topsets in the subsiding hangingwalls. These
faults were transverse or slightly oblique to the
direction of mouth-bar progradation. In other
cases, divergence of stratal geometry is not related
to listric faults (Fig. 12) and its causes are
discussed further in the text.

Interpretation: The sand-dominated wedges are
interpreted as friction-dominated mouth bars
(cf. Wright, 1977; Bhattacharya & Walker, 1992;
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Fig. 9. (A) Example of a mouth bar with a Gilbert-type profile. Path of topset roll-over point in the mouth-bar
architecture is an expression of relative lake-level change; offlapping foreset bodies suggest minor relative lake-level
falls. Thin wedge of lacustrine clay, close to the mouth-bar face, is interpreted as a healing phase deposit and together
with thin foreset beds, at the southern end of the mouth bar, represent the transgressive system tract of this sequence.
(B) Group of mouth bars stacked in a compactional sag formed by loading of a thick package of lacustrine and
prodelta deposits — note an incipient growth fault. After filling the available accommodation, the mouth bar pro-
graded away from the sag area (the spatial distance between both pictures is several tens of metres). MRS—maximum

regressive surface; MTS—maximum transgressive surface.

Postma, 1995, among many others). The mouth
bars were typified mostly by a steep mouth-bar
front dominated by grain-flow deposition, and
characterized by a Gilbert-type profile (sensu
Postma, 1990; Bhattacharya & Walker, 1992;
Fig. 13A). The tangential geometry of some fore-
sets could be caused by the erosional effect of a
separation eddy which could also cause ripples to
migrate up the foreset slope (Jopling, 1965).
Locally, the mouth bars have a shoal-water profile
(sensu Postma, 1990) in which the foresets are
absent (Fig. 13B). The combined thickness of the
mouth-bar foresets and sub-aqueous portion of
the topsets is a rough measure of the water depth,
typically not more than ca 2 to 5 m at the delta
front. The shoal-water mouth bars formed in
water depth of ca 1 m or less, although foreset
beds of thickness less than 1 m also occur. The

shallow depth led to frictional effects causing
very rapid lateral expansion of the jets and a fan-
like geometry of the mouth bars (cf. Allen, 1997).

The fine-grained sandy foresets and the fine-
grained muddy layers interbedded with the fore-
sets and topsets represent deceleration of the
water flow and temporal inactivity of the mouth
bars (cf. Flores, 1990). The foresets separated by
these fine-grained interbeds are interpreted as
having been deposited during individual high
discharge events. The bodies of homogeneous
sand, commonly occurring close to foreset toes,
are attributed to collapse of unstable foreset
deposits and downslope movement of grains as
slumps or avalanches (sensu Nemec, 1990). The
resulting scars were commonly filled by aggrad-
ing backset deposition, interpreted as resulting
from hydraulic jumps formed above irregularities

© 2008 The Authors. Journal compilation © 2008 International Association of Sedimentologists, Sedimentology, 55, 1419-1447



1430 M. Rajchl et al.
AS

0Om 10 m 20 m 30m
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vertically unexaggerated

Fig. 10. (A) Photomosaic showing a mouth bar with a Gilbert-type profile: the southern part of the deltaic body
shown in Fig. 11. The arrows show fine-grained and strongly aggradational intervals of the mouth bar, which were
deposited during the later stage of the mouth-bar progradational phase. (B) Part of a laterally extensive mouth bar
occurring in the uppermost part of the Bilina mine exposure. The mouth bar is characterized by an absence of topset
facies coeval with the prograding foresets over the whole exposed length (several hundreds of metres) suggesting
stillstand or a minor relative lake level fall during the progradation of this mouth bar.

Om 10 m

vertically unexaggerated

back-tilted mouth bars

30m

Fig. 11. Example of a deltaic body affected by growth faulting and characterized by systematic stacking of a number
of mouth bars in the hangingwall. Note that several stacked mouth bars correspond to only a single mouth bar seen
beyond the zone of the growth fault to the left and right of the photomosaic. The erosional surface in the middle of the
section formed during uplift of part of the mouth bar, due to rollover anticline growth.

on the foreset face (sensu Nemec, 1990; Massari,
1996). Listric normal faults that affected the
mouth-bar geometry are interpreted as growth
faults (sensu Edwards, 1976; Nemec et al., 1988)
and have been described in the Bilina Palaeodelta

by Rajchl (1999), Uli¢ny et al. (2000), Rajchl &
Uli¢ny (2002) and Mach (2003).

Prodelta heterolithic sheets are up to 4 m thick
and several hundred metres wide in cross-
section, and commonly pass laterally up dip into
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Feeder

channel .
Subaerial

delta plain

Fig. 13. Reconstruction of (A) Gilbert-type mouth bar and (B) mouth bar with shoal water profile. (C) Schematic 3D
reconstruction of the Bilina Palaeodelta illustrating the relationship between the delta lacustrine environment and
the surrounding swamp. The distance between the swamp edge and the delta lobes was several hundreds of metres to

a few kilometres.

mouth-bar sand (Figs 9 and 10). Ripple-bedded or
flaser-laminated fine-grained sand (Fig. 7D) dom-
inate close to the mouth bars, whereas clay
content increases distally. Distal prodelta hetero-
liths are characterized by interlaminated or len-
ticular laminated sand and silty clay (Fig. 7E).
Laterally these deposits pass into the lacustrine
clay sheets.

Interpretation: The continuity between mouth-
bar foresets and the heterolithic sheets suggests
that the latter are bottomsets of Gilbert-type
mouth bars (or their genetic equivalents in case
of shoal-water mouth bars). Current ripples and
frequent alternation of the layers dominated by
sand and clay could indicate deposition from

density currents originating as hyperpycnal flows
(e.g. Flores, 1990; Kostic et al., 2002, and many
others). A significant volume of the prodelta
heteroliths grades laterally into the fine-grained
layers separating the topsets and foresets (Figs 9
and 10A); this feature suggests coeval deposition
on the delta front and prodelta during floods (cf.
Flores, 1990).

Lacustrine clay sheets are thin (a few metres in
thickness) sedimentary bodies that extend for
hundreds of metres to kilometres. These sheets
are formed by thinly laminated, light or dark
brown clay with a varying admixture of silt
(Fig. 7F). Laterally these deposits pass into the
prodelta heteroliths. The boundary between pro-
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delta and lacustrine deposits is defined by their
content of sandy laminae, which are absent in the
lacustrine deposits.

Interpretation: The lacustrine clays represent
the finest grade material delivered to the basin by
the feeder system and deposited furthest from the
mouths of the distributaries. The organic matter
content of the lacustrine clay, represented mainly
by higher plant material, ranges between 1 and
5%, locally up to 9%. The dark colour of some
sheets indicates a relatively lower quartz silt
content and an increased organic carbon content.
The lake is interpreted as fresh water, based on
the observation of fresh water ostracod and
gastropod fossils (Ctyroky & Witt, 1998), and also
by the very low content of total organic-bound
sulphur (0-38% to 2:07%, mean 0:89%, Mach
et al., 1999) in the lignite, especially in the upper
part of the seam.

The lignite seam underlying the deltaic succes-
sion in the Bilina area is ca 30 m thick. The seam
contains several thin interbeds of clay in the
study locality, one of which is up to 2 m thick
(Mach, 2002). According to Sykorova et al
(1997), the bulk of lignite in the study area is
characterized by a xylitic-detritic composition
represented by macerals of huminite and liptinite
groups, 157% average ash content, and reflec-
tance (R,) of 0-36.

Interpretation: According to Kvacek (1998) and
Kvacek et al. (2004) the coal-forming vegetation
represented a coniferous swamp forest dominated
by Glyptostrobus and Athrotaxis. The presence of
Calamus, Sabal, Spirematospermum, Blechnum
and aquatic herbs Stratiotes and Salvinia docu-
ments a high groundwater level and frequent
flooding of the swamp (Kvacek, 1998). The inter-
beds of clay also suggest frequent flooding of the
swamp and subsequent interruption of the
organic deposition by accumulation of fine-
grained clastics.

Medium-scale architecture

The lithofacies associations are grouped into two
types of medium-scale architectural elements: (i)
lenticular packages of fluvio-deltaic deposits; and
(ii) packages of lacustrine clay sheets (Fig. 5).
These medium-scale architectural elements are
arranged in successions separated from each
other by prominent layers of dark lacustrine clay
forming the basal part of the lacustrine clay sheets
(Fig. 2A and B).

The packages of fluvio-deltaic deposits are
characterized in cross-section by a flat lenticular

or wedge-shaped geometry (Figs 2A and 9B).
These bodies are commonly formed by several,
laterally offlapping mouth-bar wedges and corre-
sponding topset and bottomset strata (Fig. 9B).
These bodies range in lateral extent from hun-
dreds of metres to a few kilometres. Figure 5
shows an idealized arrangement of the individual
architectural elements forming a deltaic body.
The thickness of the bodies ranges from ca 3 m to
several tens of metres (to a maximum of 70 m),
with the thick examples affected by growth
faulting (Fig. 11). Hangingwalls of the growth
faults are characterized by multiple stacked
mouth-bar wedges (Fig. 11; cf. Edwards, 1976;
Nemec et al., 1988; Morley & Guerin, 1996).

The packages of lacustrine clay sheets are
composite bodies up to several tens of metres
thick and extend laterally over several kilometres.
In the distal parts of the deltaic system, these
strata laterally interfinger with the uppermost
part of the lignite seam as centimetre-thick inter-
beds of originally lacustrine clay that were sub-
sequently rooted (Fig. 14; Mach, 2002, 2003).
Each of the medium-scale packages of fluvio-
deltaic clastics represents a grouping of individ-
ual mouth bars and closely associated deltaic
facies, and the individual packages of lacustrine
clay sheets represent their downdip equivalents.

Large-scale architecture

The entire Bilina deltaic succession forms a wedge-
shaped body ca 5 km across in the N-S transverse
cross-section (Figs 2A and 4A) and about 15 km
long (in an E-W direction) parallel to the deposi-
tional dip. It reaches up to 150 m in thickness
(Fig. 2). The lower bounding surface of this clastic
body is characterized in transverse section by an
apparent downlap of deltaic-lacustrine strata onto
the top of the lignite seam (the role of compaction
in creating the apparent downlap geometry is
explained further below). Outcrop observations
show that the interaction between the basal parts of
the lacustrine-deltaic succession and the seam is
more complex and includes partial interfingering
of the lacustrine clays with the uppermost part of
the seam (Fig. 14), or an occurrence of an interval
of rooted clays with large tree stumps at the top of
the seam. The upper limit of the Bilina deltaic
succession body is defined by the base of the
overlying lacustrine strata of the Libkovice Mem-
ber (Fig. 2).

The internal architecture of this wedge is
generally characterized by a shingle-like lateral
arrangement of the medium-scale packages
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Fig. 14. (A) Correlation panel, based on borehole data from line of cross-section shown in Fig. 2A, showing the
relationship between Bilina delta clastics and the lignite seam. Numbers 1 to 4 correspond to sequences 1 to 4 in
Fig. 2B. Individual maximum transgressive surfaces, marked by horizons of dark clay, pass into the seam. (B and C)
The photographs show apparent downlap of a dark clay horizon onto the seam. (C) Details from a 50 m long
photomosaic (B) documenting correlation of a flooding surface that can be traced from deltaic deposits into the lignite
seam.
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described above (Fig. 2A) which, in seismic data,
is expressed as oblique reflections downlapping
against the lignite seam (Fig. 4). The sandy facies
of the Bilina deltaic complex pinch out ca 6 km
west of the Bilina Mine (Fig. 2C); the correspond-
ing prodelta and lacustrine deposits extend more
than 5 km further westwards. The well-log data
show a progressive westward decrease in prevail-
ing grain-size of the deltaic deposits. In seismic
section 68/83, the deltaic wedge is represented
predominantly by clay (Fig. 4A). The laterally
offset stacking pattern of sedimentary bodies in
both outcrop and seismic sections reflects a
stepwise migration of the deltaic system towards
the north (Figs 2A and 4B) in addition to overall
progradation of the delta to the west as shown by
well-log data (Mach, 2003; Fig. 2C).

SEDIMENTARY MODEL OF THE BIiLINA
PALAEODELTA

The spatial extent and 3D reconstruction of the
geometry of individual deltaic bodies show a
distinctly lobate morphology (Fig. 13C). This
geometry supports the interpretation of the Bilina
Palaeodelta as a fluvial-dominated, mouth-bar-
type delta with distributaries terminating in sandy
Gilbert-type mouth bars. A significant feature of
the Bilina Palaeodelta is the strong grain-size
segregation between different delta environments.
The delta plain and prodelta were dominated by
muddy lithologies, with a subordinate proportion
of heterolithic facies, whereas the feeder channels
and mouth bars were dominated by sand. Homo-
pycnal turbulent jets were probably the main type
of effluent at the distributary mouths, consistent
with a small difference in density between the
waters of the fluvial feeder system and the fresh
water of the lake. Turbulent mixing and friction at
the distributary mouth led to rapid deceleration of
thejet (cf. Allen, 1997) and the deposition of coarse
material on the foresets. These effects were respon-
sible for the pronounced grain-size segregation, as
well as for the formation of Gilbert-type foresets
(e.g. Postma, 1990). Only fine-grained suspended
sediment reached the prodelta area.

The heterogeneous sediments of the Bilina
Palaeodelta suggest that the fluvial system was
characterized by a mixed sediment load. Individ-
ual channels within the large-scale channel belts
are larger than the small-scale distributaries,
suggesting downstream bifurcation of the chan-
nels — a typical feature of friction-dominated
settings (Van Heerden & Roberts, 1988; Flint

et al., 1989). However, it is not possible to prove
that several mouth bars were simultaneously
active. The abundance and simple infill style of
isolated, small-scale channel fills suggest that
they were short-lived, possibly related to frequent
avulsion (cf. e.g. Frazier, 1967; Tornqvist et al.,
1996). The muddy ‘interforesets’ within the
mouth bars possibly reflect pauses in mouth-bar
progradation caused by avulsions.

The receiving lake is interpreted as having been
initially relatively small with respect to the whole
basin (several square kilometres, Dvotfdk & Mach,
1999; Mach, 2003) and surrounded by peat
swamp over most of the lifetime of the delta
system. Previous studies (Malkovsky, 1995; Suhr,
2003; Rajchl & Uli¢ny, 2005) assume the lake to
have been hydrologically open, with an outlet
situated most likely opposite the Zatec ‘delta’
system (Fig. 3A).

SEQUENCE STRATIGRAPHY OF THE
BILINA PALAEODELTA

The architecture of the Bilina Palaeodelta records
a hierarchy of rapid to longer-term changes in
depositional environment and water depth,
which can be interpreted in a sequence-strati-
graphic framework. In the Bilina Mine exposures,
the most readily recognizable and correlatable
surfaces of sequence-stratigraphic significance are
surfaces of maximum (lacustrine) transgression.
In contrast, sub-aerial unconformities (‘Exxon-
type’ sequence boundaries sensu Van Wagoner
et al., 1988, 1990) are mostly not recognized. As a
result, the sequences described below are genetic
sequences (sensu Galloway, 1989).

The genetic sequence-stratigraphic interpreta-
tion of the architectural elements of the Bilina
deltaic succession follows the hierarchy of the
architectural elements. Three levels of genetic
sequences are recognized (Fig. 5): the small-scale
architectural elements correspond to highly local-
ized, short-term sequences. These are grouped
into medium-term (composite) sequences, recog-
nizable over the whole deltaic system and, in
several cases, traceable into the underlying lignite
seam. The long-term depositional history of the
Bilina Palaeodelta at the basinal scale represents
a long-term sequence set.

Small-scale architecture: short-term sequences

Because of the lack of recognizable sub-aerial
unconformities and sparse evidence for relative
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lake-level falls (see below), a simple two-fold
division of sequences, into regressive systems
tracts (RST) and transgressive systems tracts
(TST), is used in the short-term sequences (cf.
Helland-Hansen & Martinsen, 1996). The term
‘systems tract’ is used in the geometric sense of
Swift et al. (1991) and Helland-Hansen & Mart-
insen (1996). A mouth-bar wedge with correlative
landward and lakeward delta-plain, prodelta and
lacustrine deposits represents a RST of a high-
frequency sequence. In addition to a strongly
progradational geometry, an aggradational geom-
etry is also common, expressed in thick packages
of topset and bottomset (prodelta) deposits. In the
uppermost part of the Bilina deltaic succession, a
laterally extensive mouth bar occurs without
topset facies coeval with the prograding foresets
(Fig. 10B). The offlapping geometry with an
absence of topset strata over the exposed length
(several hundred metres) of the mouth bar sug-
gests the possibility of bypass of coarse clastics,
because of stillstand or a minor relative lake-level
fall during the progradation of this RST.

The TST is weakly developed relative to the
RST. A TST is locally represented by backstep-
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prodelta heteroliths | .
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Short-term sequence |

ping, very thin mouth-bar wedges (Fig. 15) and/or
by a thin wedge interpreted as a healing-phase
deposit (Fig. 9). However, the transgressive phase
is commonly represented only by a pronounced
flooding surface defined by a sharp contact
between the overlying lacustrine clays and the
underlying sandy mouth-bar deposits. In this case
the maximum regressive surface coincides with a
maximum transgressive surface (sensu Helland-
Hansen & Martinsen, 1996). The transgressive
surfaces are commonly marked by a thin layer of
scattered organic detritus, probably as a conse-
quence of wave reworking. The lack of significant
TST deposition is interpreted as reflecting lacus-
trine flooding of mouth bars almost immediately
after their abandonment, presumably resulting
from distributary channel avulsion (e.g. Frazier,
1967; Tornqvist et al., 1996).

The internal geometry of the RST illustrated in
Fig. 9 and the trajectory of the topset edge (i.e.
rollover point) reveal a complex pattern of rapidly
changing depositional geometries, progradation
coupled with topset aggradation, short-term
offlap and progradation with apparent bypass of
the topset suggesting fluctuations in lake level at

N

11 @2uanbas wuaj-Joys

r - =
i =r g el e

L e e 0 o N e [ 7o P

Fig. 15. (A) Example oftwo short-term sequences characterized by relatively thick RSTs compared to condensed TSTs.
The TST of the younger sequence is represented by three retrograding very thin mouth bars. (B) The detail of the mouth
bar on therightin (A) documents a significant role for sagging of the underlying clay during formation of accommodation
for the mouth bar. Location of the lignite seam is several tens of metres below this mouth bar and peat compaction was
not significant in this case. MRS—maximum regressive surface; MTS—-maximum transgressive surface.
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the scale of several tens of centimetres. Within
this short-term RST, a number of ‘parasequences’
or sequences of yet smaller scale can be defined
representing progradational increments of the
foresets, separated by lacustrine mud-draped
flooding surfaces or by several centimetres of
offlap. A more detailed interpretation of such
extremely short-term parasequences, which prob-
ably correspond to individual floods and/or
localized compaction, is impossible because of
the limited stratigraphic resolution provided by
the 2D exposures. In general, there is very little
evidence for relative lake-level fall.

Medium-scale architecture: medium-term
sequences

Each of the medium-scale packages that represent
individual delta lobes or whole deltaic bodies is
interpreted as representing a single phase of delta
progradation following a major lacustrine flooding
episode. The most prominent flooding episodes

onics and compaction in a rift-margin delta 1437

were used to divide the Bilina deltaic succession
into six composite, medium-term genetic se-
quences (Figs 2B and 16), typically composed of
several tens of short-term sequences. Because the
Bilina mine exposure provides only a limited view
of the whole deltaic system, it is emphasized here
that the six medium-term sequences represent only
a partial record of delta evolution; in a cross-
section located elsewhere a different number of
sequences of the same order would probably be
found.

The medium-term sequences show a typical
vertical profile characterized by a shallowing
upward (progradational) pattern: lacustrine and
prodelta deposits dominate in the lower parts,
whereas abundant floodplain strata, with palaeo-
sols and channel fills, characterize the upper parts
of the sequences (Fig. 2A). As in the case of the
short-term sequences, it is difficult to find clear
evidence of a significant relative lake-level fall and
the formation of a sub-aerial unconformity. In
several cases, channels are incised several metres

A TECTONIC SUBSIDENCE + . .
ACCOMMODATION DUE TO Lateral migration of the system
COMPACTION OF SEDIMENTS ydue to decrease of compaction potential of peat
S OVERLYING COAL SEAM I > N
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Fig. 16. (A) Distribution of the six medium-term sequences recognized in the Bilina Mine exposure. Geometry and
stacking pattern of the sequences indicate a significant role for peat compaction during evolution of the deltaic
system. (B) Conceptual model of evolution of stratal geometries of sequences 1 to 6 related to successive loading of

the lignite seam, as exposed in the Bilina Mine. Note the

onlap of younger sequences onto the surface of the seam

reflects the gradual expansion of deltaic deposition to regions with sufficient compaction potential still available.
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deep into mouth-bar deposits, but that does not
exclude the possibility of the extension of a high-
energy, deep distributary channel across the delta
top (Fig. 17). In plan view, sandy equivalents of the
individual medium-term sequences have a lobe-
shape geometry (Fig. 18).

An important link between the evolution of the
deltaic system and the peat swamp is the corre-
lation of the dark clay horizons separating the
medium-term sequences and the clayey interbeds
in the lignite seam (Fig. 14; Mach, 2003). This
interfingering relationship shows that the deltaic
system did not really downlap onto a drowned
peat bog flooded in a single step, but instead it
originally onlapped on the margins of a coeval,
actively growing peat swamp intermittently
flooded by the lake, with organic growth tempo-
rarily suppressed and re-established. Subsequent
compaction resulted in flattening of the seam
surface leading to an apparent downlap geometry.
The seismic resolution does not make it possible
to distinguish the clayey interbeds. Figure 19
shows a qualitative model illustrating the re-
sponse of the clastic lacustrine-deltaic system
and the peat swamp to a cyclical change in lake
level. In this interpretation, the dark lacustrine
clays and the corresponding interbeds in the
seam represent the early RST, recording incipient
progradation of the deltaic system during a period
of high relative lake level following flooding. The
bulk of a typical medium-term sequence repre-
sents a composite RST. The TSTs of medium-term
sequences are suppressed and, if present, are
represented only by several centimetres of light-
grey lacustrine clay. Generally the maximum
transgressive surface coincides with the maxi-
mum regressive surface (sensu Helland-Hansen &
Martinsen, 1996).

Sequence 1 (Figs 2B and 16) overlies the top of
the lignite seam and, over a distance of ca 2 km
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(Fig. 14A), a prominent tree stump horizon that
replaces the topmost parts of the seam in the
central part of the Bilina mine. This interval of
palaeosols with large stumps, developed in up to
6 m of clays (Fig. 14B), also contains a clay-
dominated channel fill laterally passing into the
rooted palaeosol clays (Fig. 20). This interval is not
considered a part of the lacustrine-deltaic succes-
sion: instead, it is interpreted as a distal part of a
fluvial system that carried suspended load into the
peat swamp, in a way similar to that of the Hrabak
fluvial system described from the Most Basin by
Rajchl & Uli¢ny (2005). The boundary between the
rooted clays with stumps and the overlying, lam-
inated, lacustrine clays, constitutes the base of
sequence 1. This sequence is characterized by the
absence of coarse-grained deltaic deposits in the
study area and is represented only by a lenticular
package of lacustrine clay in the Bilina section
(Fig. 2A). The lateral extent of the sandy part of this
sequence is shown in Fig. 18.

Sequences 2 and 3 are characterized by large
deltaic bodies surrounded by relatively thick
accumulations of lacustrine clay. Sequence 2
contains only one deltaic body, which is the
widest and thickest of the whole Bilina section.
The deltaic bodies in sequence 3 are slightly
thinner and show a gradual northward migration
of the main locus of deposition. The deltaic strata
of sequence 2, and of the northernmost part of
sequence 3, were affected by growth faulting.
Sequences 4 and 5 are traceable along the whole
Bilina mine section, and thicken dramatically
northwards (as in the case of sequence 3). The
thinner parts of these sequences in the south are
dominated by delta-plain palaeosols and large-
scale channel fills. Northwards, thick deltaic
bodies, largely deformed by growth faulting,
appear and thicken. Sequence 6 is thin over the
whole Bilina section, and is dominated by mouth

N

- “prodelta heferoliths

Fig. 17. Fluvial channel fills in the upper part of the delta complex (sequence 6) incised into mouth bar and prodelta
deposits. Internal architecture of the channel suggests repeated base-level fluctuations. Locally, clay intraclasts up to
1 min diameter occur on the channel floor. The youngest channel (upperright) is filled by transgressive lacustrine mud.
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Fig. 18. Reconstruction of the areal extent of sandy equivalents of individual medium-term sequences distinguished
within the Bilina Palaeodelta succession based on Mach (2003). (A) Areal extent of tree stump horizon above the
lignite seam (grey line), and mouth-bar sands of medium-term sequences 1 and 2; (B) areal extent of mouth-bar sands
of medium-term sequence 3; (C) areal extent of mouth-bar sands of medium-term sequences 4 and 5; (D) areal extent

of mouth-bar sands of medium-term sequence 6.

bars with a high width to thickness ratio, thick
palaeosols and large-scale channel fills. A specific
feature of the uppermost part of this sequence is
the retrogradation of a set of mouth-bar wedges
towards the Bilina Fault. This retrogradational
package forms a relatively thick (ca 20 m) TST,
and the maximum transgressive surface covering
this package terminates the Bilina deltaic succes-
sion. It is overlain by the Libkovice Member,
interpreted as being fully lacustrine in this part of
the basin (Malkovsky et al., 1985). According to
Rajchl (2006), the drowning of the deltaic system

was caused by subsidence along larger fault
segments which formed during the second phase
of extension.

Note that sequences 5 and 6 are only exposed in
two dimensions, perpendicular to the general
depositional dip. It is possible that additional
medium-scale sequences are amalgamated in the
complex of palaeosols, channel fills and thin
mouth bars. The bulk of these sequences would
have been deposited further basinwards, to the
west of the Bilina region, with the study area
largely bypassed by sediments. During high lake
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(1)
Delta body

Lake level

———

Flooded
peat swamp

Prodelta and lacustrine
deposits

Peat accumulation

@ dark clay
horizon

Lake level

Peat swam
(S

o)

maximum transgressive surface

() Lateral migration of the sequence

Lake level

higher residual
compaction potential

Fig. 19. A simplified model of flooding of the peat swamp surrounding the delta and lacustrine environment, and
formation of prominent interbeds within the topmost part of the lignite seam. General direction of delta progradation
is away from the viewer. Step 1: Increase in lake level, resulting in flooding of the peat swamp and retreat of the delta
bodies. Step 2: Restoration of the peat swamp after filling of accommodation. Step 3: Migration of the deltaic
sequence towards the location with higher residual compaction potential and the resulting gradual onlap onto the

surface of the peat swamp.

levels, lacustrine facies did not reach this part of
the delta plain and, instead, carbonaceous delta
plain mud, interbedded with the palaeosols, may
represent the proximal expression of maximum
transgressive intervals.

Large-scale architecture: long-term sequence
set

The base of the Bilina succession is marked by
the contact of lacustrine clays of sequence 1
with the underlying lignite and palaeosols of the

tree stump horizon shown in Figs 14 and 20.
The fluvial system that began to deposit fine-
grained clastics over a part of the peat swamp,
was sourced from the east, in a way similar to
that of the entire Bilina delta. The fact that it
did not continue to develop as a fluvial system
enclosed in the peat swamp (as described by
Rajchl & Uli¢ny, 2005), and instead was
replaced by lacustrine and deltaic deposition,
indicates a rapid increase in accommodation
that could not be compensated by clastic and
organic aggradation.
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Fig. 20. Partly channellized interval of the lowest part of sequence 1. The channel fill is mud-dominated and is
incised into a prominent tree stump horizon above the top of the main seam. Architecture of the channel fill suggests

polyphase filling.

The overall succession from sequence 1 up to
the middle of sequence 6 generally shows a long-
term regressive trend accompanied by the migra-
tion of the depocentre to the north (Fig. 2A). The
succession of Gilbert-type mouth bars, arranged
in a retrogradational stacking pattern at the top of
sequence 6, could be interpreted as a low-fre-
quency transgressive sequence set on the scale of
the overall Bilina succession. Thus, the whole
Bilina deltaic succession represents a long-term
sequence deposited between two flooding events:
the initial flooding of the peat swamp and the
drowning of the delta marked by gradual onlap of
the lacustrine Libkovice Member (Fig. 2A).

CONTROLS ON THE BILINA
PALAEODELTA DEPOSITION

The general controls that may have influenced the
depositional history and architecture of the Bilina
Palaeodelta include the following: (i) tectonics; (ii)
climatically induced lake-level changes; and (iii)
sediment loading, compaction and growth fault-
ing. The interpreted relative roles of these controls
and their typical depositional record are summa-
rized in Fig. 21 and discussed below.

Tectonic versus climatic controls on
accommodation

Tectonic subsidence caused by regional extension
obviously controlled the formation of the Bilina
Palaeodelta depocentre, but the limited extent of

exposures, younger reactivation of bounding
faults and post-depositional erosion make it
difficult to identify a role for specific faults or to
constrain the timing of displacement. However,
synsedimentary tilting did affect part of the
deltaic succession close to the Bilina Fault
(Fig. 12). As documented below, the evolution
of this fault influenced accommodation and the
resulting stratal geometries.

Deltaic clastics of the Bilina succession and the
underlying seam are tilted basinwards in a zone
extending ca 900 m to the north of the Bilina
Fault, i.e. away from the fault and roughly
parallel to the dip of the sub-seam units (Fig. 2A).
However, fanning of the dip angle between the
underlying units (Cretaceous to Oligocene volca-
nics), the lignite seam and individual Bilina delta
sequences suggest a synsedimentary origin for the
tilt. The general dip angle of the seam top in the
cross-section shown in Fig. 2A, which is roughly
the true dip, reaches ca 18°, locally exceeding 20°
but, within the overlying package of the medium-
term sequences, a gradual upward decrease in the
dip angle (to ca 7°) is observed.

A succession of mouth bars and prodelta to
lacustrine deposits ca 150 m north of the exposed
trace of the Bilina Fault is shown in Fig. 12. Using
the mouth-bar topsets as a rough palaeohorizontal
datum, basinward tilting of ca 10° is estimated to
have occurred prior to the deposition of the
mouth-bar complex (2) in Figure 12. In addition,
the geometry of this mouth-bar complex shows
backtilting due to the activity of small growth
faults. The upward decrease in the dip angle
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Fig. 21. Overview of the accommodation controls interpreted as having affected the architecture of the Bilina deltaic

succession.

results in a basinward divergence of strata that
cannot be explained by post-depositional fault
drag. Instead, it is interpreted as caused by
gradual synsedimentary tilting of the depositional
surface due to forced folding above the upward-
propagating Bilina Fault (cf. Gawthorpe
et al.,1997; Gupta et al., 1999; Jackson et al.,
2005, for similar cases). Growth faults, such as
those shown in Fig. 12, are explained by gravity
sliding (sensu Morley & Guerin, 1996) caused by
synsedimentary tilting (see the following section
for further details of the growth faults).

In general, the stratal architecture in the imme-
diate vicinity of the Bilina Fault reflects a basin-
ward increase in accommodation caused by the
forced folding and provides evidence for syn-

depositional propagation of the Bilina Fault
segment towards the surface. Above sequence 5,
further basinward divergence of strata is not
observed. It is therefore inferred that the Bilina
Fault segment reached the surface at this time and
caused the onset of hangingwall subsidence in
this location.

The widespread flooding surfaces that separate
the lacustrine-deltaic succession from the under-
lying lignite seam and the overlying lacustrine
strata, and those that subdivide the deltaic
succession into medium-term sequences, are
interpreted as indirect evidence for pulsed syn-
depositional fault-related subsidence, rather than
discharge fluctuations or climate-driven lake-
level changes. The possibility of a climatic origin
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for the medium-term transgressive events (caused
by discharge fluctuations) is inconsistent with the
presumed hydrologically open character of the
lake into which the Bilina Palaeodelta was built.
The peat swamp may have been flooded tempo-
rarily, e.g. during seasonal high-discharge events.
However, such floods probably did not result in
flooding of the active mouth bars because the
periods of high discharge would have been linked
to higher sediment supply and hence continued
progradation.

Climatically induced changes in accommoda-
tion are possibly indicated only in the case of
minor forced regressions, documented above by
the short-term offlaps such as that shown in
Fig. 9. Overall, the small-scale sequences of the
Bilina Palaeodelta reveal that the depositional
setting was characterized by relatively high rates
of accommodation creation which suppressed
any tendency for significant relative lake-level
falls. Theoretically, it is possible that the genetic
sequences may have been controlled by fluctua-
tions in sediment supply superimposed on a
long-term, steady subsidence; however, changes
in supply from the hinterland are difficult to
prove and it is unlikely that the pattern of
subsidence was steady, given the evidence for
active faults. Liquefaction-induced deformation
of deltaic deposits was reported by Rajchl &
Uli¢ny (2000b) and Uli¢ny et al. (2000). A further
control on accommodation could have been a
change in elevation of the lake outlet but there is
no evidence for this.

On balance, given the evidence for the syn-
depositional displacements on the Bilina Fault,
pulsed relative lake-level rises were probably
caused by periods of increased subsidence (cf.
Dorsey et al., 1997) and this produced the
flooding surfaces that are traceable throughout
the clastic system and into the top of the lignite
seam. The transition from the early fluvial
system that transported clastics into the swamp,
producing the stump horizon below sequence 1
and the overlying lacustrine-deltaic system,
would have required an abrupt increase in
accommodation, although not necessarily of
large magnitude. An increase in tectonic subsi-
dence rate near the end of the Bilina Palaeodelta
deposition is interpreted from the retrograda-
tional stacking of the youngest mouth bars of
sequence 6. The final drowning, marked by
deposition of the Libkovice Member clays
(Fig. 1B), coincides with an increase in subsi-
dence rate within the entire Eger Graben (cf.
épiéékové et al., 2000; Rajchl, 2006). So far,

however, there is no conclusive evidence to
relate this event to the change in extensional
vectors interpreted by Rajchl (2006).

Compaction and growth faulting

The medium-term sequences 1 to 6 show lateral
shifting of the depositional system through time
(Fig. 16), as well as changes in their geometry and
in the geometry of the internal architectural
elements. The thinning and widening of progres-
sively younger sequences resulted from gradual
filling of accommodation by clastics, accompa-
nied by the depletion of compaction potential of
underlying peat. In particular, sequences 4 and 5
thicken markedly to the north, with sequence 4
onlapping the seam in the northernmost part of
the Bilina mine (Fig. 16A). A reconstruction of
the developing cross-sectional geometries of indi-
vidual sequences exposed in the Bilina Mine is
shown in Fig. 16B. The main mechanism that led
to evolution of the geometries and successive
migration of depocentres of the medium-term
sequences is interpreted as follows: (i) the peat
loaded by the deltaic and lacustrine clastics
began to compact and sag and, thus, created
additional accommodation (cf. Elliott, 1985; Cou-
rel, 1987; Rajchl et al., 2002); (ii) with increasing
filling of accommodation by clastics, and result-
ing compaction of the peat, the system began to
migrate laterally towards locations of higher
compaction potential — i.e. away from the previ-
ously deposited deltaic bodies which have
already depleted the compaction potential of the
underlying coal and clay (Fig. 16B). This mech-
anism is also documented by the upward-increas-
ing percentage of thick delta-plain soils and large
fluvial channel fills, at the expense of mouth bar
and prodelta deposits, observed in the southern
part of the section between sequences 4 and 6 (for
details see Fig. 2A). These delta-plain deposits
are interpreted as a record of condensed deposi-
tion resulting from deceleration of compaction-
induced accommodation.

A possible role of forced folding in the lateral
stacking of the medium-term sequences can be
hypothesized only in the close vicinity of the
Bilina Fault. However, the growing fault-propa-
gation fold probably prevented a possible migra-
tion of the deltaic system southwards.

On the mouth-bar scale, the internal geometry
of the mouth bars typically shows marked
changes during deposition, which indicate local
changes in accommodation (Figs 9B and 10).
Compactional sagging (Fig. 9B) and growth fault-
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ing (Fig. 11) are interpreted as being the most
important causes of the local variations in accom-
modation.

In the case of compactional sagging, local
accommodation was created by loading of sandy
mouth-bar deposits on prodelta and lacustrine
sediments or peat (cf. Elliott, 1985; Courel, 1987).
However, the increase in accommodation was not
contemporaneous with sedimentation. Accom-
modation began to increase after a critical volume
of sediment was deposited, as suggested by initial
rapid progradation of foresets in the first stage of
mouth-bar growth, followed by topset aggradation
resulting from sagging which began subsequently
(Figs 9 and 10A). The flooding surfaces separat-
ing individual progradational phases represent
local drowning events related to episodes of non-
deposition. The flooding surfaces tend to diverge
towards areas of higher local accommodation
(Fig. 9B).

The tendency towards sagging is positively
correlated with the thickness of compactable
substrate beneath the mouth-bar bodies. Upsec-
tion throughout the whole Bilina succession, a
successive decrease in compaction potential of
the substrate underlying the mouth bars is doc-
umented by the overall increasing width/thick-
ness ratio of the mouth bars. For example, thin,
laterally extensive mouth bars characterize the
deltaic bodies in the uppermost part of the Bilina
succession, underlain by a thick accumulation of
heterolithic and sandy strata (Fig. 10B). On the
contrary, vertically stacked and thick, laterally
more localized mouth bars are typical of the delta
bodies in the lower part of the Bilina succession
(Fig. 9B), where they are underlain by thick
lacustrine clays above the lignite seam.

In the majority of cases of growth faulting, the
formation of a growth fault is triggered by loading
of compactible substrate by a rapid input of
coarse-grained sediments (Rajchl & Uli¢ny,
2002) and by the mobility of thick underlying
substrate (cf. Morley & Guerin, 1996). The role of
downslope motions (gravity sliding) during crea-
tion of growth faults (sensu Morley & Guerin,
1996) is inferred only in the case of the growth
faults close to the Bilina Fault, in the zone of
interpreted fault-propagation folding (see above
and Fig. 12). Unlike the other cases, here the
mean dip azimuth of the growth faults generally
corresponds with the dip of the Bilina Fault.

The presence of a growth fault resulted in: (i) a
faster aggradation of topsets within a single
mouth bar compared to the area beyond the
growth fault block; (ii) divergence of hangingwall

strata towards the growth fault plane; and (iii)
vertical stacking of multiple mouth-bar bodies
separated by localized flooding surfaces (Fig. 11).
These effects reflect increased accommodation
creation due to the presence of the growth faults
(i) and (iii), rotation of the hangingwall (ii) and
repeated episodes of incremental slip on the
growth fault (iii). The uplift of the footwall
antiform could have led to local relative lake-
level fall (Fig. 11).

Whether topset aggradation or formation of a
new mouth bar prevailed in the architecture on
the hangingwall side depended on the ratio
between the rates of hangingwall subsidence
and sedimentation. During continued prograda-
tion of an individual mouth bar the increments of
accommodation were insignificant or were com-
pensated for by aggradation of the topsets.
Drowning of the older mouth bar and the creation
of space for a new mouth bar occurred during
episodes of non-deposition that may have
resulted from local fluctuations in sediment sup-
ply. These fluctuations may have also driven or,
at least, influenced the incremental slip on the
growth fault (cf. Morley & Guerin, 1996; Mauduit
et al., 1997).

As in the case of the compactional sags, the
development of growth faults generally depended
on the presence of a sufficient thickness of
compactible substrate (lacustrine deposits and/
or peat) underlying the deltaic deposits. The
tendency to growth faulting increased with the
increasing thickness of the compactible substrate
(see Fig. 2A and C).

Although a significant role for compaction is
documented above for the creation of accommo-
dation, it could not have been the main trigger
that caused extensive transgressive episodes that
separate medium-term sequences. Effects of med-
ium-term transgressions are correlated across the
whole deltaic system and the peat swamp, but a
relative lake-level rise caused by compaction
would affect only the loaded area. On the other
hand, compaction of the peat and, to some extent,
of the lacustrine clays, significantly added to the
primary accommodation of tectonic origin. Com-
paction and growth faulting are interpreted as the
most important causes of local increased accom-
modation at the scale of the short-term sequences.

CONCLUSIONS

The Bilina example shows that, in an extensional
basin with a thick peat accumulation, tectonics
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and compaction can have comparable effects on
stratal geometries on various temporal and spatial
scales. However, the quality and size of the
exposures, together with the geological context,
allow tectonic and compactional effects to be
distinguished (cf. Fig. 21).

An increased rate of tectonic subsidence in the
receiving graben is interpreted as having caused
both the onset and termination of deltaic sedi-
mentation in the Bilina area. The transgressive-
regressive history of the medium-term sequences
(deltaic lobes with corresponding lacustrine
strata) was probably driven by episodes of
increased subsidence rate, but the stratal archi-
tecture of the sequences was strongly affected by
compaction of underlying peat and clay. Com-
paction controlled both the width and thickness
of these sequences, and the lateral migration of
the locus of clastic deposition. The only excep-
tion is observed in the close vicinity of the
Bilina Fault, where fault-propagation folding is
interpreted as having affected the stratal geom-
etry during part of the delta evolution. At short
time scales, the effects of compaction are most
pronounced in the geometries of individual
mouth bars and groups of mouth bars (short-
term sequences). The interaction among sedi-
ment loading, compaction and growth faulting
controlled the high-frequency relative lake-level
fluctuations which defined the short-term se-
quences.
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