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ABSTRACT

Mt. Promina became famous for its coal mines, vertebrate remains and fossil flora, and for the use of its name in de-
noting sediments covering a wide area of the Dinaric coastal range. The Promina Beds of the type area, Mt. Promina,
are up to 1 km thick and evolved in the context of propagating Dinaric deformation towards the foreland. They con-
sist of eight sedimentary units differing in facies, i.e. depositional environments and systems, which include alluvial,
lacustrine, deltaic, lagoonal and shelf deposits. The sedimentary units constitute three depositional cycles. Cycle I is
represented by a late lowstand alluvium, while Cycles II and I1I consist of transgressive and highstand (regressive)
systems tracts. Cycle III also includes a coastal onlap of limestones and an alluvial onlap. Transgressive tracts are
specific in being represented by lacustrine deposits and having non-erosive bases. Falling-stage sediments have not
been identified.

The Promina Beds of Mt. Promina represent an example of sedimentary and sequence evolution at a foreland basin
margin. The evolution of this margin is characterised by structural and stratigraphic complexities including syndepo-
sitional folding, growth strata, angular unconformities, intraformational faulting, alluvial and marine onlaps onto de-
formed basement, and tectonically induced, proximal-distal variations in facies and sediment thickness. The origin
of lacustrine transgressive tracts may have been related to backtilting in the proximal part of the basin.

High sediment supply and subsidence pulses are proposed to have been the two main factors which shaped the dep-
ositional styles, sequence development and distribution of sediments. The dominant role of tectonism in the sedimen-
tary evolution was related to the position of the area within deforming; marginal parts of the foreland basin, situated
in close vicinity to the main, active Dinaric thrust units.
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1.INTRODUCTION

During the late stage evolution of foreland basins, usually
called the molasse stage, sedimentation rates outpace sub-
sidence rates, and deposition occurs in shallow-marine and
continental settings (e.g. FLEMINGS & JORDAN, 1989;
ALLEN etal., 1991; CRAMPTON & ALLEN, 1995). At the

same time, the basin, especially its orogen side, commonly
experiences deformation which provokes specific structural
and stratigraphic complications (review in MIALL, 1978).
This study deals with the Promina Beds (PB), which are re-
garded as representing Palacogene molasse deposits of the
Dinaric orogen (e.g. MARINCIC, 1981). The focus is on suc-
cessions up to 1 km thick, exposed on Mt. Promina (MtP),
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the type area of the PB (Figs. 1-3). The first purpose of this
contribution is to provide basic data on various shallow-ma-
rine, deltaic, lacustrine, and alluvial facies, their vertical pat-
tern and lateral variability, as well as their arrangement in
eight distinct sedimentary units. Using these data, the suc-
cessions of these units are shown to reflect specific changes
in the relationship between accommodation and sediment
supply, which define depositional cycles based on sequence
stratigraphic concepts (POSAMANTIER & VAIL, 1988;
POSAMENTIER & ALLEN, 1999; EMBRY, 2002; CATU-
NEANU, 2006). Later the development of complex relation-
ships between sedimentary, stratigraphic and structural fea-
tures characterising the type area of the PB are described.
The question of dominant factors controlling the sedimen-
tary evolution and sequence development of the studied basin
are also addressed. While some authors proposed a variation
in subsidence rates related to tectonic loading (HELLER et
al., 1988), other workers suggested that eustasy generates
progradational to aggradational cycles in the proximal part
of the foreland basin, where the subsidence always exceeds
the eustatic falls (POSAMANTIER & ALLEN, 1993). Vari-
ation in sediment supply coupled directly with tectonic load-
ing is the third principal factor suggested to dominantly in-
fluence the origin of transgressive-regressive sequences in a
foreland basin (LOPEZ-BLANCO et al., 2000; MARZO &
STEEL, 2000). The complex history of the type area of the
PB is discussed in the context of its specific, marginal posi-
tion in the foreland basin, which was strongly influenced by
tectonism.

2. GEOLOGICAL SETTING AND STUDY AREA

The PB is situated in the outer part of the Dinaric orogen, in
the imbricate-folded belt, which roughly corresponds to the
Dinaric coastal range (Figs. 1, 2). This belt consists of Cre-
taceous to Eocene platform carbonates, Eocene-Oligocene
foreland basin clastics, and minor Neogene and Quaternary
deposits (e.g. MAMUZIC, 1975; IVANOVIC et al., 1978).
On its inner side, it is bounded by larger Dinaric thrust units.
Along its Adriatic side, it is bounded by the foreland, which
is a common to both the Dinarides and the Apennines (Fig.
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Figure 1: Location of the Promina basin within the Adriatic coastal range
and Dinaric orogen. Framed area is shown in Fig. 2.
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Figure 2: Location of the Promina basin (dark grey) within the imbricate-
folded belt (light grey), which is bounded by important thrust faults: V, Ve-
lebit-Knin-Mosor Thrust to NE, and TV, Trieste-Vis Fault Zone to SW. Simpli-
fied after PRELOGOVIC et al. (2003; with references). Framed area is shown
in Fig. 3.

1). For most of the Mesozoic to Eocene period, the area of
the imbricate-folded belt was part of the carbonate platforms,
which characterised a major part of the future Outer Dina-
rides (VLAHOVIC et al., 2005; KORBAR, 2009). The SW-
directed (present-day orientation) propagation of tectonic
deformation of the Dinaric orogen, and related migration of
foreland basins, led to basin formation in the area of the pre-
sent-day imbricate-folded belt during the Middle Eocene
(e.g. IVANOVIC et al., 1977; MAMUZIC, 1975). The basin
was filled by deep-water clastics known as the Eocene flysch
(e.g. MARINCIC, 1981; BABIC & ZUPANIC, 2008), and
by more than 2 km of Middle Eocene-Early Oligocene PB
(IVANOVIC et al., 1978; MAMUZIC, 1975; SAKAC etal.,
1993) regarded as representing a molasse (CHOROWICZ,
1977; HERAK & BAHUN, 1979; MARINCIC, 1981). It is
possible that the Promina basin was carried piggyback (BA-
BIC etal., 1995) on a huge, complex nappe (KORBAR, 2009).
Parts of the PB originated in alluvial, coastal, deltaic, and
shelf settings, and the successions of PB display a cyclic ar-
rangement of sedimentary units related to the fluctuation of
relative sea-level (ZUPANIC, 1969; BABIC & ZUPANIC,
2007 with ref.; MRINJEK, 2008). Two main “orogenic phases”
have been cited for the area: before the PB, in the Middle
Eocene, and after the PB, in the Oligocene-Miocene (IVA-
NOVIC etal., 1978). The recently proposed Miocene age of
the coastal flysch, and a younger age for fan deltaic and al-
luvial deposits of the PB (MIKES et al., 2008), challenged
previous, Palacogene dating, and requires caution and addi-
tional confirmation.

The study area coincides with the type area of the PB in
Mt. Promina (MtP) (Fig. 3). This area became famous for its
coal mines, vertebrate remains, fossil flora (reviews in KER-
NER, 1901, and MARKOVIC, 2002), as well as for a debate
on the location of an unconformity which would be related
to the main deformation of the coastal Dinarides (SAKAC
etal., 1993 with ref.). Several papers have described the suc-
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Figure 3: Outline geology of MtP and its vicinity. Simplified after VANOVIC
et al. (1977). Age of PB after KUHN (1946) and SAKAC et al. (1993). Thick,
dashed line delineates the study area presented in Fig. 5.

cessions of PB in MtP (Fig. 4). However, knowledge on the
sedimentary and basin evolution of this critical area for the
evolution of the Dinaric orogen has remained fragmentary.
This also applies to the dating of the sediments for which the
age has loosely been defined as spanning the late Middle
Eocene to Early Oligocene (KUHN, 1946; SAKAC et al.,
1993). Since the 19th century, the Promina name has also
been used for much thicker successions exposed in a consid-
erably larger area (Fig. 2). However, a correlation along the
Promina basin has shown that the MtP area contains the up-
per part of the entire PB (BABIC & ZUPANIC, 2007). This
is related to an overall, NE trending onlap of PB (QUITZOW,
1941), and the location of MtP in the NE, marginal part of
the basin. A previous study of the PB, which covered only
parts of MtP, reported on an alluvial unit, lacustrine unit, and
shelf/delta cycles, which were compared to lowstand, trans-
gressive, and highstand systems tracts, respectively (Fig. 4).
The work presented here includes the entire succession, from
the basal unconformity to the youngest strata on the moun-
tain top. It is based on the study of a considerably larger area
of the mountain, and takes into account important lateral chan-
ges reported by ZUPANIC (1969).

3. METHODS

MtP displays well exposed individual segments of sedimen-
tary successions at different locations, while more continu-
ously exposed sections are uncommon. This hampered the

work, especially in finer grained rocks and in transitions be-
tween sedimentary units, as well as for correlation. This was
partly overcome by mapping at a scale of 1/25000 and lo-
cally at 1/5000 scale, and by studying rather closely located
sections. Twelve logs have been measured at 1:100, and 1:50
scales. Field data were complemented by the study of more
than 200 thin-sections.

4. GROSS COMPOSITIONAL DATA

Most of the studied clastics commonly contain lithoclasts
which are almost exclusively carbonate in composition, with
a high dominance of Cretaceous and Middle Eocene lime-
stone clasts. There are exceptions which are specified at ap-
propriate places in the text.

5.DESCRIPTION AND INTERPRETATION OF
SEDIMENTARY UNITS

This section presents the basic data on the facies of sedimen-
tary units and the main aspects of their depositional environ-
ments and systems. The units have been separated based on
sharp vertical changes in facies. They are therefore lithostrati-
graphic units and, at the same time, are allostratigraphic and
“mappable” (Figs. 5 and 6). Their areal distribution, cyclic
organisation and bounding surfaces are discussed below in
section 6.1.
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Figure 4: Current and earlier subdivisions of upper PB (simplified). 1, MtP:
reconstructed from KERNER's data (1894, 1986). 2, MtP: from ZUPANIC (1969);
T-R, Transgressive-regressive cycles start with marine strata and end with
either lagoonal, swamp, deltaic, or alluvial deposits. 3, Largest part of the
Promina basin: compiled from BABIC & ZUPANIC (1990, 2007), ZUPANIC et
al. (1988), and BABIC et al. (1995). 4, MtP: after BABIC & ZUPANIC (2007). 5,
MtP, this work. Logs from MtP refer to its main, southern part. LST, TST and
HST are lowstand, transgressive and highstand (regressive) systems tracts,
respectively. Small marks in the upper HST of logs 3 and 5 symbolise sub-
cycles (schematically). For details see text.
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Figure 5: Geological map of stratigraphic units of the PB in MtP described here. Areas close to and including the Lower lacustrine unit (U2) is poorly ex-
posed and structurally complex and its boundaries may be tectonised. Gilbert deltas are more numerous than presented. For discussion see text.

5.1. Basal alluvium (U1)

5.1.1. Description

Unit 1 is up to 400 m thick, starts above the Middle Eocene
Foraminiferal Limestones and local bauxite deposits (Figs.
5, 6), and consists of two alternating facies associations. The
first one is represented by sheet-like conglomerate bodies,
up to several metres thick, and more than 100 m wide, which
include lenses and thin intercalations of horizontally and
cross-laminated calcarenites (Fig. 7/1). The conglomerates
of these bodies are horizontally bedded to gently inclined,
with b-axis imbrication pointing towards the S to SW, and
are rarely, cross-bedded. They may be erosionally based with
up to 40 cm deep scours, and may pinch out. The second fa-
cies association includes mudstones, calcarenites, and minor
conglomerates. The mudstones may contain silt and calcar-
enite laminae, are bioturbated, and display rhizocretions, pe-
dotubules, reddish mottling and pedogenic nodules. Calcar-
enites are up to 30 cm thick and either horizontally laminated,
cross-bedded or current-ripple laminated. They commonly
display plant debris, leaves, stems, and branches, as well as
pedogenic alteration. Conglomerates and calcarenites rarely

form less than 1 m thick channel-fills encased in calcarenites
and mudstones. A few, up to 60 cm thick, matrix-supported
conglomerates occur in the middle-upper part of the unit.
Locally deformed bedding might represent traces of former
tree stumps.

In contrast to the high predominance of Cretaceous and
Middle Eocene lithoclasts typical for the PB as a whole, the
upper part of the unit contains clasts of other formations.
They include Triassic dark limestones and dolomites, simi-
lar carbonates which may be Jurassic and/or Permian in age,
Eocene limestone breccias, as well as conspicuous Lower
Triassic, violet sandstones and ooid grainstones. Some cal-
carenites are composed of 5-30% non-carbonate particles.
There are also minor coated pebbles, oncoids, cylindrical
stromatolites and stromatolite intercalations (Fig. 8). The
later may include calcified cyanobacterial filaments, gastro-
pods and ostracods.

5.1.2. Interpretation

The features of sheet-like conglomerate bodies suggest the
activity of braided streams, characterised by longitudinal
bars and intervening channels, with cross-bedded conglom-
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T/R, transgressive-regressive turnaround. MFS, maximum flooding surface. Some bodies assigned as Gilbert deltas may possibly represent beach depos-

its. For location see Fig. 5. For explanation see text.

erates deposited at fronts and/or flanks of the bars (reviews
in COLLINSON, 1996; MIALL, 1996). Some calcarenites
in these bodies are erosional relics, while others fill scours
originated during the falling river floods. The sheets indicate
wide channel belts. The second facies association originated
in floodplains most of which have been vegetated as indi-
cated by pedogenic alteration, and locally contained smaller
channels. Laminated and cross-bedded calcarenite beds have
been deposited by sheet-floods over the floodplains. The pa-

lacotransport was directed towards the SSW. Rare debris-
flow conglomerates possibly indicate a short-term proximity
to alluvial fans.

Carbonate precipitation during the upper part of the unit
took place in stream channels, while some stromatolite in-
tercalations may indicate short-lived ponds (cf. ANADON
& ZAMARRENO, 1981). The precipitation was mediated
microbially, as suggested by cyanobacterial filaments. These
carbonates indicate a lot of available water and dense veg-
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Figure 7: lllustrative segments of successions in Fig. 6. For vertical position of logs see Fig. 6.
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Figure 8: Stromatolite intercalation in alluvial conglomerates of U1 is lat-
erally (right) combined with protruding and domal forms. Lens cap is 4.4
cm in diameter. Sv. Ivan in Fig. 5.

Figure 9: Laminated lacustrine limestone of U2. Hammer is 32 cm long.
Log D, 466 m in Fig. 6 (see also Fig. 7/2).

Figure 10: Floodplain palaeosol mudstone with calcite cemented tubes of
former root hairs and partly developed alveolar-septal fabric (upper left
and lower right). U3. Log B, 565 m in Fig. 6.

etation. NIKLER (1982) and MARKOVIC (2002) cite a thin
coal seam (“3" Bed” of miners), which seemingly belongs
to the upper part of the unit. If so, a floodplain swamp also
existed.

5.2. Lower lacustrine unit (U2)

Unit 2 (Figs. 5, 6, 7/2) includes a 0.2 m thick clay horizon
with coal laminae containing gastropods, and overlying, la-
minated limestones, a few metres thick (Fig. 9), with ostra-
cods, cyanobacterial filaments, characean encrustations and
gyrogonites, gastropods, bivalves, and plant leaves. The clay
with coal laminae is probably a lateral equivalent of the “2nd
Bed” or “Lower Bed” of miners cited by NIKLER (1982),
and MARKOVIC (2002).

The clay layer with coaly intercalations probably origi-
nated in a swamp. It was followed by a shallow carbonate
lake characterised by microbial mats, and typical lacustrine
biota (review in TUCKER & WRIGHT, 1990).

5.3.Lagoon to alluvium (U3)

5.3.1. Description

The thickness of Unit 3 varies from 80—150 m. Its lowermost
part is either tectonised with possible small-scale repetitions,
or covered by vegetation. It possibly includes an isolated out-
crop (“?” in Fig. 6E), consisting of 3 m of marl and 1.3 m of
stromatolites. Above the covered interval there is an alterna-
tion of mudstones, calcarenitic mudstones, and calcarenites
which may contain very rare, smaller benthic foraminifera
(Fig. 7/2). Minor conglomerate intercalations also occur. In
the upper part of this segment, rhizoliths, nodular palaeosols,
and plant remains become common, while foraminifera dis-
appear. Conglomerates may show basal scours, and occasion-
ally fill shallow channels oriented N-S. The thicker, upper part
of the unit is laterally variable. It may be dominated by alter-
nating sheet conglomerates with an average palaeotransport
towards the South, and pervasively pedified calcarenites and
mudstones (Fig. 10), thus resembling Unit 1. The upper part
may also include a package of massive, poorly sorted, pebble
to boulder conglomerates (Fig. 11), with clasts attaining 2 m
in diameter and minor, pedified calcarenites (Fig. 7/3). Some
of the later conglomerates show inverse grading in their basal
part, and others have protruding large clasts at the top (Fig.
7/3). This sediment package forms prominent rocky walls on
the SW mountain slopes.

5.3.2. Interpretation

A rare marine fauna, represented by smaller benthic fora-
minifera, contrasts its common occurrence in other shallow-

Figure 11: Detail of a debris flow unit. U3. Hammer is 32 cm long. Log B,
525 minFig. 6.
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marine deposits of PB, and might reflect restricted marine
conditions for the lower part of the unit, where clastics pre-
sumably derived from a river mouth. The setting was prob-
ably a lagoon. It subsequently evolved into a vegetated
coastal plain, as suggested by pedogenic features occurring
upwards. Hence, one might envisage a delta (“shelf delta”
of ETHRIDGE & WESCOTT, 1984) prograding into the la-
goon. This environment was followed by alluvial settings
including floodplains and channel belts, similar to those in
Ul, as well as a local, interfingering alluvial fan(s) charac-
terised by common debris flows. The isolated outcrop of
marls and stromatolites possibly corresponding to the low-
ermost part of the unit could represent a local lacustrine ep-
isode following the lagoonal onset of the unit.

5.4. Middle lacustrine unit (U4)

5.4.1. Description

Unit 4 (Figs. 5 and 6) is laterally variable. To the SW (Figs.
7/3, 7/4) there is a discontinuous, up to 1 m thick clay hori-
zon with lignite laminae and 8 m of brown limestones. The
later are mostly laminated, and display cyanobacterial fila-
ments, ostracods, bivalves, and gastropods, less characean
encrustations and gyrogonites (Fig. 12a), and leaves. Pack-
stones and wackestones with the same components also oc-
cur, as well as minor oncoidal limestones.

To the E, there is succession of coaly rocks, clastics, and
limestones (Fig. 7/5) up to 34 m in thickness. Of two subu-
nits of coaly sediments, the lower one is lignite, while the
upper one is coaly shale with molluscs. Together they have
been referred to as the “Main Bed” or “1st Bed” by miners
(NIKLER, 1982; MARKOVIC, 2002). Limestones comprise
three subunits. They are strongly weathered, except for a 4
m thick, upper segment which is similar to limestones in the
SW area (Fig. 12b). Weathered sediments locally include
stromatolites with molluscs, characean encrustations, gas-
tropods, bivalves and ostracods, traces of carbonaceous ma-
terial, as well as marly and clayey laminae and possible la-
custrine chalk intercalations. Organic material was probably
responsible for dissolution of much of the carbonate, and for
the strong weathering. The sub-unit of calcarenites and con-
glomerates is 2 - 4 m thick. The calcarenites include lime-

Figure 12: Lacustrine limestones of U4. (a) Thin section of mudstone with
characean gyrogonites. Log C, 576 m Fig. 6. (b) Horizontally and wavy lam-
inated limestone. Lens cap is 4.4 cm in diameter. Log F, 595 m in Fig. 6.

2mm

Figure 13: Bioturbated foraminiferal packstone from a tempestite interca-
lation in shelf mudstones. Tests of Discocyclina, Operculina and Nummulites
(among others) are readily observed. U5. Log K, 844 m in Fig. 6.

Figure 14: Below the prominent bedding plane, calcareous mudstones with
three calcarenite intercalations (CA), and one foraminiferal packstone (F) are
visible. Above, there is a 14 cm thick calcarenite overlain by a debris flow con-
glomerate. U5. Lens cap is 4.4 cm in diameter. Log G, 668 m in Fig. 6.

stone clasts, coated grains, stromatolite fragments, ostracods
and mollusc debris, and 5-30% non-carbonate particles. Peb-
bles in the conglomerates may be coated by microbial lami-
nae.

5.4.2. Interpretation

The lignite (NIKLER, 1982) originated from peat accumu-
lated in forest swamps (e.g. TUCKER, 2001). Hogs and cro-
codiles (KERNER, 1901) inhabited such environments. La-
minated limestones including microbial laminae originated
in carbonate lakes (review in TUCKER & WRIGHT, 1990),
and the same is true for weathered carbonates. A transitional
setting with seasonally(?) alternating swamp and lake con-
ditions resulted in alternating carbonate and carbonaceous
laminae. As the clastic sub-unit lacks typical marine biota
and is associated with lacustrine and swamp deposits, it may
represent a lacustrine delta episode.

5.5. Shelf/delta alternation (U5)

5.5.1. Description

Unit 5 is up to 300 m thick and wedges out laterally (Figs.
5, 6,24,26). It starts with marls, which contain common plant
debris and leaves, smaller benthic and planktonic foramin-
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Figure 15: A 2 m thick slump unit involved alternating calcarenites and
mudstones, which also occur below and above the slump. U5. SW slope of
MtP.

Figure 16: Most of the prominent rocky walls are formed by conglomerate-
dominated bodies including bottomset, foreset and topset beds of Gilbert
deltas. Some of these bodies possibly originated as beach deposits. They
alternate with intervals of shelf deposits which are mostly covered by veg-
etation. U5.The thickest body (up to 12 m) in the middle shows left-inclined
traces of foreset beds. Log H in Fig. 6 includes sediments of the lower and
middle parts of the photo (between 740 and 804 m).

ifera, and scattered molluscs (Figs. 7/4, 7/5), and may be dark
at the very base. Upwards, mudstones may be intercalated
by bioturbated lime packstones (Fig. 13) up to 8 cm thick
containing larger foraminifera (e.g. Operculina, Discocyc-
lina, Nummulites, Asterigerina, Sphaerogypsina), smaller ben-
thic and planktonic foraminifera, molluscs, corallinaceans,
rare Microcodium debris, and limestone clasts. These are

overlain by an alternation of mudstones, thin, graded, and
horizontally laminated calcarenites, slumps including mud-
stones and calcarenites, massive, graded, and inverse to nor-
mally graded conglomerates, and foraminiferal packstones
(Figs. 14, 15). The calcarenites may be rich in plant debris and
leaves, and may contain foraminifera. There are also up to 2
m thick packages of mudstones intercalated with calcarenite
laminae which contain plant material. In a restricted area
(Colovi¢i, Fig. 5) intercalations of specific massive conglom-
erates can be seen, which include clasts of limestone breccia,
bored pebbles, molluscs, corals and benthic foraminifera.
They disappear basinwards.

The main part of the unit consists of (A) lensoid, mainly
conglomeratic bodies consisting mostly of bottomset, foreset
and topset beds, and (B) a heterogeneous facies of alternating
mudstones, calcarenites, and lesser conglomerates, which dis-
plays features similar to the lower part of the unit. Lensoid
bodies appear either isolated within the heterogeneous facies,
or closely stacked vertically and/or laterally (Fig. 16). Towards
the NE, the unit becomes thinner, highly dominated by mud-
stones, and includes only one lensoid body (Fig. 6K).

The bottomsets of the lensoid bodies include up to 50
cm thick, massive conglomerates, and up to 30 cm thick,
horizontally laminated calcarenites, locally rich in plant de-
bris and leaves. Both of them may wedge out (Fig. 17). Fore-
sets are 4—15 m thick (Fig. 18), with most common inclina-

Figure 17: Toeset to bottomset transition of a Gilbert delta. Debris flow
conglomerates alternate with laminated calcarenites. The prominent con-
glomerate wedge thinning from left to right is a termination of a flow
tongue. U5. Between logs | and J, about 875 m in Fig. 6. Hammer is 32 cm
long.

Figure 18: Up to 15 m high delta foresets. U5. Log |, about 865 m in Fig. 6.

Geoloﬂroatica
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(=Shelf-delta alternation). RS, FS are transgressive ravinement, and flood-
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sedimentary cycles.

tions of 15° to 26°. Directions of inclinations are scattered
between N and S with an average direction towards the
WSW. They include massive to crudely stratified conglom-
erates, and occasional calcarenites. The foresets are uncon-
formably overlain by up to 30 cm thick conglomerates and/
or calcarenites, which may display fining upward succes-
sions (Fig. 19). An exemplary section includes an imbricate
conglomerate with a transport direction towards the ENE
which is followed by a cross-bedded conglomerate bed, a
one pebble thick layer, and a wave-rippled calcarenite. The
clastic topsets may be overlain by 1 to 30 cm thick limestones
(Fig. 20). Both the clastic topsets and limestone may contain
benthic foraminifera and molluscs. Lensoid bodies may be
distorted and/or faulted at their margins, and broken into ro-
tated blocks.

5.5.2. Interpretation

The lowermost part of the unit reflects a shelf setting based
on muddy sediments with smaller benthic and planktonic for-
aminifera. Local, dark mudstones of the very base have pre-
sumably been deposited in a restricted (lower salinity?) en-
vironment, related to initial, marine ingression into previous,
lacustrine areas. Subsequently, the shelf became influenced
by occasional, storm-related processes, which collected and
concentrated particles from both the marine (e.g. foramin-
ifera) and subaerially exposed (e.g. Microcodium) areas, and

deposited them as tempestite lime packstones. Graded and
laminated calcarenites may have resulted from surge-type
flows, while segments of alternating mudstone/calcarenite
laminae might reflect fluctuating hyperpycnal flows. Both
processes were presumably related to river floods. The mod-
ifying influence of storms inferred for correlative sediments
in other parts of the Promina basin (BABIC & ZUPANIC,
2007) has not clearly been recognised in these calcarenites.
Conglomerates have been deposited by debris flows and high
density turbidity currents which may be related to delta slope
failures (see below). Local intercalations of fossiliferous, mas-
sive conglomerates (Colovi¢i) are debris-flow deposits, pos-
sibly derived from a locally existing, fault-bounded coast.

The origin of the majority of lensoid bodies (A) is re-
lated to processes operating in Gilbert-type deltas (cf. POSTMA
& ROEP, 1985; MASSARI & COLELLA, 1988; NEMEC,
1990; CHOUGH etal., 1990; POSTMA, 1990). They prograded
by accretion of steeply inclined, mass-flow conglomerates
over bottomset beds, which in turn, overly shelf sediments
(Fig. 19). The bottomset conglomerates indicate deposition
from debris-flows originating from delta slope failure events
(cf. POSTMA & ROEP, 1985; POSTMA et al., 1988), while
associated, upper plane bed calcarenites may have been de-
posited from hyperpycnal flows related to river floods (e.g.
PRIOR & BORNHOLD, 1990). Truncation surfaces, and
clastic topsets with marine fossils reflect marine erosion, re-
working, production of a transgressive lag, probable beach
deposits (pebble-thick units), probable bars (cross-beds), and
shoreface sands (wave ripples). The fining upward trend sug-
gests an upward decreasing marine energy and increasing
depth. This was followed by deposition of limestone, prob-
ably still farther from the shoreline. Marine topsets are well
known from Gilbert deltas (e.g. MASSARI & COLELLA,
1988; POSTMA & CRUICKSHANK, 1988), including those
reported from other parts of the Promina basin (POSTMA et
al., 1988; ZUPANIC et al., 1987, 1988; BABIC & ZUPANIC,

Figure 20: Bioturbated foraminiferal packstone with Nummulites, Discocy-
clina, Operculina and Asterocyclina of the Gilbert delta topsets. U5. Log H,
752 min Fig. 6.
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1990, 2007). Such marine topsets differ from those originally
described as fluvial topsets (GILBERT, 1885). The similar-
ity of the heterogeneous facies (B) to the lower part of the
unit suggests a shelf setting influenced by sediment supply
from rivers and delta slope failure events. The origin of the
alternation of (A) and (B) facies associations is discussed in
sections 6.1.3.2. and 6.2.

Aside from the lensoid bodies discussed above, there are
conglomerate lensoid bodies which probably represent beach-
face deposits comparable to those described by MASSARI
& PAREA (1988) from the Apenninic Pleistocene. Their “fore-
set” beds display lower inclination angles, while their other
features are generally poorly visible and they are not dis-
cussed further.

Deformation of the lensoid bodies was probably related
to instability of deltaic systems. Instability events may have
been the result of seismic activity at the basin margin, which
could also be the case for common slumping, as well as com-
mon delta slope failures.

5.6. Fossil-rich limestones (U5A)

Unit 5A consists of up to 10 m thick, poorly bedded lime-
stones which overly Eocene and Cretaceous platform car-
bonates, local bauxites, and sporadic carbonate breccias and
conglomerates. The unit is restricted to the N part of the study
area (Figs. 5, 6). The limestones are bioclastic packstones,
rudstones and wackestones, and include larger foraminifera
(e.g. common Discocyclina), smaller benthic foraminifera,
bivalves, corals, gastropods, echinoids, and corallinaceans.
Glauconite and planktonic foraminifera are found on top of
the limestones, just below the marls of U5 (Figs. 21, 22).

The rich shallow-marine biota suggest shallow-marine,
carbonate environments established above former terrestrial

Figure 21: Poorly bedded sediments of the fossil-rich limestones (U5A)
(below geologist) are overlain by a 60 cm thick condensed unit (below ge-
ologist’s hand) of packstones and wackestones with glauconite. The later
are overlain by regressive shelf mudstones with calcarenite intercalations
(U5). NE part of MtP (between point 495m and Bukovac in Fig. 5).

Figure 22: Foraminiferal packstone of the condensed horizon in Fig. 21 in-
cludes green glauconite (arrow).

areas, while glauconite and planktonic foraminifera at the
top of the unit imply sediment starved conditions at the tran-
sition to overlying shelf marls of US5.

5.7. Upper lacustrine unit (U6)

Small, isolated outcrops, which might be one to a few me-
tres thick, occur within a smaller area on the SW slope of the
mountain, between units 5 and 7. Unit 6 is not reliably iden-
tified along the entire line shown on the map (Fig. 5), and it
possibly pinches out landwards. The outcrops include lime
wackestones and mudstones with characeans, ostracods, mol-
luscs, probable cyanobacterial filaments, and plant leaves.
These features reflect deposition in a shallow carbonate lake
(review in TUCKER & WRIGHT, 1990).

5.8. Terminal alluvium (U7)

5.8.1. Description

Outcrops of unit 7 display sheets of massive to crudely bedded
conglomerates (Figs. 7/6 and 23), which include calcarenite
lenses. They alternate with packages consisting of horizon-
tally laminated, cross bedded and current-rippled calcare-
nites and mudstones. B-axis imbrication in conglomerates
points towards the W to SW. The sheets may include cross-
bedded conglomerates. Many mudstones and some calcar-
enites display reddish mottling, rhizocretions, and pedogenic
nodules (Fig. 7/6). Plant remains are common in the mud-
stones and calcarenites, which include a reworked tree trunk
replaced by calcarenite. Calcarenites containing up to 30%
non-carbonate particles are exceptional, as well as conglom-
erates including isolated sandstone clasts. There are also
shallow scours filled by conglomerates. In the NE part of the
study area, the unit overlies USA and the Cretaceous base-
ment (Figs. 5, 6) (for discussion see section 6.1.3). The total
thickness of U7 is about 120 m.
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Figure 23: Crudely bedded conglomerates deposited in a longitudinal bar
of a braided system. U7. Hammer is 32 cm long. Log J, 965 m in Fig. 6.

5.8.2. Interpretation

Sheet conglomerates may have originated in braided chan-
nel belts, while the association of calcarenites and mudsto-
nes reflects deposition in vegetated floodplains. The deposi-
tional processes and environments resemble those of U1 and
uppermost U3. Similar alluvial sediments have been described
from the continuation of this unit, in the NW part of the ba-
sin (Fig. 4).

6. DISCUSSION

6.1. Depositional cycles

The vertical succession(s) of sedimentary units of the PB of
MtP described above shows a cyclicity related to variations
in accommodation space and sediment supply, which is the
objective of sequence stratigraphic analysis, as defined by
POSAMANTIER & ALLEN (1999). Three main cycles have
been recognised, in which the sedimentary units are treated
as sequence stratigraphic units (Fig. 24).

6.1.1.Cycle 1 (U1)

The unconformity and coincident sequence boundary, which
separate Middle Eocene carbonates and Basal alluvium (U1),
extend basinwards, away from MtP, by truncating lower, ma-
rine PB (older than PB at MtP), with a distally diminishing
hiatus (Fig. 25A) (BABIC & ZUPANIC, 2007). Still farther
basinwards, there is an erosional surface interpreted as the
basal surface of forced regression of HUNT & TUCKER
(1992) which is overlain by forced regressive sediments (MRI-
NIJEK, 2008). It seems to represent a distant continuation of
the basal sequence boundary at MtP. The Basal alluvium (U1)
therefore, might have been deposited during the relative sea-
level rise of the late lowstand by onlap onto the deformed
basement (Fig. 25A). A high water table during the upper
part of the unit (section 5.1) may be related to high sea-level,
which continued to rise further during the next cycle.

In the NW part of the Promina basin, alluvial deposits
of similar stratigraphic position have not been recognised
(MRINJEK & PENCINGER, 2008), and Cycle I of MtP pos-
sibly continues laterally and seaward into alternating shelf
and shoreface deposits reported by these authors.

6.1.2. Cycle 11 (U2, U3)

The origin of swamp and carbonate lake environments (U2)
above former alluvium (Cycle I; Fig. 25B) must have been
related to a rise of the water table and related sea-level, which
were already high. Namely, the rising base level will con-
comitantly raise the groundwater table, and cause poorer drain-
age in alluvial systems, which lead to widespread develop-
ment of swamps and lakes (SHANLEY & MCCABE, 1994).
The process also caused a landward shift of alluvial systems.
The coastal lowlands with lacustrine environments were sub-
sequently submerged becoming a lagoon (lower U3) by fur-
ther rise of relative sea-level. The base of Cycle I, therefore,
corresponds to the transgressive surface of sequence strati-
graphic systematics (POSAMANTIER & VAIL, 1988; PO-
SAMANTIER & ALLEN, 1999). This type of stratigraphic
surface is typically formed by marine ravinement processes,
while in our case, the onset of the low-energy settings of
swamps and lakes didn’t cause reworking and/or erosion,
hence, the relevant boundary may be better termed maximum
regressive surface (HELLAND-HANSEN & MARTINSEN,
1996). While the carbonate lake above the swamp deposits
(U2) reflects an increase in the rate of relative sea-level rise
compared to sedimentation rate, i.e. a transgression, the sub-
sequent lagoon-delta-alluvium succession (U3) displays an
overall progradation related to an increased sedimentation
rate compared to relative sea-level rise, i.e. a regression. Trans-
gressive to regressive turnaround may be located at the top
of lacustrine limestones, while maximum flooding might cor-
respond either also to this surface or it occurs a little bit higher
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Figure 24: Stratigraphy of the PB of the main (southern) and marginal
(northern) parts of MtP. K and E are Cretaceous and Eocene carbonates, re-
spectively. Thickness of lacustrine units and Fossil-rich limestones (U5A) is
exaggerated. For explanation see text.
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Figure 25: Evolution of the inner part of the Promina basin including MtP
area. U1 to U7 are sedimentary units. Fig. D shows correlation of lacustrine
TST (U4) in MtP and marine TST basinwards. The same figure includes the
proposed correlation of transgressive fossil-rich limestones (U5A) and the
basal, dark, muddy part of the shelf-delta alternation (U5). In Fig. G, dashed
line at the top of alluvial sediments (U7) highlights the youngest deforma-
tion (it marks neither the top of the unit nor a depositional surface). Thick
arrows indicate relative movement of tectonic units. Not to scale. For ex-
planation see text. See also Figs. 26 and 28.

(see discussion by CATUNEANU, 2006). Possible repeti-
tion of lake and lagoonal sediments at the very base of the
cycle, might suggest the presence of a small, transgressive-
regressive subcycle before the onset of the main part of the
succession discussed above.

In general (Fig. 24/Main area), the lower part of Cycle
II (U2) corresponds to the transgressive systems tract of the
sequence stratigraphic approach (e.g. POSAMANTIER &
VAIL, 1988; POSAMANTIER & ALLEN, 1999; CATUNE-
ANU, 20006), and its upper part may be designated either as
a highstand or a regressive systems tract. The first choice
considers a depositional sequence of POSAMANTIER &
VAIL (1988), which would consist of a lowstand tract (Cy-
cle I) and a transgressive plus highstand tract (Cycle II). The

later option considers Cycle II as a transgressive-regressive
(T-R) type of sequence (EMBRY & JOHANNESEN, 1992;
EMBRY, 2002), with the sequence boundary coinciding with
the maximum regressive surface.

In other parts of the basin, the lower part of Cycle II can
not be clearly identified. In the NW basin area, it is possibly
represented by shelf to shoreline cycles reported by MRIN-
JEK & PENCINGER (2008). In contrast, its upper, alluvial
part, as well as its termination at the transgressive surface is
easily recognised throughout most of the basin (BABIC &
ZUPANIC, 2007; Fig. 4).

6.1.3. Cycle 11l (U4-U7)

6.1.3.1. Lower part (U4). The transition from Cycle II to
Cycle III resembles the transition from Cycle I to Cycle 11
in the change from alluvial to lacustrine deposition (U4) at
the maximum regressive surface (Fig. 24/Main area). At this
point, the increase in accommodation space surpassed the
sedimentation rate, but didn’t yet enable a marine ingression
(see discussion on Cycle II, section 6.1.2). This surface and
the overlying Middle lacustrine unit (U4) in MtP correlate
basinwards with the transgressive surface (= ravinement sur-
face = transgressive surface of erosion of POSAMANTIER
& VAIL, 1988; POSAMANTIER & ALLEN, 1999), and the
overlying TST consisting of wave-worked clastics and lime-
stones (BABIC & ZUPANIC, 2007)(Figs. 4, 25D). Hence,
the Middle lacustrine unit (U4) is regarded as a non-marine,
proximal segment of the transgressive tract.

Where U4 consists of several smaller units of swamp,
carbonate lake, and lacustrine delta (Fig. 7/5), this may re-
flect very restricted, short-term changes in the relationship
between accommodation space and sedimentation within the
overall transgressive trend.

6.1.3.2. Middle part (U5, USA). The change from lacustrine
to shelf/delta settings marks the onset of progradation, i.e. the
onset of a highstand or regressive systems tract. Maximum
flooding may be regarded as occurring within basal mudstones
(a few metres thick), with benthic and planktonic foramin-
ifera (BABIC & ZUPANIC, 2007) (Fig. 6). The sea flooded
not only previous lacustrine realms, but also spread farther
landwards (NNE), which resulted in the coastal onlap of fos-
sil-rich limestones (USA) onto the basement, and related sub-
aerial unconformity (Figs. 5, 6A, 6K, 24, 25D). KERNER
(1901) placed these limestones at the base of the PB, while
for QUITZOW (1941), they are a coastal equivalent of mud-
stones (equivalent here to the lowermost U5). Deposition of
these limestones ended with sediment starvation, i.e. maxi-
mum flooding (Figs. 21, 22).

Alternating shelf and delta deposits (US5) reflect repeti-
tions of lower order cycles or subcycles, within an overall
trend of rising relative sea-level. A “modal” subcycle of this
type consists of two parts (Fig. 19). The transgressive part
starts above a ravinement surface, and includes a fining up-
ward succession reflecting decreasing marine energy levels
associated with landward shift of facies, and limestones
which may be regarded as a condensed section related to
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maximum flooding. This part reflects increasing accommo-
dation space and decreasing sediment supply. The regressive
part embraces shelf deposits and overlying delta. Repetition
of such T-R cycles or subcycles was related to an overall
relative sea-level rise, which was punctuated by stillstands
when deltas prograded (POSTMA, 1995). The driving fac-
tors are discussed in section 6.2.

Lower delta bodies appear isolated in shelf sediments,
and are only exceptionally closely superimposed or juxta-
posed, while deltas higher in the succession are more densely
distributed (Fig. 6). This suggests a gentle, average upward
decrease in overall relative sea-level rise.

6.1.3.3. Upper part (U6, U7). As neither lateral continuity,
nor bounding surfaces of the Upper lacustrine unit (U6) have
been identified, one can only speculate on possible trends.
The first scenario envisages a continuation of an overall re-
gression, from previous shelf to delta (US), to the coastal-
plain and/or delta-plain lakes (U6), and to the alluvium (U7).
The later display a landward onlap (Figs. 24, 25F, 26), and
the conditions would correspond to the late highstand of
POSAMENTIER & ALLEN (1999). A second scenario in-
cludes a smaller fall in relative sea-level which ended marine
deposition, provoked erosion (not identified as yet) and the
origin of a sequence boundary (sensu POSAMENTIER &
ALLEN, 1999). Subsequent lacustrine and alluvial deposits
would correspond to the late lowstand. This scenario implies
the end of Cycle 111 and the onset of a new cycle at an envis-
aged unconformity i.e. sequence boundary. In the third sce-
nario, the lake(s) succeeded deltas, and were followed by the
sequence boundary and alluvium. This would imply the end
of Cycle III and the onset of a new cycle, at the base of the
alluvium (U7). The first scenario is favoured, however, with
only modest support by the presumable lack of sediments
deposited during relative sea-level fall.

As a whole, and if the favoured scenario is accepted,
Cycle III consists of transgressive and regressive segments
(Fig. 24) which might be denoted either as transgressive and
highstand systems tracts or as the transgressive-regressive
sequence as discussed for Cycle II (section 6.1.2).

6.1.3.4. Other parts of the basin. Cycle III extends along the
entire Promina basin. Marine TST represented by wave-
worked clastics and fossiliferous limestones, which replaces
lacustrine TST (U4) of MtP basinwards (Figs. 4, 25/D), also
occurs in the distant, NW basin area (Fig. 4) where MRIN-
JEK & PENCINGER (2008) describe a transgressive tract
consisting of mudstones with rare calcarenites (at the base
of their Unit 4). These deposits, however, belong to the lower
part of the subsequent, regressive unit, which is similar in
character across the entire Promina basin (BABIC & ZU-
PANIC, 2007), and corresponds to U5 in MtP. Similarity in
the sedimentary evolution along the basin is also shown by
reconnaissance data on lacustrine sediments occupying the
same stratigraphic position in the NW basin area as they do
on MtP (U6), i.e. between marine and alluvial units (U5 and
U7 on MtP). Other features, identical for both MtP and the
80 km long NE basin margin, include marine and alluvial
onlaps (USA and U7 on MtP), both of which are related to

an unconformable surface above bauxite deposits and the
Cretaceous to Eocene basement (BABIC et al., 1995). This
indicates a similar stratigraphy along the inner basin margin.

6.2. The main controls on sedimentary evolution

Structural and stratigraphic relationships, together with other
features described above, as well as the available data from
other parts of the Promina Basin, are used in an attempt to
detect which factors were dominant in the sedimentary evo-
lution of the basin margin.

Deposition of PB in the study area was preceded by im-
portant deformation, which was responsible for a major bas-
inward shift of the shoreline, i.e. the subaerial exposure of a
major part of the basin. The subsequent onlap by a thick,
dominantly coarse-grained alluvial unit (U1) regarded as cor-
responding to the late lowstand conditions (see 6.1.1, Fig.
25A), reflects a high sediment supply from a mountainous
catchment area in the orogen. This and the vertical change
in the detritus composition may suggest active tectonics dur-
ing deposition. The upper part of Ul contains additional,
older detritus compared to its lower part (section 5.1.1.). The
change does not seem to have been caused solely by the ero-
sion of deeper basement rocks and lowering of relief, as the
average grain size didn’t decrease. It is proposed that a near-
continuous tectonism in the catchment area had a direct sed-
imentary response in the form of a thick, coarse-grained al-
luvial unit (Fig. 25A) in the subsiding basin. The conditions
might have been similar to those proposed for some fan-delta
wedges in the Ebro foreland basin, Spain, where the depo-
sitional dynamics are regarded to have been principally in-
fluenced by high sediment supply related to continuous tec-
tonic activity (LOPEZ-BLANCO et al., 2000; MARZO &
STEEL, 2000).

The origin of the subsequent lacustrine TST (U2), which
is presumably replaced basinwards by a marine TST (section
6.1.2, Fig. 25B), may be related to a backtilting of the prox-
imal part of the basin, which generated a “ponded” area, iso-
lated from direct marine influence. This might have occurred
by a tectonic pulse which caused increased subsidence rates
and a landward shift of coarse-grained sedimentation, as pro-
posed in models by HELLER et al. (1988) and BURNS et
al. (1997). A similar effect might have resulted from a eus-
tatic rise, which accelerated relative sea-level rise in the
proximal part of the foreland basin characterised by in-
creased subsidence rates compared to the distal part (PO-
SAMENTIER & ALLEN, 1993). The sharp, but non-erosive
transition from the coarse-grained alluvial to lacustrine set-
tings seems to favour the fast tectonic process as dominant.

The subsequent regressive unit (U3) doesn’t seem to have
been deposited in the N area, and lower units (U1, U2) are
also lacking there. Alternatively, the latter could have been
deposited in that area, at least in small thickness, and were
erosionally removed from the uplifting block and resedimented
basinwards (Fig. 25C). The rarity of older detritus types, which
were quite common in the upper part of U1, may be explained
by an important contribution from the denudation of the Cre-
taceous and Eocene basement uplift, additional contribution
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Figure 26: Geological sketch of the northern MtP (view towards the W),
showing the complex stratigraphy and structure of the basin margin. Low-
er part shows growth folds with associated growth strata. They were sub-
sequently deformed again and cut by an angular unconformity at their N
end (SU, upper right). The youngest deformation involved the entire suc-
cession. Thickness of fossil-rich limestones is exaggerated. Symbols as in
Fig. 24. Length of the area is about 1.5 km. Kand L are locations of two logs
in Fig. 6. Point 1147 m is the top of MtP. Based on field data and photo-
graphs. See also Fig. 28.

from the hinterland, and a partial transfer to the distal basin.
A laterally impersistent alluvial fan(s) indicates local, more
intense, short-term fault activity within the uplift or at its mar-
gin. The envisaged situation is partly similar to the “post-
orogenic phase” of HELLER’S et al. (1988) two-phase model
of foreland-basin sequences, in which reworked, coarse de-
posits in distal foreland basin correlate with erosion and an
unconformity in the proximal part of the basin. However, the
syndepositional faulting inferred to be related to the origin of
coarse-grained alluvial fans, may have been a part of a near-
continuous tectonic loading and subsidence, reflected in the
dominant role of high sediment supply in generating the re-
gressive trend (as previously discussed in relation to U1).

Abrupt termination of the alluvial deposits (U3), and the
following lacustrine TST (U4) resemble the transition from
the alluvial U1 to lacustrine U2, and are considered to reflect
the same main driving process. These include a tectonic
pulse, which was responsible for backtilting and the devel-
opment of lacustrine TST in the proximal part of the basin,
and marine ravinement with marine TST in its distal part
(Fig. 25D: left, lower part). As this transgressive trend char-
acterises a major part of the basin (Fig. 4; BABIC & ZU-
PANIC, 2007), local and/or intrinsic processes were not crit-
ically relevant. At the local scale however, gentle tectonism
may have been influential, as suggested by the lateral differ-
ence in sedimentary succession and thickness of U4 (Figs.
6, 7/3, 7/4, 7/5) which resulted from small-scale, syndepo-
sitional downwarping. Subsequently, there was a short tran-
sitional evolutionary interval, when the very beginning of
the regression correlates with marine onlap onto the basin
margin (basal U5 and USA; Fig. 25D: upper left and right).

During deposition of U5 the proximal part of the basin
experienced complex processes and specific changes which
include the origin of growth folds and associated growth
strata, and proximal-distal difference in the character and

thickness of the unit (Figs. 5, 6, 24, 25E, 26). These proc-
esses were probably related to advancing thrusts which in-
creased subsidence rates and induced an overall relative sea-
level rise. As the average WSW direction of the progradation
of deltas (with a variation between N and S) contrasts S to
SW palaeotransport directions in U3 alluvium, a major part
of the detritus appears to have been supplied from source
areas which appeared roughly ENE of today’s MtP (diagonal
to the section in Fig. 25E) (Fig. 27). The envisaged structural
bending was possibly combined with dextral, transpressive
faulting which might represent an earlier stage of the large,
diagonal fault system, which today passes several kilometres
E of MtP (CHOROWICZ, 1977).

The modulation of overall relative sea-level rise during
U5, by lower-order relative sea-level changes, which pro-
duced lower-order T-R cycles (section 6.1.3.2.), may have
resulted from episodic subsidence along the marginal fault(s).
This is in agreement with the opinion that vertical stacking
of Gilbert deltas reflects high subsidence rates close to tec-
tonically active basin margins (COLELLA, 1988; GAW-
THORPE & COLELLA, 1990; DORSEY et al., 1995). More-
over, the model for Gilbert delta stacking in the Loreto Basin,
Baja California Sur by DORSEY et al. (1997) relates alter-
nating episodes of rapid subsidence and transgressions with
closely repeating slips along marginal faults which induced
earthquake clustering, while deltas prograded during tectonic
stillstands. This model may be relevant for the examples on
MtP. However, local differences in sediment supply and in-
trinsic factors such as switching of delta lobes may have in-
duced the origin of some T-R sequences. In general, the overall
regressive trend of U5 together with its internal T-R dynamics
may have been dominantly induced by the combination of
subsidence and sediment supply.

Before or at the very beginning of U7, the marginal part
of the basin experienced uplift and erosion which involved
deformed carbonate basement, U5A, U5 and U6(?) of that
area. The resulting truncation surface was onlapped by al-
luvial U7 and also represents an angular unconformity, which
quickly dies out basinwards (SSW) (Figs. 25F, 26, 28). It
corresponds to the “progressive and angular unconformity”
described by RIBA (1976) from the SE Pyrenees, where it

X thrust front
1| strike slip fault
. shallow marine
us
\L Gilbert delta

@ marginal systems

Figure 27: Presumed position of MtP (framed) relative to hypothetical ba-
sin margins during deposition of the shelf-delta alternation (U5). Symbols
for deltas show representative directions of their progradation. Deltas be-
long to different time intervals. The average WSW progradation is assumed
to indicate the existence of N-S and NNW-SSE oriented basin margin. Not
to scale. For details see text.
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Figure 28: View towards the N looking upon the SE (left) and S (right) slopes of northeastern MtP. Cretaceous basement and fossil-rich limestones (U5A)
in the lower right constitute a smaller anticline inclined S, towards the viewer, and gently plunging left (W, into the mountain). Two gullies in the middle
show mudstone-dominated shelf deposits (U5), which were involved in the folding in their lower part. G, Gilbert delta; highest wall (15 m) shows foresets
steeply inclined towards the left (SSW). U6 (Upper lacustrine unit) has not been clearly identified in this area. Unconformity in the upper right is restrict-
ed to this proximal area, where it cuts previously deformed units, and was later involved in deformation. Logs K and L are shown in Fig. 6. See also Fig. 26.

For further explanation see text.

may represent part of a series of synsedimentary unconform-
ities related to deformational pulses (RIBA, 1976; FORD et
al., 1997).

The present-day thickness and extent of regressive U7
on MtP resulted from considerable denudation during the
Neogene to Recent (Figs. 5, 6). Based on data from neigh-
bouring and other parts of the basin this unit assumed a thick-
ness of more than 300 m and extended about 5 — >10 km
basinwards (Fig. 4/3; BABIC et al., 1995). This suggests that
the regressive trend of this unit was dominantly induced by
a high sediment supply. It was presumably related to near-
continuous tectonic loading and erosion of thrust units, as
suggested by LOPEZ-BLANCO et al. (2000) and MARZO
& STEEL (2000) for some fan-delta clastic wedges in the
Ebro Basin, Spain.

A younger deformation postdating the PB at MtP in-
volved the marginal, NNE basin area. The resultant, gentle
folding is similar in orientation to the previous one, and also
decreases in intensity basinwards (Figs. 25G, 26, 28).

7. CONCLUSION

In their type area, MtP, the PB are represented by 8 sedimen-
tary units, which differ in facies and/or facies associations,
i.e. depositional environments and systems. They are both
lithostratigraphic and allostratigraphic units, are objectively

identifiable and mappable. They are: Basal alluvium (U1),
Lower lacustrine unit (U2), Lagoon to alluvium (U3), Middle
lacustrine unit (U4), Shelf/delta alternation (US5). Fossil-rich
limestones (5A), Upper lacustrine unit (U6), and Terminal al-
luvium (U7). There is a considerable variation in sedimentary
successions laterally: in the proximal part of the basin Ul-
U4 is missing, U5 varies in character, while USA is exclu-
sive only to this part of the basin.

The sedimentary units are arranged in 3 depositional cy-
cles. Cycle I (U1) is believed to correspond to late lowstand
conditions, while Cycles I1 (U2, U3) and III (U4-U7) include
transgressive and highstand (regressive) systems tracts. Trans-
gressive tracts are specific in being represented by lacustrine
deposits. Falling-stage sediments have not been identified,
and the entire sedimentary successions originated during rel-
ative sea-level rise.

The PB of MtP represents an example of sedimentary
and sequence evolution at a deforming foreland basin mar-
gin. The evolution of this margin is characterised by struc-
tural and stratigraphic complexities which include growth
strata, angular unconformities, syndepositional folding, in-
traformational faulting and uplift, alluvial and marine onlaps
onto deformed basement, and tectonically induced, proxi-
mal-distal variations in facies and sediment thickness. The
origin of lacustrine transgressive tracts may have been re-
lated to the backtilting of the proximal part of the basin.
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Among three principal factors which control the history
of a basin infilling, i.e. supply, subsidence and eustasy (GAL-
LOWAY, 1989), we suggest that there was no single factor
which would have been dominant throughout the entire sedi-
mentary evolution. The majority of the regressive trends were
presumably dominated by high sediment supply which was a
direct response to near-continuous loading and orogen ero-
sion. The origin of one regressive segment might have been
mainly influenced by a combination of subsidence and sedi-
ment supply. The principal factor for transgressive trends was
presumably subsidence, related to tectonic pulses. The overall
dominance of tectonism in shaping depositional styles, se-
quence development and distribution of sediments was related
to sedimentary evolution within deforming, marginal parts of
the foreland basin which was situated in close proximity to
and influenced by the main, active Dinaric thrust units.
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APPENDIX:
FORMAL STRATIGRAPHIC NAMES?

1. LITHOSTRATIGRAPHY

As the PB of the entire North Dalmatian foreland basin in-
cludes a variety of sedimentary units, the PB has been pro-
posed to be designated as a group (BABIC & ZUPANIC,
1985), i.e. the Promina Group, if formal lithostratigraphic
naming (HEDBERG, 1976; NACSN, 1983) is applied. Fol-
lowing the same rules, the first lower-rank units, i.e. those
presented in this work from the type locality of the Promina
Beds, may be treated as formations. Namely, they have been
adequately described using their lithology, boundaries,
stratigraphic position, age (KUHN, 1946), areal distribution,
mappability and reference sections (stratotypes). The latter
are represented by the relevant segments of logs (Figs. 6, 7)
located closest to the localities (Fig. 5) which are given be-
low as the first part of the names of the relevant formations.
So called supplementary sections of some of these forma-
tions are located laterally (Fig. 5). Most of these units coin-
cide with those previously separated in both MtP and other
parts of the North Dalmatian foreland basin (BABIC et al.,
1995; BABIC & ZUPANIC, 2007 with references). The
poorly known U6 was not given a name. Lithostratigraphic
names would be as follows:

Kalun Conglomerate (U1; Basal alluvium)

Varo$§ Formation (U2; Lower lacustrine unit)
Knezovi Conglomerate (U3; Lagoon to alluvium)
Pocivalica Formation (U4; Middle lacustrine unit)
Previje Formation (US5; Shelf/delta alternation)
Bukovac Limestone (U5A; Fossil-rich Limestone)
Unnamed formation (U6; Upper lacustrine unit)
Cavnovka Conglomerate (U7; Terminal alluvium)

2. ALLOSTRATIGRAPHY

As the units described in this work are defined and identified
on the basis of laterally traceable bounding discontinuities,
other attributes being the same as for the formations cited
above, these units are materially identical to allostratigraphic
units introduced by NACSN (1983). Genetic interpretations
are not obligatory for defining allostratigraphic units, how-
ever, such interpretations may influence the choice of their

stracts, Int. Symp. Fan-deltas, Sedimentology and Tectonic Settings.
Univ. Bergen, Bergen, Norway, 1987, p. 48.

ZUPANIC, J., BABIC, L., ROE, S.L. & POSTMA, G. (1988): Construc-
tion and destruction of Gilbert-type deltas during transgression. An
example from the Eocene Promina Formation, Yugoslavia.— Abstracts
Int. Workshop Fan Deltas, Univ. Calabria, Calabria, 1988, 58—59.

boundaries (NASCN, 1983, Article 58, remark (f)). The units
identified here are defined on the basis of their genesis. Their
bounding surfaces are prominent, well defined genetically
and their types are restricted to specific kinds of changes across
them. Hence, these units are not poorly defined in contrast
to the wide definition of changes which are possible across
the bounding discontinuities using the Code of NACSN (1983)
(see relevant comments by POSAMNATIER & ALLEN,
1999 and CATUNEANU, 2006).

The rules for naming allostratigraphic units are the same
as those for naming lithostratigraphic units (NACSN, 1983).
Thus, the names for the units in MtP, which would constitute
the Promina Allogroup, may be as follows:

Kalun Conglomerate Alloformation (U1; Basal alluvium)
Varo$ Alloformation (U2; Lower lacustrine unit)

Knezovi Conglomerate Alloformation (U3; Lagoon to allu-
vium)

Pocivalica Alloformation (U4; Middle lacustrine unit)
Previje Alloformation (US; Shelf/delta alternation)
Bukovac Limestone Alloformation (USA; Fossil-rich Lime-
stone)

Unnamed alloformation (U6; Upper lacustrine unit)
Cavnovka Conglomerate Alloformation (U7; Terminal allu-
vium)

3.SUBDIVISION AND NAMING OF UNITS OF THE
PROMINA BEDS: A COMPARISON

The lithostratigraphic subdivision may be useful, as generally
confirmed by its widespread use. The allostratigraphic subdi-
vision, using specific types of bounding discontinuities, may
be regarded as more natural, as well as more appropriate for
interpretative purposes, because it uses important, natural at-
tributes. In fact, the two classifications, if applied to succes-
sions described here, differ in formal naming, not in material
facts, and the choice between them does not seem to be of
paramount importance and primary interest. However, it is
believed that the classification and names used here (most of
the relevant units have been separated and defined in a similar
way previously (BABIC et al., 1995; BABIC & ZUPANIC,
2007); see also Fig. 4) are more suited for communication and
study of relevant geological objects and geological evolution,
as they convey more relevant information in accordance with
the present level of research and practical needs.
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