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Abstract Early Miocene transpressional wrenching
yielded a series of NW-SE-elongated pull-apart
basins in the Dinarides of Croatia and Bosnia and
Herzegovina. They accommodated a huge lake
system that gave rise to spectacular endemic mollusk
radiation. Lake Sinj, moderately sized at 342 km?,
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flooded the south-westernmost basin of this system.
Due to the karstic environment, the hard-water,
alkaline, long-lived lake developed a sediment infill
with an average thickness of 370 m, dominated by
authigenic limestone. The studied section represents
the upper third of the basinal infill and provides
detailed insights into the critical period of the lake
and of the basinal evolution during the final stages of
its filling. It comprises two large-scale, shallowing-
upward cycles, both starting with fossil-poor lime-
stones, gradually passing into coal-bearing carbonate
rocks and coal seams. The fossil-poor intervals are
interpreted as phases of repetitive acidification events
due to changing lake level, which induced periodic
drying and flooding of the uppermost littoral zone
inhabited by starfruit (Damasonium) meadows. The
flooding of the aerated, limy mud plain introduced
H+ ions from organic-matter decay reactions into the
shallow lake. This decreased its pH level, with
catastrophic consequences for its biota. The ecosys-
tem then stabilized during the orbitally-forced, dry
climate phases. Based on the mollusk record, streams
still influenced the marginal lake environment and
rich organic-matter production created swamps and
mires. The onset of mollusk radiation in the section
correlates with stabilized lake alkalinity, as indicated
by the disappearance of starfruits, ongoing authigenic
carbonate production and by coal seams representing
textbook examples for coal formation in alkaline
environments. The inferred basinal setting fits well
with the pull-apart basin model, pointing to the
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presence of an extended shallow ramp in front of a
steep, fault-induced hillside of the hinterland.

Keywords Long-lived lakes - Hard-water lakes -
Pull-apart basins - Authigenic carbonates -
Coals - Orbitally-forced cycles

Introduction

Lacustrine carbonates are the focus of increasing
interest because they record details on environments
and regional evolution (review in Tucker and Wright
1990; Anadon et al. 1991). This is because conditions
for carbonate deposition in lakes strongly depend on
climate, lake hydrology, tectonics, and morphology.
Carbonate lacustrine systems are therefore much less
stable than their marine counterparts. Lacustrine
carbonates are also important because they contain
mineral deposits, including coal, and comprise source
rocks for hydrocarbons (Tucker and Wright 1990;
Anadon et al. 1991).

This work describes the features and evolution of a
Miocene carbonate lake and interprets the relevant
controlling factors. Beyond the influence of factors
such as climate and tectonics, the features of this lake
were determined by its occurrence in a karst realm.
This karst area belongs to the External Dinarides,
which are dominated by Mesozoic and Paleogene
carbonates. We document almost exclusive calcite
deposition in this lake and elaborate the importance
of biological processes for the origin and character of
several limestone facies. We also discuss the origin of
the alternation of limestones and coal, and relate
them to cyclic climate changes.

Geological setting

The studied deposits are located in SE Croatia and
belong to the infill of the Sinj Basin on the SE margin of
the External Dinarides, bounded to the southwest by
the Adriatic block. The basin is elongated, NW-SE
striking, rhomboidal, and measures 38 x 9 kmy; it can
be interpreted as a pull-apart tectonic structure. It was
formed within the Western Thrust Belt of the Dinarides
during the Early Miocene due to transpressional
wrenching caused by northward oblique-slip motions
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of the underthrusting Adriatic block (Tari 2002).
That transpressional regime initiated numerous other
synchronous NW-SE striking pull-apart basins dis-
tributed across the Dinarides. Together, these basins
accommodated a system of freshwater environments
termed the Dinaride Lake System (Krsti¢ et al. 2003).
That long-lived lake environment experienced a
spectacular evolution of lacustrine mollusks, preced-
ing the better known radiation event in neighboring
Lake Pannon by 5-10 Ma. (Harzhauser and Mandic
2008a, b). The Dinaride Lake System represented an
independent paleogeographic and paleobiogeographic
entity restricted to the northern part of the Dinarian-
Anatolian Island, which acted as geographic barrier
between the Paratethys and proto-Mediterranean
(Fig. 1).

The Sinj Basin is located in the western, marginal
part of the Dinaride Western Thrust Belt termed the
Frontal Thrust (Tari 2002). The Dinaride Western
Thrust Belt predominantly comprises carbonate rocks
originating from the Mesozoic to early Cenozoic
Dinaride carbonate platform. It also includes imbri-
cates from the synchronous Adriatic carbonate
platform. With the start of compressional tectonics
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during the Eocene, which led to the formation of the
SW-vergent Western Thrust Belt, the platform turned
briefly into a foredeep with flysch and molasse
sedimentation (Promina Formation). It finally
emerged during the Oligocene. The main decollement
horizon is formed by the base of the carbonate
platform comprising Permo-Triassic pelitic and evap-
oritic rocks. At the start of transpressional tectonics in
the Lower Miocene, which generated the Sinj Basin,
the area was already continentalised.

The rim of the Sinj Basin comprises Triassic to
Eocene platform carbonate rocks. Only the western
margin includes clastic rocks of the Eocene-Oligo-
cene Promina Formation and the Lower Triassic Mué
Formation (Papes et al. 1984; MarinCi¢ et al. 1969).
The basin itself is affected in its western part by the
doming of Permo-Triassic evaporites (Rai¢ et al.
1984).

The succession of Miocene freshwater deposits in
the Sinj Basin consists of dominant limestones, coal
intercalations, and a few tuff beds. This has been
mapped and studied in detail by Kerner (1916b, c),

SINJ BASIN / SE CROATIA

Su$njara and ScavniCar (1974) and SuSnjara and
Saka¢ (1988). Accordingly, three main lithological
units are present within the succession (average
thickness 370 m; Fig. 2). The basal unit (“Basal
beds”) comprises varicolored marls in the west and
“Older coal-bearing beds” and marls with dreissenid
bivalves in the eastern part of the basin. The
difference is interpreted to reflect the different
lithological character of the basement rocks. The
middle unit is formed throughout by clayey lime-
stones and limy marls. The upper unit is termed the
“Younger coal-bearing beds”. The fossiliferous limy
marls contain an up to 4-m-thick coal seam and
several thinner coal intercalations as well as dreisse-
nid marl subunits. The “Younger coal-bearing beds”
are especially well developed along the southwestern
basinal margin, where they onlap transgressively
(Susnjara and Saka& 1988). Our study encompasses a
138-m-thick section in the western part of the basin
representing the “Younger coal-bearing beds”. A
similar section has been studied in a north-neighbor-
ing east-west striking gully by Kerner (1905a). From
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the studied section, Oluji¢ (1936, 1999) investigated
the evolutionary history of several Melanopsis and
Prososthenia gastropod species. The species-rich,
highly endemic, lacustrine mollusk fauna near the
section as well as from other Sinj Basin localities has
been described in numerous studies such as Neumayr
(1869), Brusina (1874, 1878, 1882, 1892, 1897),
Oluji¢ (1936, 1999), and Kochansky-Devidé and
Sliskovi¢ (1978). All document the existence of
prominent speciation and radiation processes within
the lake (Harzhauser and Mandic 2008a, b).

Age and duration of deposition

The uppermost Lake Sinj deposits bear highly
endemic dreissenid bivalves such as Mytilopsis
aletici. Kochansky-Devidé and Sliskovi¢ (1978)
regard these as representing the youngest deposits
of the Dinaride Lake System (DLS). The studied
section intersects the M. aletici zone. The absence of
such fauna in the adjoining Upper Miocene Lake
Pannon reflects its younger age. This resulted in a
tentative correlation of topmost DLS deposits with
the Middle Miocene or, in terms of Central Paratethys
chronostratigraphy, with the Late Badenian to Early
Sarmatian. Data from large mammal remains point to
an even older age of the latest DLS deposits, i.e.
latest Early Miocene.

Accordingly, in the coal layer at 135 m, a large
mammal fauna including Gomphotherium angusti-
dens and Conochyus olujici was collected by mine
workers in the 1930s (J. Radov¢i¢ in Oluji¢ 1999,
Bernor et al. 2004). At slightly younger stratigraphic
position in the coal layers of Radusa, SW Sinj,
G. angustidens is accompanied by Brachypotherium
brachypus, pointing to latest Early Miocene to
earliest Late Miocene age (Taksi¢ 1968; Jurisic-
Polsak 1999). Based on the evolutionary stage
inference for C. olujici, Bernor et al. (2004) nar-
rowed the stratigraphic range for the topmost coal
layer at the Lucane section to the latest Early
Miocene interval between ca. 17 Ma and maximally
16.1 Ma.

Most recently, however, the radiometric data for a
tephra layer originally recorded by Buli¢ (1999) and
found in the studied section at 39.3 m (Figs. 2 and 3),
did not confirm the former inference (Jurisi¢-PolSak
and Buli¢c 2007: 60). Hence, the tephra layer,
positioned 96 m below the large mammal bed, is
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considered by the authors to be earliest Middle
Miocene, unfortunately without numerical evidence.
Nevertheless that datum fits very well with the
magnetostratigraphic pattern revealed for the section,
where most of the section is reversed and only the top
part is within a normal interval (Mandic et al. 2007).
Consequently, the studied section at Lucane and the
topmost part of the Sinj Basin infill must be younger
than the Middle Miocene base (16 Ma), but older
than ca. 15 Ma.

The results of cyclostratigraphic studies for the
Lucane section indicated a sedimentation rate of
about 0.2 mm/a by calibrating two shallowing-
upward limestone/coal cycles with two 400-ka.
eccentricity periods (Mandic et al. 2006). That find-
ing coincides with sediment accumulation rates
presented in Cohen (2003).

The lower part of Lake Sinj deposits correlates
tentatively with the Early Miocene based on mass
occurrence of Ceratostriotes sinjanus (Kerner
1905b). That plant is rare elsewhere, but is abundant
in a single Early Miocene horizon of the Central
Paratethys located in NE Austria and SW Czech
Republic (Buzek 1982; Meller and Bergen 2003),
dated there to the Late Ottnangian (app. 17.5 Ma
after Rogl et al. 2004).

The longevity of Lake Sinj is indicated addition-
ally by its conspicuously high species richness and
the extreme endemicity of that fauna (98%; cf.
Harzhauser and Mandic 2008a, b). A review of
literature data found more than 100 mollusk species
and subspecies present in those deposits.

Methods

The composition, structures, and textures of lime-
stones were studied using polished sections and slabs,
and thin sections. The observed features were used to
define several limestone facies, although they could
not always be identified in the field. Color was
determined using the Munsell Color Chart (Goddard
et al. 1963). Feigel's solution was used to identify
aragonite in thin sections.

Whole-rock X-ray powder diffractometer analyses
were made at the Faculty of Mining, Geology and
Petroleum Engineering (University of Zagreb) to
determine the mineralogy of limestones and the
tephra layer. XRD patterns were taken using a Philips
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diffractometer (CuKo  radiation, U = 40 kV,
I = 35 mA) with graphite monochromator and pro-
portional counter. For identification of non-carbonate
components in limestones, two samples weighing up
to 100 g were crushed to a size of 2-5 mm and
digested in 5% acetic acid. The resultant patterns
were recorded on untreated material as well as after
glycerol and ethylene glycol treatment, and heating
for 2 h at 600°C. To identify kaolinite, the X-ray
pattern was recorded after the samples were boiled
for 24 h in 18% HCI.

Five coal samples from seams from the middle and
upper part of the section were selected for detailed
analysis at the Department of Geological Sciences
(University of Leoben). For microscopic investiga-
tions, the samples were crushed to a maximum size of
1 mm. Vitrinite reflectance was determined following
standard techniques (Taylor et al. 1998). Maceral
analysis was performed by a single-scan method
(Taylor et al. 1998) with a Leica microscope using
reflected white and fluorescent light. At least 300
points were counted. Huminite macerals were clas-
sified according to the nomenclature of Sykorova
et al. (2005). Maceral percentages were used to
calculate facies indicators. The Tissue Preservation
Index (TPI) and the Gelification Index (GI; Diessel
1986), modified for low-rank coals (Kalkreuth et al.
1991), are useful facies indicators (e.g. Bechtel et al.
2002, 2003, 2004); they were calculated for the Sinj
samples according to the following formulas:

TPI

stream to TOC to give the Hydrogen Index (HI) and
the Oxygen Index (OI). As a pyrolysis maturation
indicator, the temperature of maximum hydrocarbon
generation (Tmax) was measured. Ash yield and
moisture-content analyses followed standard proce-
dures (Deutsches Institut fiir Normung 1978, 1980).
All ash and sulphur values are given as weight
percents on a dry basis (db).

The applied zonation of the lake environment
largely follows Cohen (2003). The upper boundary of
the profundal zone correlates with the upper bound-
ary of the aphotic zone and the sublittoral zone has, in
contrast to the littoral zone, no large submerged
plants. Additionally to Cohen (2003), we distinguish
the zone of seasonal lake-level fluctuation between
the highest and the lowest water mark (Damasonium
zone). The lake rim above the highest water mark, but
occasionally influenced by waves, we refer to as the
supralittoral zone.

Facies description and interpretation

The section was logged along a SW-NE striking
gully W of the village Lucane in a small seasonal
brook named Sutina. The gully cuts through a
syncline structure, perpendicularly to its axis. The
western wing of the syncline was measured and
revealed a well-exposed, continuous section through
a highly fossiliferous, coal-bearing upper part of the
basin infill. The log is 137.5 m long (Fig. 3), starting

_ Textinite + texto—ulminite + eu—ulminite + corpohuminite + fusinite

attrinite + densinite + macrinite

_ Texto—ulminite + eu—ulminite + corpohuminite + densinite + macrinite

Gl =

textinite -+ attrinite + fusinite + inertodetrinite

The total carbon and total sulfur (S) contents were
determined on a Leco elemental analyser. The total
organic carbon content (TOC) was measured with the
same instrument in samples pretreated with concen-
trated hydrochloric acid. Pyrolysis was carried out on
the collected samples using a Rock-Eval instrument
Version RE II+. This method normalises the amount
of hydrocarbons (mgHC/g rock) and CO, released
from kerogen during gradual heating in a helium

39.2 m below a 0.5-m-thick tephra horizon, ending
2.7 m above the base of the main coal layer. It bears
large mammal remains documented in Oluji¢ (1999)
and Bernor et al. (2004) (GPS coordinates—base: N
43°43'13.9” E 16°35'32.1", top: N 43°43'10.9” E
16°35'24.7").

The succession consists of dominant limestones,
coal seams, and several tephra beds (Fig. 3) and is
subdivided into two limestone-coal cycles. Each
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<« Fig. 3 Section Lucane. Note the position of samples referred

to in the text: D, Damasonium limestone; G, Gastropod
wackestone and coquina; M, microbialite; C, coal; %,
percentage of CaCOj3; m, mollusk bulk sample

cycle starts with fossil-poor, yellowish to light
grayish, fine-grained limestone (0-25 m, 81-96 m),
grading upwards into a fossil-rich transitional lime-
stone facies of normal graded beds and organic-
matter-enriched interlayers. The top of each cycle is
formed by coal-bearing, highly fossiliferous units
(40-81 m, 102-137 m).

The limestones are poor in fossils except for
numerous minute molds and casts of Damasonium
sutinae fruits. The mollusks are very scattered,
mostly as molds. In contrast, the transitional facies
and coal-seam-bearing intervals are highly fossilifer-
ous. They contain species-poor but individual-rich
lacustrine mollusk assemblages typically accumu-
lated in coquinas.

The coal-bearing units comprise several coal layers,
1 cm—1.9 m thick, interbedding the carbonate sedi-
ment. Whereas the lower cycle includes six coaly
intervals, only four intervals are present in the upper
cycle. The presence of additional coaly intervals above
the top of the section cannot be excluded. The
distribution of seams thicker than 20 cm differs
between the two cycles. Whereas relatively thick
seams in cycle 2 are concentrated in its uppermost part,
seams thicker than 20 cm occur in five coaly intervals
distributed over about 30 m in limestone-coal cycle 1.

The limestones make up 89% of the studied
succession. The CaCOs5 content is usually between 90
and 99%, and may be lower in limestones containing
a higher proportion of organic matter. The main to
exclusive carbonate mineral is calcite, while arago-
nite may locally attain 5 wt.%. The latter is related to
the presence of gastropod shells.

Non-carbonate components in limestones consist
of dominant amorphous organic matter (more than
50 wt.% of undissolved residium), and smaller
amounts of terrigenous, mostly fine-grained silici-
clastic material. The latter is represented by clay
minerals including kaolinite, mixed layered clays,
and probable smectite, chlorite, and vermiculite. Very
rare silt-sized terrigenous particles are mainly repre-
sented by irregular to euhedral quartz, which may
contain calcite inclusions. Rare zircon, tourmaline,
tiny euhedral apatite, biotite, chlorite, amphyboles,
and feldspars have also been identified. The zircon

grains may be rounded or irregularly shaped. Rare
rock fragments are quartz and chlorite aggregates.
Some limestones contain authigenic pyrite framboids,
which may attain 10 wt.%.

Four main limestone types are recognized: (1)
Damasonium limestones, (2) Gastropod wackestone
and coquinas, (3) Microbialites, and (4) “Massive
limestones”. Damasonium limestones are more com-
mon in the lower part of the succession than in its
middle and upper parts. Gastropod wackestone and
coquinas are common in the middle and upper
horizons bounded to transitional and coal-bearing
intervals of the succession. The other two facies
apparently occur in all three parts of the succession.

Damasonium limestones

Description These limestones are massive, occasion-
ally laminated, and commonly bioturbated. Their
color may be either very pale orange (10 YR 8/2), or
pale yellowish brown (10 YR 6/2) in limestones with
more organic matter. The limestone textural types
include mudstones, wackestones, and rare packstones.
The matrix consists of micritic to microsparitic calcite
with crystals up to 0.03 mm in diameter. Several types
of silt-sized and larger calcite crystals are embedded
in the matrix. They include (1) the trains of several
calcite crystals, and individual calcites, both contain-
ing impurities, (2) the crystals with a zoned pattern
and diameter up to 0.09 mm representing fish otoliths,
(3) polyhedral to oval calcites and rhombic calcites,
both about 0.04 mm in length, and (4) calcite rosettes.

Coalified plant debris and/or imprints of plant
remains are common, as are encrusted fruits and
stems. Vertical, narrow-winding traces probably
represent the remains of macrophytes in living
position, possibly roots. The fruits are slightly
elongated, lensoid bodies, about 4 mm long, arranged
in a star-like pattern of six follicles (Fig. 4a). They
belong to the aquatic plant D. sutinae (Kerner
1905b). The encrustations consist of dentate, sparry
calcite crystals. These calcites contain impurities,
probably of organic matter. The plant encrustations
may have helped prevent the later collapse of the
plant and to preserve plant shape after its decay. This
led to voids, which were later either filled with
micritic calcite or left open, creating minute molds
(Fig. 4b and c). Such molds represent the largest
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Fig. 4 Damasonium limestone facies: Lime wackestone with
starfruit Damasonium sutinae fossil fruit remains. Sample
position—20 m. Scale bars—1 mm. (a) Unpolished sample
surface showing molds of star-shape arranged D. sutinae fruits.
(b) Polished slab showing ellipsoidal to rounded sections of
fruit molds (white arrow). The molds are surrounded by
encrustation-walls clearly visible in fruit molds filled by

porosity type in the studied succession. The mud-
stones, wackestones, and packstones of Damasonium
limestone facies mainly differ in the proportion of
encrusted Damasonium fruits.

The Damasonium limestones also contain ostrac-
ods, bivalves, and gastropods with preserved or
leached aragonitic shells. Filamentous microbial tufts
attached to hard substrates such as bivalve shells or
Damasonium fruits are also present. The rare, barely
recognizable small micritic patches might represent
remnants of microbial, micrite-calcified filaments.
This limestone facies includes graded beds (Fig. 5)
up to 15 cm thick, which show sharp, erosional bases.
They range in character from coarse packstone to
wackestone in the lower part, to wackestone contain-
ing finer particles at the top. The lower part of such
beds is the coarsest sediment type of the studied
succession; it represents an accumulation of stems,
fruits of water plants, algal tufts, gastropods, ostrac-
ods, and bivalves. The relevant, graded interval of the
bed may be overlain by horizontal laminae. Such
graded beds are confined to transitional intervals
preceding the coal-forming phases.

Interpretation Rooted aquatic macrophytes are
restricted to the vegetated margins of carbonate,
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micritic calcite after the plant material decayed (black arrow).
(¢) Polished slab showing resedimented limestone consisting of
plant debris including D. sutinae fruits preserved as encrusta-
tion-walls surrounding infilled or empty molds. The
accumulation is superposed to wackestone with scattered fruit
remains

hard-water lakes, indicating deposition within a
littoral, shallow-water environment (reviews in
Tucker and Wright 1990; Platt and Wright 1991;
Talbot and Allen 1996). Damasonium sutinae is very
similar to the modern Damasonium alisma Miller,
except for its size. Kerner (1905b) defines its size at
0.7-1.5 mm, with a largest measured seed of 4 mm.
Damasonium alisma seeds are distinctly larger,
attaining 5-14 mm in diameter (Stace 1997). Da-
masonium alisma thrives in ephemeral pools and
ponds (at water depths to 50 cm) of the Mediterra-
nean and NE Atlantic lowlands up to the latitude of
SE England. It prefers poorly drained uppermost
littoral mud-plains of lakes with seasonally fluctuat-
ing water level and flat bottom, or gently sloping
pond margin morphology. The plant starts to grow
only after the plain becomes flooded. Flowers and
seeds then develop at the start of the dry season as the
plain begins to dry. Once embedded in soft bottom
sediment, the seeds can survive for years, waiting for
the next flooding or other optimal environmental
conditions (Wheeler 2007). They tolerate moderately
acidic to alkaline freshwater, although they typically
dominate in acid ponds because of low competitive
pressure. The high predominance of Damasonium
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Fig. 5 Damasonium limestone facies: Transitional unit
between the fossil-poor limestone and the limestone/coal
interbedding. (a) Outcrop situation in front of the tephra layer
showing graded limestones interrupted by two organic-rich
dark limestone intercalations. (b) Detail photograph showing

remains in some limestone intervals reflects the
former presence of dense monospecific meadows.
This corresponds to the modern, dense Damasonium
monoculture, which strongly reduces the biodiversity
of the lacustrine environment. The vegetated sub-
aqueous environment also included a fish population,
as indicated by fish remains.

Common plant encrustation reflects intense pre-
cipitation of carbonate from the lake water. This
implies an important role of photosynthetic activity in
the overall production of carbonate in this lake (Jones
and Bowser 1978; Kelts and Hsii 1978; Monty and
Mass 1979). The disintegration of encrustations
yielded the encountered, isolated calcite crystals.
Their derivation is indicated by the presence of
organic matter impurities identical to impurity-bear-
ing calcites found in original encrustations. Some of
the calcite mud could have come from ancient
carbonate rocks surrounding and underlying the lake.
Moreover, calcite grains might have originated by
heterogeneous nucleation, i.e. by growth of calcite
over very fine calcite grains deriving from older
carbonate sediments surrounding and underlying the
lake, as in the case of the Plitvice Lakes (Srdoc et al.
1985). The process is probably enhanced by photo-
synthetic uptake of CO, (Stoffers 1975). Polyhedral
to oval calcites, rhombic calcites, and calcite rosettes
are authigene products, and represent features
described from carbonate freshwater marsh sediments
(Wright 1985). The occurrence of these grains points
to temporary, short-lived changes to marsh

manifold current flow and organism-induced sedimentary
structures with ripples, cross lamination, parallel lamination,
graded bedding, erosional surfaces and bioturbations. Scale
bar—1 cm

environments, which presumably occupied neighbor-
ing, slightly shallower parts of the lake. The oval
calcites might also have derived from the disintegra-
tion of characean gyrogonites. Characeans, however,
which would have been expected to have thrived in
the environment described above, have not been
reliably identified.

Intercalations of erosionally-based, graded beds
originated by infrequent, high-energy events, proba-
bly storm-induced processes. They caused erosion,
resuspension of sediments, and deposition, including
the concentration of the coarsest particles involved,
and overlying fines. Irregular cross-laminae (Fig. 5b)
might also be the product of storm-related events.

Gastropod wackestone and coquinas

Description The gastropod wackestone is character-
ized by indistinct lamination and by colors varying
between yellowish gray (5Y 7/2) and pinkish gray
(5YR 8/1). Very common plant stems and leaves
occur parallel to bedding as imprints and coalified
compressions. Also common are discontinuous lam-
inae of organic matter and coal (Figs. 6 and 7). The
coal also occurs in beds described separately below.
Thin sections show poorly defined, brown to gray,
diffusely bounded patches; they also show inter-
spersed, thin, locally branching, crenulated stripes
and lenses of dark brown, red or black organic matter
(Fig. 6). The matrix of the limestones consists of
micrite to sparite calcite grains up to 0.04 mm in
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Fig. 6 Gastropod wackestone and coquina facies: (a) Photo-
micrograph of micritic to microsparitic limestone showing
branching stripes of dark brown organic matter possibly
representing carbonized plant roots. On the left is a fragment
of aragonitic gastropod shell (light). Scale bar—100 pm.
Sample position—76.8 m. (b) Laminated limestone with

laminae of carbonized plant remains and coal. Scale bar—
1 mm. Sample position—45.8 m. (c¢) Polished slab of gastro-
pod-bearing laminated limestone rich in carbonized plant
remains, partly crenulated. Dark brown organic material is
interspersed in fine-grained limestone. Scale bar—1 mm.
Sample position—76.8 m

Fig. 7 Gastropod wackestone and coquina facies and coal
facies: Limestone/coal interbedding. (a) Interbedding from the
lower cycle including a 50-cm-thick coal bed at section
position of 66 m (see also photomicrographs in Fig. 11a, b and
d). (b) Interbedding from the upper cycle. Note the hammer for

diameter. Several types of silt-sized and larger calcite
crystals are the same as in the facies described above.
Entire and fragmented aragonitic gastropod shells are

@ Springer

the scale at right upper corner of photograph. (¢) Interbedding
from the upper cycle directly underlying the main coal layer.
The shown sequence is 110-cm-thick and ends with a 30-cm-
thick coal seam from 134.4 m of the section

common. In association with gastropods, there are
recrystallized skeletons of bivalves, ostracods, fish
otoliths, probable fish scales, plant encrustations, and
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tiny carbonized plant remains. Additional constitu-
ents of this facies are individual tufts, about 1 mm in
diameter, of bundled microbial filaments with both
the filament tubes and inter-tube areas cemented by
sparry calcite. The tufts are attached to skeletal
substrate.

Gastropod and bivalve shells, mostly non-frag-
mented, are locally packed, creating thin to 35-cm-
thick coquina beds (Figs. 8 and 9). The coquina
intercalations are commonly differentiated into gas-
tropod- and into bivalve-dominated ones. The former
are more frequently present in coal layers than the

Fig. 8 Gastropod wackestone and coquina facies: Gastropod-
dominated coquinas. (a) Coquina bearing varve-type laminated
limestone from the lower cycle showing distinct and indistinct
coal laminae. (b) Coquina between two thin coal seams. The

shell accumulations are bounded to organic-matter-enriched
portions, whereas the intercalated lighter limestone comprises
only scattered shells. Scale bar—1 cm. (¢) Gastropod coquina
in an organic-matter-rich limestone. Scale bar—1 cm

Fig. 9 Gastropod wackestone and coquina facies: dreissenid bivalve-dominated coquinas. (a) Three Mytilopsis aletici-dominated
coquina beds. (b) Detail of the previous photograph. Scale bar—1 cm
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latter. The color of the coquina is gray to brownish
gray, locally dark gray due to the coaly matrix
(Fig. 8b). The following species dominated in at least
one of the samples: Melanopsis lanzae (Brusina
1874), Melanopsis lyrata (Neumayr 1869), Prosos-
thenia  superstes (Oluji¢  1999), Prososthenia
vojskavae (Oluji¢ 1999), Theodoxus (Calvertia) im-
bricata (Brusina 1878), Theodoxus (Calvertia)
lorkovici (Brusina 1878), Gyraulus (Gyraulus) gemi-
nus (Brusina 1897), Orygoceras dentaliforme
(Brusina 1882), M. aletici (Kochansky-Devidé and
Sliskovi¢ 1978), Mytilopsis nitida (Kochansky-De-
vidé and Sliskovi¢ 1978), Mytilopsis jadrovi (Brusina
1892).

Interpretation The association of gastropods,
bivalves, ostracods, microbial tufts, fragments of
plant encrustations, and abundant, commonly coali-
fied macrophyte remains in lime wackestone
indicates restricted, calm, freshwater carbonate envi-
ronments. Polyhedral to oval calcites, rhombic
calcites, and calcite rosettes, also encountered in
Damasonium Limestones, are typical authigenic
products in marsh carbonates (Wright 1985). A
similar indication is provided by tufts of microbial
filaments, which resemble calcified heads built by
Scytonema, described by Monty (1976) from the
coastal freshwater marsh of Andros Island (Baha-
mas). Based on the fish remains, fishes represented a
component of the ecosystem. As in the Damasonium
limestones facies, the calcite crystals with organic
impurities derived from the disintegration of plant
encrustations. This points to submerged vegetation.
Some of the polyhedral to oval calcites might have
derived from the disintegration of characean
gyrogonites.

The calcitic matrix, represented by irregularly
distributed micrite, microsparite, and sparite, reflects
diagenetic recrystallization processes. Framboidal
pyrite indicates the presence of microbial processes
in the sediment (Schieber 2002); these were related to
the decaying organic matter, mainly represented by
abundant plant remains. Vertical to sub-vertical,
locally branching concentrations of organic matter
possibly represent former rootlets, and the brown
mottling might have resulted from initial pedogenic
processes; the latter could have occurred either at
very shallow depth or, possibly, during short-term
exposure. The occurrence of coal and abundant plant
remains in this facies represents a type of transition to
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the “pure” coal, as also suggested by the commonly
encountered close association with coal seams.

The mollusk coquina intercalations in other lime-
stone types originated, partly, by infrequent higher-
energy events such as storms. Gastropod concentra-
tions within the coal may have been produced by
dead individuals floating into the mostly shallow,
restricted bay environment (De Deckker 1988). An
alternate explanation is an autochthonous origin due
to the high reproduction rate of these animals (Talbot
and Allen 1996). The gastropod assemblage, with
dominating Melanopsis, Prososthenia and Theodo-
xus, indicates a littoral environment under fluvial
influx. Today, Melanopsis and Theodoxus species
prefer streams and estuarine lake habitats, respec-
tively (Pfleger 1984). The extremely common
hydrobiid Prososthenia preferred littoral mudplains,
grazing there on algal mats (Quedens 1993; Rust
1997). In contrast, little is known about the ecology
of the huge dreissenid bivalve M. aletici. This
Dinaride Lake System endemic has a lucinoid shape
unique for the dreissenids. Its monospecific accumu-
lations are commonly represented by articulated
shells oriented in the sediment parallel to the
bedding. Like other dreissenid bivalves, it was
possibly a filter feeder confined to sublittoral and
littoral environments, up to the low-water-level mark.
The large but circular and extremely thin-walled shell
was perfectly adapted for mud reclining in calm-
water environments. The minute, triangular M. nitida
were attached to substrate, possibly to aquatic plants,
by byssal threads.

The above discussion suggests calm, very shallow,
freshwater settings dominated by carbonate marshes;
these overlapped, in their distal part, with the
vegetated shallow-water zone. Their proximal por-
tions overlapped with peripheral swamps/mires.

Microbialites

Description This limestone is very pale orange (10
YR 8/2), faintly laminated, and bioturbated. Carbon-
ized plant debris and impressions of plants are found
on bedding planes and laminae. Diffuse lamination
observed on the polished sections is hardly recogniz-
able in thin section, which still shows an alternation of
thin micritic laminae, and micrite to microsparite
laminae containing calcite grains up to 20 pm in
diameter. Both laminae types contain micrite-calcified
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microbial filaments about 0.02 mm in diameter. The
filaments may be isolated, associated and oriented
parallel to lamination or, rarely, in groups oriented
perpendicularly to the lamination. The calcified
filaments may be enveloped by radially-oriented
calcite crystals. More and less distinct micrite
spots probably originated through the breakdown of
calcified, but non-cemented or partly cemented,
meshes of microbial mats (Monty and Hardie 1976).
Rare, scattered ostracods and recrystallized mollusk
shells are also present. The lamination may locally be
destroyed by bioturbation, resulting in sediment
homogenization.

Interpretation The laminae consisting of microbial
filaments are relics of former microbial mats. They
may have thrived at different depths of the lake’s
photic zone (Talbot and Allen 1996). Together with
vegetated environments, they probably occurred in
the shallow parts of the lake. That is supported by the
absence of subaerial exposure features and by
common bioturbation, both suggesting shallow
waters. The studied succession includes common
laminated limestones without recognizable cyano-
bacterial filaments. They might still represent
microbial laminites, but could also reflect a season-
ally changing character of carbonate deposition
without contribution of microbial organisms.

Massive limestones

Description Massive limestones alternate with other
limestone facies and coal seams. They are mudstones,
which may locally contain plant remains, very rare
mollusks, and ostracods. Indistinct laminae and
micrite spots occur occasionally. Bioturbation has
also been observed. Some limestones lack clearly
visible sedimentary structures and apparently repre-
sent originally different, but diagenetically altered
facies.

Interpretation The limestones of this poorly
defined facies might represent intensely bioturbated
microbialites, or mudstones deposited in the deeper
parts of the lake. The first interpretation seems more
probable, at least for most of these limestones. This
would agree with the locally occurring lamination
and micrite spots, bioturbation features, and alterna-
tion of some of these limestones with coal seams
inferred to have originated in marsh/swamps. In
addition, the mudstone texture may have originated

by transformation of partly calcified cyanobacterial
mats into an amorphous, calcitic mud, as occurs in
present-day freshwater marshes (Wright 1985). In
general, the Massive Limestones may be tentatively
interpreted as shallow-lake sediments.

Coal

Description The coal forms about 10% of the
measured section and is mainly concentrated in its
middle and upper part, representing the upper parts of
the two limestone-coal cycles (Fig. 3). The coal
laminae in the limestones mentioned above are
accompanied by coal beds several centimeters to
several decimeters thick (Fig. 7). Local residents
reported that the exceptionally thick (1.9 m) coal
seam was exploited by miners until the 1960s. Many
abandoned mine facilities are still present near the
studied outcrop. The contacts with neighboring
limestones are either sharp or locally gradual. Seam
thickness may change laterally. Some coal beds
contain intercalated laminae and thin beds of the
limestone described above. The coal and the lime-
stones close to the coal may also contain the mollusk
coquina intercalations described above and/or accu-
mulations of aquatic plant stem crusts (Fig. 10).
Vitrinite reflectance of two samples (0.37; 0.40%Rr)
indicates a rank at the transition from lignite to
subbituminous coal (Mattbraunkohle according to the
German classification). This classification is also
supported by TOC contents (~70%; dry, ash-free
basis) and Tmax values (418-427°C; with the
exception of MAG6S). Ash yield (20-30%) and
sulphur content (6-9%) of the investigated coal
samples are very high (Fig. 11). Inorganic carbon
contents are generally low (<1%), although shells are
visible in the sample from 130.6 m. The maceral
composition and RockEval data of samples from the
four lower seams are similar and differ from that of
the 1.9-m-thick seam near the top of the studied
succession (Fig. 11). The latter is therefore discussed
separately.

The maceral composition in the four lower seams is
dominated by huminite (82-88%). Liptinite
(5.7-7.8%) and inertinite percentages (4—11%) are
moderate. Within the huminite group, detrital macer-
als (detrohuminite) are significantly more abundant
(70-73%) than preserved tissues (telohuminite: 9—-15%),
and gelified huminite macerals predominate over
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Fig. 10 Coal facies: Pseudocoquina consisting of fragmented
and whole encrusting walls of aquatic plant stems in a coal
matrix. Section position—137 m, scale bar—I1 cm. (a)
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Fig. 11 Coal facies: Position, ash yield, total sulfur and
organic carbon contents, Rock Eval parameters, maceral
composition, and facies indicators for analyzed samples.
TOC = Total organic carbon; S, = Total sulphur content;
Thax = Temperature  of maximum  pyrolysis  yield;

ungelified macerals (Fig. 12). This yields low TPI
(0.2-0.3) and high GI values (5-9). Alginite (up to
2.4%) occurs in all samples along with terrestrial
liptinite (cutinite, fluorinite, sporinite) and liptodetr-
inite.  Percentages of leaf-derived macerals
(phyllohuminite + cutinite 4+ fluorinite; Fig. 12a, b)
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Including well-preserved, ribbed melanopsid gastropods. (b)
In addition to the crushed crusts, the whole ones missing the
decayed stem are visible in the upper part of the photograph

Det (vol.%, mmf)

70 78 82 90

HI = Hydrogen Index; OI = Oxygen Index; Tel = Humotel-
inite; Det = Humodetrinite; Gel = Humocollinite; H = Sum
of Huminite; L = Sum of Liptinite; I = Sum of Inertinite;
TPI = Tissue Preservation Index; GI = Gelification Index;
db = Dry basis; mmf = Mineral matter-free basis

range from 5 to 6%. (Semi-)pyrofusinite and inerto-
detrinite are the main inertinite macerals. Funginite
is abundant as well (up to 2%; Fig. 12c¢). HI
(127-139 mgHC/gTOC), and OI values (17-19
mgCO,/gTOC) vary within a narrow range (Fig. 11).
Coal from the uppermost seam differs from other coal
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Fig. 12 Coal facies: photomicrographs. Scale bar—10 pm. (a)
Strongly gelified detrital coal with cutinite (gray arrows) and
fluorinite (white arrows). Incident white light, sample
position—66 m. (b) Same field as (a) but under blue-light

samples in having a significantly lower liptinite
content (1.7%), slightly higher huminite content
(91%), lower percentage of leaf-derived macerals
(1.4%), and an apparent absence of alginite. However,
TPI (0.2) and GI values (11) are in a similar range
(Fig. 11). A relatively low HI value (66 mgHC/
gTOC) reflects the low liptinite content.

Interpretation The coals alternating with lime-
stones document temporary swamp/mire formation in
which abundant plant material accumulated, but was
not oxidized. These environments may have been
generated by the shallowing of the carbonate lake,
enabling their progradation over the carbonate envi-
ronments. The importance of numerous lignite
intercalations in the succession is discussed below.
High ash yields prove the formation of the studied
seams in frequently flooded low-lying mires. The
presence of alginite shows at least temporary sub-
aquatic conditions during deposition of the lower four
seams. Abundant leaf-derived macerals are typical
for subaquatic environments. A lower percentage of
alginite and leaf-derived macerals indicates that
subaquatic conditions did not prevail during deposi-
tion of the uppermost seam.

High sulphur contents in all seams are typical for
calcium-rich swamps and argue for high bacterial

irradiation. (c) Abundant funginite (arrow) in strongly gelified
detrital coal. Sample position—48.5 m. (d) Ash-rich coal.
Sample position—66 m

activity promoted by neutral to alkaline conditions
(e.g. Petrascheck 1952; Taylor et al. 1998). Bacterial
activity not only yields high sulphur contents, but
also decomposes plant material. Therefore, the high
GI and the low TPI support the above interpretations
of pH values. Moreover, the low TPI values suggest
that plants with a low decay-resistance (e.g. angio-
sperms) contributed more to the biomass than decay-
resistant plants (e.g. gymnosperms). Bacterial bio-
mass incorporated into the peat substance can
increase the hydrogen content (and the hydrogen
index) of coal. The observed relatively low HI values
(66—-139 mgHC/gTOC) show that such an incorpora-
tion was not very important for the Sinj Basin coal
production. In contrast, the likely carbonate-rich
“karst” coal from the late Cretaceous/early Paleo-
cene of central Istria (Hamrla 1959) has much higher
HI values (up to 330 mgHC/gTOC; Rainer 2003).

Clay (Tephra)

Description There are 5 clay intercalations in lime-
stones traced at 5.5, 25.1, 25.4, 39.3 and 45.3 m of
the section (Fig. 3). They are sharply bounded and
light grey, dark brownish and dark green (Fig. 13).
The brown clays at 25.1 m and at 25.4 m are only
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Fig. 13 Tephra facies: (a) Thick pyroclastic layer starting at
39.3 m of the section with the tephra clay (red arrow) followed
by ripple and crossbedded, dark, pyroclastic, mineral-rich
sediment. (b) Thin dark clay intercalated into light limestone
rich in plant remains. Lower red arrow: a second indistinct clay

1 cm thick—the intercalation at 25.1 m disappears
laterally (Fig. 13b and c). Others are between 10 and
5 cm thick. The sample from 39.3 m (Fig. 13a) is a
vitroclastic tuff mainly consisting of subparallel,
elongated, 0.04- to 0.06-mm-long glass particles. The
proportion of the crystalloclasts is <5%. Visually
recognizable are biotite, quartz, chlorite, very small
apatite crystals, and probable amphibole. Brown
patches probably represent devitrification products.
The X-ray diffraction pattern indicates more than
70 wt.% of amorphous components and smectite (and
probable mixed-layer clay mineral), both of which
are products of devitrification, 5 or less weight
percent biotite, 5% plagioclase and traces of K-
feldspars, and more than 5% quartz. The X-ray
analysis also revealed gypsum, which is probably an
authigene constituent.

Interpretation Microscopic and chemical analyses
suggested an andesite-dacite character of the volcanic
activity. Consequently, the tephra compositions cor-
respond well with a series of similar volcanic ash
layers of the Sinj Basin described in detail by
§u§njara and Scavni¢ar (1974). The absence of
terrigenous components, and the small dimensions
of particles in the tephras, suggests a pyroclastic fall
of volcanic ash derived from distant eruptions,
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lamina. White arrow: a shell magnified in the following
photograph. (¢) Detail of the previous photograph showing the
clay layer and the exterior imprint of a unionid bivalve shell.
Scale bar—1 cm

perhaps in Bosnia and Herzegovina (éugnjara and
Séavniar 1974). On the other hand, they could be
contemporaneous to strong Miocene volcanic activity
in the southern Pannonian Basin System, resulting
from the climax of its syn-rift phase (Pamic et al.
1995; Paveli¢ 2001).

Discussion

Based on the above features and interpretations, the
overall picture of the younger period of the Lake Sinj
includes sublittoral, littoral, and supralittoral envi-
ronments of a dominantly hard-water lake. The lake
was probably perennial, as there are no reliable
indications of subaerial exposure.

Acidification events

The deposition of the Damasonium Limestone,
however, was probably accompanied by periodic
changes of water level, triggering the massive
production of fruit remains. The fruits were trans-
ported down to the sublittoral zone by wind or water,
for example during occasional storm events. Their
accumulations together with prososthenian snails in
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the graded beds of the transitional zone point to
reworking and lake bottom-sediment redeposition
during such events. The two transitional zones may
represent the environmental transition from the
littoral into the infralittoral zone. Moreover, the fossil
scarceness, poor content of organic matter, and
leaching of aragonitic mollusk shells within the
Damasonium limestones indicate acidification of the
lacustrine environment. This would have promoted
monoculture starfruit meadows within the uppermost
littoral rim of the lake. With the transitional zone and
the coal/limestone interbedding, the situation
changes: lake biodiversity rapidly increases. Hence,
masses of mollusks and rich organic matter produc-
tion come to characterize the ecosystem. The high
organism diversity is, in contrast to acid lakes and
ponds, a typical feature of alkaline lakes (Bronmark
and Hansson 2005).

The acidification hypothesis does not fit with the
presence of intensive carbonate production, which
clearly points to a hard-water lacustrine depositional
environment. Hard-water lakes are always base-
enriched. Yet the high production of Damasonium
fruits points, as discussed above, to seasonal aerial
exposure and drying of the lake’s uppermost littoral
zone. During low stands, the lime mud—originally
representing the anoxic environment—becomes aer-
ated and oxidized, triggering the release of H' ions.
When lake levels rise and that sediment becomes
flooded, pH may decrease with catastrophic effects
on organisms (Bronmark and Hansson 2005). Brief,
periodic acidification events impact the equilibrium
and prevent ecosystem diversification. Such related
oxidation processes could also explain the unexpect-
edly low organic content and the light color of
apparently well-aerated muddy sediment. The inten-
sive bedding (beds of 5-30 cm) in the lower part of
the section probably reflect reduced carbonate pro-
duction due to short-term acidification events.

Hard-water lake carbonate production

Physical structures and biological criteria indicate a
low-gradient ramp margin of the lake, which was of a
low-energy type. The high-energy events were
restricted to reworking of mud and biogenic carbon-
ate particles by rare storms. The lake occurred under
a wet, subtropical climate based on palynology,
which indicates swamp and terrestrial vegetation

(§u§njara and Saka¢ 1988). This and other studied
parts of the lake history are highly dominated by
lacustrine limestones, suggesting a long-lived, stable
depositional setting within the basin (guénjara and
Sakac¢ 1988). The common occurrence of plant and
cyanobacterial filament encrustations, and of calcite
grains identified as their disintegration products,
document the inorganic precipitation of carbonate
from the lake water. The precipitation of calcite in
hard-water lakes is largely related to photosynthetic
activity in the water and contributes considerably
to carbonate sediment (reviews in Tucker and Wright
1990; Platt and Wright 1991; Talbot and Allen 1996).
This process was apparently also important in Lake
Sinj. Accordingly, both the calcite encrustations
and most of the calcitic mud represent direct precip-
itates. Some of the calcite mud may have resulted
from the breakdown of encrustations. The biogeni-
cally-induced precipitation therefore represents the
most important contribution to the carbonate sedi-
ment accumulation in Lake Sinj. Minor contributions
of carbonate material derive from mollusks and
ostracods.

The input of fine-grained siliciclastic material was
volumetrically insignificant and restricted to silt-sized
particles scattered in limestones. It might have
reached the lake by winds or by spreading overflows.
Quartz grains with calcite inclusions originate by
authigenesis in limestones; most of these grains
therefore probably derived from older limestones in
the vicinity. To a lesser degree, such grains might
have been recycled from sandstones. The euhedral
apatite, biotite, and some quartz shards derived from
volcaniclastic deposits as ultimate sources. Ultimate
sources for the subrounded zircon, quartz, tourma-
line, rounded chlorite, and rock fragments were
mainly older clastic rocks. As both these particle
groups have been identified in a variety of the Dinaric
limestones (Crnjakovi¢ 1994), they stem at least in
part from the lake’s carbonate catchment area.

Depositional environments and sedimentary
evolution

The features of the facies suggest that Lake Sinj
environments included vegetated areas dominated by
submerged plants, areas covered by cyanobacterial
mats, carbonate marshes, and peripheral swamps/
mires. Previous workers already identified submerged

@ Springer



J Paleolimnol

lake and marsh/swamp plants, but also land plants
indicating forests, which surrounded the lake (Kerner
1905b, 1916a, b; ZagaI—Sa.kaé and SakaC 1987,
SuSnjara and Sakal 1988). The depth difference
between swamp/marsh environments responsible for
the origin of coal, and those related to the limestones,
were probably rather small, based on the inferred,
predominantly shallow environments for the lime-
stones. Accordingly, the lake-level fluctuations were
probably modest. Moreover, the relative lake level
was rather stable during the comparatively long
period studied here.

We tentatively recognize two types of sedimentary
evolution within the basin fill, both corresponding to
the shallow freshwater realm. The first one reflects
rather stable conditions and is characterized by
relatively uniform limestone deposition; it commonly
comprises remains of submerged vegetation and
perhaps microbial mats. The second type was com-
paratively shallower on average and environmentally
more variable/unstable. Here, the shoal and/or very
shallow bay with thriving herbs, reeds, mollusks, and
cyanobacteria mats alternated periodically with
restricted peripheral swamps/mires accumulating
abundant plant material. The lower part of the studied
succession lacking coal seams (Fig.3) probably
originated mostly within the first, relatively stable
sector. In contrast, the middle and upper parts of the
succession, characterized by alternating limestone
and coal, reflect alternating conditions related to
environmental instability of marginal to peripheral
lacustrine areas.

Orbitally-forced depositional cycles

The succession comprises two large-scale cycles of
environmental change. These start with organic-
matter-poor limestones, pass through a transitional
zone of graded and/or organic-matter-enriched lime-
stones, and end at the coal-seam-bearing limestones
and coals. Those latter coal-building phases are
subdivided into smaller cycles of organic matter
enrichment, with three outcropped intensity maxima
of coal seam building—two for the lower and one for
the upper phase (Fig. 3). The apparent relation of
those periodic and cyclic environmental perturbations
to orbitally-forced climatic changes was discussed in
a report by Mandic et al. (2006).
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The studied coal seams represent textbook exam-
ples for coal formation in alkaline environments.
Typical features include high sulphur contents, poor
tissue preservation, and strong gelification of plant
material (e.g. Taylor et al. 1998). All these charac-
teristics are mainly controlled by hard water, which
buffers the organic acids formed during peatification.
Therefore, mires formed in carbonate lakes are
characterized by high pH values, which promote
bacterial activity. Whereas some coals formed in
carbonate-rich environments are rich in hydrogen
(e.g. coal from Istria; Hamrla 1959), this is not the
case in the Sinj Basin.

The above processes might have taken place under
open lake conditions with a comparatively stable lake
level, low runoff rate, and a very low input of eroded
detritus. Such conditions characterize areas domi-
nated by carbonate bedrock geology, as in Lake Sinj.
Alternatively, Lake Sinj might have been hydrolog-
ically closed, with the character of the runoff and
detritus supply as above; the lake level might have
been quasi-stable and related to the karst groundwater
level. In both cases, minor lake-level fluctuations due
to orbitally-induced, climatically-controlled fluctua-
tions in precipitation rate could have influenced the
marginal lake environments and produced limestone/
coal cycles.

A detailed palynological and cyclostratigraphic
analysis from the Pliocene of the Ptolemais Basin
(northern Greece) indicated coal production is gen-
erally associated with dry-climate phases, whereas
the carbonate-rich intervals reflect humid phases
(Kloosterboer-van Hoeve et al. 2006).

Mollusk response to environmental change

The mollusks imply fluvial input throughout the
section. The gastropods indicating such inflow are
conspicuously common in coal- and organic-matter-
rich intervals. Hence during the organic matter
accumulation and the coal-building phases, small
freshwater streams still influenced the marginal lake
environment, but lake level still fell due to the dry
climate phase. The large dreissenid bivalves preferred
the intercalated limestones, i.e. deeper littoral envi-
ronment established within the humid-climate phases.

The distribution of hydrobiid (Prososthenia) and
melanpsid gastropod species corresponds with the
evolutionary scheme presented earlier by Olujié
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(1936, 1999). Hence their phylogenetic lines show,
around two coal-seam-bearing horizons, smooth
morphologies and low morphologic disparity/taxo-
nomic diversity. The radiation pulse started above the
top of the first transgressive-regressive cycle. The
diversification enriched the fossil record from 5 to 14
subspecies-level taxa, characterized by prominent
sculptural elements. The massive extinction event
around the top of the second cycle diminished the
species richness to the starting position, although
with completely renewed taxonomic content.

Marginal environments of Lake Sinj and its pull-
apart tectonic setting

Lateral to the studied section, small lenses with
fluvial conglomerates composed of carbonate pebbles
are intercalated into the coal/limestone succession.
This indicates the fluvial input predicted by mollusk
composition. They occur in the southern wing of the
syncline, about 250 m SW from the top of the section
(cf. Olyji¢ 1999).

The up to 2-m-thick megabreccia beds intercalated
there (Fig. 14) indicate the steep original margin of
the basin. The combination of flat lake bottom and
steep margin morphology fits well with the tectonic
background of the basin, which is interpreted as a
pull-apart structure (cf. Tari 2002).

Fig. 14 Two breccia and conglomerate lenses intercalated into
the limestone/coal interbedding of the southern anticline wing
located about 250 m SSE from the top of the studied section

The relatively slow subsidence rate of that pull-
apart basin can be explained by the extended
diapirism within the basinal basement. The Permo-
Triassic evaporites cropping out today in the north-
western part of the basin show an erosive discordant
contact to the basal Lake Sinj deposits and were
apparently present there since the initial Miocene
basinal flooding (Susnjara and Saka& 1988, Fig. 2).

Conclusions

The studied Miocene lacustrine carbonates of the Sinj
Basin originated in the early Middle Miocene during
the late evolutionary stage of perennial, long-lived
Lake Sinj. This was a shallow, calm, mainly hard-
water lake throughout the studied time interval. The
reevaluation of earlier data confirms that this applies
to its entire evolution. The lake was situated within a
carbonate area, and the supply of siliciclastic detritus
to the lake was negligible. The biogenically-induced
precipitation is the key contribution to the carbonate
sediment accumulation in Lake Sinj. Minor contri-
butions of carbonate material derive from mollusks
and ostracods.

Long-lived Lake Sinj was characterized by low-
gradient, low-energy margins. In contrast, the hinter-
land margin was steep, probably induced by a deep
horizontal fault zone. Such morphology is congruent
with the predicted pull-apart tectonic background of
the basin.

The ecosystem comprised a variety of environ-
ments including (1) sublittoral or the photic zone
below the fair weather wave base, (2) lower littoral or
the photic zone above the fair weather wave base, (3)
upper littoral with vegetated areas dominated by
aquatic, perennial plants, (4) Damasonium zone
corresponding to the uppermost littoral area between
the highest and the lowest water mark inhabited by
starfruit meadows, (5) areas covered by cyanobacte-
rial mats, (6) carbonate marshes, (7) peripheral
swamps, (8) stream catchment areas, (9) frequently
flooded low-lying mires and (10) high-lying dry
mires, the later inhabited by large land mammals
related to elephants and rhinoceroses.

We recognize two types of sedimentary evolution,
both related to the lake’s photic zone. The first
resulted from deposition within rather stable sub-
littoral and littoral conditions. It was characterized by
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relatively uniform deposition of bedded limestones.
That depositional phase was characterized by abun-
dant starfruit remains and otherwise remarkably low
biotic diversity. These features were interpreted to
reflect periodic acidification events caused by recur-
ring flooding of adjoining starfruit meadows due to
climate-driven lake-level fluctuations. The second
type of sedimentary evolution resulted from deposi-
tion in the shallow littoral zone. The changing water-
level conditions resulted in alternating limestone/coal
seam production. That alternation was triggered by
the short-term, orbitally-forced cyclic fluctuation of
humid and dry periods.

The documented paleoenvironmental evolution
marks the end of the long-lived Lake Sinj. Its final
disintegration therefore went through two superposed,
large-scale, shallowing upward depositional cycles.
Each of them started with a series of organic-matter-
poor limestones, then passing through tempestite
series, ending in the coal/limestone interbedding
series; the latter was subdivided into several subcycles
of organic matter enrichment. Whereas the shallowest
part of the first cycle is still in the temporarily flooded
lower mire facies, the upper cycle marks, at least
temporarily for the first time within the section, the
complete drying of the environment (based on the
presence of the high mire).
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