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Abstract

Scythian sedimentary rocks exposed at Strmica and Plavno near
Knin represent storm-generated deposits in inner (Lower Scythian)
and outer (Upper Seythian) shelf settings. The Lower Scythian is ep-
resented by Siliciclastic Tacies which consists of two subfacies com-
poncnts - thin-bedded shale-siltstone-sandstone alternations attached
to the distal part of the inner shelf, and a thick-bedded sandstone-
oolite subfacies attached either to the proximal part of the inner shelf
or (o the shoreface. Repetitive alternation of these two subfacies
which form the Siliciclastic facies is interpreted as high frequency
sedimentary cycles possibly related to high-frequency sca-level
changes which in turn induced wave-base oscillations. This is obser-
ved as a rapid introduction of high energy proximal inner shell or
shoreface deposits into a muddy, distal part of the inner shelf environ-
ment.

Upper Scythian sedimentary rocks are lime mudstones with marls
in the Mud facies, and with marls and calcarenaceous siltstones in the
Siltstone-mudstone facies. No obvious cyclic periodicity was obser-
ved within these two facies except the random occurence of punctuat-
ed storm layers with basal skeletal lag (Mud facies) and silty material
input in normally mud dominated outer shelf sedimentary rocks
(Siltstone - mudstone facies).

According to the facies characteristics the Lower Triassic succes-
sion near Knin is interpreted as a consequence of a low-term, possibly
third-order sea level rise compared to the global sea level rise during
the Scythian,

1. INTRODUCTION

The Lower Triassic sedimentary rocks in the arca of
Knin have been investigated previously during survey-
ing for the geologic map (Knin sheet M 1:100 000) by
GRIMANTI el al. (1972, 1975) who defined the stratig-
raphy and assigned red clastic, oolitic and bioclastic
sedimentary rocks to the Lower Scythian and gray
limestones to the Upper Scythian. They also described
their petrographic characteristics and interpreted them
as shallow-marine deposits but noticed increasing water
depth - “transgression” throughout the whole period
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which influcnced the sedimentary succession. Many
sedimentological issues were not dealt with in Grima-
ni’s investigation and remained unanswered, including
the sedimentary conditions, determination ol deposi-
tional environment and possible reasons for its change
from siliciclastic to carbonate-dominated (Lower to
Upper Scythian).

During the Lower Triassic (Scythian) shallow-ma-
rine sedimentation commenced and various clastic and
bioclastic carbonate sediments were accumulated. The
Lower and Upper Scythian sedimentary rocks described
in this study suggest the importance of storm influence.
As described in an carlier work (ALJINOVIC, 1991),
storm affected sedimentation across a broad shelf envi-
ronment far away from the near shore zone. Storm-
related processes generated many structures and tex-
tures within the sedimentary sequence of Lower Trias-
sic age at Strmica and Plavno in the vicinity ol Knin.
The role ol storms, as an important depositional mecha-
nism, is well known from recent and ancient shallow
subtidal and open shell examples (GOLDRING &
BRIDGES, 1973; ANDERTON, 1976; KUMMAR &
SANDERS, 1976; BOURGEOIS, 1980; KREISA,
1981; EINSELE & SEILACHER, 1982; AIGNER,
1985; SOEGAARD & ERIKSSON, 1985; HAND-
FORD, 1986; DUKE, 1990; SIMPSON & ERIKSSON,
1990; MYROW, 1992; JENNETTE & PRYOR, 1993;
BRENCHLEY et al., 1993), and several storm indica-
tors mentioned in these published works were also rec-
ognized in the Scythian deposits at Plavno and Strmica.

This study describes both the depositional history of
the Lower Triassic succession with emphasis on the
cnergy conditions and depth regime (proximality-distal-
ity trend), and the pattern and variation in cyclic sedi-
mentation as a response to shallowing and deepening ol
the environment.

2. GEOLOGICAL SETTING AND
STRATIGRAPHY

The study area is located in the Outer Dinarides
{Fig. la). GRIMANI et al. (1972, 1975) determined
mainly red clastic, oolitic and bioclastic sedimentary
rocks as being ol Lower Scythian age (rom the charac-
teristic faunal assemblage, and gray clayey and sandy
limestones and marls as Upper Scythian.
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Fig. I a) Location map; b) Schematic geological map (modified after GRIMANI et al., 1972). Legend: 1) Permo-Triassic, gypsum: 2) Lower
Scythian, shales, sandstones, ooid limestones and clayey limestones: 3) Upper Scythian, limestones, marls and dolomites; 4) Lower Anisian,
limestones and dolomites; 5) Upper Anisian, marls, limestones, velcanoclastic sediments, sandstones, breccias, conglomerates, clays and
rare intercalation of dolomites; 6) Quaternary; 7) fault; 8) thrust Fault; 9) fault based on air-photo analysis; 10) overturned fold: 11) axis of
the overturned fold; 12) overturned bed; 13) trace of the profile; 14) road; 15a) conformable boundary; 15b) disconformable boundary; ¢)

Schematic vertical profile of the two outcrops studied.

Recently published works (SCAVNICAR & SUS-
NJARA, 1983; TISLJAR, 1992) as well as some carlicr
ones (HERAK, 1973; SCAVNICAR, 1973) document-
ed that at the end of the Permian and beginning of the
Triassic there was a trend of tectonic uplift in the Outer
Dinarides which resulted in differentiation of the sedi-
mentary basin. This uplift represented the end of
Hercynian diastrophism and gencrated large lagoons
with evaporites (HERAK, 1973) or shallow epeiric ma-
rine basins (TISLJAR, 1992). The transition from
Permian to Lower Triassic is debated: TVANOVIC et
al. (1971) found a conformable succession between the
Permian and Lower Triassic and considered it the prod-

uct of the final acquicscence of tectonic activity, cro-
sion of the uplifted area and infilling of depressions.
GRIMANI et al. (1975) did not discover evidence ol a
conformable succession that is usually complicated
with tectonic contacts and diapirism ol evaporite com-
plexes. The investigated scctions are exposed in series
of overthrusted sheets which formation was influenced
by diapirism of evaporate (CHOROWICZ, 1977; GRI-
MANT et al., 1972, 1975; HERAK, 1973). Conscqu-
ently the Lower Scythian sedimentary rocks described
in this work form parts of the overthrust sheets Postak
and [lica (CHOROWICZ, 1977; GRIMANI ¢t al., 1972,
1975).
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The transition from Lower Triassic o Anisian can
be either conformable (Plavno) or unconformable (Fig.
1b; GRIMANI et al., 1972, 1975).

3. LOCATION OF STUDIED OUTCROPS

The data have been obtlained from two road cuts
near the villages of Strmica and Plavno (Fig. la). At
Strmica (Fig. 1b) only part of the Lower Scythian and
Upper Scythian succession is accessible and the mea-
sured succession is 239 m thick. The profile represents
the southwestern limb of an overturned fold and the
oldest deposits are not exposed. The contact of the
Scythian and overlying Anisian limestones is tectonic
(Fig. 1b; GRIMANI et al., 1975), and the succession is
slightly disturbed by a strike-slip fault near the bound-
ary between the Lower and Upper Scythian. Neverthe-
less, the succession can be easily traced.

At Plavno (Fig. 1b), the early Triassic succession is
about 700 m thick. The lowermost part is overlain by
Quaternary sediments. Upper Scythian rocks are con-
formably overlain by Anisian limestones. The facies
characteristics correlatable with the Strmica profile
occur in the upper 410 m of the column (Fig. 1c).

Quantitative data presented in this work have been
collected from the Strmica profile and are also repre-
sentative of sediments at Plavno (ALJINOVIC, 1991).

4. FACIES FRAMEWORK OF THE LOWER
TRIASSIC (SCYTHIAN) SEDIMENTARY ROCKS

Three different facies were identified in the Scy-
thian succession. These are: Siliciclastic (Lower Scy-
thian), followed by Mudstone and Siltstone-mudstone
(both Upper Scythian) (Fig. 2). There is a continuous
transition from siliciclastic sedimentation in the Lower
Scythian to lime mudstones and marls in the Upper
Scythian. Increased amounts of lime mudstones and
marl appeared. The thickness of beds generally decreas-
5

4.1, SILICICLASTIC FACIES

This consists of alternating thin-bedded siliciclastic-
dominated intervals and thick-bedded mixed siliciclas-
tic-carbonate intervals. Strata are therefore grouped into
two relatively distinet subfacies: thin-bedded shale-silt-
stone-sandstone sublacies and thick-bedded sandstone-
oolite sublacics (Fig. 3). The subfacies are regularly
organised and [orm metre-scale sedimentary cycles
(Figs. 2 and 3). Approximately 29 cycles are present
within the Strmica column and 8 within the Plavno sec-
L1on.

4.1.1. Thin-bedded shale-siltstone-sandstone subflacies

This subfacies is prescent in the lower part ol the
cyeles, and it is composed of interbedded shales and

sandstones or siltstones. The sandstone-siltstone/mud
ratio increases upward within cach cycle (Fig. 3). Petro-
graphically the shale consists mostly ol illite. Siltstones
consist mainly ol quartz grains and varying amounts of
argillaceous minerals and calcite cement. They tend to
contain lamina of fine mud, which increases in abun-
dance upward. Sandstones are very line to fine grained
and vary from quartz arenite to arkosc in composition.
Micaceous sandstones with coarse 1-2 mm mica parti-
cles may occur. In general, the sandstones arc matrix
[ree, but determination of the relative abundance of pri-
mary matrix is hampered by the presence of neomor-
phic microspar in intergranular pores. Occasionally,
bioclasts and ooid grains represent the dominant com-
ponents. These types of rocks have been termed cal-
carenites or ooid rich calcarenites.

All sedimentary rocks are usually red or vellow
colourcd duc to Fe-hydroxides, except the micaceous
sandstone varieties which are gray. The alternation ol
all three types of sediments is shown in Fig. 7.

The sandstone and siltstone layers vary in thickness
up to a maximum 10 cm. There are also lateral varia-
tions in thickness of particular beds. Some beds display
pinch-and-swell geometry or lateral discontinuity. Lens
shaped bedforms are common. The lower bed surfaces
arc usually sharp and flat. Thicker sandstone layers
very often exhibit small, centimetre scale highly irregu-
lar load casts (Fig. 5). Loading could cause slight delor-
mation of beds and their internal structures, but when
loading is enhanced it may produce the deformation of
the whole bed and the [ormation of the “nodular-like”
beds. Ball & pillow structures are also present. Very
rarcly lower bedding planes show flute marks (Fig. 6).
Shale interbeds are up to 10 cm thick and structurcless,
except for a well developed fissility. They contain well
preserved small molluscan molds. The shells were lithi-
fied in convex-up position.

Sharp upper bed surfaces are present, as well as a
gradational upward transition to [iner grained sedimen-
lary rocks. Ripplcs that appear on the upper bedding
surfaces ol some beds are symmetric with slightly sinu-
ous crests and are interpreted as wave ripples. Two sys-
tems of ripple crests can be observed. They are almost
perpendicular to one another and one system roughly
trends NW-SE while the other trends NE-SW (Fig. 2).
On the upper surface of some siltstone beds millimeter
scale ITat-crested ripples were found. Crestal wave-
lengths are 3-4 mm and ripple heights are about 1 mm.
Crests arc slightly sinuous. Trace [ossils are well pre-
scrved on the upper and lower bed surfaces. According
to their simple morphology and low diversity they are
attributed to crawling organisms.

According to the specific internal structure several
types of bed organization could be determined. A con-
tinuous transition from coarser to liner sedimentary
rocks 1s common. Throughout, horizontal-planar lami-
nated beds are the most abundant type. These layers are
cither evenly laminated or are developed as laminated
rhythmites, in which the lower laminac arc thicker and
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coarser grained and grade upwards into thinner and
finer-grained laminae. Sets of lamina may thicken and
thin laterally causing a slight departure from the hori-
zontal in the form of gentle, 1solated undulations or
irregularities. Beds that consist of sinuous undulated
lamina sets are also common. Some beds are character-
ized by horizontal planar or undulated lamina sets pass-
ing upwards to ripple cross-lamination and further gra-
dationaly to shale (Fig. 4b) or the whole bed may be
cross laminated. Ripple cross lamination shows a sim-
ple internal structure such as unidirectional bounded
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Fig. 2 Strmica section. Legend: grain size: 1) < 0,004mm: 2) silt; 33
silt/sand; 4) fine to medium sand; 5) coarse sandstone/gravel;
lithology: 6) shale; 7) alternation of thin-bedded shale, siltstone
and sandstone; 8) laminated to thin-bedded siltstone; 9) alterna-
tion of thin-bedded siltstone and sandstone; 10) sandstone; 11)
ooid grainstone; 12) laminated to thin-bedded mudstone interval;
13} laminated (o thin-bedded marl interval; 14) laminated to thin-
bedded silty marl interval; 15) laminated to thin-bedded silty
mudstone interval; 16) alternation of thin-bedded to laminated
mudstone and marl interval; 17) alternation of thin-bedded to
laminated mudstone and calcarenaccous siltstone interval; tex-
tures and components: 18) horizontal-plane lamination; 19)
undulate lamination; 20) ripple cross-lamination; 21) vertical
grading; 22) hummocky cross-bedding; 23) cross-bedding; 24)
wave ripples; 25) gutter casts; 26) amalgamation; 27) shell
molds; 28) ooids; 29) skeletal detritus; 30) intraclasts; 31) ammo-
nites; 32) convex up shell position; 33) bioturbation; 34) trace
fossils: 35) load casts and ball & pillow structures; 36) flule
marks; 37) sedimentary cycle; 38) uncertain sedimentary cycle;
39) partly covered interval; palacocurrent data: 40) ripple crests;
41) gutler casts.

laminae draped by form concordant parallel lamina
(Fig. 4a), or bi-directional bounded lenses show ofl-
shooting (Fig. 4d). Small-scale hummocky cross-strati-
lication shows a simple internal structure: planar lami-
nations with scoured upper scts display external sym-
metrical swell geometry that is draped by form concor-
dant siltstone or silty shale (Fig. 4c).

The alternation of muddy and silty or sandy materi-
al present in the thin-bedded shale-siltstone-sandstone
subfacies represents a dominantly muddy marine envi-
ronment interrupted by deposition of silt and sand. The
sharp bases of the siltstone and sandstone beds suggest
an abrupt commencement of deposition while the verti-
cal grading Irom sandstone or siltstone to shales indi-
cates deposition under waning energy conditions. The
deposition of fines was possibly from suspension, while
the deposition of silt and sand could be interpreted as
periodic rapid events (supported by numerous loaded
siltstone and sandstone bed surfaces). Such an organi-
zation ol depositional structures indicates storm deposi-
tion (c. g. ANDERTON, 1976; KREISA, 1981). The
vertical transition from sandstone or siltstone to shale
indicates the deposition [rom a single storm and the
return to fair weather sedimentation processes, as also
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Fig, 3 Idealized sedimentary cycle in Siliciclastic facies: thin-bedded
shale-siltstone-sandstone sublacies represents the interbedding of
lair weather and storm layers deposited from waning cnergy
storm events; thick-bedded sandstone-oolite subfacies is repre-
sented by amalgamated units and megaripples as a consequence
of high-cnergy events, Tor legend see Fig. 2.
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Fig. 4 Bed types in thin-bedded
shale-siltstone-sandstone sub-
facies: a) simple ripple lamina-
tion of possible current origin
shows unidirectional bounded
lenses draped by form concor-
dant parallel lamina set; b)
complex bidirectional ripple
lamination superimposed on
parallel lamination (note up-
ward increasing mud content);

¢) horizontal-planar lamination
scoured forming hummocks
overlaid by mud; d) bidirec-
tional wave ripples lamination
with offshooting lamina set in
arippled laminated beds.

indicated by numerous trace fossils preserved in the
upper part of the shale units (BOURGEOIS, 1980;
KREISA, 1981).

The siltstone and sandstone beds are considered to
have been formed during storms capable of entraining
sediment in turbulent suspension, transporting it and
depositing it during the waning stage. Hummocky
cross-stratification, as typical storm structure, could
have been formed by deposition under combined or
oscillatory storm flow components (DOTT & BOUR-
GEOIS, 1982; DOTT, 1983; DUKE, 1985, 1987;
SWIFT et al., 1987; CHEEL & LECKIE, 1993) or by

Fig. 5 Load cast structures revealed as shallow protuberances on the
lower bedding plane of a siltstone bed - thin-bedded shale-silt-
stone-sandstone subfacies; hammer for scale is 33 cm long.

simple scouring due to post depositional wave rework-
ing.

Two types ol ripple cross-lamination were identi-
lied: current ripple lamination (Fig. 4a) probably gener-
ated by unidirectional currents during storms (SNED-
DEN ct al., 1988; DUKE, 1990) while the draping lam-
inae suggest lurther vertical accretion from suspension
possibly after diminishing unidircctional current veloci-
ly during a period of moderately high suspension fall-
out (DeCELLES & CAVAZZA, 1992). Flute marks
preserved on the lower bedding plancs of some beds
also bear witness to the strong unidirectional flow capa-
ble of scouring. Wave ripple cross-laminated beds (Fig.
4d) as well as undulate lamination are probably the
result of wave generated oscillatory currents produced
by storm waves (De RAAF et al., 1977). Millimetre-
scale ripples are assigned to normal subtidal water
depth and were formed aggradationaly, lamina by lami-
na due to very low speed [lows which were only slight-
ly faster than threshold velocities (JENNETTE & PRY-
OR, 1993).

Horizontal planar laminated sandstone and siltstone
layers arc considered storm beds as well, similarly as
storm sand beds in mud shelf reported by GOLDRING
& BRIDGES (1973) and REINECK & SINGH (1973).

Fig. 6 Flute marks on the lower bedding plane of siltstone bed - thin-
bedded shale-slitstone-sandstone subfacies; hammer for scale is
33 cm long.
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4.1.2. Thick-bedded sandstone-oolite subfacics

Thick-bedded sandstone-oolite subfacies comprises
the upper part of each cycle with the exception of cycle
23 which consists almost entirely of this subfacies. The
subfacies is typified by thick layers of fine to medium
sandstones and coarse ooid grainstones with minor silt-
stone and very rare thin interbeds of shale. Sandstones
are fine to medium grained and consist ol quartz and
leldspar grains cemented by sparry calcite cement, and
can be classified as quartz arcnite, subarkose or arkose
(ALJINOVIC, 1991). The content of silt and siliciclas-
tic mud is small. Occasionally, the sandstones contain
appreciable amounts of 1-2 mm mica particles. Coarse
grained bioclasts and ooids can also be present.

Qoid grainstones are composed ol coarse grained
(0.6-1 mm) ooids, localy remarkable amounts ol coarse
grained to gravel-sized bioclastic material (shells, echi-
noderms, gastropods) and small amounts of siliciclastic
sand grains. Two types ol cements are present: fibrous
calcite and blocky calcite (Fig. 8). Shell [ragments or
whole valves form the nuclei in many ooids but [re-
quently nuclei are distorted by recrystalization and are
replaced by blocky calcite or dolomite (Fig. 8). Cortices
are usually concentric. Only in the thickest oolite bed
radial and radialconcentric ones arc present. Very often
ooids show only a very thin, irregular, red rim (proba-
bly containing Fe-hydroxides) around the nucleus. The
dolomitization of ooids varies from partial (only nuclei
replaced) to complete. Appreciable amounts of bioclas-
tic material occurs with ooids, thus making the transi-
tion to skeletal grainstones.

Siltstones contain quartz and minor amounts of argi-
llaceous minerals which are cemented by sparrycalcite.

Shales appear as very thin layers or lamina scts.
They do not differ from the shales mentioned in the
previously described subfacies.

Sandstones, siltstones and shales arc red colored
while oolites are red, yellow or gray.

Individual sandstone, siltstone and ooid grainstone
beds range in thickness from 10 em to about 40 ¢m, but

Fig. 7 Thin-section microphotograph - interlayers of sandstone
(upper), shale (middle) and siltstone (lower part of photo). Note
irregular contact between sandstone and shale depicting loading
of upper positioned bed.

the upper thickness limit is not known because common
amalgamation produced units that are up to 2 m thick.
The thick units of all sedimentary types are commonly
separated by shale partings which suggest that the thick
units are the product of amalgamation. In most cycles,
the siliciclastic portion of the facies is overlain by a
thicker oolite bed. Although bed thickness is variable
throughout the subfacies unit, a weak upward thicken-
ing trend can be observed. Amalgamation also increas-
es upward in many cycles with the exception of cycle
27,

Beds are planar, but lower bedding surlaces may be
planar or undulatory or exhibit sharp erosion into the
underlying sediments. The upper surlaces ol all beds
may be planar, rippled or irregular. Irregularly shaped
upper crosion surfaces are locally draped by irregular or
undulous thin shale lamina.

Lenticular or irregularly shaped beds are common.
Lenticular beds cither have a convex down base while
the top is tlat or the base i1s flat and upper surlace is
convex up. The lengths ol lenses range from a few tens
of centimetres up to 3 m. The lower surlaces ol sand-
stone and siltstone beds can be loaded, and some large
deformations resemble ball and pillow structures altho-
ugh they are not strictly isolated in mul.

Fig. 8 Thin-section microphotograph -
caleite cement (small arrow), and blocky calcite cement (big
arrow). Ooids are partly destroyed by dolomitization process (d).

ooid grainstone, Note fibrous
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Several types of bed organization characterise this
subfacies, including hummocky cross stratified sand-
stones. They display slightly undulous laminations that
follow the irregularly or wavy scoured surface ol the
lower bed. These beds may be truncated forming anoth-
er hummocky-like surface. Several truncated surfaces
can be superimposed.

Sandstone and siltstone beds can display horizontal-
planar lamination throughout. The same sediment types
as well as oold grainstones could be internally charac-
terised by planar cross-bedding. Compound bodies con-
sist of numerous sets (up to 40 cm thick) usually incli-
ned in the same direction but oppositely inclined sets
have also been observed. Both low-angle scts and stee-
ply inclined sets occur. Cross-bedded ooid grainstones
are very often capped by megaripples, the wave length
ol which varies [rom 30 c¢cm to [.5 m. In cross-section
profiles a few well defined superimposed wavy bed sets
separated by discontinuous thin, wavy shale drapes may
appear.

Hummocky cross-stratified sandstones indicate the
storm origin of the sedimentary structures. The appear-
ance of amalgamated bed sets and increased amount of
medium sand and coarse ooids indicates depositional
processes in a shallow marine environment. In this shal-
low environment intense eroding and removing of sedi-
ment occurs due to a high energy regime. Consequ-
ently, these processes resulted in diflerent sedimentary
structures than those described lor the thin-bedded
shale-siltstone-sandstone subfacies. Though, wide-
spread evidence of amalgamated beds envisaged as
continuous thick layers with residual mud partings are
the result of several storm events. The lenticular beds
and multiple crosion surfaces witness also the repetitive
reworking of sediments (SIMPSON & ERIKSSON,
1990; BRENCHLEY ct al., 1993), with penecontempo-
rancous winnowing of fines.

Load casts and ball and pillow structures are consid-
ered to be a consequence of the rapid deposition of sand
over a hydroplastic mud (DZULINSKY & WALTON,
1965; REINECK & SINGII, 1973; ALLEN, 1984).

Hummocky cross-stratification, as well as large sca-
le cross-bedding associated with coarse grained mega-
ripples, suggests the occurence of intense oscillatory
and/or combined flows (DOTT & BOURGEOIS, 1982;
DUKE 1985, 1987, 1990; CHEEL & LECKIE, 1993).
Shallow or deep scouring indicate also the influence of
storm generated unidirectional currents capable of
scouring (DUKE, 1990; MYROW, 1992). Horizontal
planar lamination of some thick sandstone and siltstone
layers can be interpreted as the product of upper regime
oscillatory or current flows associated with peak storm
conditions in a very shallow environment, probably
shoreface. Cross bedding. observed in medium sand-
stone and ooid grainstone beds, which resembles sub-
aqueous sandwaves, could be compared to storm gener-
ated sandwaves ol the Middle Atlantic Bight described
by SWIFT ct al. (1979). Formation ol these shallow
marine bedforms, according to SWIET et al. (1979) is a

—

Fig. 9 Skeletal lag in mudstone layer (Mudstone facies). Note vertical
(=) p=} s
grading and increasing mud content; dark grey spots are shell
valves; acetate peel.

response to wind driven unidirectional flows during
storms, but coarse grained megaripples commonly
found at the top ol ooid grainstone beds seem to be the
product of wave motions or at least of combined flows
(MARKELLO & READ, 1981; LECKIE, 1988;
DUKE, 1990; JENNETTE & PRYOR, 1993). Thus, the
cross bedded sandstones and ooid grainstones with
megaripples could be explained by the actions of geo-
strophic current and subsequent wave motions generat-
ed by storms. Wave conditions that form coarse grained
wave ripples could be the result ol large storms, but
also of long period swells (LECKIE, 1988), which
places this sublacies in a very proximal shallow water
environment. When they occur in the same setling with
medium and fine sand, coarse grained megaripples are
reported in coarse grained sediments, while hummocky
cross-stratification is expected in medium grained ones
(LECKIE, 1988). This is apparent in thick-bedded
sandstone-oolite subfacies, where coarse grained rip-
ples appear in the oolite (coarse grained sediment),
while hummocky cross-stratification is restricted to
medium and fine sandstones. The absence ol character-
istic tidal featurcs (cross-bedding, neap-spring cosets,
mud drapes, etc.) led to the dismissal of tidal currents in
process interpretation, at least as an important factor in
forming the sedimentary structures, and the inlerence of
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currents and waves due o storms in forming the domi-
nant sedimentary structures.

The genesis of ooids is related to the occurrence of
carbonate rich shallow marine shoals which were
affected during storms. Storm-driven currents or waves
influenced the shoals as described in recent examples
from the Bahama Bank (HINE, 1977). Nevertheless,
storm currents were not capable for transporting coarse
material over long distances in onhshore direction, so
that most coarsc ooids stayed restricted within the shal-
low parts of sedimentary basin while, on the contrary,
the negligible amount of only fine and medium grained
ooid rich calcarenites could be found in the thin-bedded
shale-siltstone-sandstone sublacies.

4.2. MUDSTONE FACIES

An increase in lime mud related to the siliciclastic
mud and a lack of sandstones and ooid grainstones
characterize the Mudstone facies. No cyclicity was
deflined. Rather irregularly organized layers are present.

This lacies consists ol laminated units of marl or
lime mudstone. Marls consist of CaCO, component
(approximately 65-75%) and illitic clay material. A
very small amount ol bioclastic material is present. The
carbonate component is represented by recrystallized
matrix.

Lime mudstones contain carbonate mud which is
usually recrystallized. The argillaccous component is
low. Well preserved fossils (ammonites, molluscs and
echinoderms) can be present and arc usually dispersed
in mud.

Silty marls and silty lime mudstones occur occa-
sionally. They contain appreciable amount of siliciclas-
tie silt sized particles, mainly quartz.

Marls or lime mudstone are occasionally enriched in
coarse grained bioclastic or intraclastic material (some-
times >2 mm). Coarse parlicles are accumulated as a
basal lag a few centimeters thick (Fig. 9). Fossils are
well preserved. Whole valves are dominantly oriented
parallel to bedding in convex up position. Large, usual-
ly coarse grained intraclasts of lime mud and peloids
san also be concentrated as lags. In cach unit the up-
ward transition to purc mudstone is gradational and an
upward increase in the carbonate component can bhe
observed.

Evenly laminated lime mudstones and marls are
sometimes disturbed due o intense bioturbation. Trace
lossils preserved at the top ol numerous beds arc assi-
gned Lo crawling organisms.

The dominantly fine grained sedimentation in the
Mudstone facies suggests deposition in a tranquil, deep-
er environment related to the environment proposed [or
Siliciclastic facies. Units which consist of coarse size
well preserved skeletal and intraclastic lags overlain by
laminated or bioturbated marls and/or lime mudstoncs
are considered storm deposits in ollfshore environment
similar as described by KREISA (1981). It is well
known that storms affect sedimentation across a broad

shell environment far away [rom the nearshore zone
(SMITH & HOPKINS, 1972; BEARDSLEY & BUT-
MAN, 1974; VOS, 1977;: BUTMAN ct. al., 1979). The
intense bottom-shear conditions during the storm peak
can concentrated shells of living and dead organisms
from the sea either by burying them by sudden influx of
storm suspended fines or by exhuming previously
buricd shells by ripping up underlying weakly consoli-
dated lithologics and form lag deposits (KREISA,
1981). Therefore, the whole-fossil walves dominantly
oriented parallel to bedding in convex-up position are
interpreted as storm layers because storms preferential-
ly preserve whole fossils by burying them and protect-
ing them from normal destructive processes (KREISA,
1981). Further-more, winnowing and suspension ol fine
sediment by storm turbulence resulted in deposition of
the upward lining units consisting ol fine grained sedi-
mentary rocks deposited [rom suspension superimposed
on a coarse lag material. As the storm wanes more mud
is deposited from suspension and upward grading
reveals. No strict structural characteristic could trace
the Tull of storm and reversal to normal basinal sedi-
mentation exeept increased amount ol lime mud.

4.3. SILTSTONE - MUDSTONE FACIES

This facies consists of very thin-bedded or laminat-
cd layers of marl and lime mudstones but contains
increased amounts ol carbonate silt material forming
calcarenaceous siltstone layers. Silty marls and silty
lime mudstones arc also present. Marls, silty marls,
lime mudstones and silty mudstones are petrographical-
ly similar to those described in previous lacies bul
occasionally marls and silty marls arc cenriched 1n
ammonile molds. Calcarenaceous siltstones are com-
posed of skeletal particles (usually echinoderm frag-
ments or shells and minor amount of ammonites and
foraminifera) and siliciclastic quartz grains (Fig. 14).
Sparry calcite component is also present.

Calcarcnaccous siltstones are common, lforming
thick (1-20 ¢m) laminated layers. The layers have very
sharp lower surfaces. Basal laminae embrace coarser
skeletal particles and are overlain by parallel or slightly
undulous silt laminac. The silt laminae gradationaly
thin upward, as the mud content increases (Fig. 10). In
some beds weakly delined cross lamination appears.
The skeletal particles in the lowermost laminae of silt-
stonc beds arc sometimes medium sand-sized. Silt-
stones are overlain by laminated or bioturbated silty
marl, marl and/or lime mudstone. Occasionally hum-
mocky cross-stratified siltstone layers appear (Fig. 11).

Intense bioturbation produced the massive struc-
tures of mudstones, while on the exposed bedding pla-
nes numerous crawling trace fossils are preserved.
Some escaping burrows were noticed 1n siltstones lay-
ers, too.

Well preserved guller cast structures are common
on the lower bedding planes of silty marls and silt-
stones. In vertical profile the gutters are shallow, -3
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Fig, 10 Graded rhythmites in calcarenaceous siltstone layer (Silt-
stone-mudstone facies). Note weak grading at the bottom of the
layer, parallel and cross lamination in the middle and upward
thinning of laminae and increasing mud content; acelate peel.

cm, and about 5-7 cm wide and are flat bottomed or
wide with “U” shaped profiles. In plain view gutters arc
straight, lincar (Fig. 12) or show an anastomosing pat-
tern (Fig. 13). The Gutters strike NE-SW,

Interbedded lithologies containing varying propor-
tions of silt sized particles and fine grained sediments,
fossil-lag material, as well as gutter cast structures,
undulatory lamination and hummocky cross-stratifica-
tion as described here, can serve as evidence for storm
activity in the deeper outer shelf environment (KRE-
ISA, 1981). Similarly as described by Kreisa, thin silt-
stone interbeds in marl and lime mudstone units super-
imposed on basal lag, as described in this lacies, may
represent distal expressions of storm activity The
increased content of silt created the variability of storm
generated layers as compared to the storm layers of the
Mudstone facies. Thus, laminated silty interbeds which
show trends ol upward increasing matrix, thinning lam-

Fig. 12 Lower bedding plane of calearenaceous siltstone bed display-
ing lincar gutter cast (Siltstone-mudstone facies); hammer for
scale 33 cm.

Fig. 1l Hummocky cross stratified calcarcnaceous siltstone bed (Silt-
stone-mudstone facies). Lamina sets have been highlighted by
pencil. Note escaping burrow on the left of photo.

inae and weak grading and resemble graded rhythmites
are the result of silt input probably from the nearshore
arca by storm gencrated currents (REINECK & SIN-
GH, 1972). The sharp bed surfaces of silty marl and
siltstone beds which very olten show well preserved
gutler casts suggest an abrupt commencement ol sedi-
mentation with the influx of silty material (BRIDGES,
1972; WHITAKER, 1973; BLOOS, 1976; KAZMIER-
CZAK & GOLDRING, 1978; AIGNER, 1979; DUKE,
1990). The cscape burrows in siltstones also provide the
evidence of the rapid input ol silt material and deposi-
tion from single event (GOLDRING & BRIDGES,
1973; VOS, 1977, BOURGEOIS, 1980). Undulating
laminations in siltstones as well as hummocky cross-
stratification (Fig. 11) were probably formed under
combined or oscillatory storm currents (GOLDRING &
BRIDGES, 1973; De RAAF et al., 1975; HARMS et
al,, 1975; BLOOS, 1976; HAMBLIN & WALKER,
1979; BOURGEOQIS, 1980), while the gutter casts arc
attributed to a near bottom storm [low component
(DUKE, 1990) associated with some helicoidal move-
ments (WHITAKER, 1973).

According to the progressive increase in thickness
and abundance of laminated beds of siltstones toward
the end of Plavno and Strmica sections a relatively shal-
lower water environment is proposed lor this facies in
relation to the Mudstone facies,

5. DISCUSSION

5.1. DEPOSITIONAL ENVIRONMENT

The structural characteristics of many beds found in
Strmica and Plavno sections delined storm induced
processes which alternate with beds that represent sedi-
mentation between storms. The event deposits show the
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Fig. 13 Lower bedding plane of calcarenaceous siltstone bed showing
anastomosing gutter cast pattern (Siltstone-mudstone facies).

cvidence of storm wave and current components while
the time gap between storms was generally discerned
according to the increased activilies ol crawling organ-
isms and preserved ichnofossils. The influence of
storms has been manifested dilferently according to
water depth. The depth related concept ol storm gener-
ated layers has its general consequence in forming
remarkably different structural characteristics among
Lower and Upper Scythian sedimentary rocks. The difl-
ferent storm induced sedimentary structures that are
documented within Lower and Upper Scythian facies
arc interpreted as depth related storm influence on the
wide shelf area. The assumption of a wide shelfl is sup-
plemented by the earlier hypotheses of continuous sedi-
mentation of Permian and Triassic sediments (IVANO-
VIC et al., 1971) in tectonically inactive phases on the
edges of an epeiric see (TISLJAR, 1992), shallow sca
(SCAVNICAR & SUSNJARA, 1983) or in the large
lagoons (HERAK, 1973). The differences among
Lower and Upper Scythian [acies imply the changing of
walter depth in favor of deepening of the environment or
the rising of sea level ie. a transgressive trend which
has also been assumed in previous work by GRIMANI
ct. al. (1975). There is no evidence of sedimentation
hiatus in the investigated profiles, so continuous sedi-
mentation throughout the whole Scythian is inferred.

The depth related concept assumes that the effect of
storms decrease toward deeper water (AIGNER, 1985).
Different storm induced sedimentary structures will be
discussed in the context of storm induced processes in
proximal and distal parts of the shell.

The characteristics of the Siliciclastic facies (amal-
gamated intervals, overlapping scts of coarse grained

Fig. 14 Thin-section microphotograph - purallel laminated calearena-
ceous siltstone containing an appreciable amount of shell frag-
ments. Nolte that the orientation of shells are parallel to lamina-
tion.

megaripples, as well as discrete storm sand layers inter-
spersed in red shales) point to a shallow waler environ-
menl where the wave and current storm component or
multiple episodes of storm reworking were active. The
shallow proximal part of the shelf or inner shelf and
shoreface where the storm winds creale vigorous circu-
lation and surface waves is proposed for this facies. The
inner shelf is defined according to HARMS et al.
(1982). On the contrary, the deposits of the Mudstone
and Siltstone-mudstone facics imply a lower energy
environment where periodic winnowing of the host sed-
iment caused accumulation ol a [ragile epifauna at the
bottom of storm beds (Mudstone facies) or sudden
influx of storm suspended silt create graded and lami-
nated silty storm layers (Siltstone-mudstone lacies).
Both these characteristic layers represent the distal
expressions of storm currents. Storm layers in both
facics alternate with the intervals of normal, slow,
muddy basinal sedimentation in the deeper outer shelf
cnvironment.

In the Siliciclastic facies there is a sequentially shal-
lowing facies assemblage represented by the transition
from thin-bedded shale-siltstone-sandstone sublacies to
thick-bedded sandstone-oolite sublacies. The repetitive
changes of these two subfacies create metre-scale sedi-
mentary cycles. In cach cycle there is an upward incre-
ase ol amalgamation and large scale structures (cross-
bed sets and megaripples), thickness of beds and the
abundance of coarse material (coarse sand and ooids).
All these characteristics establish a proximalization
trend (SIMPSON & ERIKSSON, 1992; BREN-
CHLEY et al.,, 1993; JENNETTE & PRYOR, 1993). In
addition to the proximalization trend within each cycle
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the two sublacies types represent further depth related
differentiation. Therefore, thin-bedded shale-siltstone-
sandstone sublacies showing discrete storm layers sepa-
rated between [air weather muds indicates relatively
deeper parts of inner shell or the depths where storm
wave and currents create specific sedimentary struc-
tures such as graded rhythmites and hummocky stratifi-
cation and have insuflicient strength to remove all mud
deposited between storms. Thus, the shale content may
serve as bathymetric indicator and appears to be indica-
tive of the more distal part ol the shelf (c.g. ANDER-
TON, 1976; SWIFT et al., 1987; BRETT, 1983;
MYROW, 1992). Therctfore, the thin-bedded shale-silt-
stonc-sandstone interval reflects sedimentation in distal
deeper part of the inner shell. The upward incre-asing
amount ol sand and decreasing shale noticed in the ver-
tical profile of each cycle indicated the periodic shal-
lowing of the environment. Apparently, due to shallow-
ing, the thick-bedded sandstonc-oolite intervals which
overlie thin-bedded shale-siltstone-sandstone intervals
have all of the characteristics ol high energy processes
which could be attributed to intense reworking and
croding due to a shallower water depth, The structural
characteristics ol thick-bedded sandstone-oolite subfa-
cies provide the conclusive evidence that deposition
occured in the proximal part of the inner shell or, al
least partly, in a shorelace.

5.2. ORIGIN OF MATERIAL

Appreciable amounts of feldspar particles present in
the sandstones leads to the assumption of preferential
mechanical weathering ol uplilted rock masses in arid
or semiarid climate conditions. The assumption relies
upon the similarity with other Scythian sediments. An
arid or semi arid climate in the Scythian period was
suggested by SCAVNICAR & SUSNJARA (1983).

The appreciable amount ol sand and silt which
accumulated in the Lower Scythian allows the assump-
tion that the sand and silt were possibly supplied to the
strand plain by short lived flows that occurred as a
result of floods emanating [rom alluvial fans that [rin-
ged the basin edge (SMOOTH, 1983).

The increasing amount of carbonate and mixing of
carbonate and siliciclastic material with minor calcarc-
naccous silt deposited throughout Upper Scythian could
be explained as the result of 1) entrainment of coarse
sand and oolite sediments in a ncarshore area or more
probably 2) the changing ol source arca possibly caused
by increased carbonale production in the nearshore
zone and transportation of the finest carbonate particles
olfshore.

5.3. GENERAL CHARACTERISTICS OF
THE CYCLIC SUCCESSION

From the basc of the succession, which is described
in detail in the Strmica section and compared to the
Plavno scction (Fig. 15), the same vertical arrangement
of the facies have been observed. Alter initial transgres-

sion which have probably drowned underlying evapor-
ite complexcs, a marine conditions have been estab-
lished. The main characteristic of the vertical sediment
succession, envisioned as groups of cycles, indicates a
general transgressive trend in the shallow shell environ-
ment. Among the Siliciclastic facies coarsening and
thickening upward cycles were noticed. The upward
increase ol coarse grained sediments (sand, ooid) and
the increasing thickness of thick-bedded sandstone-
oolite subfacies, which represent deposition in the prox-
imal inner shelf or shorcface, could be possibly inter-
preted as the transition from an aggradation trend in the
shallow shelf environment finally to progradation (Fig.
15). The progradation pattern could be caused by auto-
cyclic or allocyclic processes (VAIL et al., 1991), i.e.
enlarged amount ol scdiment available or changes in
sea level rise. This study does not provide enough con-
clusive evidence to distinguish between these as the
cause ol progradation. Nevertheless, the appreciable
amount of coarse grained material (especially ooids)
which abruptly appeared in the upper part of the lower
Scythian manifested as very thick amalgamated oolite
layers, designates this change in favour of allochtho-
nous processes due (o [avorable conditions of ooid for-
mation. Increasing amount of shale that appears in the
upper part of the Siliciclastic facies could be attributed
to change of progradation in favor of transgression.
Further increasing amounts ol lime mud and a [ining
upward trend in Mudstone facies were explained as a
transgressive facies (Fig. 15). Increasing silt component
related to carbonate mud could be explained as transi-
tion from the transgressive Mudstone facies to agerada-
tional deposition depicted by Siltstone-mudstone facies.

In this simplificd analysis (Fig. 15) the genelic suc-
cession of different order cycles can be applied but
musl be treated with reserve. The lack ol precise bio-
stratigraphic dala prevents any determination ol the
time of deposition within the sections and therefore
cven the duration of the smallest units (cycles) cannot
be discerned. Nevertheless the vertical superimposition
of metre scale cycles could be possibly termed 5th
order cycles or parasequences according (o their resem-
blance with the similar mode of determination made by
BRENCIILEY et al. (1993) and JENNETTE & PRY-
OR (1993). Thus, using the hicrarchical classification
ol GOLDHAMMER ct. al. (1990), which fundamental-
ly relies on the bedding-cycle stacking pattern, a gencl-
ic succession of cycles could be discerned as parase-
quence sels or 4th order cycles and the increasing water
depth during Seythian age could be related o low-term
3rd order global sca level rise (HAQ et al., 1987).

6. CONCLUSION

A detailed study of the vertical succession at Str-
mica and Plavno allows the following interpretation ol
the deposits:

Sedimentation in the Lower Scythian is represented
by Siliciclastic facies characteristics. The lacics is com-
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posed of metre scale depositional cycles. Two well
defined subfacies make up the cyclic assemblage each
showing evidence of storm origin. According to the
high frequency sea level changes that are assigned to
glacio-custasy (GOLDHAMMER et al., 1990) the repe-
titive rising or falling of sca level appeared and caused
the repetitive shift of sublacies in a basinward or coa-
stal direction. Thus, the distal inner shelf mud rich sedi-
mentation, represented by thin-bedded shale-siltstone-
sandstone sublacies, was episodically punctuated by a
rapidly shallowing hvdrodynamic system that displaced
the proximal environment (thick-bedded sandstone-
oolite subfacies) in a basinal direction.

The thin-bedded shale-siltstone-sandstone subfacics
is characterized by storm generated siltstone and sand-
stone layers interbedded with fair weather shale layers
deposited in a slightly decper part of the inner shell.
Storm layers reveal the characteristics of settling [rom
suspension as the storms wane and the depositional
structures that are assigned to storm produced currents
and waves. The thick-bedded: sandstone-oolite subfa-
cies, that overlies thin-bedded shale-siltstone-sandstone
subfacies is assigned to storm processes in a proximal
inner shelf or shoreface. Thick layers were the product
of multiple amalgamation. Increased energy conditions
due to combined [Tows restricted to shallow shelf envi-
ronments prevented fine sediment accumulation so the
facies lacks shale units. Wind drift currents, surlace
waves and bottom currents responsible for the rapid
deposition and genesis ol structures such as tabular
cross bedsets inclined preferentially in one direction,
hummocky cross-stratification, coarse grained ripples
and ball & pillow structures (JOHNSON, 1977; SWIFT
& NUMMEDAL, 1987; SNEDDEN et al., 1988;
DUKE, 1990).

The outer shell sedimentation processes are typified
by two facies characteristics. The Mudstone facies re-
cords deposition that continued from Lower Scythian
sedimentation and Siltstones-mudstone lacies comprise
the upper part of the Upper Scythian. No strict periodic-
ity in the cyclic pattern due to a proximality-distality
trend was established within these two lacies. They are

characterized by the random unpredictable occurence ol

storm layers that emphasized the role of storm in the
deeper, outer shell environment. In the Mudstone facies
storm layers are represented by exhumed skeletal mate-
rial from the mudstone host sediments that accumulated
as skeletal lags. The mud rich unit of this facies records
slow sedimentation in periods with no storms.

Storm layers in the Siltstonc-mudstone facies con-
tain calcarcnaccous silt material that depicts silt trans-
port by storm currents, indicated by the presence of
graded rhythmites and hummocky cross-stratilication
produced by a single storm cvent.

Three scales of sedimentary cyclicily were recog-
nized al Strmica. The smallest scalc is that of the sedi-
mentary cycles lound in the Siliciclastic facies of the
Lower Scythian which can be (with reservation) com-
pared to [ilth order custatic cycles and high frequency
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15 Facies arrangement in the Strmica and Plavno section with the
high and low frequency sea level oscillations observed in sedi-
ment selting. Legend: 1) siltstone dominated interval: 2) domi-
nant muddy interval with sporadic intercalations of silt sized
skeletal material; 3) siltstone-mudstone alternating interval: 4)
dominant mudstone interval with sporadic coarse gramed interca-
lations: 5} coarse grained interval; 6) mud dominated interval; 7)
covered interval; 8} partly covered interval: 9) sedimentary cycle:
1) coarse skeletal material; 11) ooids.
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sea level changes. Variations in the cycle stacking pat-
tern forming the Siliciclastic facies could be interpreted
as transition from an aggradation to progradation trend
in the shallow shell environment. The nonrhythmical
cyclic characteristics of the Mudstone facies could be
interpreted as a transgressive trend while the appear-
ance of siltstones in the Siltstone-mudstone [acies des-
ignate gradual transition from (ransgression to aggrada-
tion. The Scythian facics arrangement could be inferred
from a long term transgressive succession that corre-
sponds 1o a third order global transgressive trend in the
Scythian age (HAQ ct al., 1987).
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