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Middle Triassic deposits in the Velebit Mts. of the External Dinarides in Croatia show strong differentiation of sedimentary en-
vironments and facies. In the area of Donje PazariSte, a 90 metre thick section includes six different facies, each with its spe-
cific genetic characteristics (Flysch-like Facies; Carbonate Shale Facies; Pyroclastic Density Current Facies; Platy
Limestone with Pyroclastics Facies; Limestone Breccia Facies and Slumped Limestones with Pyroclastics and Chert Fa-
cies). In the same area, in the nearby Top of Donje PazariSte section, a Pyroclastic Flow Facies was defined, and this was
also recognized ~15 km to south-east, in the area of BruSane Village, in the foothills of Vinac. Throughout the area and sec-
tion investigated, the effects of intense tectonic and volcanic activity can be traced. The pronounced differences in the facies
determined facies are interpreted as consequences of syntectonic and volcanically influenced sedimentation in a
graben/half-graben depositional system.
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INTRODUCTION

In the Middle Triassic the External Dinarides were situated
in the western part of the Tethyan Ocean, on the northern coast
of the Palaeotethys Ocean, and were influenced by subduction
towards the north, related to the opening of the Neotethys that
had started in the Permian (Haas et al., 1995; Stampfli and
Borel, 2002, 2003; Scotese, 2002; Schmid et al., 2008). Evi-
dence of volcanic activity in the Dinarides, related to Neotethys
opening, was present already in the Permian (Hinterlacher-
-Ravnik, 1965) while the major tectonic and magmatic episodes
in the Dinaridic area occurred in the Middle Triassic. The global
rifting of the Neotethys greatly influenced the western Tethyan
coast and caused a pronounced differentiation of the stable
shallow marine environments that persisted throughout the
Early Triassic, dominated by mixed carbonate-clastic sedimen-
tation and Early Anisian carbonate platform sedimentation on
the southern shelf (Vlahovi¢ et al., 2005; Aljinovi¢ et al., 2018).
Formerly an extensive shallow marine environment, the area of
the present day Dinarides came to be composed of uplifted and
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subsiding tectonic blocks. The uplifted blocks were prone to
subaerial erosio and dissolution of older carbonate strata, lead-
ing to the formation of bauxite (Sokac et al., 1976; Markovic,
2002), while the subsiding blocks became marine basins show-
ing characteristics of pelagic sedimentation. Tectonic move-
ments were accompanied by volcanism resulting in the forma-
tion of effusive volcanic and volcaniclastic rocks, with geochem-
ical characteristics suggesting magma origin in the subduction
zones (Pami¢, 1984; GaraSic et al., 2006), as also reported
from the surrounding area of the Western Tethys (Ferrara and
Innocenti, 1974; Castellarin and Rossi, 1981; Crisci et al., 1984;
Castellarin et al., 1988; Obenholzner et al., 1991). Observa-
tions have been made of various volcanic and volcaniclastic
rocks in the Middle Triassic of the Southern Alps (Crisci et al.,
1984, Castellarin et al., 1988; Obenholzner et al., 1991), the In-
ternal Dinarides (Pami¢, 1984; Dimitrijevic, 1997) and the
Transdanubian Range and Bikk Mts. in Hungary (Szoldan,
1990; Harangi et al., 1996; Velledits, 2004, 2006; Velledits et
al., 2017). Volcanic and volcaniclastic rocks in the Velebit Mts.
are locally dominant and exhibit genetic differences. Therefore,
their interpretation serves as a useful tool for understanding
sedimentation processes in the Middle Triassic. Similar and
broadly coeval palaeoenvironment variability, magmatic histo-
ries and volcanic-volcaniclastic facies are visible across the sur-
rounding areas of the southern shelf of the Western Tethys
(Brandner and Bechstadt, 1970; Velledits, 2004, 2006, 2009;
Kévacs etal., 2010; Celarc et al., 2013; Velledits et al., 2017).
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GEOLOGICAL SETTING

The Dinarides are a part of Alpine orogenetic belt striking
from Slovenia in the north-west to Albania in the south-east.
They are usually subdivided into the Internal and External sub-
units. The belt of high mountain area along the coast of the
Adriatic Sea is termed the External Dinarides, while the lower
relief part in the north-east is the Internal Dinarides. The Exter-
nal Dinaridic subunit consists mainly of carbonate deposits from
Jurassic to Cretaceous in age, deposited at a time when the
area existed as a wide carbonate platform (Adriatic Carbonate
Platform; Vlahovi¢ et al., 2005). The pre-platform deposits, Pa-
leozoic and Triassic strata, crop out along major thrusts and
faults or as the cores of anticlines (Herak, 1974; Chorowitz,
1977). Pamic (1984) suggested that these deposits crop out
along the edges of the Cenozoic carbonate platform.

The localities investigated are all situated in the Velebit
Mts., a dominant tectonic structure of the central part of the Ex-
ternal Dinarides, which consists of several overthrusted zones
comprising strata ranging from Carboniferous to Eocene in age.
The areas investigated areas are located on the NE slope of the
central part of the Velebit Mts., near the villages of Donje
Pazariste and Brusane (Fig. 1).

The deposits described in this study are a part of the over-
thrusted zone bordering the BruSane Anticline, that is dissected
by two major faults, in the SW and NE (Fig. 1). The strata have
typical Dinaridic orientation, striking from NW to SE (Fig. 1). To
the south-west, the Paleozoic and Triassic strata are in contact
with Jurassic and Eocene deposits, while in the north-east the
Middle Triassic strata investigated are bordered by Upper Trias-
sic and Lower Jurassic deposits. Middle Triassic deposits are
represented by Anisian to Ladinian carbonates accompanied by
clastic, volcaniclastic and volcanic rocks, ranging in age from
Early to Late lllyrian (Smircic et al., 2018). The volcaniclastic and
volcanic rocks represent a genetically different unit outcropping
between the Middle Triassic carbonates (Fig. 1). In the core of
the Middle Triassic succession investigated, two minor domes of
olivine basalts were recorded (Sokac et al., 1974; Lugovic et al.,
1998). On the forest road leading from Popovaca Creek to the lo-
cal topographic high, south-west of the village Donje Pazariste,
the section of that name with various deposits, including volcani-
clastics, was recorded (the beginning of the section has the coor-
dinates 44°37'39.75"N, 15°08'54.25"E). In the broader area in-
vestigated, in the vicinity of Donje PazariSte and in the same tec-
tonic unit, genetically different volcaniclastic rocks occur. Be-
cause of their similar geochemical characteristics they were also
investigated and below, as the Top of Donje PazariSte section
and the foothills of Vinac (co-ordinates 44°30'43.20"N
15°15'30.27"E) (Fig. 1).

METHODOLOGY

Rocks from three localities have been investigated: the
Donje PazariSte (DP) section represents an almost continuous
92 m thick succession of volcaniclastic and sedimentary rocks.
Samples were collected for petrographic analysis. The second
locality, named Top of Donje PazariSte, shows a distinctive
volcaniclastic facies closely related to the DP section. A third lo-
cality with exposed rocks has been investigated near BruSane
village (foothills of Vinac) and reveals similar petrographic and
geochemical features to the volcaniclastics of the Top of Donje
Pazariste section. Thin-sections from 138 rock samples were

prepared with the standard procedure and stained by Alizarine
Red S and K-ferricyanide. For classification of the volcaniclastic
rocks, a genetic approach was used, based on their genetic dif-
ferences. This combines the classification of McPhie et al.
(1993) and the term Pyroclastic Density Current as used by
DiCapua et al. (2016) for all syn-eruptive deposits directly set-
tled during an eruptive episode by a pyroclastic density current
(PDC). This classification includes both volcanic and sedimen-
tary processes and describes their genetic differences and
characteristics. Volcanic and volcaniclastic rocks of different fa-
cies were selected for further geochemical analysis. The pelitic
samples from the DP section were ground to powder and ana-
lysed using a Phillips vertical X-ray goniometer (type X'pert)
equipped with Cu tubes and a graphite crystal monochromator.
Minerals were identified using PANalytical X'Pert HighScore
software with standardized Powder Diffraction Files of the Inter-
national Centre for Diffraction Data (Newton Square, PA, USA).
Volcanic and volcaniclastic samples from all localities investi-
gated were selected for whole rock geochemical analysis. Sam-
ples were ground to powder using an agate mill and analysed in
the ACME Laboratory, Vancouver, Canada. ICP-ES analysis
was used for the determination of major element oxide content
and ICP-MS analysis for minor and trace elements.

DONJE PAZARISTE SECTION

The section represents continuous deposition from the lllyr-
ian to the Fassanian (Smircic¢ et al., 2018). In the upper part of
the section an unexposed interval occurs, but despite this the
section is considered continuous on the basis of a continuous
conodont biostratigraphy (Smirci¢ et al., 2018). Six facies are
recognized (Fig. 2):

FLYSCH-LIKE FACIES (FF)

The beginning of the section comprises an 18 metre thick
interval defined as Flysch-like Facies. The facies consists of
brown sandstones and shales (Fig. 3A). The sandstones are
feldspathic and lithic greywackes (Fig. 3B), the lithic fragments
dominantly being of effusive and intrusive igneous rocks. The
sandstone layers are centimetres to decimetres thick and rarely
show parallel and cross-lamination or normal grading. Shale
layers are homogeneous and thicker (up to a metre) than the
sandstones. Continuous transitions from sandstone to shale
are common. Gutter casts occur rarely on the soles of the sand-
stone layers. In the upper part of this interval the sandstones
become coarser grained.

XRD analysis determined the predominance of illite-smectite
material in the shales. Lithic clasts in the sandstones are of mag-
matic origin, mostly basaltic or granitic in composition. The sand-
stones are feldspathic or lithic greywackes with matrix that is ex-
clusively politic, including submicroscopic material.

Facies interpretation: the Flysch-like Facies represents
the only dominantly siliciclastic facies in the DP section. These
deposits were determined as “flysch-like deposits” by earlier re-
searchers (Sokac et al., 1976) or “Anisian flysch” in other areas
of the Dinarides (Dimitrijevi¢, 1997). Sokac et al. (1976) sug-
gested that the siliciclastic material accumulated in a calm low
energy marine, possibly reducing, environment, prior to further
redeposition by turbidity currents. The apparent lack of pyro-
clastic material suggests deposition in a time interval without
significant volcanic activity (cf. Fisher and Schmincke, 1984;
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Fig. 1. Regional geotectonical map of the Dinarides and the Alps according to Schmid et al. (2008)
and part of the Basic Geological Map 1:100,000 sheet Gospi¢ with a geological profile
across the area investigated, modified after Sokac et al. (1974)

Green asterisks mark the localities investigated

McPhie et al., 1993). The predominance of basalt and granite
lithoclasts indicates erosion of igneous rocks in the source
area. Feldspars from volcanic rocks might have been intensely
weathered, causing the accumulation of large amounts of clay.

Interbedding of sandstones and shales, grading, horizontal
and cross-lamination in sandstones, together with gradual tran-
sitions from sandstone to shale indicate deposition from gravity
flows, possibly low-density turbidity currents. Thick homoge-
neous shale layers apparently represent depositional intervals
with weakening gravity currents. The presence of turbidites in-
dicates tractional transport along an underwater slope, and
redeposition into deep, possibly suboxic, basinal areas (as
stated by Sokac et al., 1976). Persistent bed thickness and uni-
formly rhythmic sandstone-to-shale changes suggest deposi-
tion on the distal part of a submarine fan. Coarsening of the
sandstones towards the top of the FF interval may be inter-
preted as representing shallowing of the environment.

CARBONATE SHALE FACIES (CS)

The Flysch-like Facies is conformably overlain, with grad-
ual transition, by the Carbonate Shale Facies which forms a
homogeneous interval 28 m thick. The facies is dominated by
carbonate shales with beds of homogeneous white to pale yel-
low, crystaloclastic and altered vitriclastic tuff up to 10 cm
thick. The carbonate-bearing shales contain thin-shelled bi-
valves and rare ammonoids that enabled determination of the
lllyrian age (Smircic et al., 2018); they are dark grey to black
with varying amounts of carbonate and siliciclastic (clayey)
component (25 to 70%), and with generally increasing carbon-
ate content upwards (Fig. 3C). The carbonate component is
represented dominantly by lime mud with subordinate thin-
-shelled bivalve fragments, calcitized radiolarians and rare cri-
noid fragments (Fig. 3D). In places, the shales include a small
amount of silt-sized quartz and feldspar grains or clasts of
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Fig. 3. Field photographs of the facies determined in the Donje PazariSte section and accompanying
microphotographs of the specific rock types

A - Flysch-like Facies consists of brown shales interbedded with dm-thick lithic and feldspathic greywackes; B —
microphotograph showing contact between shale and feldspathic greywacke (sample DP-1/5); C — field photo-
graph of the Carbonate Shale Facies composed dominantly of grey carbonate shales (stick for scale 1 m); D — mi-
crophotograph of carbonate shale in CS (sample DP-1/16); note the abundance of thin-shelled bivalves,
radiolarians and some feldspar grains in a lime-pelitic matrix

hyaline volcanic origin. Occasionally, the lime mud contains
star-, needle- or irregularly shaped molds that resemble glass
shards.

The crystaloclastic tuffs consist of hipidiomorphic to idio-
morphic feldspar crystaloclasts embedded within lime mud.
Rare altered vitriclastic tuffs have fine ash vitriclastic particles
(altered to microcrystalline quartz), altered plagioclase crystalo-
clasts and rare shard-shaped molds.

Facies interpretation: the continous transition from the
Flysch-like Facies to the Carbonate Shale Facies indicates de-
creasing siliciclastic input and a subsequent prevalence of car-
bonate sedimentation in marine conditions. The presence of
thin-shelled bivalves, radiolarians, crinoids and ammonoids in
the carbonate shales indicates an unrestricted, deep marine
pelagic environment. Thin interlayers of pyroclastic deposits
within the carbonate shale suggests a commencement of vol-
canic activity with brief volcanic eruptions and limited availability
of volcaniclastic material. Thin vitriclastic and crystaloclastic tuff
layers are interpreted as air- to water-fall deposits, settled from
suspension in deep/pelagic marine areas above the CCD.

PYROCLASTIC DENSITY CURRENT
FACIES (PDC)

The 28 metre thick CS is conformably overlain by a 12
metre thick interval of the Pyroclastic Density Current Facies.
This facies contains centimetre- to metre-thick yellow crystalo-
clastic (Fig. 4A) and fine-grained pale green vitriclastic units.
Some units show cross- and/or horizontal lamination. The tran-
sition from crystaloclastic to vitriclastic units is mostly continu-
ous. Crystaloclastic units dominantly contain well-sorted coarse
sand-sized feldspar crystaloclasts and subordinate lithic frag-
ments, biotite crystaloclasts and scoria fragments. Feldspars
are predominantly euhedral plagioclase, with subordinate
sanidine (Fig. 4B). Three types of lithic fragments are deter-
mined: hyaline, andesite and rare limestone fragments, some
with fossil algae. Exceptionally rare accretionary lapilli were ob-
served, spherical, consisting of microcrystalline quartz cores
and fine ash rims.

Pale yellow to pale green vitriclastic units of the PDC consist
of homogeneous (rarely laminated) fine-grained glass shards,
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Fig. 4. Pyroclastic Density Current Facies composed of two distinctively segregated units;
crystaloclastic coarse-grained beds with cross- and horizontal lamination and beds
composed exclusively of fine ash size glass shards

A — a metre-thick crystaloclastic unit with horizontal lamination of the PDC (lower part of the photograph); B —
a microphotograph of the crystaloclastic unit of the PDC composed of euhedral, unaltered plagioclase crystals
(sample DP-1/27); C — field photograph of the homogeneous pale green vitriclastic unit of the PDC; D — sample
DP-1/31 of the PDC predominantely composed of glass shards cemented with sparry calcite

rare pumice fragments and crystaloclasts (Fig. 4C). Glass
shards exhibit different shapes (X, Y, curviplanar, platy) and are
devitrified and altered to chlorite, calcite and opaque minerals.
Crystaloclasts are represented by plagioclase, sanidine and
quartz. In places, the vitriclastic material is cemented with
sparry calcite (Fig. 4D).

Facies interpretation: the PDC reflects intensifying volca-
nic activity. The differences in clast size ranging from lapilli to
fine ash, the presence of idiomorphic (angular) crystaloclasts,
as well as the monomictic composition of crystaloclastic units
indicate proximity to volcanic centres. The presence of accre-
tionary lapilli suggests its primary formation via subaerial volca-
nic eruption. As interpreted by Fisher and Schmincke (1984),
Boulter (1987), McPhie et al. (1993), Sigurdsson (2007) and
Cunningham and Beard (2014), accretionary lapilli are gener-
ated by accumulation of fine volcanic ash in the outer zone of a
pyroclastic cloud, and the same authors state that primary
lithification of lapilli occurs on land. Therefore, their presence in
marine strata suggests their resedimentation. The presence of
pyroclastics with a calcite cement/matrix and the contacts of
this facies with carbonate deposits (Carbonate Shale Facies at
the base, and Platy Limestone with Pyroclastics Facies at the
top) imply that the deposition took place in a marine environ-
ment. Cross- and horizontal lamination in crystaloclastic units
indicates that the volcaniclastic detritus was subjected to trac-
tional transport. The presence of cross-lamination that trans-
forms upwards to plane parallel lamination, large amounts of

hipidiomorphic plagioclase, the presence of pumice fragments
and the superpositional transition from crystaloclastic to vitri-
clastic units, suggests interpretion in terms of resedimentation
of pyroclastic material, possibly by gravity currents. The clear
segregation of crystaloclastic (coarser — coarse ash to lapilli)
from vitriclastic (finer — medium to very fine ash) material indi-
cates separation in a gravity (turbidity) flow, as pyroclastic
turbidites (Bull and Cas, 1991; Sulpizio et al., 2014; Di Capua et
al., 2016; Di Capua and Groppelli, 2016). Horizontal lamination
in the vitriclastic units, composed of fine ash, indicates deposi-
tion by suspension settling from dilute low-density turbidites.
Therefore, it is assumed that the primary accumulation of
erupted pyroclastic material took place on land, or in a shallow
marine environment, after which the pyroclastic material was al-
most immediately resedimented to deeper parts of the sedi-
mentary basin by density currents. Thus, the term Pyroclastic
Density Current is used to describe these pyroclastic deposits
(Sulpizio et al., 2014; Di Capua et al., 2016). The shapes of the
glass shards (bubble-wall, X and Y — according to Heiken,
1974; Izett, 1981) and the presence of scoria fragments indi-
cate a large amount of volatiles in the volcanic system, that in-
creased explosivity, probably due to water inflow to the volcanic
system, either on land or in the shallow water marine areas,
near to where rocks of the PDC were finally deposited (Sheri-
dan and Wohletz, 1981; Wohletz, 1983, 1986; Kokelaar, 1986;
Valentine et al., 2014; Di Capua et al., 2016; Di Capua and
Goroppelli, 2016).
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PLATY LIMESTONE
WITH PYROCLASTICS FACIES (PLP)

A short (1.5 m thick) unexposed interval divides the deposi-
tion of the PLP from the underlying Pyroclastic Density Current
Facies. The facies consists of moderately thick grey platy lime-
stone beds interbedded with pyroclastic deposits. The lime-
stones are usually intensely silicified (Fig. 5A), locally in the
form of irregular nodules. Pyroclastic material regularly occurs
in the limestones (up to 10%). Various types of limestone are
present:

— wackestones with pelagic biota consisting of lime mud with
thin-shelled bivalves and radiolarians (some bioclasts are
silicified) (Fig. 5B);

— packstones with pelagic and shallow-water biotas domi-
nated by tightly packed thin-shelled bivalves, radiolarians
and crinoids, and also fragments of shallow-water fossils
(algae and foraminifera) and clasts of pure micrite or micrite
with fine feldspar crystaloclasts (Fig. 5C);

— lithoclastic limestones (sensu Flugel, 2004) containing
lithoclasts of different shallow-water limestone types and
scarce pyroclastic material (Fig. 5D).

Limestone debris in the lithoclastic limestones is character-
ized by the prevalence of poorly sorted, in places graded
sand-sized carbonate clasts, containing fossils of algae, fora-

minifera, bivalves and rare oncoids. The clasts are cemented
with mosaic sparry calcite. The limestone beds are organized in
dm-scale cycles where wackestones with pelagic biota are
overlain by packstones with mixed biota, followed by lithoclastic
limestone.

The pyroclastic layers are up to 5 cm thick, and commonly
wavy or irregularly bedded. The pyroclastic material occurs as
vitri- and crystaloclastic layers, some of which contain signifi-
cant amounts of accretionary lapilli (Fig. 6A).

Facies interpretation: the fossil associations in the lime-
stone indicate deposition in a marine environment, while the
pyroclastic material continues to have characteristics of
subaerial explosive eruptions (large amounts of glass shards
and accretionary lapilli). Different limestone types suggest de-
position in environments with pronounced bathymetric varia-
tions, the depositional depth possibly changing due to tectonic
activity. The presence of thin-shelled bivalves, radiolarians and
crinoids in the wackestones, together with pelagic biota, indi-
cates an open, deep marine to pelagic environment (Fligel,
2004) while lime mud was slowly deposited in low energy condi-
tions, without the influence of marine currents or waves.

Packstones in this facies show mixing of pelagic biota
(thin-shelled bivalves and radiolarians) with shallow marine
biota (algae and foraminifera). Micritic clasts, containing fine
crystaloclastic feldspars, likely formed in very shallow marine
areas influenced by air-fall pyroclastic material. Pyroclastic ma-

Fig. 5. Photographs of the Platy Limestone with Pyroclastics Facies

A — field photograph of the PLP; grey limestone beds (tens of centimetres thick) are interbedded with yellowish
pyroclastic deposits; irregular yellow nodules are considered diagenetic; B — biomicrite/wackestone limestone va-
riety contains radiolarians and thin-shelled bivalves (sample DP-1/32); C — packstone variety of the PLP consists
of intraclasts and fossils; note the specific intraclast type containing small plagioclase crystals (arrows) (sample
DP-2/38); D — lithoclastic limestone consists of intraclasts and shallow marine benthic organisms (foraminifers),

PLP (sample DP-2/42)
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AP

Fig. 6. Field photographs and microphotographs of the facies determined

A —a pyroclastic bed rich in cm-scale accretionary lapilli (upper bedding plane — sample DP-LAP; B — micropho-
tograph of the sample DP-LAP, showing contact of two accretionary lapilli; lapilli are composed of thin
concentrical laminae of fine ash, devitrified to chlorite; matrix between the lapilli is composed of plagioclase crys-
tals and fine vitric material; C — accretionary lapilli found in the limestone; the cores of the lapilli are calcitized
whereas the rims are composed of fine ash, devitrified to microcrystalline quartz (sample DP-2/39); D —field pho-
tograph of the LB; note the poor sorting of the clasts found in the dark grey matrix consisting of lime mud and frag-
mented fossils; E — sample DP-2/51 of the LB containing variously sized clasts of biomicritic and micritic
limestones; benthic foraminifers, crinoids and ammonoids are also present; F — metre-scale depositional cycles
consist of limestone breccia (dark blue bar), overlain by pyroclastic layers and platy limestones with pyroclastics
(light blue bar); there are three such alternations in the upper part of the Donje PazariSte section; field photograph

terial was probably deposited in shallow marine areas where it
was incorporated into lime mud and then resedimented into a
somewhat deeper environment as clasts. The resedimentation
occurred due to marine currents or waves that also moved skel-
etal clasts of shallow marine organisms into deeper areas.
The lithoclastic limestones, usually overlying wackestones
and packstones, signify intense resedimentation from shallow
areas, possibly by turbidite-like currents, and therefore have the

characteristics of allodapic limestones. The different composi-
tion of the lithoclasts indicates that they were formed in shallow
marine areas and subsequently resedimented. Sparry calcitic
cements in the lithoclastic limestone indicate higher energy
conditions where lime mud was unable to accumulate.

The presence of pyroclastic material indicates volcanic in-
fluence throughout the limestone deposition. Distinct pyro-
clastic layers indicate eruptions, and air-transported material.
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The presence of accretionary lapilli suggests eruptions in sub-
aerial conditions and the formation of lapilli in subaerial volcanic
clouds by agglutination of fine ash particles (Soh et al., 1989;
Ayres et al., 1991; Marci et al., 1991; McPhie et al., 1993).
These were primarily deposited on land where they became
completely lithified. After their primary deposition and complete
lithification they were resedimented to deeper marine, pelagic
areas and may be found even in the limestones (Fig. 6B, C).
The size of the lapilli and their complete lithification prevented
their disintegration during transport and enabled accumulation
in deep water (Boulter, 1987; Cunningham and Beard, 2014).
The dominance of crystaloclastic or vitriclastic fragments in in-
dividual layers can be interpreted as segregation of the
pyroclastic material through water-settled air-fall. This evidence
supports the hypothesis that the pyroclastic material was
wind-blown and transported in the eruption cloud from a conti-
nent to a marine environment, and resedimented from shal-
lower to somewhat deeper sea.

LIMESTONE BRECCIA FACIES (LB)

The LB repeatedly occurs in the upper part of the section
forming 3—6 metre thick intervals (Fig. 2). The limestone brec-
cias consist mainly of angular unsorted limestone clasts (cm- to
m-scale) incorporated in a matrix of finer fragments (Fig. 6D).
Grading can be observed locally, and clast roundness and
sphericity vary. The clasts represent various limestone types,
most commonly biomicritic and intrasparitic, while the rarest are
oncomicrites. The skeletal fragments correspond to shallow
marine organisms. Some limestone clasts show dissolution
cavities. Between breccia clasts, a somewhat darker matrix
containing ammonoid, crinoid and thin-shelled bivalve debris is
distinguished (Fig. 6E). Three massive breccia beds appear in
the upper part of the section, as intervals within the Platy Lime-
stone with Pyroclastics Facies (Fig. 6F).

Facies interpretation: the unsorted breccia fragments
and matrix-supported structure suggest the deposition of the
breccia by debris flows. The limestone clasts correspond to
shallow-water limestones (with algae, oncoids, and dissolution
cavities) and primary deposition in a shallow marine setting
(platform/ramp), possibly on uplifted tectonic blocks. Strong
tectonic activity might have caused fragmentation of the shal-
low-water limestones and redeposition by debris flows to a
deep basin (associated with subsiding blocks). The presence
of thin-shelled bivalves and crinoids in the breccia matrix
shows that deposition occurred in a deep marine, pelagic envi-
ronment. The tectonic influence can be envisaged as uplifting
or subsiding blocks, possibly accompanied by the volcanic ac-
tivity. Periods of active tectonics could have triggered ava-
lanches of the limestone clasts, now recognized as breccias.
Deposition of limestones within the PLP interspersed with the
breccias indicates tectonic cessation at least three times, in
the upper part of the section. The lithoclastic limestones from
the PLP could have formed similarly to the breccia layer, by
deposition from debris flows which became diluted and en-
riched in finer particles.

SLUMPED LIMESTONE WITH PYROCLASTICS
AND CHERT FACIES (SLP)

The top of the recorded section consists of a 15.6 metre
thick Slumped Limestone with Pyroclastics and Chert Facies
(Fig. 7A). In the lower interval of the facies coarser grained

pyroclastic material prevails, while in the upper part it becomes
fine-grained and less common.

The grey limestone beds of this unit range in thickness from
2 to 20 cm and are interbedded with vitriclastic and rarely
crystaloclastic tuffs and microcrystalline cherts. Thicker lime-
stone beds show trough cross-bedding (Fig. 7B), visible due to
differences in the amount and/or grain size of the pyroclastic
component (from ash to lapilli size). Three limestone types are
distinguished:

1 — wackestone with pelagic biota;

2 — packstone with shallow marine and pelagic biota;

3 — lithoclastic limestones (sensu Fliigel, 2004).

The limestone composition is similar as in the PLP, differing
only in the significantly increased content of radiolarians.

The pyroclastic deposits (tuffs) are horizontally and cross-
laminated. As in the limestones, lamination is visible due to the
presence of different amounts of vitriclastic to crystaloclastic
material and differences in grain size of the laminae (Fig. 7C).
Compared with the previously described facies: the amount of
pumice fragments and quartz crystaloclasts is significantly in-
creased (Fig. 7D).

The crystaloclastic tuffs consist predominantly of crystals
with a small amount of vitriclasts. Among crystals, plagioclase
prevails while alkali feldspar and quartz are present in lesser
amounts. Plagioclase and alkali feldspar are usually hipidio-
morphic, ranging in size from medium- to coarse-grained sand.
Quartz crystals are mostly anhedral, with oval, spherical and el-
liptical cavities in the centre. Pumice fragments are elongated to
platy and devitrified to micro- and cryptocrystalline quartz ag-
gregates. Crystals are supported by fine ash, lime mud (Fig. 7E)
or sparry calcite. The vitriclastic tuffs are composed of glass
shards of various shapes, most commonly X, Y and bubble-walll
shards. Sporadically, very fine ash with irregular shapes is
a dominant component.

The cherts are homogeneous, and predominantly com-
posed of microcrystalline quartz. Occasionally, radiolarians can
be observed. Gradual transitions between all lithotypes de-
scribed were observed.

Facies interpretation: abundant radiolarians found in the
rocks of this facies indicate deposition in an open marine pe-
lagic environment. At the same time, pelagic deposition was in-
fluenced by volcanic activitiy documented by interlayers of tuff.
The presence of pyroclastic particles in the limestone beds sug-
gests their fall through air and water. Radiolaria-bearing lime-
stones and cherts represent the background sediment of the
pelagic environment. Slump structures (Fig. 7B), characteristic
of this facies, indicate plastic rock deformation on an unstable
basin slope that steepened due to tectonic activity, perhaps
faulting, the formation of a graben-like deep marine depositional
environment being inferred. All rock types found in this facies
were slumped, suggesting their displacement down the steep
slope. Accumulated lime mud indicates deposition of material
from suspension, below storm wave base. The three limestone
types recognized (the same as in the Platy Limestone with
Pyroclastics Facies) indicate deposition in low energy deep ma-
rine basin (wackestone with pelagic biota) interrupted by the in-
put of detritus from shallow marine areas (packstone with shal-
low and pelagic biota and lithoclastic limestones).

The presence of pyroclastic debris indicates constant volca-
nic activity. The crystaloclastic tuffs are enriched in quartz, al-
bite, alkali feldspars and pumice, indicating an acidic magma
composition. The origin of the pyroclastic material implies pow-
erful eruptions on land and subsequent air-fall sedimentation or
instant resedimentation processes. Quartz crystals with oval
cavities indicate that volatile-rich eruptions produced the pyro-
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Fig. 7. Field and microphotographs of the rocks
in the Slumped Limestone with Pyroclastics and Chert Facies (SLP)

A —apeculiar feature of the SLP is the occurrence of a slump structure as marked in the photograph (red line); B
— field photograph of the SLP; decimetre-thick grey limestones are interbedded with cm-scale yellowish
pyroclastic and red chert layers; note the wavy bedding in the lower part of the photograph, as well as the
cross-lamination in the ~30 cm thick limestone layer with pyroclastic debris in the upper part of the photograph; C
— sample DP-3/5 exhibiting the contact of crystaloclastic and vitriclastic grains, occasionally seen as faint lami-
nation; note that the vitric material is entirely altered and devitrified to microcrystalline quartz, making it difficult to
distinguish from microcrystalline cherts; D — crystaloclastic tuff of the SLP, composed of feldspar and quartz
crystals and glass shards (sample DP-3/1); E — altered feldspar crystals in limestone of the SLP, as evidence of
pyroclastic activity during deposition of carbonates in the environment (sample DP-3/16)

clastic material (McPhie et al., 1993) and mixing of this with
limestones suggests their final deposition in the marine area.
The horizontal lamination in the vitriclastic tuffs that are com-
posed predominantly of ash patrticles, interlayered with
crystaloclastic tuff laminae and cherts (Fig. 7E), indicates slow
suspension-settling in low energy marine conditions (pelagic
deep marine), while the cross- and horizontal-laminated tuffs
and lithoclastic limestones indicate possible resedimentation by

gravity currents and tractional transport. Texturally unmodified
crystals and the absence of epiclastic material in the crystalo-
clastic tuffs support the hypothesis of syneruptive resedimenta-
tion of pyroclastic material.

Cherts lacking radiolarians indicate a different genesis. With
the assumption of constant volcanic eruptions, the accumula-
tion of volcanic ash particles is possible here. Since volcanic
ash is very reactive, high silica concentrations can be presentin
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the environment. As volcanic ash is dissolved, its primary char-
acteristics are destroyed and a colloidal SiO, component is pre-
cipitated in a marine environment as interlayers between the
carbonate and pyroclastic beds. Cherts that contain poorly pre-
served radiolarian tests signify the influence of volcanism and
an increased abundance of radiolarians in the pelagic environ-
ment (Vishnevskaya, 1996; Shietal., 2016; Wang et al., 2019).

TOP OF DONJE PAZARISTE SECTION

PYROCLASTIC FLOW FACIES (PF)

In the vicinity of the DP section, after ~50 m of an exposed
interval, pyroclastic rocks of another facies crop out. This facies
was investigated at the Top of DP section and enables clearer
insight into the volcanic/tectonic evolution of the area. It was de-
termined as Pyroclastic Flow Facies, comprising white, grey
and pale red rocks with clastic structure. Imbrication of elon-
gated pumice fragments — fiamme — can be observed in some
parts of the exposure. Dark, oval, elliptical forms resembling
macroperlitic texture were observed (Yamagashi and Goto,
1992). Contact of the rocks sampled with the surrounding
lithologies is not exposed, but laterally, massive grey lime-
stones and limestone breccias with a red matrix occur. This
pyroclastic facies is composed of crystaloclastic and vitriclastic
grains, with a variable ratio between these two components.
Vitriclastic material is present in the form of glass shards and
pumice fragments. Variously shaped glass shards occur (platy,
curviplanar, X and Y shaped, bubble-wall). They are devitrified
and altered. Finer shards are composed of microcrystalline
quartz, while coarser shards are composed of mosaic quartz
and albite. Micropetrographic analysis shows that the dark oval
and elliptical shapes represent glass shards devitrified to
opaque minerals (Fig. 8A). As can be seen in Figure 8B, pum-
ice fragments are elongated, up to 2 mm in size, and occasion-
ally have central large cavities, possibly lithophysae (Ross and
Smith, 1955; McPhie et al., 1993; Sigurdsson, 2007). Pumice
fragments are often plastically deformed in contacts with crys-
tals (Fig. 8B). The most common crystals are quartz and feld-
spars. Quartz crystals vary in size and are usually rounded, with
cavities in the center. Feldspars are dominated by albite
(~80%), and to a lesser extent K-feldspar. They are usually
subhedral and fractured. Thin irregular, wavy lamination of
densely-compacted vitroclastic material can be seen, indicating
flow of pyroclastic material and in places even welding.

BRUSANE SECTION
(FOOTHILLS OF VINAC)

In the foothills of Vinac Hill, near BruSane village, ~20 km
from the DP section, an exposure of pyroclastic rocks (Fig. 8C)
occurs in immediate contact with Ladinian diploporan limestone
(according to Salopek, 1942). There are obvious similarities
with the PF from the Top of DP section and therefore this occur-
rence was also sampled and analysed.

The pyroclastic rocks are grey-green with an apparently co-
herent texture (Fig 8C). The rocks are composed of crystals and
pumice fragments, in almost equal amounts, with subordinate
glass shards. The crystals are predominantely albite of hypidio-

morphic shape, and irregular quartz with spheroidal cavities.
Some quartz crystals show resorption rims. Crystals are often
fractured with jig-saw fitting between them. The pumice frag-
ments are vesicular, irregular, discoidal and elongated. Usually,
they are of lapilli size (>2 mm; Fig. 8D). Between the clasts, glass
shards of curviplanar, elongated, X and Y shapes prevail. Pum-
ice fragments and glass shards are often plastically deformed in
contacts with crystals. Also, weak imbrication of elongated clasts,
especially pumice fragments, can be observed (Fig. 8D). The PF
in the DP area is very similar to this one observed in the foothills
of Vinac near BruSane Village. The only difference is the ab-
sence of the oval and elliptical pattern of the opaque glass shards
in the Vinac samples. Therefore, these rocks were also deter-
mined as Pyroclastic Flow Facies.

The limestones adjoining the pyroclastic rocks are white to
grey intensively silicified bioclastic packstones to floatstones
and intraformational limestone breccias (Fig. 8E, F). Bioclastic
debris in packstone/floatstone varieties consists mostly of al-
gae, with less common foraminifera. The limestone breccias
are composed of white to grey limestone clasts from 2to 6 cmin
size, derived from bioclastic packstones/floatstones and lami-
nated stromatolites, tightly packed, the mm-scale spaces be-
tween them being filled with reddish matrix.

Facies interpretation: the Pyroclastic Flow Facies is deter-
mined as dacitic in composition. Crystals of albite and quartz
dominate, suggesting origin from acidic volcanic eruptions.
Glass shards of X and Y shape and bubble-wall shards as well
as the large amount of pumice fragments suggest derivation
from acidic, volatile-rich magma. The imbrication of elongated
clasts, famme structure and plastic deformation of pumice frag-
ments in contact with crystals and jig-saw fit crystal structure im-
plies origin from pyroclastic flow (McPhie et al., 1993). The tight
compaction of the glass shards, ductile deformation of pumice
fragments around the crystals, as well as the presence of quartz
crystals with resorption rims, all indicate material still hot during
emplacement. The oval/rounded pattern of glass shards altered
to opaque mineral aggregates can be interpreted as alteration
zones, formed by hydration of glass shards. This pattern re-
sembles a macroperlitic texture. The peculiar perlitic texture is
formed by the hydration of the deposits in the later stages of
cooling (Allen, 1988; Yamagashi and Goto, 1992). The bulk
pyroclastic material was transported in a pyroclastic flow and
emplaced probably in a shallow marine area, as suggested by
the presence of algal limestones and limestone breccias with a
red matrix, in direct contact or in the vicinity. After deposition,
the material remained warm for a certain period of time, and
was hydrated in its late cooling stage thus forming the dark pat-
tern interpreted as macroperlitic texture. The hydration could
have been caused by the contact with sea water. The sea level
oscillation and subaerial exposure due to tectonic activity was
interpreted, in the described sections of Donje PazariSte, in
terms of the PLP, LB and SLP. Taking this into account, the em-
placement of warm/hot pyroclastic flow deposits into a shallow
marine environment seems plausible.

The same facies characteristics (Pyroclastic Flow Facies)
were determined near BruSane, in the foothills of Vinac.
Therefore, their similar genesis is supposed. Mineralogical
similarities, composition, and similarities of REE concentra-
tions (Smircic, 2017) allows the correlation of these deposits
with the same facies at the Top of DP section. The only differ-
ence is the lack of oval/round alteration patterns that can be in-
terpreted as reflecting no hydration of the deposits in the
BruSane area.
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Fig. 8. Photographs and microphotographs of the Pyroclastic Flow Facies

A —microphotograph of the DP-IGB 2 sample from the PF of the Top of DP section. Glass shards are devitrified to
opague minerals, due to fluid circulation causing chemical alteration; B — microphotograph of the sample DP-IGB
4 with quartz and feldspar crystals and pumice fragments with cavities (arrowed); C — PF in the foothills of Vinac;
note the joints in the pyroclastic deposit perpendicular to the orientation of the hammer; D — microphotograph of
sample VI-8 showing elongated pumice fragments aligned as fiamme indicating their flow genesis (pumice frag-
ment is outlined by the red line in the microphotograph); E — intraformational limestone breccias with reddish ma-
trix are exposed near the rocks of the PF; F — pronounced silicification of diploporan limestone caused by direct

contact with pyroclastic flow; foothills of Vinac

DISCUSSION

The variety of sedimentary and volcaniclastic facies de-
scribed in the DP section and nearby exposures of volcani-
clastic rocks is related to a volcanic activity taking place in the
External Dinaride during the Upper Anisian (lllyrian). The area
was characterized by both deep and shallow marine realms, in-
terpreted as a consequence of strong tectonic activity (likely

block faulting) accompanied by volcanism. The characteristics
of the rocks investigated, especially the volcaniclastic rocks,
also indicate a variable genesis. Facies were defined on the ba-
sis of their macro- and micropetrographic properties, their posi-
tion within the succession, as well as their mineralogical and
geochemical composition (major and trace elements). The sec-
tion recorded in the area of Donje PazariSte shows characteris-
tics of sedimentation in a deep marine (pelagic) environment.
Near the section recorded, Sokac et al. (1976) reported Middle
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Triassic olivine pillow basalts, also suggesting a deep marine
realm. Geochemical characteristics of those basalts (regarding
trace elements) show a strong positive geochemical correlation
with the pyroclastic rocks from the DP section, and the Top of
DP section and foothills of Vinac, near BruSane (Lugovic et al.,
1998; Smircic, 2017). Although the strict age of the basalts has
not been determined it is assumed that these, as well as the
pyroclastic deposits described, represent contemporaneous
magmatic activity similar to those ascribed to rifting models in
modern and ancient marine realms with related subaerial ter-
restrial explosive counterparts producing pyroclastic material
(Ellis and King, 1991; Jackson et al., 2008; Hnylko et al., 2015).
Large pyroclastic eruptions may have been located las far as
tens of kilometres away, on land or in shallow sea. Pyroclastic
material in the section indicates volatile-rich eruptions. Lapilli
and lapilli fragments found in the PLP and SLP show character-
istics of terrestrial eruptions or at least primary sedimentation by
air-fall on land and subsequent resedimentation in a marine
area. The volatile content of the erupted magma may have
been increased due to influx of sea water into the magma
chamber through fractured crustal rocks. Thus, the volcanic
vents may have been situated near shore or in shallow marine
areas as inferred for the pyroclastic deposits in DP section
(from PDC, PLP and SLP), Top of DP section and BruSane sec-
tion (PF).

The change in compostion of the pyroclastic material
throughout the section, from andesitic in the PDC to dacitic in
the SLP and PF, indicates that the magma became more acidic
with time. This is a common development in a closed magma
system with no input of new magma to the magma chamber.

SEDIMENTARY MODEL
OF THE DONJE PAZARISTE SECTION

The DP section represents continuous deposition from the
early to late lllyrian (Smircic¢ et al., 2018) and indicates that the
depositional marine environment was strongly influenced by
volcanism and tectonics. The six facies recognized signify de-
position in the following time intervals:

— Flysch-like Facies — Pelsonian or Early lllyrian;

— Carbonate Shale Facies — Early lllyrian;

— Pyroclastic Density Current Facies - Early lllyrian;

— Platy Limestone with Pyroclastites Facies — Early lllyrian;
— Limestone Breccia Facies — Early to Late lllyrian;

— Slumped Limestone with Pyroclastics and Chert Facies —

Late lllyrian (SmircCic et al., 2018).

The deposition in the DP section began in a relatively deep
marine basinal environment. The sandstones and mudstones
of the Flysch-like Facies were deposited via turbidity currents
and represent the only facies without pyroclastic influence, indi-
cating that deposition commenced without significant volcanic
activity affecting this terrain, where terrestrial, shallow and deep
marine (pelagic) environments coexisted. The predominance of
volcanogenic sandstones indicate chemical and mechanical
erosion of igneous or volcaniclastic rocks in the hinterland (Fig.
9A). Siliciclastic debris was possibly derived from the pres-
ent-day NNW where uplifted blocks were prone to erosion and
the material was deposited by turbidity currents in the marine
area (as noted by Sokac et al., 1976; Dimitrijevi¢, 1997), thus
representing volcanogenic deposits (McPhie et al., 1993). The
occurrence of turbidity currents indicate the existence of an un-

derwater slope along which material was transported to deeper
basinal areas. Detrital material initially accumulated in the shal-
lower parts of the basin and subsequently resedimented down
the slope.

Deposition of the Carbonate Shale Facies shows a domi-
nance of carbonate sedimentation, interrupted by short periods
of volcanic eruptions (pyroclastic interlayers). A decrease in
siliciclastic input indicates reduction in inland erosion and sub-
sequent prevalence of carbonate sedimentation. Slow but con-
tinuous shallowing and possible cessation of tectonic activity is
inferred. Deposition occurred in a deep marine pelagic environ-
ment (shown by thin-shelled bivalves, radiolarians, crinoids and
ammonoids — Fig. 9B). The compositional and structural char-
acteristics of the vitriclastic and crystaloclastic tuffs suggest ori-
gin of the pyroclastic material in subaerial conditions and depo-
sition through air and water in deeper/pelagic areas.

Onset of the Pyroclastic Density Current Facies indicates in-
tensified volcanic activity shown by pyroclast-rich andesitic ex-
plosive eruptions where exclusively pyroclastic layers (crystalo-
clastic and vitriclastic units) were deposited. The textural and
structural characteristics of the pyroclastic units suggest that
much of the pyroclastic material (accretionary lapilli, vitriclasts
and crystaloclasts) originated on land or in shallow sea by power-
ful eruptions prior to resedimentation into a deep marine area by
relatively brief tractional transport, possibly by turbidity currents.
The separation of crystaloclastic from vitriclastic material may
have happened during transport in the turbidity current due to
rheological and gravitational effects (Fig. 9C).

The occurrence of the Platy Limestone with Pyroclastics Fa-
cies indicates prolonged shallowing due to prevalence of car-
bonate sedimentation with intermittent volcanic activity (Fig.
9C). The chemical composition of the pyroclastic material indi-
cates the same source as in the above-mentioned facies
(Smircic¢, 2017). Tuff layers in PLP are much thinner than in the
PDC Facies. That can be interpreted as a temporary cessation
of the volcanic activity, or as reflecting a greater distance to the
active volcanic centres. The pyroclastic material was primarily
deposited via air-fall processes and resedimented from terres-
trial areas. Accretionary lapilli accumulated in some interlayers
indicating their subaerial origin, with subsequent sedimentation
in a marine environment (Fig. 9C), as interpreted by Marci et al.
(1991). The facies characteristics of the interbedded limestones
also indicate redepositional processes of shallow water lime-
stones into a deep pelagic environment, indicating disintegra-
tion of pre-existing shallow marine areas, possibly a platform
environment as described by Krobicki et al. (2014) and Krobicki
(2018) for the Jurassic-Cretaceous volcaniclastic rocks of the
Carpathians. At the same time, volcanic activity, generating
pyroclastic material, had persisted in subaerial conditions, as
well as resedimentation of the pyroclasts into deeper marine ar-
eas. The co-existance of shallow marine areas and pelagic bas-
ins, as well as redepositional processes by gravity currents, im-
ply differentiation into a graben-like depositional environment
(with subsiding or uplifting tectonic blocks). The enhanced tec-
tonic activity was probably related to the accompanying volca-
nism.

The tectonic activity is best withessed by the occurrence of
the Limestone Breccia Facies that interfingers with the PLP.
The breccia material was derived from shallow marine areas
and redeposited as debris flows in a deeper depositional envi-
ronment (Fig. 9D). Tectonic movements triggered the rede-
positional processes. Packstone, wackestone and lithoclastic
limestone varieties of the PLP interbedded with the Limestone
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Breccia Facies indicate the redeposition of brecciated lime-
stone fragments into the pelagic realm. Three cycles with LB at
the base and PLP above were recognized. The occurrence of
each LB indicates the beginning of tectonic activity and terrain
uplift whereas the deposition of wackestone with a pelagic biota
suggest pelagic conditions for depositon of the LB (Fig. 2).
Clasts of shallow marine limestone can be found in the litho-
clastic limestones of the PLP and in limestone breccias. The
shallow marine limestones could have been formed in adjacent
shallow seas. At some point they could have been tectonically
uplifted and subsequently eroded, thus forming clasts. These
clasts were then transported to the deeper graben/half-graben-
-like structures, where limestone breccias and lithoclastic lime-
stones of the PLP were deposited.

Each occurrence of PLP starts with the deposition of litho-
clastic limestones that are interpreted as the products of depo-
sition from diluted debris flows (Fig. 9D). Sea level oscillations
witnessed by the occurrence of wackestones and packestones
may have been a consequence of intermittent tectonic move-
ments that caused subsidence in some areas, and uplift in oth-
ers (Fig. 9D). The uplifted areas were prone to chemical and
mechanical erosion (Fig. 9D). In the submarine grabens/half-
grabens, limestone breccias were deposited, and are com-
posed of the material from the uplifted blocks (Fig. 9D), as in
other Middle Triassic areas of the External Dinarides (Salopek,
1942; Grimani et al., 1972; lvanovic¢ et al., 1973; Suénjar etal.,
1973; Sokac et al., 1976; Korolija et al., 1979; Bukovac et al.,
1983, Séavnicar et al., 1984). The interbedding of the limestone
breccias and platy limestones indicates pronounced tectonic
subsidence and deposition of slumped and/or brecciated mate-
rial (Fig. 9C). The tectonic movements, probably related to
magmatic and volcanic activity, triggered gravity flows with the
material accumulating in the shallower, marginal parts of the
basin. These short-lived events were followed by restoration of
pelagic conditions, with pelagic limestone varieties deposited
together with the pyroclasts. Similar situations have been re-
corded in areas of the Julian Alps in Slovenia (Celarc et al.,
2013), and in other Southern Alpine areas (Farabegoli et al.,
1984, 1985; De Zanche et al., 1993; Gianolla et al., 1998;
Venturini, 2006; Berra and Carminati, 2010). Celarc et al.
(2013) indicated the existence of shallow troughs that were
filled with megabreccias (so-called “Uggowitza breccias”),
which were sedimented via debris currents or avalanches from
topographically higher uplifted blocks. In the DP area, after ev-
ery breccia interval, crystaloclastic and vitriclastic tuffs occur.
That implies that the tectonic activity was closely related to the
periods of pyroclastic eruptions. The occurrence of accretio-
nary lapilli in limestone layers overlying breccias, as well as in
the pyroclastic layers, seemingly indicates subaerial volcanic
eruptions and resedimentation of pyroclastic material (Fig. 9D).

Continuous tectonic activity caused the steepening of the
slopes thus resulting in instability and slumping of sediment in
grabens or half-grabens (Fig. 9E). The Slumped Limestone
with Pyroclastics and Chert Facies, found in the topmost part of
the DP section, indicates sedimentation of material on unstable
submarine slopes within the pelagic environment. This facies is
composed of thin layers of lithoclastic/allodapic limestones, pe-
lagic limestones, pyroclastic deposits and cherts. Resedimen-
ted pyroclastic material was constantly transported to the pe-
lagic sedimentary environment, while part of it was sedimented
via air-fall from the volcanic cloud. The existence of pronounced
underwater topography could have enhanced the channelling
of nutrient-rich waters along the slopes to the shallower parts,
causing radiolarian blooms, indicated by abundant radiolarians
in limestones and cherts (Gorican et al., 2015).

On the uplifted blocks, shallow marine carbonates were
deposited as massive algal floatstones and packstones. Pyro-
clastic material found in contact with or in the vicinity of these
limestone types has been interpreted as deposited by sub-
aerial pyroclastic flows (as determined for the Pyroclastic Flow
Facies). The Pyroclastic Flow Facies of dacitic composition
consists entirely of pyroclasts and indicates volatile-rich erup-
tions. The facies was determined at two localities ~20 km
apart, but were correlated based on composition, structural
and textural characteristics, geochemical properties and sur-
rounding lithologies, thus indicating a distinctive pyroclastic
flow deposit. The lithologies from the vicinity of the both ex-
posed PF rocks suggest their shallow marine deposition, and
therefore the emplacement of the PF in a shallow marine or
even continental environment. Although the stratigraphic posi-
tion of this facies is still not certain, its geochemical composi-
tion can be directly correlated with all of the volcaniclastic fa-
cies noted (SmircCi¢, 2017). Due to constant tectonic activity
and sea level oscillations, the deposits of the PF may have
been influenced by sea water to various degrees. The oval/el-
liptical alteration patterns of the macroperlite structure found in
the PF from the Top of DP section indicates the hydration of
the deposits during the later stage of cooling (Ross and Smith,
1955; Allen, 1988; Yamagashi and Goto, 1992). Since the PF
of BruSane section lacks these features it is thought that it was
deposited farther from marine influence (Fig. 9D, E).

MIDDLE TRIASSIC SYNTECTONIC
SEDIMENTATION IN THE TETHYAN AREA

Early Triassic environments were similar across the whole
Western Tethyan realm, being characterized by shallow marine
sedimentation across an extensive epicontinental-like ramp
(Hips and Pelikan, 2002; Perri and Farabegoli, 2003; Haas et
al., 2004; Kolar-JurkovsSek et al., 2011; Brandner et al., 2012;
Aljinovic et al., 2018). Pronounced differentiation of the area be-
gan in the Anisian with volcanic activity, related to regional tec-
tonic movements (opening of the Tethyan Ocean). Differentia-
tion became more pronounced, with development of subsided
(pelagic) and uplifted (shallow marine/subaerially exposed)
blocks/areas (Sokac et al., 1976; Saka¢, 1992; Dimitrijevic,
1997; Balini et al., 2006; Kovacs et al., 2011), forming graben,
half-graben and simple graben structures across the entire
Western Tethyan area (External Dinarides — Belak, 2000;
Celarc et al.,, 2013; GoriCan et al., 2015; Southern Alps —
Bechstadt et al., 1978; Gianolla et al., 1998; and in the Trans-
danubian range of Hungary; Haas and Budai, 1995; Velledits,
2004, 2006; Budai and Voros, 2006; Velledits et al., 2011; Péré
et al., 2015).

Deeper marine areas were characterized by different sedi-
ment types, including volcaniclastic deposits (Sokac et al.,
1976; Brusca et al., 1982; Cros and Houel, 1983; Sakac, 1992;
De Zanche et al., 1993; Dimitrijevi¢, 1997; Balini et al., 2006;
Kovacs et al., 2011). After the deposition of shallow marine car-
bonates of the Gracilis Formation (Bithynian-Pelsonian age) in
the Southern Alps, the onset of deeper marine and pelagic con-
ditions took place in oxygen-depleted realms, with the activity of
turbidity currents (Kustatscher and Roghi, 2006), similar to
those reflected by the FF deposits in the DP section. In Hun-
gary, Anisian basinal environments were filled with marls, tuffs,
feldspathic sandstones, resedimented volcaniclastic deposits,
radiolarites and limestones with cherts (Velledits, 2000, 2004).
The oldest deep marine strata in the External Dinarides com-
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prise the Flysch-like Facies of the DP section (Pelsonian or
Lower lllyrian), while at the same time in the rest of the External
Dinarides shallow marine limestones and dolostones with occa-
sional volcaniclastic influxes were deposited (Sokac et al.,
1976; Pami¢, 1984; Vlahovic et al., 2005).

In the External Dinarides, shallow marine environments
with continuous deposition persisted throughout the Early Tri-
assic but became markedly diverse due to tectonic and volca-
nic activity in the Anisian. Intense tectonic movements led to the
formation of graben/half-graben structures dominated by
deeper marine sedimentation and coexisting with nearby
subareally exposed (or episodically exposed) areas character-
ized by the formation of bauxites in the Lika Region, Croatia
(Sokac et al., 1976; Markovi¢, 2002; Vlahovic et al., 2005), and
subaerially emplaced volcanic vents. Lower Triassic deposits
were eroded and redeposited in marine environments in the
form of the “Otarnik breccias” on Svilaja Mt. (Scavnicar et al.,
1984; Marjanac, 2000; Jelaska et al., 2003), while some of the
areas remained shallow marine and were characterized by the
deposition of algal limestones and dolostones (Herak, 1974;
Grgasovi¢ and Sokac, 2003; Kévacs et al., 2011). Deeper ma-
rine areas existed at the same time and were filled with cherts
and shales (Kévacs et al., 2011), “flysch deposits” (Sokac et al.,
1976; Dimitrijevi¢, 1997), nodular limestones with a pelagic
fauna (Kolar-Jurkovsek, 1983; Sakac, 1992; Balini et al., 2006),
marls and fine- to coarse-grained siliciclastic deposits (Kolar-
Jurkovsek, 1983, 1990; Petek, 1998) and with various volcani-
clastic deposits (Kolar-Jurkovsek, 1983, 1990). A similar pat-
tern of deep marine deposits can be traced in the Trans-
danubian Range of Hungary, where the onset of limestones
with chert began in the Anisian (Budai et al., 2003).

In the Western Dolomites, Lower Triassic deposits are
found in contact with the Richthofen conglomerates (Brandner
and Bechstéaldt, 1970), stratigraphically correlated with the
Uggowitza breccias (Celarc et al., 2013). The mechanism of
formation of the Uggowitza breccias (Celarc et al., 2013) is sim-
ilar to that of the Limestone Breccia Facies of the DP section (cf.
SmirCic¢ et al., 2018). The Late Anisian was characterized by
global sea level rise and drowning of carbonate environments
(Buser, 1989; Petek, 1998; Buser at al., 2008; Kévacs et al.,
2010, 2011; Sudar et al., 2013). In Hungary also, local coarse-
-grained clastic deposits appear as the “Szebevisz conglomer-
ates” in contact with Anisian limestones (Vozar et al., 2010),
represent similar processes as in the External Dinarides and
the southern Alps.

A

Basinal deposits of nodular limestones with cherts and
marls of the Southern Alps, the Ambata Formation, were de-
posited in the Late lllyrian to Early Ladinian (Preto et al., 2009).
The typical Buchenstein Formation or Livinallongo Formation,
characterized by nodular limestones with cherts and volcani-
clastic strata, were deposited from the Upper Anisian to the
Ladinian (Brusca et al., 1982; Cros and Houel, 1983; De
Zanche et al., 1993) in the basinal areas of the Southern Alps,
thus resembling the PLP of the DP sections.

CONCLUSIONS

All the localities investigated localities belong to the central
part of the Velebit Mts. They are found 15 km apart and were
deposited from the Late Anisian to the Early Ladinian. The fa-
cies differ in their genetic characteristics, reflecting available
eroded material, the extent of erosion, bathymetric differences,
basin morphology, volcanic activity and tectonic activity. On the
basis of facies changes observed in the localities investigated,
deposition in the Middle Triassic indicates a variety of sedimen-
tary environments, influenced by the constant tectonic move-
ments and almost permanent volcanic activity, as indicated in
the surrounding southern coast of the Western Tethyan area.

Lithological correlation of the volcaniclastic deposits in the
area investigated is difficult. Nevertheless, the volcaniclastic
deposits exhibit the same geochemical characteristics indicat-
ing the same major magma source and the same geotectonic
suite (Smircic, 2017).

Deposits of the DP section indicate the existence of several
episodes of volcanic/pyroclastic activity on land and in shallow
seas. The pyroclastic material was syn-eruptively resedimented
into the deeper pelagic basin. The upper part of the DP section
indicates cessation of the volcanic activity or moving away of the
volcanic centres and the predominance of carbonate sedimenta-
tion in a relatively shallow marine area. The occurrence of the
Pyroclastic Flow Facies above the DP section described indi-
cates the contemporaneous presence of terrestrial eruptions and
inland or shallow marine emplacemant of pyroclastics. The de-
position of the rocks recorded in the DP section took place when
the tectonic movements occurred and persisted throughout the
Late Anisian and Early Ladinian in the wider Western Tethyan re-
gion. The occurrence of the limestone breccias indicates periodic
tectonic activity (earthquakes), which caused the erosion and

Fig. 9. Sedimentary model of the Donje PazariSte section

A — deposition of the FF via turbidity currents in the distal part of the basin; there is no evidence of contemporaneous volcanic activity during
deposition of FF rocks. B — decrease in the siliciclastic influx enabled the deposition of carbonate-bearing shales in the CS with pelagic fos-
sils (including ammonoids). C — intensified volcanic activity producing pyroclastic material that was primary deposited in the shallower areas
of the depositional environment and then resedimented to deeper parts of the basin as pyroclastic density currents. Deposits of the PLP
were deposited in slightly shallower parts of the marine basin, likely on the gently inclined slope. The volcanic activity was episodic and
pyroclastic material was deposited within the limestone layers. Tectonic activity and rise of sea level caused the cyclic sedimentation mani-
fested as alternations of wackestones (plw), packstones (plp) and lithoclastic limestones (pll). D — the abrupt tectonic activity differentiated
the area and caused contemporaneous uplift and subsidence in the terrain. The newly formed grabens/half-grabens were infilled with lime-
stone clasts derived from the uplifted areas. The LB was formed by debris flows or avalanches. A pelagic fauna in the matrix indicates depo-
sition in an open-marine environment. Lithoclastic limestones (pll) were deposited from diluted debris flows that transformed to low-density
turbidity currents, thus considered allodapic in origin. After infill of the grabens/half-grabens, limestone sedimentation continued with a con-
stant pyroclastic influence accompanied by marine transgression and deposition of the PLP. Meanwhile, on the shallow marine and
subaerially uplifted blocks, pyroclastic flows occurred as a consequence of volcanic activity on land. E — enhanced tectonic movements
formed the unstable submarine slope and provoked the deposition of the Slumped Limestone with Pyroclastics and Cherts Facies
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transport of shallow and deeper marine carbonate particles and
finally their deposition as the LB Facies. Probably, the tectonic
episodes were contemporaneous with the volcanic eruptions,
since the pyroclastic deposits follow each occurrence of lime-
stone breccia. The sedimentary basin was not exceptionally
deep but it was probably clearly differentiated from the shallower
areas and separated by a pronounced slope. The entire area
may be interpreted as graben or half-graben structure. Deeper
areas of the basin were filled with the available material relatively
quickly, partly because of the extensive erosion, and probably
also because the graben and/or half-graben structures were
small. Slump textures, found at the top of the DP section, indicate
continuation of tectonically unstable conditions influenced by dis-
tal explosive eruptions.

The Pyroclastic Flow Facies was formed due to accumula-
tion of pyroclastic material around the volcanic centre and pos-
sibly by collapse of a subaerial pyroclastic column. The material
was emplaced in a shallow sea, and possibly in continental ar-
eas, supports the inference of tectonic activity on land. A
pyroclastic flow deposit in the vicinity of BruSane Village, in the
foothills of Vinac, resembles the facies recognized at the Top of
DP section, 15 km away. Deposition is interpreted to have been

by pyroclastic flow. The only difference is the lack of an oval/no-
dular alteration pattern in the BruSane pyroclastic deposits,
which can be interpreted as an absence of early hydration of the
deposits upon emplacement. This suggests that the emplace-
ment of the pyroclastic flow deposits in the DP occurred in a
shallow sea, while the same facies was emplaced on land in the
BruSane area. The occurrence of intraformational limestone
breccias with a red matrix in contact with the BruSane pyro-
clastic deposits also supports this interpretation.

A common evolution of the magma system, starting with ba-
sic and evolving to more acidic character, can be traced in the
DP section (the PDC is of andesitic composition, and the youn-
ger SLP and PF have dacitic compositions).
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